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ABSTRACT ] %l/\q) L’

This document is the final report on an S5-Band ODOP Tramsponder,
Resdel Model 91242, with offset input and output frequencies of 2113 5/16
to 2295 mc. This transponder was developed by Resdel for the Marshall
Space Flight Center, Huntsville, Alabama, under contract No. NAS8-11509
(Control No. TP 3-83548). The major effort of the program was the study,
degign, and development of a prototype transponder intended primarily for
booster tracking. The design included advancements in the state-of-the-
art in high temperature design with small size, high power at 100 mc fre-
quencies,efficient VHF to UHF varactor multiplications, extremely low
dynamic phase shift IF amplifiers, fast acquisition capabilities, and in-
creased system response with stability by elimination of AGC signal loops.
The end-product is a transponder from which future units can be directly
manufactured.

The report contains a description of the equipment and its theory
of operation with schematic diagram, block diagram, drawings, photographs,
and test procedures. A bibliography of applicable specifications, drawings,
and references is included. A two weeks course with a prepared text on
Phaselock Techniques was also given at Huntsville, Alabama. This included
the preparation, literature research, and presentation to NASA engineers
and: scientists.
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SUMMARY

The primary result of this contract has been the design and devel-
opment of an advanced prototype S-band phase-coherent transponder
primarily intended for Booster tracking purposes in the Saturn
Missile Program.

The design and construction is quite versatile so that additional
features can be added without a completely new design concept re-
quired. This is extremely important from the standpoint of follow~
on work in the Saturn program wherein mission requirements are liable
to change and fast reaction to these changes is mandatory. As an
example, in the latter stages of this contract the mission require-
ment changed to add ranging, increased sensitivity, and certain
telemetry features. By simply combining two housings physically
together these requirements could be handled expeditiously without

a great deal of basic redesign.

The accomplishments under this contract have represented significant
advances in the state-of-the-art. Among these are:

1. Novel IF Amplifiers with excellent limiting characterisitics
and small dynamic phase shifts,

2. Elimination of AGC loops in the transponder system design and
thereby eliminating dependence of acquisition and acceleration
capabilities on AGC response.

3. Improved self-acquisition capability where automatic lock-on
over a wide signal range is possible in 1/10 second. This is
especially important in Booster tracking since large signal
fluctuations are liable to cause loss of signal and it is man-
datory to reacquire in as short a time as possible.

4. High temperature design where-this rather complicated trans-
ponder system operates at 100°C. All components are also safely
derated in most instances by 50% or more,

5. The almost complete elimination of interior connectors. The
entire transponder has only three interior cables with connectors.
This materially increases the reliability.

6. Ability to handle large input signals. The transponder will
handle +5 dbm signals.

Included in the efforts is a report dealing with AGC versus limiting
as a means for gain control (see Section 7). An exceptional portion
of this report is the section written by Mr. Richard Jaffe where an
extensive theoretical analysis is made of limiting and AGC gain con-
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trols and their relationships with possible false lock con-
ditions.

The transponder prototype included a separate housing enclosing
all of the power supply. (See Section 3 for further discussions
of the power supply).

A significant portion of this contract was the preparation and
delivery of a phaselock course to MSFC personnel. This rep-
resented an achievement that for the first. time to our knowledge,
phaselock techniques were gathered together in one volume. In
the past, phaselock literature has been quite selective into very
narrow applications.

vi
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Section 1

INTRODUCTION

1.1  Scope of Report

This document is the final report on an S-Band ODOP Transponder
developed by Resdel Engineering Corporation for the Marshall Space
Flight Center, Huntsville, Alabama under contract no. ¥AS8-11509 (con~-
trol no., TP3-83548) dated 29 June 1963, The report is comprised of:
detailed descriptions of the transponder system; procedures for testing
of the transponder; discussions of unique areas; a bibliography listing
specifications, drawings, reports and other data pertinent to the pro-
gram {(the items in the bibliography are not supplied as part of this
report).

1.2 Scope of Program

The program began as an effort to undertake two phases: I. pre-
liminary design and calculations necessary to determine an optimum
system to meet the requirements as stated in the contract, IL. detail
design and fabricate one engineering prototype transponder and three
final transponders. The results of the preliminary design effort of
phase I are contained in "Preliminary Study Report®. (See the bibli-
ography). This resulted in modification 2 to the contract outlining the
specifications and some desing goals., (Modification.ladded in-process design
and end-item inspection requirements). Modification 3 was added incor-
porating a change of scope and adding Phgse IJT: to develop and conduct
a course in Phaselock Techniques. One of the results of Phase III is the
book "Theory of Phaselock Techniques as Applied to Aerospace Transponders”,

Phase II of the contract was continued based on the specifications
of the preliminary study. The essential history and program of phase II
is contained in "Progress Reports 1 through 16" and "Special Technical
Report No, 1", 1In the latter stages of phase IT the fabrication of the
three final transponders was cancelled as a requirement of the contract.
The end product of phase IT was the prototype transponder incorporating
several state-of-the-art features with advanced capabilities intended
primarily for Booster tracking.

1-1
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Section 2

SYSTEM DESCRTIPTION

2.1 General Descriptjion and Specifications

This transponder is a phaselocked offset frequency type with an
offset frequency tatio of 221/240 and an input frequency of 2113-5/16
mc. It is completely transistorized and is constructed to provide long
term reliability, minimum weight, volume, and power consumption, and

construction for very rugged missile enviromments. The characteristics
of the transponder are listed below.

