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frequency control at the receiving station. This function is discussed
in greater detail later.

On occasion, it is necessary to use ARBA to transmit the Bell System
reference frequency generated at Hillsboro, Missouri, to points not
served by other carrier facilities. A BSRTU generator converts a 2.048-
MHz reference frequency to two pilot tones separated by 64 kHz.
These 11.200- and 11.264-MHz tones are added to MMG1 prior to
translation in the MMGT-R transmitter. They are recovered at the
receiving MMGT-R where a BSRT receiver converts their difference
frequency to the original 2.048-MHz reference frequency. Although
the absolute frequencies of the two tones may have shifted because of
frequency error attributed to radio repeaters, their precise 64-kHz
difference is preserved. Thus, the Bell System reference frequency
integrity is preserved.

In the receiving direction, the IF signal from AR6A radio is passed
through a splitting hybrid. A pair of upper and lower IF sideband
filters separates the signal into its two original sideband components.
Each sideband is then translated downward to the multimastergroup
spectrum for further demodulation to the basic mastergroup spectrum
in MGTB equipment.

3.2.2 Protection terminals

As shown in Figs. 4 and 5, protection transmitting and receiving
translators are provided for equipment protection, maintenance, and
restoration. The equipment required for this includes switches, pilot
detectors, pilot oscillators, and a microprocessor control circuit. The
switches, pilot detectors, and oscillators are located in the MMGT-R
shelves. The 500B protection switch microprocessor control unit is
located in an adjacent bay. Thus, only dc control leads are required
between the 500B and MMGT-R bays, and transmission cable lengths
are minimized.

Service is routed through the protection translator when a fault is
detected in a regular translator or when a manual switch is requested.
One protection translator provides protection for up to 14 regular
translators. Receiving and transmitting translators are protected in-
dependently of each other. This results in two separate 1 X 14
switching arrangements under the common control of a single 500B
controller at each MMGT-R location.

Loss of the 13.920-MHz continuity pilot in an MMG is detected by
the MMGT-R equipment. When a failure occurs, the 500B controller
transfers both MMG1 and MMG?2 to protection even though a failure
may have been associated with only one MMG. Local and remote
alarms and indications are provided by the 500B.
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3.3 Detailed description
3.3.1 Transmitting translator

Each transmitting translator includes all of the networks and cir-
cuits required to translate a pair of MMG signals to the lower and
upper IF frequencies (see Fig. 1). The protection transmitting trans-
lator differs from the regular one only in the peripheral circuits
associated with the input and output functions. Plug-ins MODULA-
TOR 1 and MODULATOR 2 (see Fig. 6) each contain a balanced
diode ring modulator, amplifiers, and a free-running, crystal-controlled
carrier oscillator. IF bandpass filters select the lower sideband of each
modulator.

A 16.608-MHz recovery pilot generator (RCVRY PLT GEN) is
phase locked to a local 512-kHz signal derived from the OMFS which
is locked to the Bell System reference. A hybrid transformer network
distributes the recovery pilots to the MMGT-R modulators.

The radio-line pilots are generated by three free-running crystal
oscillators at frequencies of 11.232, 19.296, and 21.966 MHz and are
added to the MMG signals by the hybrid transformer network above.

The distribution network maintains at least 85 dB of isolation
between the two MMG signal paths of an MMGT-R.

MMG1 and MMG?2 input networks provide terminated monitoring
access and split the signal to provide inputs to the protection trans-
lator. The Bell System Reference (BSR) input option is required only
for MMGI.

An output port is available to make terminated measurements of
the IF output signal. An auxiliary input port may be used for restora-
tion. Pilot detectors monitor the translated 13.920-MHz continuity
pilots to initiate a switch of both MMGs to protection when the level
of either or both drops 6 dB or more.

3.3.2 Receiving translator

The receiving translator accepts an IF signal from ARGA via the
500A protection switch. This IF signal is split into two paths by a
hybrid, following which the upper and lower IF bands are selected
with IF bandpass filters. Each is then demodulated to the MMG

BANDPASS
MODULATOR FILTER
IF
| OUTPUT

MODULATOR GAIN
ADJUSTMENT

81.744 MHz
OR
97.088 MHz

Fig. 6—MMG1 or MMG2 modulator.
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spectrum for connection to receiving MGTB equipment. Plug-ins
DEMODULATOR 1 and DEMODULATOR 2 (see Fig. 7) use ring-
type modulators as in the transmitting direction. The demodulator
carriers are generated by voltage-controlled crystal oscillators. Their
frequency is controlled by a phase-locked technique to correct the
frequency error that accumulates along the radio line. This technique
is described below.

A 16.608-MHz recovery pilot is generated in the receiving office
translator in a manner identical to that used in the transmitting office
translator. It is phase locked to the Bell System reference via the local
512-kHz reference frequency at the receiving site. This 16.608-MHz
signal serves as the reference input to the phase-locked loop of each
demodulator carrier generator.

From each demodulated MMG in the receiving MMGT-R, the
recovered 16.608-MHz pilot, with any frequency offset acquired over
the radio line, is selected by a narrowband crystal filter. The phase of
this received pilot is compared to that of the locally generated 16.608-
MHz signal. Any phase difference between them is converted to a dc
control voltage change. This voltage change alters the frequency of
the carrier oscillator in a direction to correct frequency offsets of at
least 2500 Hz in the received signal. This technique ensures that the
recovered MMG signal is a faithful reproduction of the original trans-
mitted signal.

To enhance the pull-in range of the phase-locked loop, a low-
frequency (=2 Hz) oscillator has been added to the loop filter feedback
circuit. This oscillator is activated upon interruption of one or both
phase comparator input signals, and when activated, it modulates the

BANDPASS MMG
INIIfUT FILTER l MODULATOR OUTPUT
—_— \
/ / I— —I \*
' LOW-PASS -
FILTER |
DEMODULATOR |
GAIN ADJUSTMENT |
| I
[ RECEIVER SYNCHRONIZING
| CIRCUITS AN |
81.744 MHz | PHASE 16.608 MHz |
OR n coM- BANDPASS | |
97.088 MHz | PARATOR \ FILTER | |
L S N
\_RECOVERED

16.608 MHz
16.608 MHz
FROM RECOVERY
PILOT GENERATOR

Fig. 7—MMG1 or MMG?2 demodulator.
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oscillator dc control voltage with sufficient amplitude to sweep the
carrier frequency over a range of 2500 Hz from nominal. This
facilitates recapture of a restored signal. In addition, the low-frequency
signal is peak detected to generate an out-of-lock alarm and a protec-
tion-switch request. Once the loop reacquires lock, the low-frequency
oscillator is immediately disabled and has no effect on normal opera-
tion.

To accommodate space-diversity applications, the receiver phase-
locked loop has been designed such that large phase hits coupled with
sudden signal up fades will result in less than 2 ms of loop-phase
instability.

The receiving IF network provides terminated monitoring access
and splits the signal for protection switching. It also provides an
auxiliary output for restoration. Signal monitoring access is provided
at both translated MMG outputs. Pilot detectors monitor the re-
covered 13.290-MHz continuity pilots to initiate protection switching.
On a 6 dB or more drop in level of either or both MMG pilots, both
MMGT-R translators will switch to protection.

3.3.3 Recovery pilot generator

The 16.608-MHz recovery pilot generator is shown functionally in
Fig. 8. Reproducing the transmitted signal accurately is highly de-
pendent upon synchronizing the pilot generator to accurate 512-kHz
reference frequency signals. These are derived from the OMFS, which,
in turn, is locked to the Bell System frequency source at Hillsboro,
Missouri.

To enhance overall reliability, redundant 512-kHz inputs, desig-
nated A and B, are supplied to each recovery pilot generator. This is
done over separate 135-ohm balanced cable buses and, where possible,
via different cable ducts.

The recovery pilot generator accepts two 512-kHz signals, filters
them in narrowband crystal filters, amplifies them, and via a divider,
converts each to a 32-kHz square wave. A logic switch, preferential to
the A signal, provides the selected 32-kHz square wave to one input
of a digital phase comparator. The second input to the phase compar-
ator is derived from a portion of the 16.608-MHz crystal oscillator
output, which is converted to a 32-kHz square wave. Phase comparison
of these two signals results in a dc control voltage that locks the
oscillator precisely at 16,608,000 Hz.

Manual test operation of the 32-kHz logic switch is provided.
However, phase hits could occur due to reference frequency signal
switching. To prevent this, manual switching in the regular channel
recovery pilot generator is inhibited unless service is being carried on
the protection channel. Conversely, a manual switch in the protection
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channel recovery pilot generator can only be made when the protection
channel is idle. (See Tables II and III for characteristics and perform-
ance of MMGT-R.)

3.4 Realization of objectives

The performance objectives listed represent acceptable levels of
performance. Measured data reflect a level of performance better than
the values shown. Examples may be seen in Figs. 9 and 10. Figure 9
shows a plot of amplitude versus frequency for a production transmit-
ting and receiving translator pair connected back to back. Figure 10
shows representative noise load data for the same equipment in the
same configuration. As the figure indicates, noise performance is
thermally limited.

The overall amplitude versus frequency curve in Fig. 9 is a nonad-
justable parameter. It is influenced by the response of the individual
components (amplifiers, filters, etc.). The only equalization used with

Table [l—Characteristics and performance of

MMGT-R

Characteristics Performance
Type of modulation SSB-SC-AM
Number of MMGs 2 per AR6A channel
Number of MGs 5 per MMG (10 total)
MMG spectrum (MG 3-7) 8.628 through 21.900 MHz
IF output spectrum 59.844 through 88.460 MHz
MMG transmit input level —41.6 dBTL
IF transmit output level —23.9 dBTL
IF receive input level —32.1 dBTL
MMG receive output level —22.4 dBTL
Return loss (all ports) >25 dB
dc power—input voltage —20 to —28 volts dc
de current drain (per shelf) 2.8 amperes maximum at

—24 volts de
Normal power dissipation per 400 watts
7-foot bay (3T/R pairs)

Protection 500 B — 1 X 14 maximum

Table lll—Performance of MMGT-R

Performance Objectives Worst-Case Deviation
Gain frequency response (1 — TR pair) <=+0.3 dB peak to peak
across any MG

Noise performance (equivalent 6000-circuit load, 1 — <15 dBrnc0

TR pair)
Crosstalk <-100dB
Carrier leak <-70 dBm0
Spurious tones <-70 dBm0
Phase-jitter performance for ten terminal pairs in tan- <1° peak to peak, Bell

dem weighted

Frequency stabilities (over 80° +20°F temperature range
and permissible power supply variation)
Transmitter carrier oscillator frequency +200 Hz
Radio-line pilot oscillator frequency +4 parts per million
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Fig. 10—Typical noise load performance of transmitting/receiving translator.

MMGT-R compensates for amplitude slope due to cable lengths in
trunks between the MMGT-R, the MGTB, and the 500A equipment.

Mastergroups assigned to AR6A contain a mixture of analog-voice
and voiceband data circuits subject to impairment due to excessive
phase jitter. Strict phase-jitter requirements are placed on the transmit
and receive carrier generators and on the recovery pilot generator to
minimize phase-jitter transfer to data signals.

3.5 Physical design considerations

3.5.1 Goals

The physical arrangement of the MMGT-R equipment is oriented
to achieve three major goals: (1) high reliability; (2) ease of installation,
maintenance, and growth; and (3) cost-effectiveness. The first two
items influence the third.
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3.5.2 Reliability

When considering that an MMGT-R shelf carries up to 6000 two-
way voice circuits and that a 7-foot bay carries up to 18,000 such
circuits, reliability is of utmost concern. With this in mind, an early
decision was made to minimize the amount of common equipment and
to have each transmitting and receiving translator function independ-
ently.

This simplified the protection aspects of the system and minimized
the risks to remaining operational parts of the system when equipment
failures require repair or maintenance.

Carriers and recovery and radio-line pilots are all generated on a
per-shelf basis with plug-in modules that may be replaced easily.

Converters of the dc-to-dc type are provided on a per-shelf basis
with separate power for switching and transmission functions. A
switching power failure does not impair transmission, and active
transmission circuits are fully protected.

By locating switches and detectors in the same shelf as the equip-
ment they protect, transmission cable lengths and interbay wiring and
cabling are minimized.

The shelf and plug-in layouts promote rapid and natural heat
dissipation. A combination of baffles and perforated cover assemblies
permit the free flow of air vertically and from front to rear of each
shelf. Each shelf has its own airflow pattern, avoiding high concentra-
tion of heat in the upper region of the bay.

3.5.3 Ease of installation, maintenance, and growth

The combination of the factors described previously led to a com-
pletely self-contained, totally connectorized shelf design. Thus, it
requires no installer wiring for initial or subsequent growth installa-
tion. An alarm and fuse panel at the top of each bay constitutes the
only MMGT-R common equipment. The protection MMGT-R and
switch controller are naturally required with the initial installation to
permit subsequent growth.

Redundant diode-firmed —24 volt power leads and 512-kHz refer-
ence frequency leads are connectorized and provided from the fuse
panel to each shelf position in the bay. All active circuitry is of the
plug-in type and all passive circuitry uses connectors for ease of
removal or replacement. Access ports are provided for components
outside protection switching boundaries to readily permit their by-
passing for removal or replacement without delaying service restora-
tion. These design concepts achieve a highly reliable and easily main-
tained circuit and equipment arrangement capable of “graceful
growth.”
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3.5.4 Cost-effectiveness

As we stated earlier, achievement of the first two goals contributes
significantly to providing a cost-effective system. By minimizing the
amount of common equipment, the costs for new installations or for
low cross-section systems with limited growth potential are reduced.
Thus, the costs per circuit mile tend to be distributed more evenly.
The reduced time required for installation and maintenance also
contributes to lower overall operating expenses as well.
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The AR6A Single-Sideband Microwave Radio System:

Frequency Control
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The AR6A Radio System requires precise control of the local oscillator
frequency at repeaters and main stations, so that the IF equalizer pilots will
be accurately located with respect to the narrowband crystal pick-off filters.
In addition, the accumulated frequency error from each repeater and main
station must be limited to a value that can be corrected by the tracking receiver
of the multimastergroup terminal. Precise frequency control is maintained
along the route by locking local oscillators to a stable and accurate frequency
reference provided at each repeater station by the Microwave Carrier Syn-
chronization Supply (MCSS). The MCSS provides a source and a backup for
this signal. Extensive monitoring circuitry in the MCSS detects failed condi-
tions. The accuracy of the two oscillators is continuously monitored by making
frequency comparisons of their output. These frequency-monitoring circuits
are also used to make yearly adjustments to the oscillators using a rubidium
frequency standard as reference. This paper describes the MCSS System that
has been developed for the AR6A Radio System.

1. INTRODUCTION

Compared with current 6-GHz FM Radio Systems like TH-1 or
TH-3, the new AR6A" Radio System requires much tighter radio-
frequency tolerances to keep radio-line pilots within narrowband pick-

* Bell Laboratories.
¥ Amplitude Modulation Radio at 6 GHz for the initial (A) version of the system.

©Copyright 1983, American Telephone & Telegraph Company. Photo reproduction for
noncommercial use is permitted without payment of royalty provided that each repro-
duction is done without alteration and that the Journal reference and copyright notice
are included on the first page. The title and abstract, but no other portions, of this
paper may be copied or distributed royalty free by computer-based and other informa-
tion-service systems without further permission. Permission to reproduce or republish
any other portion of this paper must be obtained from the Editor.
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off filters. These pilots should remain within 2 kHz of the center
frequency of their pick-off filters, which translates to a frequency
tolerance of about three parts in 107 compared to the TH-3 tolerance
of two parts of 10°. This tighter tolerance is beyond the capability of
currently available microwave generators used as carrier sources for
up conversion and down conversion in the radio Transmit-Receive
(TR)* units. The required stability is obtained by synchronizing the
microwave generators and shift oscillators to a highly stable frequency
synchronization supply located in each radio station. This ARGA
Microwave Carrier Synchronization Supply (MCSS) is described in
the following sections. The paper then presents an overall block
diagram description of the MCSS and discusses in more detail the
various subsystem components.

II. FUNCTIONAL DESCRIPTION OF THE MCSS

The MCSS distributes a highly accurate sine-wave frequency of
308.8735416 kHz (abbreviated as 308.9 kHz) to each TR-bay micro-
wave generator and shift oscillator as illustrated in Fig. 1. All micro-
wave-generator frequencies and the shift-oscillator frequency are har-
monics of this reference signal and are locked to it by phase-locked
loop circuitry located in the frequency control units. The distribution
bus provides 32 isolated outputs that can supply reference signals to
a fully loaded route of eight two-way AR6A radio channels (eight
channels by two directions by two oscillators per bay).

Figure 2, a block diagram of the MCSS, shows two symmetrical
sections (frequency supplies), one of which is used for on-line operation
and the other for standby. The major component in each of the two
sections is a crystal-controlled, 4.94197666-MHz (hereafter abbrevi-
ated to 4.94 MHz) oscillator that has a long-term frequency stability
of 1.8 parts in 107 per year. Each oscillator is associated with a divider/
switch unit, which performs both a frequency division of 16 and power
monitoring functions. Although only one of the two oscillators is used
at a time, a continuous frequency comparison between them checks
for an excessive frequency difference and generates appropriate alarm
signals if the difference exceeds certain values. The interconnection
between the two sections is accomplished through the control unit,
which offers automatic switching between output signals under trouble
conditions or manual switching for maintenance purposes.

Figure 3 is a picture of the MCSS that shows the major component
parts described above.

* Acronyms and abbreviations used in the text and figures of this paper are defined
at the back of this Journal.
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I1l. DETAILED CIRCUIT DESCRIPTION
3.1 4.94-MHz oscillator*

The 4.94-MHz oscillator, shown in block diagram form in Fig. 4,
consists of a crystal-controlled oscillator, RF amplifier, frequency-
controlling network, and temperature-control network in a thermally
stable environment. Because of repeater-station temperature varia-
tions, use of a stable oven is necessary to obtain the required frequency
stability. Other peripheral circuitry such as the heater power amplifier,
the binary frequency-controlling switches, and their display Light
Emitting Diodes (LEDs) are exposed to ambient temperature.

3.1.1 Radio Frequency (RF) oscillator and amplifier

The RF oscillator is a modified Pierce-type crystal oscillator using
a precision quartz crystal unit. A capacitance and varactor-diode
network is in series with the crystal for frequency adjustment of +3
ppm from the nominal frequency of 4.94197666 MHz. This stage has
automatic gain control to ensure stable frequency operation. The
crystal unit is a third-overtone AT-cut resonator having a turnover
temperature between 76 degrees and 86 degrees Celsius. The output

* The MCSS oscillator was designed by M. W. Zuidervliet, Jr. of Bell Laboratories
in Allentown, PA.
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of the oscillator is at the base of a low-noise transistor that uses the
crystal unit to filter out any noise generated in the transistor that is
more than a few hertz from the operating frequency. The output
impedance of the oscillator is 50 ohms.

The RF amplifier consists of four transistor stages that buffer the
oscillator from the output and boosts the output signal level of 0 dBm
at an output impedance of 75 ohms.