2.1.1

2.1.2

Electrical Sgecifications (Resdel Model 91242)

Input Frequency: 2113-5/16 mc
OQutput Frequency: 2295 mc
In/Out Freq. Offset Coherent Frequency Ratio: 221/240
Minimum Input Sensitivity for Phase Tracking error of 30 : -120 dbm
Maximum Input Signal: +5 dbm
Minimom Power Qutput: 1 watt
Primary Input Voltages: 25 to 31 volts DG, isolated from case ground
RF Input and Cutput Impedance: 50 chms nominal
Load: 2295 mc output shall oeprate into a VSWR of 1.5:1.
RF Input and OQutput VSWR: 1.5:1 maximum
Telemetry Test Points: 1. Input Signal Level
2. Static Phase Error Voltage
3. Lock Indication

Qutputs are double ended and isolated from
case ground such that either end may be grounded. Outputs are 5
volts maximum when operating intc a 100 kilohm load. The operation
of the transponder is not affected by short circuits on the outputs.

Threshold Loop Bandwidth: approximately 1000 cycles.
Lock-On Bandwidth: + 250 ke
Reacquisition Time: approximately 0.5 seconds maximum

.RFL: MIL-I-6181D

Input Tuning Range (Factory Tuned): 2i13—5/16 + 5 me
Primary Power: approximately 85 watts

Mechanical Specifications

Volume: approximately 250 in3

Weight: approximately 1l pounds

Construction: 1. Serviceable by competent Engineering personnel
2, All solid state -
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3. 8olid mounting to Heat Sink with no shock
mounts.
4, Pressurized with Dry Nitrogen

2.1.3 Fovironmental Specification

Temperature: -20°%¢ to +85°C with capability of operation to +100°%

Vibration: 2lg rms random noise for 4 seconds, 12g rms for 3 min-
utes, 7.5g rms for 6 minutes, in three mutually perpen-
dicular planes.

Shock: 50g peak for 6 to 11 millisecond duration of half sine wave.

Altitude: Space vacuum.

2.2 General Technical Discussion and Theory of Operaticn

A block diagram is shown in Figure 2-1 disclosing the essentials
of the S-Band Transponder system. A brief explanation of the operation
is as follows: The interrogating frequency, 2113-5/16 mc is converted to
47-13/16 mc at the lst mixer.whose L.0Q. is derived from a stable VCXO at
19-1/8 mc multiplied by 108. The 47-13/16 mc IF is ‘then converted to a
9-9/16 mc IF at the 2nd mixer whose L.0. is derived from the same VCXO
frequency multiplied by 3. The 9-9/16 me IF frequency is phase compared
with 1/2 the VCX0 frequency. Any phase difference outside the quadrature
reference will produce am error signal output. This error signal is then
processed in a loop filter whose output comtrols the VCX0O, thereby com-
pleting a multiple loop phaselock system., The VCX0 frequency is therefore
phaselocked to the interrogating signal and will follow its change due to
deppler shift by the multiplication of 1/108th. The VCX0 £requency then
is multiplied by 120 to produce a transmitter frequency of 2295 mc.

A unique feature of the Resdel transponder is the elimination of
the AGC loop. Normally, an AGC loop is utilized to prevent objectionable
phase shifts from occurring under overdrive conditions. Although co-
herent AGC loops have been successfully employed, there are secondary
effects which make their elimination quite desirable, especially in
narrow band phaselocked loops. In order to prevent a coherent AGC loop
from following the phase perturbations of the main loop, a long AGC fil-
ter time constant is required, making the system response to signal vari-
ations quite slow. Thus, for rapid signal fluctuations, the AGC cannot
respond rapidly enough and overdrive can occur producing inneraction be-
tween the AGC loop and the phase loop.

As an answer to the problem of requiring signal limiting, an IF
amplifier has been developed at Resdel which exhibits excellent limiting
features, Limiting itself is not objectionable as long as noise limiting
with resulting signal suppression does not occur in early stages where the
signal suppression is not desired. That is, as long as the early IF stages
do not limit on noise, the signal suppression that occurs in the second IF
can be predicted, and the threshold design can be achieved through the use
of a linear or quasilinear model.

2-2
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The device used in the IF design is an integrated circuit consis-
ting of two active devices connected in a differential amplifier config-
uration. Due to the circuit configuration, little fractional detuning
{(i.e., phase shift) occurs. when the device is overdriven. Signal levels
higher than 0 dbm have been handled by the first IF with 70 db limiting
range and extremely little fractional. detuning. These features made
possible the elimination of the standard AGC loop,

Attention should also be drawn to the provisions for automatic
lock-on using a sweep generator technique. This provides a lock-on time
capability of less than 0.5 seconds with up to 250 ke "off frequency"
conditions prevailing.

Provisions. are incorporated for telemetering of phase error, signal

level, and lock indication as shown in Figure 2-1. The power supply is
designed to be self~contained within the transponder housing.

2.3 Packagine and Gonstruction

The basic system packaging. conicept used in the transponder is de-
picted in Figures 2-2 and 2-3. TFigure 2-4 is a photo of the existing
Resdel Model 91242 transponder prototype.

Ease of production and servicing is assured by the design by allow-
ing simple insertion or removal of all.board modules. As tan be seen
in Figure 2-3, the individual boards are fitted into their respective
slots. The slots in the bottom of the chassis are tapered so that the
bottom section of the boards form a tight fit. The Allen screws at the
side of the.chassis slots are tightened after the bodrd insertion. This
locks the board tightly against the sides and bottom of the chassis slots,
thus giving a good RF ground condition between the chassis and the boards,

This packaging concept is especially ideal for RF circuitry in that
it affords:

(1) ZEffective shielding between stages

(2) Point-to-peint.wiring, eliminating long. leads or cable rums.

(3) Ease of maintenance.

(4) Straightforward production and quality control, i.e., all
boards can be fabricated, tested and inspected prior to in-
sertion into the chassis.

(5) Eliminates internal connectors, enhancing reliability.

(6) Reduction of feedback problems.

{7) Fxcellent structural and vibration characteristics.

(8) High density packaging

(9) Demonstrated environmental, electrical, and reliable performance.

2«3
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BLOCK DIAGRAM - S-BAND TRANSPONDER
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64-10-008

FIGURE 2-2 COMPARTMENTED PACKAGING DESIGN
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FIGURE 2-3 DETAIL OF COMPARTMENTED PACKAGING DESIGN
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‘ FIGURE 2-4 EXISTING RESDEL MODEL 91242 TRANSPONDER PROTOTYPE .
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The housing is made of cast aluminum including the slots.
It is entirely gold plated, both inside and out. It is designed for
pressurized operation. Resdel has also perfected an impregnation
technique after gold plating which absolutely insures pressurization
capability above 25 psi.

This impregnation process minimizes pressurization problems after
assembly since no further mechanical or plating operation on the housing
is performed after gold plating.

Pressurized mating of the covers and housing is accomplished by
the use of "0" rings around the entire periphery of the covers. The
"0" ring technique permits pressurization with an excellent metal-to-
metal contact over relatively large surfaces, thereby assuring very
good R¥F shielding. This minimizes possibilities of RF leakage and sub-
sequeny undesired radiation of internal frequencies.

Each board module is designed for individuval potting with com-
pounds especially selected for their RF characteristics and repairability.
In those areas where high impedance and/or RF considerations are para-
mount, a solid foam is used. In other places a transparent rubber-like
silicone compound is used, which provides ease of repair.

The boards are copper plated with solder and ground terminals in-
stalled. Boards are plated arvound the edges to insure RF ground plane
consistency. The connection from one mounting board to ancther are
soldered wires thus reducing to an absolute minimum the connectors to be
used,

In order to insure corrosion resistance where RF circuitry is
involved, gold plating is the only choice to be made. Therefore, alil
boards and mechanical components are gold plated to insure non-corrosive
contacts. .

2.4  Receivers Description

2.4.1 Phase Lock Loop

The transmitted signal from the transponder is phase coherent with
the received signal and is related by the ratio of 240/221. Phase co-
herence is accomplished by a phase locked loop. The following is a summary
of the system parameters of the loop.,

The System Phase Transfer Function at threshold is:

3
1+ LB, S

K. (S) =
CL 1+ 25+ —2 s°
L 328

2-4



REC~TR~15

where s = complex La Place operator

BL = loop bandwidth (one sided)
1 G 2
B, = %‘I / Ry (G0)/° dw = 1200 cps
T = .._.:.3_.... -3
2 4BL = 0.625 x 10 seconds
T, = 2 KoT = 1.44 seconds
1 2
BZBL

Velocity Lag Error = 12°

Sweep Acceleration Lag Errorx < 18°
Sensitivity = -120 dbm

Lock Gonfidence Factor = 95.5%

Loop Filter 1.5 MEG OHMS

620 Q

:I:O,Qltp.fd

A functional block diagram is as follows:

‘KP : | noop
g " | .PHASE DET.| FILTER

y
VCXO0

LO MULT.

2-5
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The total gain at the threshold is given by:

= _ 6
KOL = KL Kf Kf KV KM = 7.4 x 10

where,

0.125 = Limiter Gain (actual voltage suppression factor)

14.3 volt/rad = Phase Detector Gain

2.0 = Loop filter and DC amplifier gain

18,700 —24 = yco gain
volt sec

I

]

110.5 = Loecal Oscillator Multiplication ratie

AN A e

2.4.2 Receiver Discussion

A block diagram. of the S-Band Transponder is shown in Drawing 20675.
It details the gains, impedances, frequencies, and signal levels at thres-
hold. A . brief discussion of each block follows. below. Since gains, power
levels,, etc. are designated on the block diagram these will not.be spelled
out in these discussions. The receiver consists of sectioms. 200, 300, 400,
500, 600, 700 as called out on the block diagram. The schematic drawing
numbers. are shown with the section designation on the block diagram.

2.4,2,1 Section 200
Input Bandpass Filter —

This is a three section bandpass filter purchased from Telonic Engin-
eering Corporatrion, It is intended as a preselecter to reject any off
channel interfering frequencies, Iis dimensions are specifically tailored
to the transponder housing.

First Mixer

This is a balanced microwave diode mixer purchased from Sanders
Associates Inc. [t is fixed tuned but is able to operate over a relatively
broad range of frequencies. It has a noise figure of 8.7 db when operated
with an If amplifier noise figure of 2.5 db. It utilizes strip-line tech-
niques.