3.1.2 Frequency tuning circuitry

The varactor diode, in series with the crystal, is biased from the
frequency adjust circuitry made up of a precision voltage reference
source, Digital-to-Analog (D/A) converter, and current-to-voltage op-
erational amplifier. Front-panel toggle switches control memory-latch
circuits that, when enabled, supply digital input to the D/A converter.
The D/A converts this input to a precision current value utilizing the
precision voltage reference. A voltage proportional to this current is
applied as bias to the varactor diode. The ten toggle switches are
arranged for binary weighting with the least-significant bit giving a
frequency change of one part in 105, A new switch setting is input to
the memory latches only when a remote enable signal is present and
a load button on the oscillator is depressed. At other times the position
of the toggle switches has no effect. This feature is present to prevent
accidental detuning of the oscillator. Since the switch settings do not
necessarily agree with the status of the memory latches, display LEDs
are provided on the front panel that, when enabled, indicate the value
of the digital input to the D/A.

3.1.3 Temperature control and heater alarm

The temperature of the oven is maintained by a proportional tem-
perature control using a Wien Bridge oscillator where the sensing
elements are two thermistors in series. These thermistors are imbed-
ded in the wall of the oven and are tightly coupled to the heater
winding. The output of the Wien Bridge oscillator is buffered by an
amplifier that has variable gain for adjustment of the sensitivity of
the temperature-control circuit. This amplifier drives a power inte-
grated circuit that provides the dc power to the heater winding. The
power stage limits the current into the 15-ohm heater winding to
approximately 1-1/3 amps.

There is an alarm circuit that senses the heater-winding control
voltage and emits an alarm if this voltage moves beyond the window
for normal operation. This is an indication that the oscillator already
has or is about to lose temperature control and therefore change
frequency.
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3.2 Divide-by-16 circuit

The main purpose of this circuit is to convert the 4.94-MHz input
to 308.9 kHz and gate this signal to the distribution bus when the
supply is on-line. There are two identical circuits corresponding to
sides A and B.

Figure 5 shows a block diagram of the divide-by-16 circuit. Following
the main signal path, the 4.94-MHz sinusoidal input signal is converted
to a Transistor-Transistor Logic (TTL)-compatible square wave and
divided by 16. The signal from the divider is input to one side of an
AND gate. If this supply is to be selected as on-line, a select signal
from the control unit enables the other gate input and the 308.9-kHz
signal is output to the distribution bus.

Various monitors in the circuit detect improper operation. At the
input, a detector monitors the level of the incoming 4.94-MHz signal
and, if that level drops 2 dB, outputs an alarm to the control unit. A
gradual 2-dB drop in level is not sufficient to cause the sine-wave-to-
square-wave comparator to fail; thus, the alarm to switch to the other
supply can be given before actual loss of 308.9 kHz occurs.

A coarse frequency monitor of the 308.9-kHz signal guards against
a failure of the divider. This will detect a gross error that would occur
if the divider malfunctioned to produce the wrong division ratio. A
detected error of this type is output as an alarm to the control unit.

The level of the 308.9-kHz signal output to the distribution bus is
monitored. The output gate for this signal is the last active circuit
component of the reference signal path to the TR-bay frequency
control units. The alarm indication for loss of level is output to the
control unit but is meaningful only if the gate output is on-line.

The circuit buffers and provides a TTL line driver output of the
4.94-MHz signal to the frequency comparator unit where precise
frequency comparisons between the two oscillators occur.

4.94-MHz 308 iz
INPUT COMPARATOR
0 dBm 759 (SINE-WAVE-TO- | 494 MHz [~ 7] 3089 khz DISTRIBJTION
SQUARE-WAVE +
CONVERTER) -
4.94-MHz -/ FREQUENCY 308.9-kHz
LEVEL ERROR LEVEL
DETECTOR DETECTOR DETECTOR
4.94-MHz BUFFERED 3089-kHz  SUPPLY 308.9-kHz
LOW-POWER 494-MHz TO  FREQUENCY  SELECT LOW-POWER
ALARM TO FREQUENCY ERROR FROM ALARM TO
CONTROL UNIT COMPARATOR  ALARM TO CONTROL CONTROL
UNIT CONTROL UNIT UNIT
UNIT

Fig. 5—Block diagram of MCSS divide-by-16 circuit.
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3.3 308.9-kHz distribution

The outputs of the two divider switch circuits are gated to the
distribution circuit. Either circuit, but only one at a time, provides a
308.9-kHz TTL signal for the distribution bus. The two signal inputs
are combined in a resistive power combiner followed by a 308.9-kHz
bandpass filter that provides at least 40 dB of loss to frequencies of
618 kHz and higher with a passband loss of less than 1 dB.

The 308.9-kHz sine-wave output from the filter, at an impedance
level of 135 ohms, is fed to a balanced transformer with a 135- to 8.06-
ohm impedance transformation. This output drives a passive resistive
distribution bus that provides 33 outputs balanced at an impedance of
135 ohms. Thirty-two of the outputs are for distribution to the TR
bays and are terminated if not used. The remaining tap provides a
monitor port for measurement of signal level at the bus output. There
is 18 dB of signal loss from the filter output to any tap output, and
the tap-to-tap isolation is 36 dB.

3.4 MCSS control unit

The interconnection between the two 308.9-kHz sources of the
MCSS is accomplished through the control unit. The control unit
handles all MCSS alarms, as well as power and frequency sensor
functions, and performs four separate major functions:

1. Selects (puts on-line) one of the two MCSS oscillators as the
308.9-kHz source.

2. Offers automatic switching to the other MCSS oscillator should
the on-line unit develop any trouble.

3. Originates the general MCSS alarm together with visual indica-
tions pinpointing the specific alarm condition.

4. Furnishes the interface for the two oscillators, two divider and
switch units, the frequency comparator unit, and the alarm unit.

All of the above-listed functions can be performed in either the auto
or manual operating modes. The auto mode of operation is the normal
operating condition of the control unit. In this mode, all sensors are
monitored and an automatic switch will occur if there is a failure in
the on-line supply. The sensors monitor the following items:

1. Power output of the 4.94-MHz oscillators

2. Operation of the oven within the oscillator unit

3. 308.9-kHz coarse output frerquency and power

4. Frequency difference between the two oscillators.

The sensors for items 1 and 3 are located on the divider and switch
units and for item 4 on the frequency comparator unit.

The most severe alarm condition is the cut-reference alarm. When
this alarm is generated the MCSS outputs to the TR bays are removed
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and the microwave generators and shift oscillators become free run-
ning. This alarm can be generated for two reasons:

1. The frequency offset between the two oscillators is greater than
39.3 parts in 10® (measured by the frequency comparator unit).

2. A failure has occurred first in the on-line section, causing an auto
switch, and then in the former standby section, which was put on-line
by the auto switch mentioned above. If the failure is in the standby
supply, an oscillator fail alarm is generated and all switching between
supplies is inhibited. Subsequent failure of the on-line supply will
cause a cut-reference alarm.

The manual mode of operation is primarily for maintenance and
repair of the MCSS. It permits a manual switch resulting in an
interchange of the on-line and the standby section of the MCSS.
However, consideration had to be given to the fact that whenever a
manual switch to the standby supply is executed, a check has to be
performed to determine if the newly selected supply does have a signal
output of correct amplitude. Therefore, once a new supply is selected
and on-line, enough time has to be allowed to permit a switchback to
the previous on-line supply should the new one fail to produce a
suitable output signal. Delay circuits permit this.

Since an auto switch will only occur as a result of a failure in the
on-line section of the MCSS, a switchback is not possible and the
check for a good output signal of the standby section is not necessary.

3.5 MCSS comparator unit
3.5.1 Functional description of the MCSS comparator unit

The comparator unit performs two major functions in the MCSS.

1. For normal operation, there is continuous monitoring of the
frequency difference between the two 4.94-MHz oscillators. An alarm
signal is generated if the frequency difference exceeds 16.6 parts in
10®%. A second alarm and cut-reference signal is generated when this
difference increases to, or exceeds, 39.3 parts in 108 The cut-reference
signal removes the synchronization tone from the microwave genera-
tors and shift oscillators, and these units become free running.

2. Replacement or yearly routine maintenance requires frequency
adjustment of the 4.94-MHz oscillator. In the frequency check mode
of operation, the comparator aids in oscillator adjustment by indicating
the frequency difference between the oscillator being adjusted and an
external frequency calibration standard. In this mode, the comparator
has a resolution of +1 part in 108, which is based on the settability of
the 4.94-MHz oscillators whose smallest frequency adjustment incre-
ment is one part in 102,

The position of the front-panel mounted function select switch,
which can be in either the check A or check B position, determines
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which 4.94-MHz oscillator is being checked against the external fre-
quency standard. In the check B position, the external frequency
standard takes the place of oscillator A and in the check A position
the external frequency standard takes the place of oscillator B.

When in the check A or check B position, all frequency alarms are
inhibited. The four light-emitting diodes on the front panel of the unit
are enabled. These LEDs are labeled and arranged in the following
manner:

1077
HIGH
1078
1078
LO
1077

The HIGH or LO indicates the direction of frequency deviation of
the checked 4.94-MHz oscillator in comparison with the frequency
standard. By observing the LEDs, the oscillator can be adjusted to
within one part in 10® of the 4.94-MHz signal.

Adjusting the oscillator is accomplished through ten toggle switches,
labeled zero through 9, arranged in a binary weight fashion with the
least significant bit being switch zero.

3.5.2 Method of detecting frequency offset

The conventional method of detecting a frequency difference be-
tween two oscillators, in which one oscillator will generate a gate pulse
during which the other oscillator is counted, results in large time
intervals to detect small offsets. For example, to detect one part in 10°
for the MCSS 4.94-MHz oscillators would require a minimum time of
1/Af = 20 seconds, which is an unreasonable time interval.

The method chosen for measuring frequency differences in the
MCSS is the same as that used on the Jumbogroup Frequency Supply
(JFS) of the L5 System, which Fig. 6 shows utilizing the block diagram
of the MCSS comparator. In this method, one of the two frequencies
being compared is divided by D and then mixed with itself, with the
sum signal A + A/D chosen by a bandpass filter. This signal is mixed
with oscillator B and passed through a low-pass filter with the resulting
signal difference of frequency

A A
A+ D B= D + Af.

This signal is used as a clock signal for an N divider that generates
a gate pulse. During the gate-pulse interval, counts are accumulated
by the C counter. This has the effect of multiplying the real fractional
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frequency error by a factor D. For the MCSS a value of D = 128 was
chosen as realistic when considering the need for the bandpass filter
that must pass A + A/D and reject A — A/D. Now the minimum time
to detect an error of one part in 108 is the time for ND*Af/A to equal
one, i.e., one extra or one less count than normal for no frequency
error. Solving for N, one obtains

A
~ D2Af
The gate interval for the minimum count to occur is Tg = ND/A =

1/DAf. This time interval is shorter than that for the conventional
methods by a factor of 128.

N

3.5.3 Block diagram and description

Figure 6 shows the block diagram representation of the comparator
unit. Two printed circuit boards (B1 and B2) are used to accommodate
the large number of integrated circuits and the relatively large induc-
tors comprising the low-pass filter. The inputs to the comparator unit,
during normal operation, are two 4.94-MHz TTL signals derived from
oscillators A and B. For routine maintenance and oscillator calibra-
tion, a third input signal, also TTL compatible, from an external
frequency standard is also connected to the comparator unit.

The input signal frequency to the 14-stage N counter is A/D + Af.
The output of this counter is the gate pulse (Tg) for the C counter.
The 22-stage C counter is preset to a value Co dependent on the
operating mode. The clock input signal is from oscillator A, which
counts down the C counter during the gate period Tg. If oscillators A
and B are identical in frequency, the C counter will count down from
Co to zero. The value of the C counter is determined by monitoring
the Q signals of each counter stage. The Q signals are gated together
to detect values of AC which correspond to frequency differences. The
count can be either positive or negative, depending on whether the
counter went through zero or not. For normal operation, only the
magnitude of the AC count is significant. However, during frequency
adjustment of the two oscillators, the sign of the count is also impor-
tant because the frequency of the oscillator being adjusted is compared
to an external frequency standard and the sign of the frequency error
must be known for proper adjustment. In the frequency check modes,
instead of generating alarms for excessive frequency differences, the
comparison circuit uses the four LEDs on the front panel to indicate
the magnitude and direction of frequency deviation of the oscillator.

3.5.4 Other design considerations

Except during oscillator adjustment and routine maintenance, the
comparator unit operates in the normal mode. In this mode, only a
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frequency alarm and cut-reference signal and alarm are generated
when the frequency difference between MCSS oscillators is 16.6 parts
in 10® or 39.3 parts in 108, respectively. The frequency comparison
period in this mode of operation is only 78 milliseconds. It is possible
for erroneous counts to occur because of plant battery hits or other
office transients. To guard against false alarms occurring due to these
erroneous counts, four-stage shift registers are used to output the
frequency alarm and the cut-reference signal. To obtain an output
from these shift registers, four consecutive readings exceeding the
appropriate AC limit must occur. This, of course, delays the alarm
signals by 312 milliseconds, but is quite acceptable in this application
and does eliminate false alarms or, more seriously, loss of sync to an
entire station because of an erroneous cut-reference signal.

3.6 MCSS dc power

The MCSS dc power is provided by regulated dc-to-dc converters
(—24 to +5 volts dc), which are current limited, over-voltage protected,
and low-voltage alarmed. The two 4.94-MHz oscillators are powered
by separate 5-volt dc converters. These same converters also individ-
ually power the divider/switch circuits. The comparator and control
unit are dual fed from the two converters using diodes. These proce-
dures are used in the MCSS to guard against reference signal loss due
to failure of any single power unit.

3.7 Alarm unit

The alarm unit in the MCSS provides visual and audible alarms of
low power and other trouble conditions in the MCSS. It generates
remote indications via telemetry systems to the alarm center, as well
as local station alarms. Standard ACO features are available that can
be activated at any miscellaneous key, jack, and lamp panel in the
support bay or at any TR-bay display panel.

IV. SUMMARY

The paper has described the important features of the AR6A MCSS.
The MCSS provides a precise reference signal at 308.9 kHz to which
the microwave generator and shift oscillator in a repeater bay are
locked. The MCSS is settable to one part in 10® and is stable to within
five parts in 10" per day. Extensive monitoring of performance and
the provision of a standby reference signal ensure a high degree of
reliability to the system.
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In the AR6A repeater bay, microwave carrier power for both the receiver
and the transmitter is derived from a single voltage-controlled crystal oscil-
lator. For long-term stability, this oscillator is phase locked to an external-
reference frequency, available at each radio station. From the output signal of
this oscillator, an active frequency-multiplier chain generates about +21 dBm
power in the 6-GHz band. Part of this power serves as the local oscillator
signal for the transmitter directly. The other part is shifted in frequency, to
produce the local oscillator signal for the receiver.

I. INTRODUCTION

Two microwave carriers are needed in an ARGA' repeater bay for
up and down conversion. These carriers have to be spaced 252 MHz
apart and must have low noise, low jitter, and exceptional frequency
stability.

In the microwave carrier supply, both carriers are derived from a
single Voltage-Controlled Crystal Oscillator (VCXO)*. An active fre-
quency-multiplier chain generates the 6-GHz carrier for the up con-

* Bell Laboratories.

t Amplitude Modulation Radio at 6 GHz for the initial (A) version of the system.

* Acronyms and abbreviations used in the text and figures of this paper are defined
at the back of this Journal.
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verter directly. Part of this 6-GHz power is split off and shifted 252
MHez in frequency, to be used in the receiver down converter.

For frequency stability, the VCXO is phase locked to an external
reference, available at each radio station. Steps are taken to ensure
adequate frequency stability even during temporary loss of the exter-
nal-reference signal.

Along with the detailed performance objectives, a general circuit
description of the microwave generator is given in this paper, with the
key circuits described in somewhat more detail. Typical test results
and a brief description of the method used to measure FM noise close
to the carrier concludes the paper.

Il. PERFORMANCE OBJECTIVES

Some of the performance objectives for the microwave carrier source
designed for ARGA are similar to those required in FM radio systems;
others are unique. The performance objectives for this new carrier
source are enumerated below with discussion of those items dictated
by application in the AR6A Radio System.

2.1 Frequencies

The TR-bay microwave carrier supply has to provide two carriers
separated by 252 MHz, in the 6-GHz band at any of the 10 Local
Oscillator (LO) frequencies given in the AR6A frequency plan.’

2.2 Power output

The available microwave carrier power requirement is +17 dBm for
the transmitter and +11 dBm for the receiver at the shifted LO
frequency.

2.3 Frequency stability

The microwave carriers must be stable in frequency to about two
parts in 107 per year so that the equalizer pilots at IF will be located
accurately with respect to the narrowband (12 kHz) crystal pick-off
filters in each AR6A receiver. In addition, the accumulated frequency
error from each repeater in a terminal section must be limited to a
value that can be corrected by the multimastergroup terminal receiver.
This stability objective of two parts in 107 is about two orders of
magnitude more accurate than for carriers for FM radio application.
To meet the strict frequency-stability requirement, the microwave
carriers are phase locked to an external-reference frequency,” having
the required frequency accuracy and stability.

With conventional phase-lock control, if lock is lost the error-
correction signal to the oscillator will go to zero and the frequency of

3392 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1983



oscillation will shift to a free-running condition that will depend on
temperature and oscillator aging since last tuning. In many cases this
shift would be sufficient to render the radio channel unusable. To
prevent this almost certain channel loss, an additional objective is
specified for the phase-locked circuitry that on loss of lock the oscil-
lator control voltage be maintained to keep the 6-GHz output fre-
quency within =200 Hz of the value when loss of lock occurred. Under
these conditions the microwave generator free runs and drifts with
temperature and time from this frequency.

Large temperature changes in a nonair-conditioned repeater station
during a time that the microwave generator is free running could cause
excessive frequency drift. Such large changes may occur from day-to-
night temperature variations. To minimize these effects, a final objec-
tive on frequency stability is that the free-running frequency shall not
change by more than 0.5 ppm over any 30-degrees F ambient temper-
ature change within the limits of 40 to 140 degrees F. This objective
is intended to provide acceptable frequency stability during the time
the source is free running over a period of days if technicians cannot
be immediately dispatched to clear the loss-of-lock condition.

The free-running frequency stability, together with the phase-locked
error voltage memory, ensures continuous service on the ARGA route
even in the unlikely event of the loss of the reference signal from the
Microwave Carrier Synchronization Supply (MCSS), when every mi-
crowave source in the station is unlocked.

2.4 Phase noise

The phase noise requirements for a microwave source used on an
AM radio system are more stringent than for use on FM systems. For
an AM system the microwave source phase-noise spectrum close to
the carrier is dominant in the contribution of voice-circuit noise.

To demonstrate this fact, consider a baseband signal a(t) that is up
converted in frequency by a local oscillator with frequency w. and
phase noise 6(t). If transmitted single sideband, the signal s(t) can be
represented as

s(t) = a(t)cos[wct + 8(t)] = a(t)sin[wt + 8(t)], (1)

where a(¢) is the Hilbert transform of a(¢). The sign of the second
term is negative if the upper sideband is selected and positive if lower
sideband is selected. T'o evaluate the noise contribution from one
source, assume the demodulation is done by a noise-free source. The
applicable output terms, r(t), at baseband are given by

r(t) = a(t)cos[0(t)] £ a(t)sin[6(t)]. (2)
For the LO source |0(t)| < 1, so that cos[6(t)] = 1 and sin[8(t)] =
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0(t). In this case eq. (2) becomes
r(t) = a(t) + at)o(e). (3)

The output consists of the desired signal a(t) plus a noise term given
by a(t)d(t). Let A(f) denote the power spectral density of the desired
signal and S,(f) the spectral density of the phase noise. The spectral
density of the Hilbert transform of a signal is equal to the spectral
density of the signal itself; therefore, the spectral density, N(f), of the
noise term in eq. (3) is

N(f) = A(f)=8.()), (4)

where * denotes convolution.

The spectral density of the 6000 voice-circuit channel is noiselike
and essentially flat over the 30-MHz frequency band. Since the phase
spectral density of crystal oscillators as used in the microwave source
increases as 1/f° close to the carrier, the close-in noise components
contribute the most to the convolution.

Since the phase jitter is present on the carrier recovery pilot, the
Multimastergroup Translator for Radio (MMGT-R)?® tracking receiver
at the end of a terminal section will remove some of this noise. The
remaining phase noise will not be reduced further by the following
section since new carrier recovery pilots are inserted at the beginning
of the next span. The total phase noise will accumulate as each
terminal section is traversed. Taking into account the phase-noise
reduction that can be obtained from the terminal, the phase-noise
spectral density objective of the microwave generator necessary to
meet its 4000-mile noise allocation was determined. This objective is
shown as the upper curve in Fig. 1.

Though not part of the dBrnc0 noise-tree allocation, the phase noise
of the microwave sources will affect voice-circuit phase-jitter objec-
tives, which are important when the channels are used for voiceband
data transmission.

1ll. MICROWAVE-GENERATOR CIRCUIT DESCRIPTION

Figure 2 shows the block diagram of the microwave carrier supply
for an ARGA repeater. A 21.5-dBm, 6-GHz signal is generated using a
1-GHz microwave generator and a 6X frequency multiplier. The 6-
GHz power is split in the carrier distribution network, with +17 dBm
going directly to the transmitter modulator; the remainder drives the
shift modulator to generate the carrier for the receiver modulator. The
shift oscillator frequency is 252 MHz.

Both the 1-GHz generator and the shift oscillator are phase-locked
to a central 308.9-kHz reference signal through their respective fre-
quency control units. In case of a reference-signal failure, the frequency
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Fig. 2—Microwave carrier supply.

control units will put the oscillators on memory in order to continue
to supply the microwave carrier and keep their frequencies within the
required accuracy.

3.1 1-GHz generator

At the beginning of the AR6A development, several candidates had
been investigated for the 1-GHz generator, including general trade
products. For stability, performance, and cost effectiveness the 1-GHz
generator developed earlier for the TH-3 Radio System* was adopted
and improved for ARBA radio use. Figure 3 shows the block diagram
of the 1-GHz generator.
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Fig. 3—1-GHz generator.

The generator is a straight multiplier chain of three active frequency
doublers, driven by a crystal oscillator in the 125-MHz frequency
band. Three isolators are used between successive stages to stabilize
the doublers and facilitate tuning. A high Q INVAR cavity is used at
500 MHz to strip off multiplied white noise far from the carrier.

3.1.1 Oscillator and buffer amplifier

The crystal oscillator is built with a Western Electric NPN transis-
tor in the common base configuration. The third-overtone crystal
operates in series resonance, and it is connected in the feedback loop
between the emitter and collector of the transistor. A high Q varactor
diode is connected in series with the crystal to provide voltage control
of the oscillator frequency.

To meet the ARGA requirement for low noise close to the carrier, it
was important to keep the 1/f noise of the transistor low by keeping
the collector current low, to use a crystal with high unloaded Q, and
to design the oscillator circuit (including the varactor) such that the
Q of the total oscillator would approach the Q of the crystal itself. To
keep intermodulation in the transistor at minimum, and to keep the
conversion of 1/f noise into the 125-MHz frequency band low, limiter
diodes are used to control the amplitude of oscillation, instead of
relying on the nonlinearities of the transistor itself.

For long-term stability the crystal current is kept below 1 mA, which
gives about +7 dBm power at the oscillator output.

Under normal operating conditions, the varactor voltage is regulated
by the Phase-Locked Loop (PLL) in the frequency control unit to
keep the crystal-oscillator frequency locked to a high-order harmonic
(404th to 429th, depending on channel frequency) of the 308.9-kHz
reference signal. In case of loss of lock (because of an MCSS failure,
for example), the frequency control unit goes on memory, and the
varactor voltage in the crystal oscillator is kept constant at the last
(locked) value. In this free-running mode the crystal oscillator has to
stay within 1 ppm of its nominal frequency until the unit is repaired
(two days at- most). T'o meet this requirement in stations without air
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conditioning, the crystal is placed in an oven. The turnover tempera-
ture of the crystal is 65 degrees C.

A two-stage wideband buffer amplifier follows the crystal oscillator.
A shunt-mounted PIN diode between the two stages of the buffer can
be used to adjust levels for the entire microwave generator. The output
level range of the buffer is 13 to 25 dBm.

A sample of about 12 dBm is decoupled from the buffer output to
the frequency control unit for phase locking.

3.1.2 Frequency doublers

The three active frequency doublers in the 1-GHz generator are
built with Western Electric overlay transistors. Besides doubling their
respective input frequencies, these stages have several decibels of gain
each. Figure 4 shows a common simplified schematic of the doubler
circuits.

Due to the ac short in the collector circuit at the input frequency, f,
these stages have substantial current gain at that frequency. The
increased collector current pumps the nonlinear capacitance of the
collector-base junction, producing harmonic voltage components be-
tween collector and base. A second series resonant circuit between
base and ground provides a current path for the generated second
harmonic, bypassing both the input matching network and the base
emitter junction of the transistor. The two matching networks trans-
form the input and output impedance of the doubler circuit to 50
ohms.

Principally, all three doubler stages are as described. Only the
impedance levels vary with frequency and the physical form of the
circuit elements. In the first doubler from 125 to 250 MHz most
elements are lumped; the third stage, however, from 500 MHz to 1
GHz is built entirely of distributed elements.

Nominal output power levels for the three doublers are: 27 dBm at
250 MHz, 30 dBm at 500 MHz, and 31 dBm at 1 GHz. With interstage
losses taken into account, this corresponds to conversion gains of 4,
3, and 2 dB, respectively.

f MATCHING
INPUT MATCHING of CIRCUIT |_OuTPUT
T f CIRCUIT AT 2f AT 2f

_ T | T

Fig. 4—Transistor doubler.
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3.1.3 Isolators

All three isolators in the multiplier chain are of the lumped element
design.” They have been developed at Bell Laboratories, Allentown,
Pennsylvania. Their insertion loss is typically 0.5 dB forward, and
greater than 20 dB in the reverse direction.

3.1.4 Noise-suppression filter

Although the excess noise of the frequency doublers is minimal,
they increase the FM noise originating in the oscillator and buffer by
a factor of 20 log n along the multiplier chain. Far from the carrier,
therefore, the multiplied noise could exceed system requirements.

To prevent this, a noise-suppression filter is inserted into the
multiplier chain at 500 MHz.° The filter is a coaxial reentrant cavity
with an unloaded Q of about 3000. Its 3-dB bandwidth is about 300
kHz, with about 2-dB insertion loss. For frequency stability the cavity
is extruded from INVAR.

3.2 The 1- to 6-GHz multiplier

The 1- to 6-GHz multiplier is a broadband 6X frequency multiplier,’
driven by the 1-GHz generator at a 29.5-dBm level. It delivers 21.5-
dBm, 6-GHz power to the carrier distribution network. All unwanted
harmonics are kept at least 80 dB below the carrier.

The multiplier circuit is built on alumina microstrip. The photo-
graph in Fig. 5 shows the circuit details. Figure 6 gives the approximate
lumped element equivalent circuit.

A self-biased commercial step recovery diode with zero bias capaci-
tance of 3.3 pF is used for the nonlinear element. The diode is mounted
into a hole in the microstrip circuit. One side is soldered to the ground
plane on the back, the other side is thermocompression bonded to the
microstrip pattern using a 20-mil wide gold ribbon.

Both the input and output filters are three-resonator bandpass, 0.1-
dB Tchebyscheff type, designed to transform the diode impedance to
50 ohms In their respective passbands. The input filter is realized
using quarter-wavelength resonators in an interdigital configuration.
The output filter consists of side-coupled, half-wavelength resonators.
The diode itself is part of the first resonator in the output filter. The
radial lines at the input side of the diode are used to suppress unwanted
harmonics; at the same time they act together as a capacitor for the
pulse-forming circuit.

In order to meet the very strict spectral purity requirement for the
ARG6A System at the up and down converter inputs, as discussed
earlier, all the unwanted harmonics had to be suppressed to at least
80 dB below the carrier at the 6X multiplier output. This requirement
was met by adding a seven-resonator interdigital filter to the output
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Fig. 6—Lumped element equivalent circuit of the 6X multiplier.

of the 6X multiplier. This filter is built into the back of the multiplier
housing, and it has about 0.5-dB passband insertion loss. The overall
size of the 6X multiplier, excluding the SMA connectors, is 3/4 by
1/4 by 3 inches. The typical swept response of the multiplier is shown
in Fig. 7. One code covers the total ARGA bandwidth.

3.3 Carrier distribution network

As indicated in Fig. 2, the carrier distribution network is used to
split the output signal of the microwave generator between the trans-
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Fig. 7—Typical swept response of the 6X multiplier.

mitter and the shift modulator in a repeater station. The detailed
description of this circuit can be found elsewhere.?

3.4 Shift modulator and shift oscillator

The purpose of the shift modulator is to shift the frequency of the
microwave generator by +252 MHz and thus provide the local oscil-
lator signal for the receiver modulator.

The shift oscillator generates the 252-MHz signal for the shift
modulator using a 126-MHz crystal oscillator and a frequency-doubler
circuit. As shown in Fig. 2, the shift oscillator is phase locked to the
MCSS signal.

Reference 9 gives a more detailed description of both the shift
modulator and the shift oscillator.

IV. FREQUENCY CONTROL UNIT

The microwave generator and shift oscillator are phase locked to a
harmonic of the microwave carrier synchronization supply frequency
of 308.9 kHz' by means of two frequency control units. These units
contain a comb generator to produce the desired harmonic of the
308.9-kHz signal; a phase-locked loop to synchronize the microwave
generator or shift oscillator to the proper 308.9-kHz harmonic; a
memory circuit that operates in conjunction with the phase-locked

¥ The actual frequency is 308.8735416 kHz.
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loop to provide the control voltage to the oscillators; and alarm
circuitry to provide bay alarms on loss of lock and memory end of
range. The overall description of operation and some details of these
individual circuits are given in the following sections.

4.1 Frequency control unit circuit description

Figure 8 shows the block diagram of the frequency control unit. The
308.9-kHz reference signal from the MCSS is applied to the comb
generator. The proper harmonic for locking the crystal oscillator is
produced by the comb generator and applied to one input of the phase
detector in the phase-locked circuit. A signal sample of the crystal
oscillator to be controlled is applied to the other phase-detector input
of the phase-locked loop. The output of the phase-locked loop is an
analog error signal proportional to the phase difference between the
reference and controlled oscillators. This error signal is applied as one
input to the varactor of the controlled oscillator, with the other inputs
from the memory circuit and a bias voltage source. The purpose of the
fixed bias is to place operation of the varactor diode at the suitable
point on its voltage-versus-capacitance characteristic and to offset the
midrange digital error-correction voltage to zero. On initial alignment
no digital error-voltage component (after offset) is applied to the
varactor diode. In time, due to aging and temperature changes, the
analog error voltage will change to maintain lock, and when the change
reaches a certain value, the memory circuit will add a digital error-
voltage component of a value equal to the change. In order to maintain
the total error signal the same, the analog component will return back
to its original value. As further changes occur, the memory circuit will
continue to add or subtract steps as the analog signal either increases

LOSS OF

LOCK LOSS-OF-LOCK ALARM
ALARM
CIRCUIT
MEMORY END-OF-RANGE ALARM
MEMORY

END OF RANGE

DIGITAL ERROR

MEMORY VOLTAGE
CIRCUIT
ANALOG ERROR ERROR VOLTAGE
VOLTAGE > TO OSCILLATOR
FREQUENCY
COMB BIAS
\
308.9 kHz \ FREQUENCY SAMPLE
FROM MCSS COMB [} PLL FROM OSCILLATOR
GENERATOR CIRCUIT

Fig. 8—Block diagram of frequency control unit.
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or decreases. In this way the memory circuit provides the major part
of the error signal with the phase-locked loop error signal varying an
amount equal to the memory change threshold. If the reference signal
from the MCSS is lost, the analog loop is opened and the analog error
signal goes to zero. The memory continues to supply the digital error-
signal component. In this way the generator is free running very near
its last correct frequency. The maximum error is plus or minus the
memory threshold value which is about 3.2 Hz at 125 MHz, which
translates to a maximum error of about 155 Hz at 6 GHz.

There are 1024 steps of memory available with step 512 initially set
when the oscillator is aligned. This provides for 512 steps in either
direction to compensate for increase or decrease in frequency. This
corresponds to 1600 Hz at 125 MHz or about +1.28 parts in 10°.

The alarm circuit monitors the memory step location and generates
a bay alarm when 88 percent of the available range has been used.
This is a warning to the operating personnel that manual retuning of
the oscillator should be done. In addition, the alarm circuitry provides
an alarm if phase lock between the reference signal and the controlled
oscillator is lost.

4.2 Comb generator

The comb generator'® consists of three basic parts: (1) a sine-wave-
to-square-wave converter, (2) a narrow pulse generator, and (3) a gated
oscillator tunable in frequency and with output always beginning at
the same phase.

The input 308.9-kHz sine-wave reference signal is converted into a
TTL-level square wave using a high gain amplifier followed by a
comparator. The comparator output is used to trigger a monostable
multivibrator that generates 0.5-microsecond pulses at the reference-
frequency rate. This narrow pulse is used to gate an oscillator that
always starts at the same phase. The frequency of oscillation can be
manually tuned. Let f;, denote the frequency of the reference signal, A
and f.. the amplitude and frequency of the gated oscillator, and T,
the width of the gating pulse. A Fourier analysis shows that the output
spectrum, S,(f), of the gated oscillator is given by

2 sin W(fosc - nf,)Tw
SO(f) a Afl'TW n=§3w 7r(fosc - nfr)r]:‘w

The output is seen to consist of harmonics of the reference signal
with amplitudes proportional to the sin x/x function. By tuning f.. at
or near the desired harmonic, say n4fg, the output of the comb
generator will provide maximum output to the PLL at that frequency.
Tuning of the oscillator is easily accomplished by observing the beat
signal at the output of the PLL phase detector and tuning the oscillator

8(f — nfy). (5)
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for maximum amplitude. The other harmonics that are present at the
phase detector are not important since a given crystal oscillator can
never be pulled far enough to lock to the wrong harmonic.

4.3 Phase-lock loop

Figure 9 shows a block diagram of the phase-locked loop circuit. A
sample from the controlled oscillator is buffered and amplified by a
common base transistor amplifier and applied to one input of the
phase detector. The frequency comb is the other input to this detector.
The phase detector has a sinusoidal characteristic and is implemented
using a double-balanced mixer. In normal operation, a small region
around the zero crossing of this characteristic is used to approximate
a linear phase detector. The output of the phase detector is amplified
to provide the desired PLL loop gain and applied through a Comple-
mentary Metal-Oxide Semiconductor (CMOS) Single Pole Double
Throw (SPDT) switch to the loop filter and the memory circuit. The
output of this filter is the analog portion of the error voltage applied
to the varactor.

The CMOS switch is under control of the loss-of-lock detector. As
long as the loop is locked the control voltage holds the switch in the
through-path position. A prolonged loss of lock will cause the switch
to open, which reduces the analog portion of the error signal to zero.
At this point only the memory circuit is providing error correction.
The reset control forces the switch closed initially so that phase lock
can be achieved.

RESET TO MEMORY
CIRCUIT

ANALOG ERROR

LOOP VOLTAGE

FILTER

fPLL SWITCH
CONTROL
FREQUENCY SAMPLE
PHASE FROM OSCILLATOR
FREQUENCY DETECTOR 1
comB
— 4
90
LOSS -OF ~LOCK
DETECTOR DEGREES
1 PLL SWITCH
CONTROL
LOSS OF LOCK
DELAY TO ALARM CIRCUIT

Fig. 9—Frequency control phase-locked loop circuit.
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The loss-of-lock detector uses a second double-balanced mixer but
with the frequency sample input shifted 90 degrees. When in phase
lock, the loop phase detector is operating around the 0-degree point
on the characteristic and the lock detector will be operating about the
90-degrees point providing a dc voltage output. This output is amplified
and applied to a delay circuit. Loss of lock must occur for the entire
period of this delay before the PLL switch is opened and a loss-of-
lock alarm given. This delay is necessary to keep the loop closed long
enough to reacquire lock lost because of a hit or by a switch in the
MCSS from one reference source to another.

Dynamically, the PLL is a second-order type. Since its purpose is
for long-term frequency stability, bandwidth is relatively narrow. The
primary consideration for bandwidth is that it be adequate to reacquire
lock when the MCSS reference switches and that the unit be fairly
easy to lock initially when manual tuning of the controlled oscillator
is required to bring the frequency within locking range. The pertinent
frequency control parameters of the loop are as follows:

1. Natural frequency @, is 51 rad/s.

2. Damping factor is 0.7.

3. Overall loop gain is 2.7 X 10° rad/s.

4.4 Memory circuit

Figure 10 shows a block diagram of the memory circuit. The digital
error voltage is derived from a 10-bit Digital-to-Analog (D/A) con-
verter that is driven by a 10-stage up/down counter. On initial align-
ment the counter is preset to a count of 512, the midpoint of the
counter. The output of the D/A converter for this count is offset by
the bias source so that the effective digital error signal is zero.

The analog error-voltage sample from the PLL is heavily filtered
and fed to two comparators. One comparator is set to switch when the

END-OF-
PRESET RANGE ——w
HIGH up DECODER | END-OF-
COMPARATOR COUNT RANGE
REFERENCE HIGH \ Y ALARM
ONE | ¥
SHOT
ANALOG 4 MSBs
ERROR 10-BIT 10-BIT
VOLTAGE—FILTER UP/DOWN :> D/A b
SAMPLE COUNTER CONVERTER | DIGITAL
(FROM PLL) 10 BITS ERROR
ONE Lq VOLTAGE
SHOT [}
REFERENCE LOW |
Low DOWN
COMPARATOR
COUNT

Fig. 10—Frequency control-unit memory circuit.
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error voltage indicates a high-frequency correction, the other for a
low-frequency correction. The references are set for thresholds corre-
sponding to +3.2 Hz at 125 MHz. The operation of the comparator
activates a one shot, which generates one up-count or down-count
pulse to the counter. The scaling of the D/A converter output is such
that a 1-bit step will produce a change in output corresponding to a
3.2-Hz correction.

The four most significant bits of the counter are examined for an
all 1’s or all 0’s condition. This indicates that 87.5 percent of the
counter’s range has been used in the upward or downward direction,
respectively. This condition is decoded and output to the alarm circuit
as an end-of-range alarm.

4.5 Alarm circuit

The alarm circuit interfaces the frequency control unit to the TR-
bay alarm circuits. The end-of-range indication from the memory
circuit is latched before it is sent to the TR bay. The loss-of-lock
signal is sent directly but buffered by TTL driver gates.

V. PERFORMANCE
5.1 Power output variation with temperature

Figure 11 shows the output power of the microwave generator,
measured at the output of the sextupler, as a function of the ambient
temperature. The total variation is about 1.6 dB. This is satisfactory
for the ARGA System even in a nonair-conditioned environment.