47-13/16 mc If Amplifier

The 47-13/16 mc IF Amplifier consists of four stages of amplification.
It has an input noise figure of 4.0 db and a 3 db bandwidth of 7 mc. The
amplifier uses "limiting" action as a means of gain control. It can handle
up to +5 dbm input signal levels without degradation of the input signal.

2-6
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All stages are very similar and use a differential amplifier design.
This amplifier provides the required system gain and also prevents any
overloading of the 2nd mixer by means. of its excellent limiting action.
It is shielded internally to prevent ground loop instabilities. See
Section 2.8.1.2 for further discussion on this amplifier.

Second Mixer

This is a single transistor stage. I1Its primary purpese is to pro-
vide frequency conversion to the second IF, but it also gives 20 db of
gain.

2.4.2.,2 Section 300
9~9/16 mc Bandpass Filter

This filter consists of two double tuned circuits. It is intended
to provide the required system predetection noise bandwidth. Its.3 db
bandwidth is 70 ke. Because of the extremely high Q's involved it is
shielded internally so that RF radiation fxom.other areas cannot enter
and cause loop instabilities.

9-9/16 'mc 2nd 1F Amplifier

The second IF amplifier provides linear gain for the Quad Phase.
Detector and a limited output for the loop phase detector. The linear
amplifier consists of LC tuned amplifier and a wideband RC coupled iso-
lation amplifier. The isolation amplifier is required to prevent signals
from the Quad phase detector. from getting back into the 2Znd IF limiter
and producing false locks onto the reference., The present amplifier con-
sists of seven transistors and has a compression of a % db at +16 dbm
output.

The limiter in the 2Znd IF amplifier holds the output constant
(within .5db) over the input signal range.

Limiting is accomplished at low level of +2 mw and the limited
signal is then amplified by a linear amplifier. This allows limiting
to only occur at ome place providing easy and precise control of the
limit level. ZFour transistors are used in the limiting function.

2.4.2.3 Section 400
Phase Detectors

The phase detectors are diode circuitry. The diodes are DC matched
to provide good temperature stability.

2-7
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Loop Filter and Amplification

The loop filter is a lead-lag network used to give phase and gain
margins for stability and to set the post~detection loop bandwidth. The
loop amplifier consists of transistor circuitry to provide the required
DG gain and impedance isolation and matching of several megohms from the
loop filter output and VGEO input of 50 K ohms. It has extremely small
drift with temperature. -

Sweep Generator and Acquisition Contrel

This circuit provides the sweep for acquisition purposes. It gives
the varying voltage necessary to vary the VCX0 frequency to search for
the incoming signal. 1t also provides the contreol for determining when
to sweep and when the signal has been acquired. See Section 2.8.4 for
further discussion of this operation.

3

Telemetry and Acquisition Amp

This is a combination amplifier for providing the acquisition
control voltage and also the signal level voltage that is produced by the
Quadrature phase detector. It consists essentially of a nine-transistor
integrated circuit.

2.4.2.4 Section 500
VCXO

The VCX0 is purchased from Damon Engineering Corporation and .is
specially constructed for this traunsponder. Its frequency control in-
put impedance is 50,000 ohms and RF output impedance is 50 ohms. It
has a frequency deviation capability of 4 12.5 ke. It is temperature
stabilized.

19-1/8 Buffer Amps

These consgist of three conventional transistor stages used to provide
buffering and power to the reference signal section, to the transmitter
string, and to the local oscillator multiplier string.

2.4.2.5 Section 600
X% Multiplier

This is a parametric divider consisting of a unique balanced arxrange-
ment using a single varactor. Also included is a conventional buffer amp-

lifier at the input to the divider. This is further discussed in Section
2.8.5,

2-8
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Phase Shifter

This is a 90° phase shifter and buffer amplifier, It provides
the proper phase shift for the operation of the quadrature phase detector.

Reference Signal Amplifiers

These amplifiers give the required Ref signal power level for
efficient operation of the phase detectors. They give an output of 100
mw each.

2.4.2.6 Section 700
X3 L.0. Multiplier and 57-3/8 Amplifier

This consists of an X3 transistor type multiplier and a 57 mc power
amplifier for the power required for further LO multiplication and for
the 2nd Mixer 1O porxt. This multiplier is further discussed in Section
2,8.5.

X4 1.0 Multiplier and 229% Amplifier

This consists of an X4 varactor type multiplier utilizing an idler
circuit at the.3rd harmonic for efficiency. The power amp is a conven-
tional grounded emitter type. Further discussion of the multiplier is
in Section 2,8.5.

X9 L0 Multiplier

This uses a step-recovery diode as the non-linear device. The mul-
tiplication of 9 is obtained without the use of idlers, thus improving
.stability with temperature. This is further discussed in Section 2.8.5.

2.5 Transmitter Description

The transmitter portion consists of sections 800 and 900 as shown
on the Block Diagram 20675.

2.5.1 Section 800
X5 Multiplier

This is a varactor type multiplier utilizing three idler circuits
at the 2nd, 3rd, and 4th harmonics. It also contains a conventional in-
put buffer amplifier. This is discussed further in Section 2.8.5.