22

21—

20 -

OUTPUT POWER IN dBm

19 | 1 1 |
40 60 80 100 120 140

TEMPERATURE IN FAHRENHEIT

Fig. 11—Output power of the microwave generator as a function of ambient temper-
ature.
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5.2 Free-running frequency as a function of temperature

Figure 12 plots the free-running frequency of the microwave gener-
ator as a function of the ambient temperature. This characteristic is
important only when the oscillator is not locked to the MCSS (due to
maintenance or MCSS failure). The variation is within the maximally
allowed 0.5 ppm for any 30-degree F change in temperature.

5.3 Phase-noise performance
5.3.1 Measurement method

There are several known methods (Refs. 11-13) to measure phase
noise close to the carrier, each of them having its advantages and
disadvantages. We have used all of the three methods referred to above
during development. Figure 13 shows the block diagram of the phase-
noise test set presently used in production. Two microwave generators
are phase locked to each other by a narrowband phase-locked loop.
The output signal of both are multiplied in frequency up into the 6-
GHz band and then fed into a double-balanced mixer in phase quad-
rature. The output of the mixer goes into a spectrum analyzer after
being amplified in a low noise amplifier. The output of the spectrum
analyzer is plotted on an X-Y plotter directly as the noise spectral
density, S,(dB) versus frequency separation from the carrier.

5.3.2 Measured phase noise

Figure 1 shows the measured phase-noise spectral density of the
microwave generator. The test results are typically 5 dB better than
the requirement.

[opm]

Ar
i

-1 ] 1 1 {
40 60 80 100 120 140
TEMPERATURE IN FAHRENHEIT

Fig. 12—The measured free-running frequency stability of the microwave generator
as a function of the ambient temperature.
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Fig. 13—Block diagram of the test set used to measure noise of the microwave
generator.

5.4 Phase jitter

The measured phase jitter of the microwave generator is 10 to 25
degrees peak to peak, using the filter recommended in Ref. 14, and
about 0.5 to 0.7 degrees peak to peak with the jitter reduction provided
by the MMGT-R and the weighting of the same filter.

5.5 Spurious tones

There are low-level tones in the output spectrum of the microwave
generator when the generator is operating in the bay. These tones are
harmonics of 60 Hz, coming from the battery power plant, which is
charged continuously, and 20- and 40-kHz tones generated by dc-to-
dc converters in the power supplies in the bay. All of these tones are
at least 40 dB below the carrier at the output of the microwave
generator. Also present are 308.9-kHz sidebands from the phase-locked
reference. These are better than 70 dB below the desired output.

VI. SUMMARY

A low-noise, phase-locked microwave carrier supply has been devel-
oped for the AR6A Radio System with exceptional frequency stability.
Steps were taken to ensure system survival even in the extreme case
of reference-signal loss.
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The architecture and key circuits of the carrier supply have been
described, along with performance objectives and typical test results.
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Equalization for Multipath Fading
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Multipath fading can introduce severe amplitude distortion and level
changes in a radio channel. These must be dynamically equalized to meet the
toll transmission requirements of ARGA. This article describes equalizer
circuitry at intermediate frequencies, which continuously senses the level as a
function of frequency in the transmission band and dynamically corrects the
effects of multipath fading.

I. FADING CHARACTERISTICS

In line-of-sight microwave radio transmission, the broadband radio
channels (20 to 30 MHz) can exhibit the phenomena of both selective
and nonselective fading. During nonselective fading, the signal power
across the channel remains constant with frequency and simply de-
creases in level. This type of fade can be caused by attenuating effects
of the atmosphere or it can be the precursor of selective fading. Some
atmospheric conditions can cause propagation over two or more dis-
tinct paths, resulting in the reception of multipath components.! This
event can cause the channel to experience selective fading. During
selective fading, not only does the channel show a decrease in received
signal power, but the signal level measured as a function of frequency
(frequency response) also contains one or more minima.? Reference 2

* Bell Laboratories.
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paper may be copied or distributed royalty free by computer-based and other informa-
tion-service systems without further permission. Permission to reproduce or republish
any other portion of this paper must be obtained from the Editor.
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contains graphs of measured field data showing typical time-varying
frequency responses of a channel during selective fading.

A fade model consisting of four to six multipath components can
match most observed channel characteristics.> However, a two-path
fade model closely approximates a large number of observed channel
characteristics.* The two-path model has the transfer function:

H( f) =1- re—ﬂﬂ'(/’—fo)r,

where f; is the frequency of maximum fade (i.e., minimum signal level)
and 7 is the delay difference in the two path lengths. The expression
—20 log (1 — r) is the fade depth at frequency fo.

Computer simulations were used to show that a two-path fade with
a fade depth of 20 dB, a time-delay difference of 4 ns, and all possible
frequencies of fade maximum (f,) matches adequately the amplitude
characteristics of the worst fades that would have to be equalized to
meet system outage objectives for ARGA.*" An equalizer that could
compensate for such a fade to within 2 dB of the nominal level for
all values of the fade center frequency, f;, will meet system specifica-
tions. Some examples of channel characteristics undergoing a two-
path, 20-dB, 4-ns fade are shown in Fig. 1.

A good approximation of this selective fade characteristic can be
obtained using a power series expansion truncated after the quadratic
term: H(f) = Ao + A1(f — fn) + As(f — f)?, where f,, is the midchannel
frequency. The flat term, Ao, can be compensated using an Automatic
Gain Control (AGC) amplifier leaving the shaped component alone to
be equalized.

From the two-path model of the fading channel, the range of the
linear term, A;, must be +18.5 dB and the range of the quadratic term,
A,, must be 17 dB. However, large values of the quadratic and linear
shaping coefficients are not required simultaneously. This allowed the
use of two Bode “bump” networks® with center frequencies at the
channel ends to jointly realize the linear and quadratic correction
terms.® It was further determined that a +£10 dB range on each of the
Bode “bump” networks is sufficient to meet system requirements on
shape equalization. Figures 2 and 3 depict the approximation of linear
and quadratic correction functions by Bode “bump” networks. This
technique has many advantages with respect to dynamic range and
control circuitry, as well as noise figure and intermodulation distortion.

The remaining system equalization objective concerns the rate of
change of the channel shape as a selective fade sweeps through the
channel. Field data indicate that during deep selective fading, the rate

* Amplitude Modulation Radio at 6 GHz for the initial (A) version.
¥ Acronyms and abbreviations used in the text and figures of this paper are defined
at the back of this Journal.
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1—Typical received-power frequency characteristic for the two-path model of a
20- dB 4-ns fade in a 30-MHz channel.
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Fig. 2—Summation of two Bode “bump” networks to approximate a linear shape.
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Fig. 3—Summation of two Bode “bump” networks to approximate a quadratic shape.

of change of signal level can be as high as 90 dB per second. Since the
most severe fades will be eliminated by space-diversity switching, an
objective of adapting to a rate of change of 50 dB per second was
established.

Il. FUNCTIONAL DESCRIPTION

An error-detecting, zero-forcing technique was chosen to dynami-
cally control the variation of the AGC and shape units. Three pilot
tones are transmitted in the radio channel, one near each edge and
one near the center. The pilot errors are determined by analog proc-
essing of the detected pilot levels. The errors thus determined are fed
back to an analog circuit that varies the AGC and equalizer shape
coefficients to force the detected errors to zero at the pilot frequencies.
The control loop also detects when a space-diversity switch or pilot
resupply should be initiated.

Figure 4 is a functional block diagram of the units comprising the
dynamic equalizer.

2.1 Gain and equalization control
Gain in the intermediate frequency (IF) channel is controlled by an
AGC amplifier that is present at both repeater and main stations. The
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Fig. 4—Block diagram of the AR6A dynamic equalizer.

frequency characteristics of the IF channel are controlled by a shape
unit that consists of electronically controlled Bode “bump” networks
peaked at the high and low ends of the band. The shape unit is
provided only at main stations.

The detector unit senses the levels of the three equalization control
pilots and the pilot resupply enable pilot. Processing of the detected
pilot levels is done within the receiver control unit. An error voltage
for the low (high) bump is derived by subtracting a reference from the
difference of the low (high) pilot level and the center pilot. An error
voltage for the AGC is formed by subtracting a reference from the
average of the three equalization pilot levels. These error voltages will
all be zero when the three equalization pilots are at their nominal
level. The error voltages are amplified, low-pass filtered, and used as
the electronic control for the AGC amplifier and bump shapes.

Nonlinear shaping is provided in the control characteristics of the
AGC gain and bump networks such that the gain (in dB) introduced
is proportional to the drive voltages. A closed-loop gain of 100 is
provided. A 1-Hz cutoff in the loop filter results in a closed loop
response time of 10 ms.

The dynamic equalizer has been designed to regulate the pilot levels
to within 0.5 dB of their nominal value under conditions of nominal
input. For a 20-dB step change in input, the equalizer will settle to
within 2 dB of its final value in under 10 ms. Also, a maximum
dynamic tracking error of 2 percent of the fade depth in decibels is
achieved for fade rates of less than 50 dB per second.

The dynamic equalizer has been designed to achieve a gain flatness
of +0.15 dB at nominal temperatures and +0.5 dB over the tempera-
ture range of 40 to 120 degrees F.

The dynamic equalizer achieves a maximum noise figure of 20.7 dB
and third-order intermodulation coefficient for A + B — C products of
—172.9 dB for main-station applications.
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2.2 Space-diversity and pilot resupply control

The regulation accuracy requirements dictate that the pilot detector
realize a precise measure of the nominal pilot level. A low-precision
realization of the control loop would suffice were it not for a require-
ment to precisely determine the crossing of thresholds used to initiate
a space-diversity switch.

A space-diversity switch will be initiated if any pilot at the input to
the dynamic equalizer is more than 36 dB below its nominal level. To
avoid the need for separate detectors to monitor this condition, the
space-diversity control is derived within the dynamic equalizer circui-
try. It turned out that this requirement limited the control circuitry
design.

The detector output is an indication of the output pilot value relative
to its nominal value. The control voltages to the AGC and bump
networks are an indication of the amount of gain supplied between
the equalizer input and output. Nonlinear shaping of the detector,
AGC, and bump-network control characteristics yields a linear rela-
tionship in units of dB per volt; a weighted sum of the detector outputs
and the control voltages yields a measure of the input pilot levels.
These characteristics must be precisely controlled to provide accurate
threshold comparisons.

In addition to the space-diversity control, the equalizer circuitry
realizes the control signal that initiates a pilot resupply. This circuitry
utilizes a fourth pilot detector, which senses the level of the resupply
enable pilot.

IIl. DETECTOR AND CONTROL CIRCUITS
3.1 Detector

The detector circuit contains four separate pilot detectors intercon-
nected by a tree of hybrid transformers (see Fig. 5). Each pilot detector
consists of a hybrid transformer, an IF bandpass filter, an IF amplifier
detector, and an operational amplifier gain circuit.

The IF bandpass filter is a two-section, monolithic crystal filter
with a 3-dB bandwidth of approximately +6 kHz and a 60-dB band-
width of approximately 50 kHz. The midband loss is approximately
3 dB. Figure 6 shows a typical characteristic of these filters.

The IF amplifier (see Fig. 7) consists of two stages of a series-shunt
feedback pair.’

The detector portion of the circuit consists of a Schottky diode. An
R-C circuit serves as a filter for the detected signal. This circuit acts
essentially as a peak detector that derives a dc voltage proportional to
the peak of the input IF signal.

The operational amplifier circuit is used as a buffer between the
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Fig. 5—Pilot detector circuit.

detector and the output of the circuit. This circuit has two adjustments.
One is an offset adjustment used to adjust for zero output voltage with
a nominal input signal level. The other is a gain adjustment that is
set for a given dc output when the input level is 10 dB below nominal.
This adjustment is required to compensate for variations in gain at
the three pilot frequencies and also for variations in the Schottky
diode.

The resupply-enable pilot detector is similar to the three other
detectors except that the operational amplifier gain circuit is replaced
by a comparator circuit, and the only adjustment is the comparator
threshold voltage. A single adjustment is sufficient because only the
detection of the presence of the resupply pilot above a certain level is
required.

MULTIPATH FADING 3415



€861 ¥IAWIDIA “TIYNINO( TVIINHDIL WILSAS 1138 IHL 9LvE

INSERTION LOSS IN DECIBELS

100

0+

0

60 -

40

30—

!

| i | ] | | | ]

L

75.00
-6 kHz

75.02
-5 kHz

75.04
-4 kHz

75.06 75.08 75.10 7512 75.4  75.16 7518  75.20

-3kHz -2kHz -1kHz 75122 1kHz 2kHz 3kHz 4kHz
(MHz)

FREQUENCY

Fig. 6—Typical IF bandpass filter characteristic.

75.22
5 kHz

75.24
6 kHz

75.26
7 kHz

INSERTION LOSS IN DECIBELS



*}INJIID 1039933p 0TI —, *S1]

ino
130

s | Fris s I
s w HHH w 4 wgw .T.j
. oo w o

174

~L

MULTIPATH FADING 3417



3.2 Receiver control circuit

There are two types of receiver control units. The type that only
controls the gain of the AGC amplifier is used at repeater stations.
The type used only at main stations controls the gain of a shape unit
as well as an AGC amplifier.

The receiver control circuit also generates the following initiation
signals: (1) a signal to initiate a pilot resupply switch when the receiver
is either underpowered or overpowered, and (2) a signal to initiate a
space-diversity switch when the level of any one of the three line pilots
drops below a certain threshold.

The circuit controls manual and remote receiver gain and remote
pilot resupply, and also controls alarm initiating signals when the
receiver is in other than its normal mode of operation.

Figure 8 is a block diagram of a main-station receiver control unit.
The operation of the circuit is as follows.

To generate the space-diversity switch initiating signal, the inputs

SPACE-DIVERSITY INITIATOR
/THRESHOLD | e oo
o DIVERSITY
MINIMU EXPONENTIAL SWITCH
VALUE AMPLIFIER
CIRCUIT
AGC AMPLIFIER CONTROL
T0 AGC
» LEIV\L"_[':E/:IFS TR AMPLIFIER
REMOTE
CONTROL
PILOT 1 MINIMUM
otz | VALLE
CIRCUIT
oT DYNAMIC EQUALIZER CONTROL
HIGH-BUMP
. - CONTROL
LOW-PASS
Z FILTER LIMITER
> LOW-BUMP
LOW-PASS CONTROL
REMOTE ) > FILTER LIMITER
CONTROL
T0 PILOT
UNDER POWER A1
REMOTE CONTROL PILOT RESUPPLY SWITCH
OVER POWER INITIATOR

Fig. 8—Main-station receiver control circuit.
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from the pilot detector circuits (PLT1-PLT3) are applied to a mini-
mum value circuit. This circuit takes the level representing the lowest
level pilot and applies it to an exponential amplifier. The output of
this amplifier is a voltage that is linearly proportional to the decibel
pilot level. The other input that determines the space-diversity thresh-
old point is the AGC amplifier control voltage. The AGC amplifier is
designed so that the gain in decibels is a linear function of the control
voltage. The AGC control voltage is determined by the average of the
three pilots. The comparator threshold is set to trip when the input
voltages are such that the AGC control voltage and the voltage
representing the level of the minimum-level pilot indicates that one
of the pilots is 36 dB below nominal. The only difference between the
repeater-station and the main-station receiver control circuits is that
in the main-station circuit the control voltages for the shape unit are
also used to determine the space-diversity initiation circuit trip point.

The pilot resupply is initiated in any one of three ways. It will be
initiated when the power at the receiver output remains approximately
12 dB above nominal for 100 milliseconds. In this case, the functional
input to the receiver control unit is from the resupply switch unit,
which senses the total power and produces a control voltage propor-
tional to the average power at the output of the AGC amplifier. The
pilot resupply circuit will also be initiated if the average level of the
three pilots drops 5 dB below nominal. It releases when the average
level returns to less than 4 dB below nominal. This condition is derived
from inputs from the detector unit. The pilot resupply can also be
initiated remotely via the command and control system.

The AGC amplifier control section takes the voltage proportional
to the level of the three pilots, averages them, and low-pass filters the
resulting voltage to set the bandwidth of the loop. The output of the
low-pass filter is applied to a limiter to limit the maximum gain of the
AGC amplifier.

The shape unit control section of the receiver control unit takes the
difference between the level of the center pilot and the upper or lower
end pilots to control the appropriate bump equalizer in the shape unit.
These voltages are also low-pass filtered and limited.

The repeater station receiver control unit does not contain a shape
unit control section because a repeater station does not use a shape
unit.

The receiver control unit also allows for the AGC amplifier to be
set to nominal gain or manually adjusted over its entire gain range.
Light-emitting diodes (LEDs) on the faceplate of the unit indicate
when the dynamic equalizer is in other than its normal mode of
operation.
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IV. THE SHAPE UNIT

The shape unit is composed of four Bode-type adjustable “bump”
networks separated by amplifiers and controlled by four driver circuits
as shown in Fig. 9. Two identical networks provide a bump-type
characteristic at 59.8 MHz. The remaining two networks are also
identical and peak at 88.5 MHz. Each network section is separated by
amplifiers to provide both impedance buffering and gain to offset the
flat loss introduced by the networks. High-frequency network sections
are alternated with low-frequency sections to minimize interaction
between like sections.

Each network section has an associated drive circuit. This provision
allows for the independent operation of each network section so that
varying p-i-n diode characteristics may be compensated in the driver
element of the network section.

4.1 The bump equalizer sections

Each “bump” network section is composed of a series-type, adjust-
able Bode network as shown in Fig. 10. The adjustable element is a
p-i-n diode. The p-i-n diode acts as a resistor that varies in accordance
with a bias voltage supplied by the drive circuit. As the resistance
value of the p-i-n diode varies, the network shapes the amplitude of
the transmission above and below the flat loss level. Measured ampli-
tude shapes are shown in Fig. 11.

4.2 The buffer amplifiers

As shown in Fig. 12, all of the amplifiers provide hybrid-type inputs
and outputs. All amplifiers are designed to present 75-ohm input and
output impedances. The amplifiers are, however, tuned to operate
against the 301-ohm impedance presented by each “bump” network
section. Each amplifier provides 7 dB of gain to compensate for the
loss introduced by the bump sections.

4.3 The drive circuits

The drive circuits receive the drive voltages from the receiver control
unit. As shown in Fig. 9, two voltage follower circuits isolate the drive
circuits from the receiver control unit. A schematic description of the
drive circuits is shown in Fig. 13.

Each drive circuit is a unity gain dc amplifier. Potentiometer R26
allows for the adjustment of the offset voltage to the input of the
amplifier. It is adjusted to provide flat transmission over the 59- to
89-MHz band with a drive voltage of OV.

Elements R13 through R20, CR2, and CR3 function to make the
insertion loss in decibels at the 62.448- and 85.856-MHz pilot frequen-
cies proportional to the drive voltages. The circuit is adjusted so that
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a change of 1V in drive voltage results in a 1-dB change in transmission
for each network section. This linear relationship is the criterion upon
which the space-diversity switching is based.

Diodes CR4 through CR6 act as temperature-sensing elements.
Their purpose is to compensate for the temperature versus resistance
characteristic of the p-i-n diode. Over the 40- to 140-degrees F tem-
perature range, amplitude distortions in the transmission amount to
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as much as +1.5 dB between pilot frequencies without compensation
circuitry. With compensation these distortions are held to within
+0.25 dB.