2-9
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Power Amplifier

This is a four stage power amplification chain consisting of two
intermediate power amplifiers followed by a driver and then two par-
alleled high power transistor amplifiers. It supplies approximately
25 watts at 95-5/8 mc for driving the transmitter multiplier string.
The intermediate amplifiers are conventional Class C amplifiers., The
driver and power amplifiers are integrally matched and are discussed
further in Section 2.8.3.

2.5.2 Section 900
X24 Power Multiplier

This section consists of first an X4 power varactor multiplier
utilizing a single idler at 3rd harmonic. It is completely a lumped-
constant design. It is then followed by an X3 power varactor multiplier
with a single idler at 2nd harmonic. This multiplier input is also lumped
constant but the output circuitry is a coaxial cavity. The X3 is then
followed by a power varactor X2 multiplier supplying nominally 2 watts
at S-Band. It is completely cavity circuitry.

All the power multipliers are thermally rugged by derating. Fur-~
ther discussion of these multipliers is in Section 2.8.5.

OQutput Bandpass Filter

This bandpass filter is intended to help reject unwanted spurious
signals emanating from the power multiplier string. Tt is almost iden-
tical to the input bandpass filter and is also purchased from Telonie
Engineering Corporation. ‘

2.6 Telemetering

The telemetering functions consist of Section 1100 of the Block
Diagram 20675. The outputs are voltages suitable for modulation of a
subcarrier VCO of the standard ITRIG specifications.

Phase Error Telemetry

The phase error telemetry receives the indicated static phase
error voltage from the VCO phase detector, amplifies it, and then by
means of a chopper amplifier provides the required double ended output
isolated from ground.

Lock Indicator Telemetry

This is again an amplifier-chopper circuit providing isolated,
double ended output voltages. It receives a voltage from the acquisition
control and processes it to give a go-no-go type of output to indicate
whether the transponder is locked or not.
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Signal Level Telemetry

This is essentially identical to the phase error telemetry cir-
cuit, It processes and combines the voltages from the signal sensing
amplifiers and the telemetry and acquisition amplifier to give an iso-
lated, double ended output.

Signal Sensing Amplifiers

The signal sensing amplifiers samples a 47-13/16 mc signal from
the output of the lst stage of the 47-13/16 IF amplifiers. It then
amplifies this signal, detects it, and then uses the detected signal
as a pseudo AGC voltage. This AGC voltage is then fed to the signal
level telemetry amplifiers as a measure of signal level. The entire
amplifier is quite simple and straightforward and does not require any
particualr temperature compensation since it is not within the main re-
ceiver signal path.

2.7 Power Supply

The power supply is section 1000 on the block diagram 20675. It
consists essentially of input RFI filters, 10 ke square wave oscillator-
regulator, high frequency ripple filters, and electromic ripple regulator.
It supplies the chopper voltage for operation of the telemetering amp-
lifiers. The DC voltages generated are 50V @ 1.2 amp, +15 volt @ 0.54,
and ~15 volt @ 0.3A. The output ripple on the + 15 volts is less than
50 pw.

2.8 The following are discussions of the more unique and interesting
areas of this transponder.

2.8.1 Design Considerations of Bandpass Limiting
Versus Synchronous AGC and Non-Svynchronous AGC

At the onset of this project it was decided that synchronous AGC
should be used in the system design. It was realized however, that con-
flicting requirements made the use of synchronous AGC undesirable in some
respects., First, a requirement existed for handling a -7 dbm input sig-
nal level at the system input. This signal level attenuated by the in-
sertion loss of the input filter and conversion loss of the first mixer
gave approximately a -16 dbm input level to the first IF stage.

The device used in the first IF design is a MC11l1lQ integrated de-
vice. It was chosen primarily because its output and input susceptance
variations are quite small for changes in collector voltage and emitter
current. One of the main problems in the design of phase locked systems

2
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is preventing fractional detuning in the IF amplifiers under overdrive
conditions or during AGC loop operation.

Digressing briefly from the device discussion, the synchrous AGC
control of the IF gain is present only when the loop is lock on. Also
the noise bandwidth of the AGC loop must be several orders of magnitudes
narrower than the tracking loop. The AGC response time therefore is con-
siderably longer than the tracking loops. This presents a problem in try-
ing to acquire the signal. If for example a loss of signal occurred for
a period of time sufficiently long for the loop filter to discharge upon
return of signal the loop would be out of lock until the external sweep
voltage could pull the VCXO into the loop bandwidth. During this time
however, no coherent AGC would be available to control the IF gain and
if the signal level were sufficiently high the IF would be overdriven.

In a very narrow band transponder for deep space application the system
memory (energy storage of the loop filter) would be considerably longer
than that of this transponder. In this case it might be reasonable to
assume that signal loss would not occur for periods of time sufficiently
long for the system memory to be lost and that if it did a signal level
sufficiently large to overdrive the IF would not be present upon signal
return. Such, however, is not the case, for the presently discussed sys-
tem. Loop bandwidth has been purposely increased since the system usage
is for relatively short ranges and the acceleration ramp handling capa-
bility is the determining factor as to how fast the system can reacquire
signal which in turn dictates loop bandwidth.

Thus, in the case of the Resdel S-band transponder, coherent AGC
alone would be inadequate in that overdrive of the IF would still occur
and the response time could limit how fast a signal could be reacquired.