V. AUTOMATIC GAIN CONTROL AMPLIFIER

The AGC amplifier normally operates at a nominal gain of 15.7 dB
and has a gain range of 61 dB. It is made up of a series of fixed-gain
amplifier blocks alternating with variolossers (see Fig. 14). Each
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variolosser has a dynamic range of approximately 10 dB, so six are
necessary to provide the required 61-dB overall control range.

A control circuit is provided to convert the AGC input control
voltage to a form that can be used to control the loss of the variolossers.
This circuit is basically a voltage-controlled current source that lin-
earizes the input control voltage versus overall AGC gain transfer
curve. Another function of the control circuit is to stabilize the
temperature of the AGC amplifier.

5.1 Amplifier blocks

Eight fixed-gain amplifiers of the same basic design are required in
the AGC amplifier.

Amplifiers Al through A6 (see Fig. 14) are two-stage feedback
amplifiers with a gain of 10.5 dB each. Amplifier A7 has a gain of 16
dB. This gain distribution was chosen to optimize the noise figure and
intermodulation performance of the AGC amplifier. Very careful at-
tention had to be paid to the physical design and layout since there is
a total distributed gain of almost 80 dB.

The buffer amplifiers in the AGC saturate at a rather high power
level due to the heavy biasing required to achieve low intermodulation
distortion. Interstage clamping circuitry was added to the AGC to
limit the output power to a safe level without affecting normal opera-
tion.

Directional coupler DC1 samples a portion of the main path signal
and directs this signal to the amplifer A8. Amplifier A8 is a single-
stage feedback amplifier with a gain of 8.5 dB. This output provides
the signal to the pilot detector unit.

All eight of the amplifier blocks utilize a hybrid transformer imped-
ance-matching configuration (see Fig. 15). This circuit can easily
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provide better than 30-dB return loss, which is important for the input
and output ports of the AGC amplifier and for providing good buffering
characteristics to mask the variolosser impedance variation.

The amplifiers in the AGC have been designed for optimum linearity
performance to minimize intermodulation distortion. All eight ampli-
fiers use a transistor that has been designed for optimum linearity. To
utilize this transistor properly it must be operated at a collector voltage
of 13V and an emitter current of 120 mA. Since 15 transistors are
required for the AGC amplifier, the result is a relatively high total dc
power consumption of 2 amps at —14.7V, or 30W. Consequently, a
rather elaborate heat sink and ventilation scheme was required (see
Fig. 16). The heat removal problem® was complicated by a very tight
radio frequency interference requirement on the AGC amplifier.

5.2 Variolossers

The variolosser is essentially a T-pad attenuator with a p-i-n diode
as the shunt arm to ground (see Fig. 15). The impedance of the p-i-n
diode is varied by changing the bias current through the diode. The
p-i-n diode is a type that was developed specifically for this application.

The input AGC control voltage is common to all variolossers (see
Fig. 14), but each p-i-n diode has its own. voltage-controlled current
source. The loss of each variolosser is variable from approximately 3
to 13 dB.
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5.3 Control circuit

The control circuit linearizes the control voltage versus decibel AGC
gain curve and compensates for the temperature in the AGC amplifier.

It was necessary to linearize the control function since the p-i-n
diode variolosser characteristics are very nonlinear. The AGC control
section introduces a compensating distortion in the control function
so that the overall transfer function is linear.

The p-i-n diodes in the variolossers are temperature sensitive so the
ambient temperature variations must be compensated for. The ex-
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pected ambient variation is from 40 to 140 degrees F. The voltage
across a forward-biased silicon diode is used as a temperature-sensing
element. This temperature-dependent voltage is used to modify the
variolosser drive voltage in the proper way so that the AGC gain
remains constant as the ambient temperature varies.

The decision was made to utilize a two-point “switched” temperature
compensation concept rather than attempting the formidable task of
tracking the constantly changing p-i-n diodes. With this method two
points on the AGC gain curve are perfectly temperature compensated
with an acceptable smooth transition in between.

VL. CONCLUSION AND ACKNOWLEDGMENTS

A dynamic equalizer consisting of an AGC amplifier, a shape unit
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This paper describes the amplifier for the AR6A radio transmitter, which
consists of a Traveling-Wave Tube (TWT), its magnetic focus system, and
driving power supply. The amplification of single-sideband modulated signals
requires an unusually low intermodulation noise level and relatively low
thermal noise power at the amplifier output. Further, owing to the use of
predistortion to achieve the overall repeater intermodulation level objective,
the amplifier must perform at high stability. These objectives have been met
by choosing suitable TWT design parameters, operating the tube far below its
saturated power capability, and devoting close attention to the details of tube
construction. The power supply provides well-regulated heater, helix, and
collector voltages to control the TWT gain. The supply also regulates the
beam current. Current detection circuits protect the tube and power supply
from tube internal arcs.

I. GENERAL

The development of a traveling-wave-tube amplifier was undertaken
to fulfill all proposed operating requirements for noise, signal inter-
modulation, gain, safety, and mechanical stability. Prior experience
with Western Electric Traveling-Wave Tubes (TWTs)' indicated the
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direction of design. Subsequent application in the AR6A* Radio Sys-
tem has shown that the device, designated the 473A TWT, when
operated with the power supply described in this article, meets all
detailed repeater requirements. The use of this TWT was discontinued
following the decision to terminate the manufacture of all Western
Electric traveling-wave tubes. An equivalent TWT obtained from a
commercial source and meeting the same requirements is now used in
production of the ARGA Radio System.

Il. THE TRAVELING-WAVE TUBE
2.1 Requirements on the TWT

The 473A TWT includes the vacuum tube and the focusing magnetic
circuit (Fig. 1). This combination must be united at the manufacturing
location, so that optimum focus and Radio Frequency (RF) operating
parameters are achieved.

The following list of major requirements specified for the TWT
includes the operating conditions specified over the frequency band of
5.925 to 6.425 GHz (with full-load output power of 24.8 dBm and gain
reduced 2 dB below the optimum value by increasing the helix voltage):

1. RF gain—40 to 48 dB.

2. Gain plus noise figure—69.5 dB maximum.

3. Third-order intermodulation (three-tone test method)!—M4.5-¢
= ~90.5 dB maximum, and constant within +0.4 dB with the power
per tone varied from 18 to 30 dBm.

4. Fifth-order intermodulation (Masse5-c)— from 22- to 30-dBm
output power, —180-dB maximum at 18-dBm output power, —160-dB
maximum.

The device developed to meet these requirements consists of a helix-
type, single-collector, convergent-flow, electron-gun traveling-wave
tube, focused by a Periodic Permanent Magnetic (PPM) field.

As observed from the requirements, noise figure, signal intermodu-
lation, and gain were the major operating parameters to be satisfied.
Also, implied by the application, long operating life requires low
cathode current loading and minimum interception of current from
the beam by the helical slow-wave structure. Further, a critical need
for this application is mechanical stability; it was verified that minute
movement of the helix results in significant shift in intermodulation
(IM) performance.

1. TWT COMPONENT DESIGN APPROACH
3.1 Focus circuit and tube envelope

The PPM focus circuit was adapted from an existing Western
Electric manufactured circuit used on the 461A TWT. The existing

* Amplitude Modulation Radio at 6 GHz for the initial (A) version of the system.
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Fig. 1—Picture of AR6A 473A TWT.

glass envelope was also used so that it fit the magnet and pole piece
parts. Since the TWT was required to be convection cooled by free
air, a finned cooling structure was developed. An SMA coaxial RF
input was specified and the coaxial-to-waveguide transition was made
an integral part of the circuit.

Of major importance was the introduction of a cross-magnetic field
in the collector region. The reason for this is that elastically reflected
electrons or electrons emitted by secondary emission from the tube
collector resulted in feedback to the input, which has a deleterious
effect on intermodulation performance. The smoothing effect, with
power variation, upon the third-order intermodulation, with and with-
out the use of a cross field, is shown in Fig. 2.

The focus circuit is assembled from Alnico 8 magnets and soft iron
pole pieces on precision mandrels so that no trimming of the magnetic
field is necessary for tube focus. A movable pole piece near the input
waveguide allows optimum focus to be reached. Cooling fins are
coupled to the copper collector of the tube via a thin layer of conducting
silicone grease. Adjustable tuning plungers in the waveguide optimize
the RF impedance match between the input and output waveguides
and helix.
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3.2 Electron gun

Design of the electron gun and its application in the 473A is a
departure from previous radio relay tubes because of noise figure
requirements. In other Western Electric designs, major guidelines had
been avoidance of cathode damage due to bombardment by heavy
positive ions and use of moderate cathode loading. To afford ionic
protection, previous practice was to design the gun so that the anode
operated at higher voltage than the helix, thus, erecting a barrier to
backward-flowing positive ions. In addition, the devices were built
with highly convergent beam profiles, i.e., with the cathode diameter
being much greater than the diameter of the beam projected through
the helix. Typically, the emission density in such designs is 0.2A/cm?
of cathode area.

The effect on noise figure of both helix-voltage-to-anode-voltage
ratio, E,/E., and cathode current density, J¢, is shown in Fig. 3. The
upper plot, evaluated at Jc = 0.2, shows the noise figures obtained
with previous design rules. Clearly, lower noise figure can be obtained
with E,/E, > 1 and with the cathode diameter smaller. A standard
oxide cathode coating would be advantageous over other less proven,
high-current types if the cathode loading could be reduced to allow its
use. The anode voltage was set at 3150, nominal, so that E,/E,. = 1.3.
Diminishing benefit would be obtained from a higher ratio, and leakage
problems on insulators would also increase. The resulting electron gun
is a glass-rod supported triode that emits 70. mA dc from an oxide-
coated cathode. The cathode-heater structure is designed to operate
at 740 degrees Celsius (observed pyrometric temperature).

The life capability of the cathode has not been entirely confirmed.
Based on calculation and extrapolation, greater than 30,000 hours is
predicted. Limited facilities allowed five tubes to be run individually
over times ranging from 3100 to 8500 hours. One of the five showed
significant cathode degradation at 6000 hours; the other four were
stable. No short-life problems have been encountered in application.
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3.3 Helical slow-wave circuit

Initial tests confirmed the work of Curtice,? showing that for lowest
intermodulation distortion the helix RF loss should be minimized and
the gain parameter C (which is proportional to the 1/3 power of beam-
current-to-helix-voltage ratio) should be maximized.

Consideration of the effect of the gain parameter led to design of
the helix to operate at 4100 volts. It is noted also that minimum helix
loss is desirable for minimizing tube noise figure, although the effect
is not as pronounced as it is on intermodulation. Low loss and
mechanical rigidity tend to be opposed, because additional support
material adds to RF losses.

The helix structure, therefore, utilized beryllium oxide rods. After
refining the processing, rods with round cross section had nearly as
low loss as those with modified T-shape cross section. The round
cross-section rods were used and were bonded to the helix wire with
glass frit (glaze). This arrangement was considered the best compro-
mise from the standpoint of intermodulation and noise performance,
mechanical rigidity, and heat dissipation.

The helix sever loss (i.e., the loss deliberately added to the midsec-
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tion of the helix to prevent self-oscillation and to provide good external
RF matches) is a tantalum-aluminum sputtered film with Ta/Al ratio
of 70/30 atomic percent.* This loss section is highly stable and not
easily altered by bombardment with the 4000-volt electrons of the
TWT beam.

The taper applied at the beginning and end of the sever loss is
critical to achieving the desired broadband transmission shape. Figure
4 shows the typical broadband gain characteristic of the TWT. The
required variation must be less than 1.2 dB peak to peak with no more
than four cycles in the 500-MHz band.

3.4 Collector

Construction similar to that employed in other Western Electric
designs was used. The material is copper, of a length such that the
modulated beam is well within the collector before significant beam
spread occurs. This point is important from the standpoint of second-
ary emission. As noted previously, control of secondary electrons and
reflected electrons is obtained by a cross-magnetic field over the
collector.

3.5 Processing

The design included careful attention to parts cleaning, degassing,
and handling. Final exhaust was conducted with titanium gettering
pumps and seal-off of each vacuum envelope was accomplished only
after indicated internal pressure was in the region of 10~ mm Hg.

IV. TWT DEVELOPMENT PROBLEMS

Performance of the TWT was evaluated on a number of models.

Problem areas that would likely result in low yield in manufacture
were identified and changes were made.

*This film was originally developed for film resistors.?
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4.1 Electron gun interelectrode leakage

Initially, a gun structure using ceramic rod supports similar to that
used in the Western Electric 461A* TWT was used. It was soon found
that the higher voltages resulted in electrical breakdown across the
support rods. A glass rod support structure was designed, leading to
much improvement in the leakage problem. It was also necessary to
maintain careful parts cleaning and processing. To keep electric fields
low, adjacent parts, such as the gas getter and leads, were precisely
placed and an initial voltage treatment of the gun was incorporated.
The power supply was designed, as later described, to be insensitive
to arcs that may occasionally occur. These actions resulted in attaining
control over leakage and arcing problems.

4.2 Low-frequency noise

The output of early tubes often showed noise at a few hertz and a
few tenths of a decibel in amplitude. A rather elaborate computer-
based study indicated that the noise was due to oscillation of ions
trapped in potential depressions in the electron gun. The study also
gave direction to gun design changes required. However, during the
period of this study, the gas getter was changed from a nonevaporating
type to an evaporating type; the change was actually made from the
considerations of lowering cost and using less space within the enve-
lope. It was found that the oscillation problem disappeared, presum-
ably because the new getter reduced the pressure of the offending ion.
Though attempts were made, the ion responsible for noise generation
was never identified.

V. TWT RESULTS

The gain and third-order intermodulation coefficient were charac-
terized using a special three-tone intermodulation test set.’ Several
hundred tubes (including preproduction versions) were characterized.
Typical results are shown in Figs. 5 and 6, which plot the gain and
Mp-c versus power and helix voltage, respectively. These measure-
ments versus power were particularly important because of the require-
ment for constant third-order performance, which is necessary for the
application of the predistorter to the ARGA transmitter.

Sample distributions of three major operating parameters from
production—gain, third-order intermodulation, and noise figure plus
gain sum—are shown in Figs. 7 through 9. Excellent control within
the specification requirements is demonstrated. The remaining impor-
tant parameter, fifth-order intermodulation, was measured only oc-
casionally and was always well below the specification limits.
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VI. REQUIREMENTS ON THE POWER SUPPLY

The requirements for the TWT power supply, with emphasis on
those features that directly interact with the TWT, are summarized
as follows:

1. Well-regulated heater and helix voltages and beam current are
required to control the TWT gain and intermodulation noise.
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2. During turnon and turnoff, the electrode voltages must be se-
quenced so that damaging helix and anode currents do not occur.
3. Current detection circuits must protect the TWT and supply

from tube internal arcs.
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4. Side tones generated by the power supply and TWT combination
must be more than 77 dB lower than a single-tone test signal.

VIl. POWER ARRANGEMENT AND REGULATION APPROACH

Figure 10 shows a block diagram of the power supply. The power
supply and TWT parameters are summarized in Table 1. The heater/
Beam-Forming Electrode (BFE) dc-to-dc converter supplies 6.3 volts
at 1.2 amperes to the TWT heater. The heater voltage is regulated to
+2 percent by controlling the duty cycle of the converter. During
initial turnon, the current in the cold heater is limited to about 1.9
amperes by a limit circuit (not shown) within the converter.

The BFE supply is used to turn the TWT on and off electrically.
When the TWT is running normally the BFE-to-cathode voltage is
less than 1V (nominally OV). During the time when turnon, turnoff,
or internal TWT arcs occur, transistor Q1 is turned off. This causes
the BFE potential to be approximately —450V, thus turning the TWT
beam off. The BFE switching procedures are discussed in more detail
in a later section.

Since the cathode is the common terminal of the TWT amplifier,
electrode voltages are, therefore, normally specified with respect to
the cathode (even though the collector is grounded). The collector
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converter supplies +1800V. The 1800V output is controlled by the
duty cycle of the converter to achieve +2 percent regulation.

The anode converter and collector voltages are applied in series
combination to provide from 2800 to 3500V to the anode. The beam
current is monitored and the output voltage of the anode converter is
regulated to control the beam current to 70 mA +0.5 percent through
control of the anode-to-collector voltage. The helix current (I,) is also
monitored. If I, is less than 1.75 mA, the anode converter regulates
the beam current as discussed. Should I, reach 1.75 mA (corresponding
to an unfocused TWT), the anode voltage (E.) is controlled to hold I,,
at 1.75 mA. However, this causes the beam current to fall out of
regulation, and when it is 2 percent lower than 70 mA, a trouble
indication is generated. This indication occurs when a TWT cathode
has become deactivated.

The helix converter and collector converter are applied in a series
combination to provide from 4000 to 4550V to the helix. The helix
voltage is adjustable using a resistive voltage divider. Since the TWT
gain is extremely sensitive to changes in helix voltage, the helix
converter includes a series regulator to control the helix voltage to
+0.5 percent. The converter being controlled supplies only the helix-
to-ground voltage.

Both the helix converter and anode converter supply only a portion
of their respective electrode voltages; the collector supply provides the
remaining voltage. This arrangement is used for two reasons. First,
the power transformer used in each converter is inexpensive since its
secondary must withstand only the voltage it generates itself rather
than approximately 1800V plus its self-generated voltage. Second,
inexpensive monitoring circuitry may be used since it operates near
ground (rather than cathode) potential.

Vil. POWER SUPPLY OPERATION
8.1 Turnon and turnoff

When —24V is connected to the input of the power supply through
an external switch, the heater/BFE converter and the timer start
immediately. The timer supplies a shutdown signal to the collector
converter. Since the helix and anode converters depend on base-drive
signals for their inverters from the collector converter, they are also
shut down. The timer continues to supply a shutdown signal for a
nominal 6 (minimum of 5) minutes to allow the TWT to warm up.
During this preheat period the timer also supplies a signal that causes
—450V to be applied to the BFE during warm-up to inhibit spurious
emissions from the cathode.

At the end of the 6-minute warm-up period, the shutdown signal to
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Table I—Parameters of TWT power supply requirements

Heater current 1.2 amps maximum

Heater voltage 6.3 volts +2 percent

BFE voltage 0

Anode current 0.5 mA maximum

Anode voltage As required for collector current

Helix current 1.8 mA maximum

Helix voltage Adjusted for 5 percent above synchronous operation;
regulated to 0.5 percent after adjustment

Collector current 70 mA

Collector voltage 1800 volts +2 percent

the collector converter is removed. The collector, helix, and anode
converters then start. The time constants of each converter are de-
signed so that these electrode voltages reach their respective final
values in the order named above. The BFE voltage is not switched to
zero until the collector converter has started, and the helix voltage
has reached 4000V. This arrangement prevents excessive helix current
while the TWT is turning on.

The external —24V switch is used for normal turnoff. On removal
of —24V, the electrode voltages decay, the timer resets, and the BFE
supply loses its continuous source of energy. As soon as the helix
voltage reaches 4000V, the remaining BFE voltage is applied. There
is still enough stored energy in the BFE supply’s internal capacitor to
inhibit the beam until the other electrode voltages fall safely below
levels that would otherwise cause damaging values of helix and anode
currents.

8.2 Arc detection

On occasion a TWT arcs. Any combination of electrodes might be
involved in the arc, but the direct or indirect result is almost always a
large value of helix and/or anode current. When the helix plus anode
current exceeds 10 mA, a shutdown signal is applied to the collector
converter. Of course the helix and anode converters also shut down,
since they depend on the collector converter for base drive signals.
Decay of these voltages then causes the arch to extinguish. At this
time the collector converter is again turned on and the tube voltages
rise toward their respective normal values.

During the arc and subsequent shutdown, the RF output of the
TWT is less than normal. When the TWT is turning back on, the
process is controlled so that the ARGA protection switching system
can operate properly. The RF output is held off by applying —450V to
the BFE for at least 150 milliseconds, thus allowing AR6A Radio
System transients, which may occur during the arcing process, to
subside completely before reapplying RF signal to the system.

The arc detection arrangement described above not only protects
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the TW'T by turning it off for the prescribed time period, but also has
proved to be successful in protecting the supply. One particularly arc-
prone TWT was life tested for 14 days. A total of 110 arcs occurred,
but no supply damage resulted. The TWT parameters gradually fell
out of specified limits, but the TWT performance did not change
significantly as the result of any one arc.

8.3 Tones

The power-supply ripple requirements are not directly specified.
Instead, they are implied by the requirement that the TWT sidetones
must be more than 77 dB below the test tone.

Output filters are used in each converter. Additional Inductance
Capacitance (LC) sections are mounted in a shielded steel box. A
shielded cable connects the output of the filter box to the TWT.

The dominant sidetones occur at 20 kHz, the frequency of the helix
and anode converters, and at 30 kHz, the switching frequency of the
heater/BFE converter. These sidetones are caused by interwinding
capacitance current that is generated in the power transformer in the
helix, anode, and BFE converters. These currents are bypassed where
appropriate, but they are still the dominant tone sources. In addition,
special filtering is provided for transistor Q1 to prevent it from being
turned off at a 30-kHz rate by interwinding capacitance current.

IX. AMPLIFIER OPERATION

The TWT and power supply are electrically connected by a shielded
cable. At the TWT end, the cable is potted into the end of the tube.
The cable connector mates to the power supply connector, which is
accessible through a slot cut into the top cover of the power supply. A
safety arrangement prevents power-supply operation when the TWT
connector is disconnected.

The RF signal connections to the TWT are via an SMA coaxial
connector at the input and a reduced height WR159 waveguide at the
output. Adjustable shorts are provided for RF matching at the input
and output.

Meters on the front panel of the power supply are supplied to
measure the helix and collector currents. On the front panel, a helix-
voltage adjustment (labeled RF gain) is provided. This adjustment is
made during alignment of the amplifier so that the TWT operates at
a helix voltage higher than the synchronous value, thus providing gain
that is approximately 2 dB lower than that achievable at the synchron-
ous helix-voltage value.

All amplifiers were tested in a bay environment. The gain-versus-
frequency characteristic (transmission characteristic) of the amplifier
embedded in the AR6A transmitter was measured for each amplifier
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shipped for field application. The results of these tests were interpreted
by subtracting out frequency characteristics attributable to other
transmitter components. Such analysis shows that the average trans-
mission characteristic for 100 amplifiers (with samples at every chan-
nel) has a bow of approximately 0.1 dB across the 30-MHz channel.
(Note that any residual slope of the transmitter is equalized.) This is
approximately what one would expect, considering the gain variation
shown in Fig. 4.

Also, a test was made to check for a spurious modulation caused by
very low ripple voltages at frequencies that are multiples of the 30-
and 20-kHz switching rates of the power supply. A test tone was
applied to the amplifier and sidetones were measured. The sidetones
were required to be at least 77 dB below the level of the test tone. A
graph extracted from a spectrum analyzer photograph shows a typical
result (Fig. 11).
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To satisfy the single-sideband amplitude-modulated system noise require-
ments, the transmitter must be very linear. Predistortion reduces intermodu-
lation distortion of the transmitter to acceptable levels. This paper deals with
the design considerations, the model of the transmitter used to analyze third-
order intermodulation products, and the methods applied to align the predis-
torter-transmitter combination for effective intermodulation reduction.

I. INTRODUCTION

The frequency stability required for single-sideband amplitude-
modulated (SSB-AM)' system operation results in the potential for
in-phase addition of intermodulation noise from repeater to repeater.
Traveling-Wave Tubes (TWTs) offer the best linearity (and, conse-
quently, the lowest intermodulation distortion) available for currently
existing 6-GHz power amplifiers. However, linearity must be improved
to satisfy system noise requirements.

The concept of predistortion to reduce intermodulation distortion

*Bell Laboratories.
T Acronyms and abbreviations used in the text and figures of this paper are defined
at the back of this Journal.
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had originally been explored extensively at 4 GHz' and was found
considerably less complex than feedforward.? In particular, predistor-
tion at intermediate frequencies appeared attractive because of its
simplicity and economy. Operating at intermediate frequency (IF),
the predistorter is placed ahead of the up converter and is, therefore,
able to cancel intermodulation products generated in the converter
and the traveling-wave tube. Clearly, the latter is the major contributor
to nonlinear distortions and will be treated accordingly.

Extensive measurements have shown that TWTs, if operated at low
radio frequency (RF') power levels, i.e., in a domain of weak nonline-
arity, behave essentially as first- and third-order devices and produce
odd-order intermodulation products within the narrow frequency band
of interest. In the AR6A* System the predistorter is designed to cancel
distortions in this power region, and it is important to distinguish this
mode of operation from other methods where predistortion is analyzed
in a region of strong nonlinearity.>*

In the following section we will proceed with a simple analysis of
nonlinearities of the transmitter, which is based on a model that
proved to be very accurate within the useful power range of the ARGA
System. Section III will deal with practical design considerations, and
in Section IV we will conclude with the results.

1. NARROWBAND DISTORTION ANALYSIS
2.1 Nonlinear model of the traveling-wave tube

Measurements on a large number of traveling-wave tubes having a
saturated power-handling capability from 5 to 20W showed that even
at very low RF power levels (<1W), the simple memory-free polyno-
mial model describing gain nonlinearity of the TWT is inadequate.
Two additional effects must be included in the analysis to achieve
substantial intermodulation reduction of 20 dB or more: the amplitude
and phase distortions due to reactive circuit elements and the ampli-
tude modulated to phase modulated (AM-PM) conversion effect. A
model of the TWT that was found very useful is shown in Fig. 1. This
model characterizes a special class of nonlinear systems in which a
memory-free, nonlinear two-port network is embedded between two
linear passive two-port networks having the impulse responses h,(t)
and hg(t), respectively. For narrowband systems the nonlinear two-
port is well modeled by a finite odd-order power series in two variables
with constant coefficients®®

w=>bju+ biud+blu’+ --- +bfu+biud+ba®+ ..., (1)

* Amplitude Modulation Radio at 6 GHz for the initial (A) version.
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Fig. 1—Approximate model of a traveling-wave-tube amplifier with weak nonlinear-
ities.

where & = du/dt. The partial series in powers of & accounts for AM-
PM conversion. An important aspect of this TWT model is the fact
that the two interfaces between the three two-ports are, in general,
not accessible.

For our analysis, we will limit the power series to first- and third-
order terms. Applying the Fourier transformation to eq. (1), we obtain
the complex nonlinear input-output relation

W = B,U + B;U* + ..., (2)

with the notation U®" indicating the repeated convolution U*U*U.
The complex coefficients are given by

B; = b{ + jw:b{, (3a)
and
B; = b} — jwiby. (3b)

The narrowband assumption manifests itself in eq. (3), in that the
frequency variable, w, has been replaced by the constant channel
frequency, w., while performing the convolutions. With the input-
output relations for the nonlinear portion of the TWT established, we
can write the overall transfer function for the TWT model. Let Z and
Y be the Fourier transforms of the input and output signals; then

Y - HBBlez + HBBa(HAZ)S* + ... N (4)

where H, and Hp are the transfer functions of the input and output
networks, respectively. Before we proceed with the distortion analysis
of the transmitter, we need first to discuss some properties of the up
converter.

2.2 The Schottky modulator

Comparative measurements on Varactor Diode Converters (VDC)
and Schottky Diode Converters (SDC) have shown the superiority of
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the latter when considering its nonlinear distortion characteristics
versus RF output power. These measurements revealed that the SDC,
when pumped with high local oscillator power, behaves like a third-
order device over a wide range of RF signal levels. This property is
indeed useful because it allows the predistorter, tailored to compensate
for third-order distortions, to improve the converter distortions as
well. Moreover, because of its conversion loss, in contrast to the
conversion gain of a VDC, a higher level of distortions can be tolerated
in an SDC. This is so because, for a given performance, the TWT
essentially limits the RF output power. To illustrate this, we compute
the power of a three-tone, third-order product generated in the con-
verter as it appears at the output of the TWT. If we refer to Fig. 2
this power is

Ppipc= Marpc+3Pa+ G (dBm), (5)

where M.p_c is the particular intermodulation coefficient” in decibels
of the converter, P, is the power in dBm of each of the equal-level,
three-tones at the output of the converter, and G is the overall gain of
the bandpass filter (BPF) and TW'T. Since the single-tone power at
the tube output is

Piwo=Ps+G (dBm), (6)
we find that
Pasp-c = Masp-c — 2G + 3P40 (dBm). (7)

Thus, for a specified performance (P40 fixed) the device distortion
M p_c can be reduced by 2 dB for each decibel increase in TWT gain.
Since the difference in conversion loss and gain can be as high as 12
dB, the Schottky diode converter may have an M,,5_c that could be
24 dB worse than that of a varactor diode converter, yet may still yield
the same distortion performance. Typically, the SDC has an M,p—c
of about —25 dB compared to —40 dB of the VDC, which clearly shows
the disadvantage of the varactor diode converter.

| BANDPASS
FILTER I

SLOPE
l EQUALIZER

LOCAL OSCILLATOR

Fig. 2—Simplified block diagram of the AR6A amplifier/modulator with bandpass
filter and traveling-wave tube.
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It is useful to compare the distortion power generated by the
converter to that of the TWT. At a total signal output power of +27
dBm for three equal-level tones, the single-tone power P4g is approx-
imately +22 dBm. With G = 45 dB and Ms.z—c = —25 dB from eq.
(7), Porp-c = —49 dBm. A TWT having an M4.5_c = —91 dB generates
intermodulation power of the same product at a level of —25 dBm.
Obviously, one can ordinarily neglect the contribution of the converter
since it increases the total intermodulation power by only 0.53 dB.
However, if the predistorter can reduce distortions by more than 20
dB, the converter will contribute significantly to the resulting inter-
modulation noise unless the predistorter also reduces its nonlineari-
ties. In spite of this, to keep our discussion simple we will not include
the converter-generated distortions in our analysis.

2.3 Generalized nonlinear transmitter model

The mathematical treatment of the nonlinearities of the complete
transmitter is complicated, even when we neglect the converter non-
linearities, because of the operation in two frequency domains. As is
shown in the appendix, the frequency translation from IF to RF
requires each sideband to be considered separately. We will point out
the differences where appropriate and develop the analysis for the
upper sideband only. To arrive at a tractable model of the complete
transmitter, we actually include the converter, bandpass filter, etc., in
the TWT model as described in the appendix. Frequency characteris-
tics at RF are then referred to the IF band, allowing the predistorter
to be directly connected to this TWT model. The cascade of predis-
torter with IF amplifiers and the converter with bandpass filter, TW'T,
etc., is depicted in Fig. 3, where we used a nonlinear model of the
predistorter that is similar to that of the TWT. Thus, we assume that
the predistorter has the transfer function

Z = GpA1GaX + GpA3(GaX)?, 8

which leads to the following overall transfer function for the upper
sideband (USB):

YUSB = HBBIHAGBAIGAX + HBBIHAGBAa(GAX)a*
+ HpB3(HaGpA1G4X)¥ + ---. (9)

In eq. (9) all terms requiring higher than third-order convolutions
have been neglected. Two observations can be made immediately: the
distortion terms depend directly or indirectly on the product G4 X as
part of the convolution process. Thus, the frequency characteristic of
the input network of the predistorter will have no effect on the
minimization of these terms. Also, Hy is a factor in both distortion
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Fig. 3—A generalized model of the AR6A transmitter.

terms, indicating that the frequency characteristic of the TWT output
network also has no effect on the intermodulation cancellation. For
the purpose of this analysis we can, therefore, set G4 = 1 and Hg = 1.
With these simplifications the third-order distortion term becomes, in
the case of the upper sideband,

D3 = BlHAGBAs(X)a‘ + Bs(HAGBA1X)3* (USB). (10)

It can be shown that in order for D; to at least vanish over the
frequency band where X exists, it is necessary for the product HsGgA;
to have constant magnitude and constant delay as function of fre-
quency within that band, i.e., the condition must be met

H,GgA, = Ce™*", (11)
where
C = | HsGBA4| and w7 = L(HJGBA)).
This yields for D;

Dy = (Bl-% Ce " + B3C3e‘j"">X3'.
1

Hence, frequency-independent cancellation of the third-order distor-
tions at the upper sideband is possible if, in addition to eq. (11), the
following condition is fulfilled:

As _ _Bs 2

A1 = B1 . |HAGBA1| (USB) (123)
The corresponding condition for the lower sideband (LSB) is

As B;

— = — .| HsGpA,|? L.SB), 12b

N B, | HiGpA: | ( ) (12b)

where B is the complex conjugate of B. Thus, the required complex
ratios As/A; for the LSB and USB are conjugate to each other. The
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fundamental relationships for wideband distortion cancellation are
described in egs. (11) and (12). Therefore, design as well as alignment
procedures are essentially based on these criteria. Obviously, eq. (11)
requires amplitude and delay equalization for all components in the
signal path between the nonlinear element of the predistorter and the
nonlinear region of the TWT, unless these components have inher-
ently flat response and constant delay. In the AR6A transmitter,
however, a certain amount of slope equalization was required to
achieve intermodulation improvement by more than 30 dB. This
equalizer is integrated into the modulator/amplifier unit.

From eqgs. (12a) and (12b) we derive the required magnitude and
phase of the distortions to be generated in the predistorter. The
magnitude is practically independent of the sideband used since the
TWT generates approximately the same intermodulation level at both
frequencies. Therefore,

B;

l4sl = | g

| A1 |- | HaGg |2 (13)

It is obvious that for stable operation of the predistorted transmitter,
the magnitude of the transfer coefficients, | A; | of the predistorter and
| H4Gg| of the interconnecting networks (which includes the up con-
verter), must be very well controlled and remain stable over time and
temperature. The same is true for the gain of the TWT, represented
by | B:| in eq. (13).

The phase condition for the upper sideband is

(43 — €4,) = 7 + ({B; — 4B)) (USB), (14a)
and for the lower sideband is
(A3 — ¥4,) = 7 — (¥B;s — <4B)) (LSB). (14b)

Thus, means have to be provided in the predistorter to achieve both
phases since either the USB or LSB may be deployed, depending on
the channel, in the ARGA System.

2.4 Interaction distortions

In the derivation of the overall nonlinear transfer function for the
transmitter, terms involving convolutions of higher than third order
have been neglected. It is worthwhile, however, to discuss the next
higher-order term, which is found to be

D; = 3BS(HAGBA1X)2* * (HAGBA.’&)(X)S‘- (15)

Assuming that the transmitter is aligned properly, such that condi-
tions in egs. (11) and (12) are fulfilled, the magnitude of D5 becomes
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B}

|Ds| = 3| HaGpA, |°- B
1

ymﬂ. (16)

We see from the above expressions that this fifth-order distortion
is strictly due to interaction between the third-order terms of the
predistorter and TWT and that the magnitude is very sensitive to the
first- and third-order coefficients of the TWT. For |Ds| to remain
small, | B;| (i.e., TWT gain) should be large and |B;| of the device
must be small at the outset.

2.5 Residual third-order distortions

In practice it is not possible to fulfill the conditions given by egs.
(11) and (12) at all frequencies. It becomes necessary, therefore, to
estimate the amount of residual distortions after imperfect predistor-
tion. In particular, the effect of deviations from the ideal condition in
eq. (11) is important because of the strong sensitivity of D, defined
in eq. (10), to the transfer function T'= HxsGgA;. We will, therefore,
attempt to analyze | D;| as a function of small deviations §. and 6, of
| T'| and o = T, respectively. Thus, we express T as

T = (C + 5)-e7lrttad, (17a)
which is approximately equal to
T = Ce™ + (5,/C — jo,)Ce™
or
T=T,+E-T.. ' (17b)

Obviously, T, = C-e™“" represents the ideal transfer function, which
we will assume to fulfill the condition in eq. (11). The error term
E.T, is proportional to the complex quantity

Oc .
E = E ]60(’ (18)

and is a function of frequency. Introducing eq. (17b) into eq. (10) we
obtain

D; =B, % (T, + ET,)(X)* + By(T.X + ET,X)*. (19)
1

Performing the convolutions on the last term, eq. (19) can be expressed
as

Ds =B, % To(X)* + BsC?To(X)* + Dap. (20)
1

With the predistorter active and conditions in eqs. (11) and (12)

3454 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1983



being met, the first two terms cancel. The residual distortions are then
approximately given by
Dsr = B, % ET,X* + 3By(T,X)* + (ET,X) + ---, (21)
1
where terms of higher order in (ET,X) have been neglected. By
introducing eq. (12) and using the identity (T,X)* = CT,(X)* we
obtain

Dyp = —ByC?T,[EX™ — 3X* « (Ee 7" X)), (22)

The power spectrum of Djp for given deviations E can be computed
using eq. (22). Unfortunately, this involves, in general, complex nu-
merical calculations and results do not easily provide further insight.
Instead, we have used eq. (22) to arrive at an upper bound for the
magnitude of D3g. By using the inequality

| Dar| < |Bs|-C*[|E|-|X¥| + 3| X%]| = |E-X]] (23)

we have examined each term within the brackets individually for two
typical, yet simplified, error functions E.

2.5.1 Case 1—Out-of-band residual distortions

If we assume that | E| and | X| are as illustrated in Fig. 4, it becomes
obvious that only the first term in eq. (23) contributes to residual
distortions, because the product E- X vanishes everywhere. Typically,
the bandpass filter between converter and TWT produces this type of
residual out-of-band third-order distortion. In the ARGA System, their

(a) |xtn|

fq fa f ————
134l
(b)

f o

TN [ x3*%|
(c) pd AN -
7 No U AERXE

R o T e

f —a

Fig. 4—Out-of-band distortions with perfect in-band predistortion: (a) input spec-
trum; (b) deviation from flatness; (c) distortion spectrum.
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level is sufficiently small to cause no interference with other radio
channels.

2.5.2 Case 2—In-band residual third-order distortions

This important case deals with parabolic in-band deviations E, as
illustrated in Fig. 5. Satisfactory, but imperfect, tuning of the RF
bandpass filter or insufficient flatness of the IF driver amplifier in the
converter are primary causes for parabolic-type residual deviations.
For simplicity, we approximate these by a triangular distribution,
which causes the in-band residual distortions as shown shaded in Figs.
5c¢ and 5d. It is important to recognize that the level of distortions due
to the second term of eq. (23) varies in direct proportion to the
fractional bandwidth Af over which | E| assumes a substantial mag-
nitude. This is in contrast to the contribution stemming from the first
term, the maximum level of which is only proportional to the magni-
tude of E. As a rule of thumb, the first term dominates if

(a) [xth|

fq fa f ——

IN-BAND \ /

APPHOX]WA“ON ]
//
~

(b)

© NG

(d)
Fig. 5—Residual in-band third-order distortion spectrum: (a)input spectrum;

(b) deviation from flatness; (c) residual distortion spectrum, first term, eq. (23);
(d) residual distortion spectrum, second term, eq. (23).
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3Af < Y%-BW,

where BW is the bandwidth of the input spectrum, i.e., BW = f; — f,.
In the AR6A System a special slope equalizer has been incorporated
into the driver amplifier of the up converter to ensure that essentially
only parabolic residual deviations remain at the very edges of the
signal band, thus, keeping Af as small as practicable.