An alternate approach would be to use in addition to the coherent
AGC, non-coherent AGC. The non-coherent AGC would control TF gain with
the system out of lock while the coherent AGC would control the gain
while the system was in lock. This approach was not used since the addi-
tional system complexity was considered unwarranted.

During the development of the first IF a very unique feature of the
MC1110 transistor was noted. It was found that if the device was driven
from a certain source impedamce, that very little difference between its
small signal and large signal response occurred. Practically no fractiomal
detuning occurred and the normal response flat topping along with genera-
tion of spurious outputs did not occur. It was felt intuitively that this
unique behavior was due to several factors. First the device is connected
in such a manner that as one stage was being driven on harder, the other
was being turned off so that some cancellation of susceptance variations
could cccur. Also the output collector resonant circuit is driven from a
common base stage which is a relatively high impedance current source.
Thus, as the stage is cut off for a portion of the cycle or driven inteo
saturation the collector circuit can continue ringing since during non-
linear operation very little energy is fed back into the source.
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Predicting the behavior of the device in its small signal regioen
is easily accomplished by usage of the Linvill analysis or other circuit
models. Analysis of the large signal behavior however, requires a more
intimate knowledge of the device parameters than can be obtained from
manufacturer data sheets or simple tests. Also, the compléxity of a non-
linear analysis lends credence to an empirical approach rather than a
rigorous analytical approach to the IF's large signal behavior.

The excellent limiting features of the first IF were illustrated
by putting a sweep generator on the input to the first IF stage and vary-
ing the input from O dbm to -110 dbm. The output varied from 0 dbm to
-25 dbm. TFor a +110 dbm input signal level variation, the response was
altered very little and practically no fractional detuning occurred. The
limit level is O dbm and the limiting range is. in excess of 70 dbm (out-
put remains within .25 db of limit level).

With this type of limiting the.question arises as to the necessity
of an AGC loop at all. Certainly the elimination of the AGC loop is
attractive for the previously mentioned reasons and for elimination of any
possible two loop oscillations between the AGC and the carrier tracking
loop. The type of limiting provided in this S-band transponder will
approximate a variable loop filter that is continually adjustable for op-
timum performance for.each change of input signal level.

2.8.2 TF Amplifier

One of the major technical problems was possible phase shift that
would be encountered over the large dypamic AGC. characteristic in the
first IF amplifier. (Later eliminated by using limiting). A breadboard
of the JPL approach was built up and tried along with some other proposed
methods. These all yielded too much phase shift for this application.

It is self-evident that in order for any phaselock receiver to
faithfully follow the incoming signal, the receiver should introduce mo
incremental phase shifts over the entire dynamic range of. signal input
and environmental variations. Phase shift variations in the receiver are
one of the most difficult problems the designer must solve.

The incremental phase shift requirements are in the order of 10°
and additional techniques must. be used to meet these stringent require-
ments. Many types of AGC circuits have been tried in order to minimize
phase shift.over dynamic ranges of 80 to 100 db. The types have ranged
from various combinations of "forwaxd" and '"reverse' AGC to. the use of
diode-type attenuators between stages. Each of these methods. has had some
success but has, not really been completely satisfactory. The method devel-
oped for the S-Band Transponder employs an integrated circuit of two )
transistors in a differential amplifier as shown in the following diagram.

2-13
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This configuration provides a relatively high input impedance, good
isolation from input to output, low base to emitter capacitance, plus
capacitance cancellation with current changes. The stage operates similar
to any differential amplifier. Gain control is accomplished by varying
the emitter current,

Tests made on this unit indicated an excellent limiting character-
istic. Due to system requirements being hard to meet with synchronous AGC,
this amplifier was studied as a possible solution of providing the required
gain without overloading on strong signal causing spurious responses and
system study and the S-Band Transponders mission. (From launch to some
15000 KM) indicated that limiting IF amplifiers was a better approach.

Tests conducted on this type of configuration have indicated the
phase shift to be less'than 5° over a dynamic range of 30 db.

Incremental phase shift due to temperature changes are also mini-
mized through' the use of the circuitry shown. Incremental phase shift due
to Doppler frequency excursions are reduced by using broadbanded tuned cir-
cuits with a small L/C ratio. This amplifier configuration is used in both

2-14
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lst and 2nd IF amplifiers where power output is not of primary importance.

2.8.3 95 Mc Power Amplifier

To supply the required power output of the tramsmitter it is re-
guired to provide considerable power at a sub-muliiple of the output fre-
quency. The choosing of the frequency to do this depends .on the dissipation
capabilities of the varactors to be used in the multipliers. Considering
component capabilities it was decided to do this at 95 me (following the
X5 Multiplier).

The power amplifier for this requirement consists of a driver and
parallel connected f£inal amplifier. It receives one watt at 95-5/8 mc
from the Intermediate Power Amplifier and delivers in excess of. 20 watts
to the X4 multiplier. A simplified schematic of the power amplifier is
as follows.