The maximum tolerable amount of these deviations has been derived
from eq. (23) by requiring that the ratio | Dsr/Ds,| is below a specified
level, where | Ds,| = | B3| C®| X®"| represents the unpredistorted inter-
modulation spectrum within the message band. Thus, this ratio is a
direct measure of distortion reduction. The predistortion improvement
(PDI) in decibels is given by

PDI = -20 lOngaR/Dsol (dB) (24)

If only the first term in eq. (23) contributes to residual distortions,
the predistortion improvement becomes

2
PDI = —10 log [(%) + az] (dB).

Figure 6 shows plots of constant PDI values as a function of phase
deviation (in degrees) and flatness, defined as 20 log(1 + 5./C). We
see that to achieve a PDI = 40 dB, the flatness must be better than
+0.06 dB and phase linearity is required to be within *+0.4 degree,
provided both deviations contribute equal amounts.

Deviations in other coefficients describing the transmitter model,
in particular A,, As; and B, B3, have been treated similarly. Except
for A, their effect is less complicated because they are not convolved.
It can be shown that as long as the residual distortions are caused
only by nonconvoluted terms, the total amount of residual distortions
is bound by the inequality

N 2 N 2
= (2 Imi|> + (a IA\//i|>, (25)

where m; represents the deviation from flat magnitude and Ay; the
deviation from phase linearity of the ith contributing coefficient. This
upper bound estimate given by eq. (25) is very conservative because it
is based on the assumption that at any frequency all deviations of the
different component parts are causing in-phase addition. This is, in
general, not true and a more useful estimate based on statistical
addition is

Dsz
D 3o
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Fig. 6—Contours of constant predistortion improvement.

Dsg
DSo

N N
= 2‘1 |mi)? + ;} | A |*. (26)

For the AR6GA transmitter, under nominal testing conditions, the
objective was to achieve a PDI of at least 30 dB over the full 30-MHz
band. Allowing an additional margin of 3 dB and allocating equal
deviations to each of the five possible contributors in the transmitter
model (namely, A;, As, By, B;, and the product HsGg) results in a
flatness requirement within +0.06 dB and phase linearity requirement
within £0.4 degree. (Using the conservative upper bound would yield
+0.03 dB and +0.18 degree as requirements on the model coefficients.)
Since the coefficients A; and A; are only representative of the various
components in the predistorter, its actual circuit requirements have
been set at nominally +0.02 dB for flatness. The corresponding re-
quirements for phase linearity are then automatically met because of
the minimum phase property of the circuits used.
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IIl. PRACTICAL DESIGN CONSIDERATIONS
3.1 Components

The predistorter comprises components operating over the 30-MHz
bandwidth centered at 74.1 MHz. The predistorter is described in the
block diagram shown in Fig. 7. The key component is the nonlinear
generator referred to as the cuber.® It consists of four back diodes
arranged in a bridge configuration so that signals incident at the input
of the network are attenuated by approximately 60 dB at the output.
The amplitude of each third-order complementary distortion term at
the cuber output is related to the amplitudes of the input signals at
frequencies A, B, and C by

Paipc=46.6 + P4, + Pg + P (dBm). (27

The driver amplifier at the input to the predistorter provides gain
so that the input signal to the cuber is at the optimum level. The
optimum is dictated by choosing the drive such that the cuber does
not generate fifth-order distortion terms that would exceed the level
assumed in eq. (9). The distortion amplifier provides gain so that the
complementary distortion terms generated by the cuber have the
required amplitude. The gain in the distortion amplifier must be
limited because of the addition of thermal noise back into the main
path. The distortion adjustment potentiometer in the output coupler
is used to fine tune the amplitude to provide the exact value of |As|
required for each individual transmitter.

The phase of the third-order complementary distortion terms gen-
erated in the cuber is established by the phase resolver network.’ This
network is designed to provide a constant-phase linear-phase differ-
ence between the two output ports and has the adjustment capability
to cover the range of phase angles required. The output ports of the

MAIN PATH
—
OUTPUT COUPLER

A PHASE 8 DELAY
RESOLVER [ ¥ LINE
/ LEVEL SET

DRIVER
AMPLIFIER _®
- DISTORTION
i ADJUST
c
NONLINEAR |
B | GENERATOR |
DISTORTION
— AMPLIFIER

CUBER PATH

Fig. 7—Predistorter block diagram.
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resolver network are arranged so that the connections to these ports
can be interchanged. By doing so, the predistorter is adaptable for
either USB or LSB operation.

The delay line in the main path is added to match the delay of the
cuber path. To account for tolerances of the components, a delay
adjustment is required during the manufacturing procedure so that
the delays of the two paths are matched as closely as possible.

Because of the large amount of delay required, mismatches at the
ends of the delay line result in shape over the 30-MHz channel that is
difficult to equalize. Thus, the return loss of the appropriate ports of
the delay line, phase resolver, and output coupler is carefully con-
trolled.

3.2 Equalization

Transmission deviations from a flat shape in either the main or
cuber path result in residual third-order distortion. Two slope equal-
izers in the predistorter are employed to control the linear portion of
the deviations.

The first slope equalizer adjusts the path from point A to point B,
as shown in Fig. 7. This slope equalizer is part of the driver amplifier.
The end points over the 30-MHz channel are equalized within +0.02
dB. This procedure imposes strict shape requirements on the resolver
network so that

|Hap|l = | Hag'|. (28)

The second slope equalizer adjusts the path from point B to point
C. This slope equalizer is part of the distortion amplifier. The equali-
zation process is accomplished by first disabling the bridge network in
the cuber, then equalizing the end points over the 30-MHz channel to
within £0.02 dB.

3.3 Alignment of transmitter

Since each predistorter is equalized during the manufacturing proc-
ess as previously discussed, the rest of the transmitter must be equal-
ized after all the parts are assembled. From eq. (11) these separate
equalizations are equivalent to requiring that H, be aligned in the
transmitter configuration while GgA, is aligned separately.

From Figs. 2 and 3, we see that H, includes the amplifier/modulator,
bandpass filter, and the input network of the TWT. A slope equalizer
is incorporated in the amplifier/modulator. It is clear that the interface
of this portion of the transmitter is somewhere within the active
portion of the TWT and is, therefore, not accessible using standard
methods. A special scanning intermodulation (IM) test set!® was
designed to permit this measurement to be made. The scanning
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capability of the test set permits the transmission path to be slope
equalized over the 30-MHz channel.

The overall result of the equalization process is measurable using
the scanning IM test set to measure the predistortion improvement
across the band. The results of a number of such measurements are
summarized in Fig. 8. Two types of TWTs have been used in the
ARG6A transmitter. For the transmitters using the WE 473A TWT,
the average PDI for 24 TWTSs indicates a minimum value of 33 dB.
To obtain this result, the deviation from flatness must be approxi-
mately 0.1 dB. For the transmitters using the KS-22469 TWT, the
average PDI for 27 TWTs indicates a minimum value of 35 dB with
the corresponding deviation from flatness being approximately 0.07
dB.

Final measurements are made using the scanning IM test set on
each transmitter. At this time approximately 3000 units have been
produced. The results still show an average minimum PDI of approx-
imately 35 dB.

1IV. PERFORMANCE
4.1 Variation with time

Predistortion of the traveling-wave tube has been demonstrated in
the laboratory and manufacturing environment. Transmitter perform-
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Fig. 8—Average predistortion improvement across a channel.
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ance in the field with time and temperature is being tracked by
observing the ARGA System in its operating environment.

Data accumulated over a period of several years for 256 TWT
amplifiers indicate that the performance with time largely depends
upon the stability of the TWT and power supply. The change of gain
of the TWT amplifier has been, in general, less than 0.35 dB per year
(corresponding to a PDI of 22 dB). Exceptions exist; some amplifiers
have demonstrated very large (>2 dB) gain changes. Although no
regular monitoring plan has been established, occasional evaluation of
selected channels has corroborated the stability estimates.

4.2 Variation with temperature

Temperature changes also cause transmitter gain variation and,
therefore, cause the PDI to vary. The ARGA transmitter was tested
over an ambient temperature range from 40 to 120°F. These tests
revealed that the variation of the PDI was due to transmitter gain
changes. The largest contributor to the gain change is the TWT
amplifier. Separate tests of five amplifiers established an average
change of 0.35 dB over the temperature range. For a transmitter
aligned at 80°F, this type of gain variation results in a worst-case PDI
of 27 dB.

4.3 Summary

In some cases, gain variations with time and temperature signifi-
cantly exceed the typical value expected. The AR6A System design
compensates for these extreme cases by allowing sufficient margin.
The overall intermodulation level in a switch section is monitored.
When limits are exceeded, the monitoring system can identify the
transmitter or transmitters that require adjustment. In a typical switch
section, the random aging and temperature conditions result in an
overall switch section performance that satisfies objectives.
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APPENDIX
On the Transfer Function for the Up Converter With a Traveling-Wave Tube

The conversion characteristic of a Schottky diode converter is, for
our purposes, most conveniently approximated by the ideal multiplier
function

z2(t) = K.s(t)-zm(t), (29)

where K is a frequency-independent constant, s(¢) the local oscillator
(pump) signal, and z,,(¢) the modulating (IF) signal. With s(¢) = cos
w.t, one can see that eq. (29) represents a double-sideband signal with
suppressed carrier. Since the bandpass filter following the converter
in the actual transmitter suppresses the unwanted sideband, as well
as any residual carrier, the use of eq. (29) is indeed justified. Applying
a single-tone modulating signal z,,(t) = A,co8(wmt + ¢m), One obtains
from eq. (29) the lower single-sideband (SSB) signal

z(t) = % K Refe/(wsmenlt. =%} (30a)

and the upper SSB signal
2(t) = % K Re{e/(wstenlt, g¥ibm}, (30b)

The converter, thus, not only translates the modulating frequency to
the desired RF band, but also causes the conjugation of the modulating
signal phase. One may, therefore, define two ideal converter transfer
operations linking the two frequency domains as follows:

Zisp = Z(w, — wnm) = Ke-Zn(wn)  (LSB) (31a)
and

Zyse = Z(wo + wm) = K¢ Znlwm) (USB), (31b)
where Z is the complex conjugate of Z, and K. a frequency-independent

constant. Note that these operations describe the combined functions
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of up converter and bandpass filter. Introducing eq. (31a) into the
nonlinear transfer function, eq. (4) of the main text, yields (with some
simplifications)

Yise = Hp(BiHaZm + Bs(HaZu)®") (32a)
and
Yuss = He(BiHaZm + B3(HaZn)?'). (32b)

With these expressions we have derived nonlinear transfer functions
for the cascade of up converter, bandpass filter, and TWT. Note that
for the LSB and the USB case, the modulating signal is Z, and it is
the converter that performs the conjugation. It also must be mentioned
that for the intentions of this model, the converter constant K. and
the transfer function of the bandpass filter have tacitly been absorbed
in H A-
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The paper describes some of the key networks needed for the ARGA System
for the predistorter, Intermediate Frequency (IF) filtering, and terminal mul-
tiplex. The design of a passive broadband adjustable phase splitter for the
predistorter is described. Network designs using inductors, capacitors, and, in
some cases, crystals for IF filtering, equalization, and multimastergroup con-
nection are also described.

I. INTRODUCTION

A large number of filters and equalizers, and an adjustable phase
splitter are needed in AR6GA for pilot insertion and removal, band
limiting, amplitude correction, and predistortion circuitry in repeaters
and in multiplex equipment. Technology developed for TD and TH
radio and L4 and L5 coaxial-carrier transmission systems®® was
enhanced to meet the specific and demanding needs of the ARGAT
System filters and equalizers; however, a special approach was required
for the design of an adjustable phase resolver (phase splitter) for the
predistorter. The phase resolver is an adjustable Inductor Capacitor
(LC)* network that allows matching the phase of the predistortion

* Bell Laboratories.

t Amplitude Modulation Radio at 6 GHz for the initial (A) version of the system.

¥ Acronyms and abbreviations used in the text and figures of this paper are defined
at the back of the Journal.
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signal to the opposite of the phase of the distortion component of the
main signal. The filters provide wider bandwidths and higher discrim-
ination than their FM radio counterparts, and amplitude equalization,
rather than delay equalization, is required. Extensive use was made of
computer aids for design and analysis. A high-speed, precision inter-
active mini Computer-Operated Transmission Measurement Set
(COTMS) proved necessary for laboratory development of networks.
More than 700 models of about 140 network designs were needed for
development and final design of the AR6A System.

The theory and design of the phase resolver for the ARGA predis-
torter is described in some detail. Descriptions of the Intermediate
Frequency (IF) filter and equalizer, the upper and lower IF bandpass
filters, and the multimastergroup connector filters follow.

Il. PHASE RESOLVER
2.1 Function

The phase resolver is a passive three-port network used in the ARGA
predistorter.® It splits the predistorter input signal into two equal-
amplitude signals that have a constant phase difference in the IF band
between 59 and 89 MHz. The phase difference is manually adjustable.
This provides adjustment of the phase predistortion component to
cancel the distortion products generated in the traveling-wave tube.

2.2 Theory

The phase-resolver network consists of a quadrature hybrid net-
work, two attenuators, and a combining hybrid transformer connected
as shown in Fig. 1. The outputs can be shown to be

Eg = 0.5 EA(G, + sz), (1)
Ec = 05 EA(—Gl + ]G2)
Thus, the magnitude of either output is

|Epcl = 0.5 |Es| YGI + G3, (2)
and the phase difference is
O — Oc = 2 tan"Y(Gy/GY). 3)

A key element of this network is the broadband quadrature hybrid
network.

To achieve a wideband quadrature hybrid network, a Cauer
configuration’ was chosen. This is a four-port network consisting of
two hybrid transformers connected to two lossless LLC networks, N
and N’, as shown in Fig. 2. With port A driven, ports B and C will
have quadrature phase, and port D will be isolated if N and N’ are
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Fig. 1—Phase-resolver block diagram.
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Fig. 2—Cauer network.

dual symmetric networks. This can be determined if the scattering
parameters for the complete network are derived in terms of the
scattering parameters of N and N’.

saa = (s + s{1)/2
spa = (s11 — Sﬁ)/2
Sca = (a1 + 851)/2

spa = (s — s41)/2. (4)
If N and N’ are dual networks, then
Sll = _S{h ’ (5)
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and

So1 = S31.
Then,
saa = 0,
SBA = S11,
Sca = 821,
SpA = 0. (6)

The other twelve scattering parameters for the four-port network have
a corresponding form. These relations describe a hybrid network with
port A isolated from port D, and port B isolated from port C. It is a
quadrature network if N and N’ are not only dual but also symmetric
lossless L.LC networks. This can be shown as follows.

It is convenient to define a split ratio, T, as

Sca  Sa1
For a quadrature network, I' must have the following form:
P11 (s®) or P1i(s?)
Pai(s?) sPa(s?)
Here, P;, and Py, are polynomials. With s = jw, phase quadrature can

be observed. To avoid right-half plane transmission zeros requiring
right-half plane zeros, T is restricted to the following form:

2
(o) = o). ©

I'(s) =s

(8)

Here, P, is an nth-order polynomial and m is an integer. Then the
networks, N and N, are simple ladder networks.

The design of a quadrature Cauer network consists of first finding
a suitable polynomial, P,(—w?), such that | I' | approximates unity over
the frequency band of interest. A corresponding symmetric ladder
network and its dual are then synthesized to realize N and N’. The
synthesis procedure can be simplified by taking advantage of the fact
that the networks are symmetric.

2.3 Realization

Extensive use was made of computer aids and computer-operated
transmission measuring sets during the design and development. The
hybrid transformers were characterized on COTMS.® With this char-
acterization used in a circuit analysis program, an optimization routine
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could be used to modify N and N’ to compensate for parasitics. For
model characterization and laboratory correction of parasitics, a high-
accuracy, high-speed computer-operated transmission measurement
set proved necessary. This set, “Mini COTMS,” has a measurement
speed fast enough for computer-corrected simultaneous real-time dis-
play of loss, phase or delay, and input and output return loss.

Figure 3 is a photograph of the phase resolver.

HI. IF FILTER/EQUALIZER
3.1 Function

This circuit provides the 74.13-MHz center frequency IF filtering
and amplitude equalization. Figure 4 shows that four networks are
used. The bandpass filter limits adjacent channel interference and
image interference in the Multimastergroup Translator for Radio
(MMGT-R). One basic equalizer and two mop-up equalizers provide
static amplitude equalization. The basic equalizer corrects for system-
atic amplitude variations in the overall Transmitter-Receiver (TR)
bay transmission characteristic. Two mop-up equalizers correct for
unit-to-unit amplitude deviations.

3.2 Design

Design was facilitated by two interactive computer programs. One
does the rational function approximation and insertion loss synthesis;
the other performs Norton transformations to optimize filter topology
and element values. A general-purpose linear network analysis pro-
gram allowed simulation of parasitic effects in any of the designs.

An 11th-order filter was synthesized to meet the objectives. Two

Fig. 3—Photograph of phase resolver.
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Fig. 4—IF filter-equalizer block diagram.

bridged-T sections are needed to compensate for amplitude variations
caused by the finite @ of the filter inductors. The filter is assembled
on a printed wiring board that is attached to a cast-aluminum housing
as shown in Fig. 5. Electrostatic shields are contained within the
housing. Field tests have confirmed that the filter meets system
requirements.

Four mop-up equalizer designs achieve positive-slope, negative-
slope, positive-quadratic-shape, and negative-quadratic-shape ampli-
tude response. Bridged-T sections are used to realize each of the
required shapes. Frequency response measurements of the ARGA
switch section involved are used to choose the shapes used. When a
mop-up equalizer is not needed, a 3.5-dB pad is used.

IV. LOWER AND UPPER IF BANDPASS FILTERS
4.1 Function

The transmitting-output and the receiving-input spectrum of the
MMGT-R each cover the 59.844- to 88.460-MHz band and contain
ten mastergroups. This frequency spectrum is split into two bands of
five mastergroups each. The Lower-band Intermediate Frequency
(LIF) is from 59.844 to 73.116 MHz, and the Upper-band Intermediate
Frequency (UIF) is from 75.188 to 88.460 MHz.

Two bandpass filters (BPFs), the LIF and the UIF filters, are used
in the MMGT-R to select each of these bands in the modulator and
in the demodulator. The filters reject the carrier frequency, the upper
sideband, and second and third harmonics of the carrier. Lower
sideband loss keeps crosstalk and tone interference into adjacent radio
channels, due to undesired modulator products, at acceptable levels.

4.2 Design

The designs of the two filters are similar, so only the LIF BPF will
be covered. The stopbands cover a wide frequency range and very high
losses are required. To achieve reasonable element values, to reduce
the effect of parasitics for this wideband, and to ease tuning, a low-
pass filter and a high-pass filter in tandem are used rather than a
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Fig. 5—Photograph of IF filter.

bandpass design. Computer-aided insertion loss methods (Section 3.2)
were used to synthesize a 13th-order Cauer elliptic high-pass filter and
a ninth-order equal ripple passband with arbitrary stopband low-pass
filter. Norton and pi-delta transformations were applied to achieve
equal termination resistances and desirable element values. Two
bridged-T constant resistance sections are required to compensate for
amplitude variations in the passband caused by the finite @ of the
inductors.

The filter is assembled on two printed wiring boards and housed in
a drawn steel enclosure (see Fig. 6). One board contains the equalizer,
pad, and high-pass sections; the other board contains the low-pass
section. Each filter inductor is shielded, and there is a shield between
the printed wiring boards to reduce magnetic coupling between induc-
tors.

V. MULTIMASTERGROUP CONNECTOR FILTERS
5.1 Function

The ARGA multimastergroup (MMG) connector is a precision pas-
sive network which allows a direct connection from the MMGT-R
receiver to the MMGT-R transmitter when separation of the various
components of the MMG signal is not required for routing or other
purposes. In this application, the type-B Mastergroup Translators
(MGTB) and other multiplexing equipment are not required. The key
elements of the MMG connector are a highly selective bandpass filter
and a crystal band-elimination filter. Figure 7 is a photograph of the
two filters. The bandpass filter selects the 8.628- to 21.9-MHz MMG
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Fig. 6—Photograph of LIF BPF.

spectrum and rejects other frequencies to avoid crosstalk between
radio channels. It also suppresses two pilot tones. The Band-Elimi-
nation Filter (BEF) suppresses four additional pilot tones.

The filters must have minimum effect on the message spectrum in
spite of the high selectivity required. Wide skirts on the pilot suppres-
sion characteristic are needed to reduce noise near the pilots. The
skirts increase the complexity of the crystal BEF significantly.

5.2 Design

The electrical design of the bandpass filter was achieved with the
help of two interactive computer programs (Section 3.2). The inductor
values were chosen to match a family of precision high-Q adjustable
inductors originally designed for MGTB.® A complex arm bridged-T
equalizer section was added to compensate for loss variations due to
finite @ effects. The result is a 22nd-order loss-equalized bandpass
filter. It was also possible to suppress two of the pilots by placing six
crystal units at each frequency in shunt arms of the filter.

Four filters in tandem are used to suppress the remaining four pilots.
For each frequency, a low-pass filter is designed to pass the desired

3472 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1983



€€ SHIOMLIN W3ILSAS

Fig. 7—Photograph of MMG connector filters with bandpass filter at top and crysal band-elimination filter at bottom.



spectrum, and crystal units are placed in shunt arms to reject the
pilot. Because of the number of crystal units required to achieve the
desired suppression characteristic, separate low-pass filters are needed
for each frequency. A total of 28 crystal units are used in the band-
elimination filter in addition to the 12 crystal units in the bandpass
filter.

VI. SUMMARY

The paper has described the design of some of the key filters,
equalizers, and networks for ARGA. The authors would like to thank
S. Darlington for his innovative Cauer coupler designs, and F. J. Witt,
T. H. Simmonds, R. P. Snicer, and J. L. Garrison for their inspiration
and guidance.
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This paper describes two specialized test sets designed specifically for ARGA
transmit-receive radio equipment alignment. The scanning intermodulation
(IM) test set can adjust the transmitter for proper gain shape and optimum
predistorter performance. It can also confirm that the transmitter is meeting
its IM requirements. The pilot selection test set is used to test the radio
intermediate frequency receiver units for proper operation during changing
received signal conditions. This test set provides signals to simulate either flat
or selective fades and can be used to check the pilot resupply function or
space-diversity switch transition levels.

I. INTRODUCTION

It was realized early in the development of the AR6AT Radio System
that special test equipment would be needed to ensure that perform-
ance objectives of this new single-sideband (SSB)* system were met.
Two specialized test sets have been designed for this purpose: (1) the
scanning intermodulation (IM) test set, and (2) the pilot selection test
set. Both sets are self-contained in carrying cases with handles and

* Bell Laboratories.

1 Amplitude Modulation Radio at 6 GHz for the initial (A) version.
 Acronyms and abbreviations used in the text and figures of this paper are defined
at the back of the Journal.
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are provided with the necessary cables and other accessories for use
in the field.

The scanning IM test set has been developed to adjust the trans-
mitters in the AR6A Radio System to meet the critical linearity
requirements necessary for a multihop radio route. Swept wideband
measurement of IM single-sideband amplitude-modulated (SSBAM)
radio is required for predistorter and up-converter alignment and to
verify that the high degree of linearity necessary for this type of
transmission has been obtained. The transmitter alignment is accom-
plished by one single-tone level measurement/adjustment and three
separate three-tone, third-order IM measurement/adjustments made
with the test set. An auxiliary oscilloscope (the display section of the
radio transmission test set) is used to display the resulting transmitter
intermodulation characteristics over the frequency band of interest.

The ARG6A receiver conditions the received signal prior to retrans-
mission to the next station. The circuits that perform this function
require special test signals to verify the correct functioning of this
portion of the AR6A System. The pilot selection test set was developed
to supply the required signals in a convenient manner.

II. SCANNING INTERMODULATION TEST SET
2.1 General

The single-sideband amplitude-modulated transmitters in AR6A are
required to be extremely linear so that the third-order IM noise that
accumulates over a long route is held to an acceptable level. Trans-
mission with very low IM noise is accomplished by using a traveling-
wave tube (TWT) operated well below its maximum power output
capability and by the use of predistortion. Use of the predistorter
requires flat transmitter third-order IM characteristics and precise
alignment to obtain maximum third-order IM reduction. Predistortion
operates by generating third-order IM noise that is equal in amplitude
and opposite in phase to the third-order IM noise generated by the
nonlinearities in the transmitter. These nonlinearities result in can-
cellation (nulling) of the IM noise. T'o obtain wideband predistortion,
the overall third-order IM from the transmitter must have a flat IM
frequency characteristic. The IM test set is used to adjust the up
converter and predistorter in the transmitter for the required third-
order IM flatness and third-order IM distortion cancellation. In ad-
dition to the linearity requirement, the transmitter output power level
is required to be held within certain limits. The alignment of the
transmitter requiring IM slope adjustment and predistorter IM null
adjustment interacts with the transmitter gain. As a result, the output
power must be monitored as adjustments are made to maintain the
required power level.
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A portable scanning IM test set has been developed to provide easy
and rapid alignment of transmitters in the field where the three-tone,
third-order IM distortion product from the transmitter can be rapidly
scanned and displayed over the entire frequency band of interest. The
set is divided into two modules (Figs. 1 and 2) to reduce the weight

Fig. 1—Test module of scanning IM test set.

Fig. 2—Power module of scanning IM test set.
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and size to acceptable values. The units are housed in metallic cases
with retractable carrying handles. Separate lightweight soft-pack and
hard-pack shipping cases are available to protect the modules during
transportation. Space has been provided in the power module soft-
pack and hard-pack to store the ten cables required for operation of
the test set. An auxiliary oscilloscope is required for use with the test
set to display the IM characteristics as a function of frequency. An
auxiliary power meter is also required to monitor the output power
during alignment.

2.2 Principle of operation

The test set can be divided into two basic sections consisting of a
tone-generating section and a receiving- or signal-processing section.
Referring to the simplified block diagram of Fig. 3, the three-tone
generating section is located on the upper left. A manually swept,
voltage-controlled oscillator (VCO) tone is split and applied to two
mixers. Also applied to the two mixers are tones from crystal oscillators
with frequencies that differ by 1 MHz. The two down-converted tones
fall within, and can be manually swept over, the required 30-MHz
intermediate frequency (IF) band. In addition, a third tone fixed in
level and frequency near the center of the IF band is combined with
the two manually swept tones. The three tones are sampled at the
output coupler and applied to the automatic gain control (AGC) unit
and then to the variolosser to maintain the level of the swept tones
constant across the 30-MHz band. The three-leveled tones are applied
to the device under test (DUT), i.e., the transmitter. The three-tone,
third-order IM distortion product P, . resulting from nonlinearity
in the transmitter is fixed in frequency since the difference in fre-
quency between tone (a) and tone (b) remains fixed (1 MHz apart)
although the tones are swept in frequency and the third tone (c) is
also fixed in frequency. As a result, the IM product, although fixed in
frequency, reflects any change in IM distortion versus frequency as a
change in its amplitude when the two tones are swept over the
frequency band. The tones and the resulting IM products from trans-
mitter nonlinearities are coherently down converted from 6 GHz to IF
in the signaling processing circuits shown on the right of Fig. 3. The
IF signals are down converted again to 315,920 Hz so that only the
single IM distortion product P,_+. from the transmitter falls within
the very narrow passband (50 Hz) of the monolithic crystal filters
employed in the test set. As a result, all other tones and IM products
are excluded, thus preventing any spurious three-tone IM from being
generated in the gain stages following the filter. In addition, a signal-
to-noise advantage is gained by use of the filters. This is important,
since the IM product signal level at the input to the filter is very low
and therefore requires high amplification. Very stable crystal oscilla-
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tors are employed to ensure that the IM product remains within the
very narrow passband of the filters. Four oven-stabilized crystal oscil-
lators are used for this purpose and have a stability of better than one
part in 107 per day. One oscillator, employed by the signal processing
section, is made adjustable by means of a knob on the front panel of
the test set to center the IM product in the filter passband when
necessary to compensate for crystal oscillator drift.

2.3 Tests performed

The first test (LEVEL) provides a calibrated tone to the input of
the transmitter so that the power output may be set to the required
level. The remaining three tests are three-tone, third-order IM distor-
tion tests. The test set supplies three IF tones, two manually swept
and one fixed in frequency, to the input of the transmitter for this
purpose. In the second test (SLOPE) shown in Fig. 4, a three-tone,
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Fig. 4—Transmitter slope adjustment.
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third-order IM distortion product, resulting from distortion in the
transmitter, is adjusted for flatness over the 30-MHz band by means
of a slope adjustment control located in the up-converter preamplifier
(A) in the transmitter. In the third test (NULL) shown in Fig. 5, the
predistorter in the transmitter is now included in the transmitter
circuit and is switched on and three tones are held fixed in frequency.
The IM distortion product is minimized (nulled as shown diagram-
matically in the figure as a spot moving downward) by adjustment of
the phase and amplitude controls on the predistorter in the transmit-
ter. The fourth test (IM) also shown in Fig. 5 displays typical reduction
of manually swept three-tone IM distortion versus frequency obtained
by predistortion. It can then be determined on the calibrated display
if the IM distortion reduction meets or exceeds requirements over the
entire frequency band and, if so, this indicates that the preceding tests
and alignments have been satisfactorily completed.
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Fig. 5—Predistorter adjustment and IM improvement obtained.
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2.4 Requirements for the scanning IM test set
2.4.1 Tone requirements

The test set is required to supply a single IF tone of a specified
power level for the LEVEL test mode, and three tones, one fixed and
two that can be manually swept in frequency, of specified power levels
for the other three IM test modes. The single-tone level has been
specified to have a power level equal to the full-load signal level and
is used to adjust the transmitter gain to the required level. The total
power of the three tones has been specified to be the same as that for
the single tone. Intermodulation testing is required over the entire
frequency range of each transmitter to ensure linear operation over
the entire frequency band of each channel. The test set is required to
produce tones that can be manually swept over the 30-MHz IF band
(59.3 to 89.0 MHz). A worst-case maximum intermodulation condition
has been found to exist when the three tones are held fixed in proximity
to each other. The test set is designed with the three tones held fixed
in frequency near the center of the band in the NULL mode so that
the predistorter is nulled under worst-case conditions.

2.4.2 Spurious tone requirement

All spurious tones from the test set are required to be at least 40 dB
below the power levels of the three tones. Any spurious tones that
coincide with the fundamental tones as they are swept should be at
least 50 dB below the power levels of the three tones so that they will
add less than 0.025 dB to any of the fundamental tones. This will
ensure that spurious signals will be held low enough that they will
have negligible effect on the IM product. However, with swept mea-
surements, this effect is almost unnoticeable since the spurious signals
move at two or more times the rate of the fundamental tones and pass
rapidly through them unnoticed, allowing the 50-dB criteria to be
relaxed by 10 dB to the 40-dB requirement.

2.4.3 Tone flatness requirement

The tones from the test set are required to be flat with frequency to
within 0.03 dB as they are swept over the 30-MHz frequency band.
This requirement ensures that the tone levels and consequently the
IM derived from these tones in the transmitter will reflect mainly the
IM characteristics of the transmitter with minimum contribution of
IM from the test set. The tones are set to be flat (0-dB variation) at
the band edges with the maximum allowed variation of 0.03 dB at
midband. The maximum variation of each of the two swept tones
contributes 0.06-dB error to the CRT display of transmitter slope at
midband. This small error is of little consequence, particularly since
the slope can be adjusted using only the extreme frequency points.
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2.4.4 Test set IM requirements

The three-tone, third-order IM generated by the test set is required
to be at least 50 dB below that of the transmitter without predistortion.
This requirement ensures that any three-tone, third-order IM origi-
nating in the test set is much less than the IM originating in the
transmitter (with predistorter on) that is being measured. Therefore,
the IM contributed by the test set to the measurement (less than 1
dB) would be barely discernible on a cathode ray tube (CRT) display
of a 25-dB PDI (predistorter IM improvement in dB). Test set tone
flatness and thermal noise from the transmitter and test set limit the
amount of PDI that can be measured with reasonable accuracy to
about 40 dB.

I1I. PILOT SELECTION TEST SET
3.1 General

The IF shelf of the AR6A Radio System contains a number of
circuits to condition the received signal prior to retransmission. It was
necessary to provide a way to check these circuits for proper operation
when they were connected together in the system. A test set was
designed that would condition test signals fed to the ARGA IF shelf to
be representative of the type that would be experienced during normal
system operation.

3.2 Principle of operation

The required test signal is composed of three pilot tones at frequen-
cies of 62.448, 75.122, and 85.856 MHz. These three tones are varied
in amplitude in certain prescribed ways to exercise the IF shelf signal
correction circuits. This signal simulation technique checks for the
proper functioning of the shelf, resupply switch, pilot detector, receiver
control, AGC amplifier, and the dynamic equalizer.

3.3 Description of test set

The pilot selection test set (PSTS) is a portable unit that can be
easily transported for field testing of the AR6A System. The unit is
completely passive and requires no source of power. The PSTS must
be used in conjunction with a suitable power meter.

The PSTS is made up of narrowband filters, shape networks,
continuously variable attenuators, and a precision step attenuator.
These components are interconnected in various ways by means of
patch connectors on the front panel of the test set. All attenuators,
shape networks, and filters can be used as individual items by access
from the front panel jacks (see Fig. 6).

The PSTS does not contain the oscillators that supply the three
required pilot tones (see Fig. 7). Each AR6A support bay contains a
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Fig. 8—Shelf-test functional diagram.

pilot source that is used for the pilot resupply mode of operation of
the TR bay. The pilot resupply unit supplies the fixed amplitude pilot
tones and the PSTS then modifies their amplitudes as required to test
the ARGA bay (see Fig. 8).

The output from the pilot resupply unit contains all three pilot
tones mixed together. The PSTS contains a narrowband monolithic
crystal filter for each of the tones. These filters, when used in con-
junction with a power meter, allow each tone to be measured individ-
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ually. This arrangement is used to set the pilot reference power levels
initially and then to observe the pilot levels after being acted upon by
the ARGA receiver under test.

The PSTS checks the performance of the AR6A dynamic equalizer
by first establishing equal pilot signal levels and then introducing
known level differences in the pilots by the use of shape networks.
Signal correction by the dynamic equalizer can then be observed.

The three shape networks are a positive slope, a negative slope, and
a bow shape. All three shape networks attenuate the center frequency
pilot 10 dB. The positive slope network attenuates the low-frequency
pilot 18 dB and the high-frequency pilot 2 dB. The negative slope
network attenuates the low-frequency pilot 2 dB and the high-fre-
quency pilot 18 dB. Thus, the two networks can exercise the end pilots
relative to the center pilot by +8 dB. The bow network attenuates the
center pilot frequency 10 dB and both the upper and lower pilot
frequencies 2 dB. The resulting signal transmission through the net-
work will be a bow with the end pilots 8 dB higher than the center
pilot.

The PSTS checks the performance of the AR6A AGC amplifier by
varying the amplitude of all three pilots together with a step attenuator
while monitoring the AGC function. A precision step attenuator is
provided to adjust signal levels over a 55-dB range in 1-dB steps. This
step attenuator can also be used with the linearity test set if desired.
The pilot resupply and space-diversity threshold levels are checked by
varying the amplitude of all three pilots together with a continuously
variable attenuator while watching for trip levels to occur.

Two continuously variable attenuators are provided. One is used to
set the input power level accurately while the other is used to determine
trip levels. The use of two variable attenuators allows the input power
level adjustment to remain undisturbed while the second attenuator
searches for trip levels. The original test set input power level can
then easily be restored by turning the second attenuator back to zero.
The use of continuously variable attenuators eliminates the transient
effects on trip levels associated with step attenuators.

For convenience, hairpin patch plugs simplify the interconnection
of the shape networks to the variable attenuator input. Also, a second
hairpin plug interconnects the variable attenuator output to the pilot
filters.

1IV. CONCLUSION

The scanning IM test set has proven to be essential in the field for
the initial transmitter predistorter linearity alignment and for the
continued confirmation and maintenance of the high degree of line-
arity required by the ARGA Radio System.
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The pilot selection test set is essential in the field to verify the
correct functioning of the IF receiver circuits and to provide simulated
fading for checking trip levels of the pilot resupply and space-diversity
circuits.
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ACRONYMS AND ABBREVIATIONS

ACO
AGC

AM
AR6A
BEF
BFE
BPF
BSP
BSR
BSRF
BSRT
BSRTU
CMOS
CRT
D/A
DAS
DDD
DUT
EMI/RFI

EQ
FB
FET
FSK
G/T
HPF
IF

IM
JFS
LC
LED
LIF
LO
LO
LOA
LPF
LSB
MCSS
MG
MGDF
MGTB
MMG

alarm cutoff

automatic gain control

amplitude modulated

amplitude modulation radio at 6 GHz, version A
band-elimination filter

beam-forming electrode

bandpass filter

Bell System Practices

Bell System reference

Bell System reference frequency

Bell System reference tone

Bell System reference transmitting unit
complementary metal-oxide semiconductor
cathode ray tube '
digital-to-analog

Data Acquisition System

direct distance dialing

device under test

electromagnetic interference/radio frequency interfer-
ence

equalizer

front-to-back ratio

field-effect transistor

frequency shift-keyed
gain/temperature

high-pass filter

intermediate frequency
intermodulation

jumbogroup frequency supply

inductor capacitor

light-emitting diode

lower-band intermediate frequency
local oscillator

locally generated microwave carrier

law of addition

low-pass filter

lower sideband

microwave carrier synchronization supply
mastergroup

mastergroup distributing frame
mastergroup translator, type B
multimastergroup
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MMGT-R multimastergroup translator-radio

OMFS office master frequency supply

PAL phase alternation line

PFS primary frequency supply

PLL phase-locked loop

PM phase modulated

PSTS pilot selection test set

R-C resistor-capacitor

RF radio frequency

RFS regional frequency supply

SC suppressed carrier

SCOTS Surveillance and Control of Transmission Systems
SDC Shottky diode converters

SDS Software Development System
SECAM sequential with memory

SL section loss

SPDT single-pole double throw

SSB single sideband

SSBAM single-sideband amplitude modulation
STMS selective transmission measuring set
TASC telecommunication alarm surveillance and control
TDMA time division multiple access

TL transmission level

TR transmitter-receiver

TSS-R Transmission Surveillance System—Radio
TTL transistor-transistor logic

TWT traveling-wave tube

UIF upper-band intermediate frequency
USB upper sideband

vCO voltage-controlled oscillator

VDC varactor diode converters

XPD cross-polarization discrimination
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