A

MATCHING _
& : OUTEUT
1 watt POWER SPLIT MATCHING

INPUT
95-5/8 me (%a MATCHING

20 watt
95-5/8 mc

)
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2.8.4 Acquisition

A questionable area was the acquisition requirements of the trans-
ponder. A study of the requirements for this system and a search for best
and most reliable circuitry for this job was conducted, Early philosophy
to the problem of acquiring the signal as fast as possible without de-
grading threshold performance was to sense the beat frequency produced by
the quadrature phase detector. This signal was then filtered and recti-
fied and used to control a sweep generator. Several limitations to this
approach became evident as the development program pregressed. One draw-
back was that the acguisition bandwidth was set by the acquisition fil-
tering configuration and since the sensing was occurring before the sweep
had brought the VCX0 into the loop bandwidth, the maximum sweep rate was
limited by the charge rate of the sensing filter. This resulted in an
acquisition time in the order of 5 seconds. Another limitation was that
the sweep voltage could not be coupled into the loop filter without
causing DG transfer loss of the loop filter which reduced overall loop
gain.

Presently the sweep voltage is a square wave generated by an astable
multi=vibrator. This signal is coupled through the phase detector into
the loop filter in such a way that the loop filter is not loaded. The
square wave sweep voltage appears as a triangular sweep voltage at the
VCXO due to the integration of the square wave by the loop filter. As
the VCX0 is swept, the output.of the quadrature phase detector is sampled
to determine if signal of usable level is present. As the VCXO is pulled
by the sweep voltage so that it is closer to the incoming signal fre-
quency the voltage out of the quadrature phase detector increases. This
voltage is amplified in a DC amplifier which actuates the acquisition
control circuitry. The acquisition control circuitry disables the astable
multi-vibrator and switches the sweep input to the phase detector to very
near ground through a reverse conmected transistor, thus preventing an
"offset" voltage on the phase detector.

One advantage of this acquisition is that the loop voltage now
opposes the sweep voltage in such a way that the system remains within
the acquisition bandwidth for a longer period of time. The acquisition
bandwidth can now be made narrower, thus reducing the effects.of noise
near threshold levels.

The limitation on acquisition time is also now only dependent on
the loop bandwidth and a more reliable operation is assured since the
sensing does not activate until it is within the "range" of the loop band-
width, the loop will lock up itself. This has resulted in a maximum ac-
quisition time of 0.5 sec,
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A simplified schematic of the acquisition circuitry is shown for
illustration of the operation.

LOOP FILTER
10OP PHASE .
DETEGTOR vex0
) QUAD PHASE
SWITCH DETECTOR
ASTABLE MULTE - ‘ o
MULTI - VIBRATOR et i
VIBRATOR DISABLER

2.8.5 Multipliers

All frequency multipliers used in the transponder are Resdel de-
signs. They may be categorized into three types: (1) ordinary transistor
frequency multipliers, (2) reactance diode frequency multipliers, and (3)
passive multipliers. ’

Transistor Frequency Multiplier

Only one of the several multipliers in the transponder is of the
usual transistor, active multiplier design. This stage is the multiply-
by-three circuit in the S-band mixer injection chain. It takes the 19-1/8
me drive signal from one of the VCXO buffers and triples the frequency up
to 57-3/8 mc. Active multiplication was chosen, since both frequency and
power are commensurate with efficient transistor usage. The 2N918 high
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frequency silicon planar epitaxial traansistor was chosen and provides
optimum phase coherence through the multiplier. The efficiency is main-
tained near maximum with this type of device, and the .power level at the
input makes the 2N918 an excellent choice. The non-linearity required
for multiplication is attained by using a Class C mode. Constant output
is maintained across. the thermal excursion by desing specification re- '
quiring excessive drive signal. Conduction angle for the stage is con-
trolled by use of a by-passed emitter resistor,

A simple input impedance transformation drives the common emitter
configuration, and a double~-tuned, critically coupled output circuit
provides adequate harmonic rejection, . :

2N918 K
\ W 57-3/8
19-1/8 me Z I me
£ @ VIO | “ £ out
';;é A
7 ’
" X3 Multiplier Simplified Schematic
--Yaractor- Frequency Multipliers
A" total of five varactor frequency multipliers are used at various
locaticis in the transpondexr. Both the multiply-by-4 circuit in the S-
band local .oscillator chain, and the multiply-by- 5 circuit in the trans-
mitter chain -are typical low level design.
4f in
\J’ =f out
“71 '
£f in
57-3/8 me . = 229% me,
S

L.0, X4 Multiplier, Simplified =
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Both of these multipliers utilize the current pumped or shunt con-
figuration, and also employ double-tuned harmonic suppression filters on
their outputs. The diodes used are the lead comnnected, square-law type.
The thermal safety margin is- extremely high-being well over 200% at the
maXimum operating temperature for the system, The power efficiencies are

"2f in  3f in ' 6f in of in
¥ = f ouil

£ in l—m . ~ ! L }—O
19-1/8 I — = 95-5/8 1

=]
RN

N
/Ty

X5 Transmitter Multiplier, Simplified

quite high and the spurious output content is well below the require-
ments for their location within the entire system., Differences between
the two multipliers (other than power level, frequency, and multiplication
order) are as follows. The X4 uses a parallel tuned, link-coupled trans-
former for matching in and the parallel tap method for output matching.
The X5 uses a tunable L-Section and has a nepgative reactance output to

the next stage tc resolve any series, residual inductance at the interface.
Additionally, the X5, because of the high order of multiplication, uses
two idler circuits and requires a 6f trap at the high impedance point of
the output filter. Both multipliers are fully self biasing to insure
smooth operation when subjected to input power variations and thermal en-
vironment.

The nature of the multipliers used in the transmitter power chain
differ in power level, frequency, and mechanically. However, their elec-
trical equivalent is quite standard.

The high power X4 which converts 20 watts minimum from the power amp-
lifier at 95-5/8 mc to azbout 12 watts at 382% mc is shown in the following
simplified schematic,
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2f in f out =
4F in

@A TN —— gw ' ) 382% me

£ in =

95-5/8 mec

21
N
ZANN

4

7

Transmitter VHF X4 Multiplier

A tunable L-Section matches the X4 input to the Power Amplifier
output. A single idler at 2f is used. An efficiency of 5307 is obtained
in this multiplier. A parallel-tap resonator provides a match for the
diode, and the load is transformed capacitively for the sake of tuning
out any series inductance which could remain.- The output system employs
a double tuned resomnant circuit. A series tuned element at 4f provides a
high impedance to f and other harmonic energy. Lumped parameters are used
throughout, and self-bias provides smooth operation over an input power
variation well in excess of 13 db. Spurious content is well below -20 db
in reference to £ . The varactor diode itself is a stud-mounted, her-
metic-sealed device having a very high Q-factor. The non-linearity law
is low, approximately 0.2, as opposed to the more usual 0.33 to 0.5. This
low non-linearity law would result in poor efficiency, except that a cur-
rent-step-recovery is also prevalent. This raises the efficiency greatly,
and the result is that a much smoother response is made possibel. The
unique type of depletion layer profile also contributes to the excellent
thermal performance. This X4 was actually tested with 50 watts input and
the efficiency remained nearly 40%. The dicde is capable of tolerating
over 75 watts at 25°C stud temperature. A rugged, machined, module houses
this quadrupler,

The next multiplier in the transmitter power chain is the 382% mc
to 1147% me tripler. The same type of diode element is employed as was
used in the previous quadrupler. Only the electrical parameters differ
due to the frequency/power situation. A similar thermal margin exists.
About 1007, safety factor is present at 859C heat sink temperature. The
clrcuitry is similar to the X4, except that the output system utilizes
distributed parameters due to the elevated frequency. The electrical
equivalent is as follows.
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Once again, self-bias is used to promote stability. The output
cavity is of the foreshortened, TEM Mode coaxial design. Rigid micro-
coax is used to interconnect te the last doubler. Output power is in the
order of 4.5 to 5 watts at 25°C. The related multiplier efficiency is
approximately 40%. The mechanical construction is again that of a
machined module which allows' operation independent of the system housing.

Transmitter L-Band X3

The S$-Band output power is developed in the final frequency doubler.
Distributed-parameter TEM Mode Coaxial cavities prevail for both input
and output circuits. The closest electrical equivalent is shown.

||I

Approximate Equivalent of S-Band Power Doubler
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Input impedance is transformed by a short conductive tap on the
input cavity line. The input resonator loaded Q is set by the series
capacitor, and at the same time provides a high impedance to the 2f cur-
rent preventing it from flowing out the input port. Second harmonic
power developed in the diode is coupled into the output resonator by a
similar (but smaller) series capacitor. Both resonators are parallel
tuned with end loading plugs which increase the capacity and reduce the
equivalent inductance at the same time. These plugs yield rigid support
to the cavity center pins and preclude large amounts of phase variance
due to vibration influence. S-Band power is finally transformed to 3C
ohms by a similar capacitive transformation. The output power is passed
through a three section output filter. Bias- is provided to a 10 kilohm
resistor for isolation and then to a potentiometer to the cavity. This
vernier bias is available for fine tuning. of the doubler, and results in
a means of final envelope shaping after all modules are mounted in the
system housing. The diode is a reversible welded microwave cartridge.

Tt is secured into the doubler housing by means of locked set screws, and
has an intimate thermal path to the major assembly. This dicde is of the
conventional graded junction type possessing a good history of S-Band
applications.

Unusual Passive Multipliers

Two frequency multipliers employed in the transponder should be
classified as being somewhat unusual in regards to the method used. The
multiply by one-half (or divide by two) module is a passive rational
fraction gemerator. It is used in the reference chamnel to feed the phase
detectors. The other unusual multiplier is the multiply by nine circuit
employed in the first mixer (S-Band) local oscillator chain. This module
uses a step-~recovery diode in a triple-tuned cavity. WNo idler. circults
are required.

The X% multiplier is an outgrowth of the more common, bi-phase
divider circuits presented in other literature and as used by JPL. These
divide-by=two circuits perform as follows:

£ 1,
5 5 £= £

poEh

T~
o

~
/

T .
L W G R

___<: very stable -

bias source

ORTHODCX VARACTOR DIVIDE BY TWO
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The input signal (£.) is introduced in phase to a push pull varactor
configuration. The output includes of a tuned bridge with a rather high
Q, carefully balanced and resonant at % f£. 'The varactors are selected,
and the driving power established suth that the diodes are driven into the
negative resistance region as utilized in the operation of parametric amp-
lifiers. When the negative resistance exceeds the loop resistors loss,
the % £ loop oscillates and output is available at % f. The output is
phase synchronous for the divide-by-two case as shown by Penfield and Rafuse
in the text '"Waractor Application". It may be seen that these circuits are
guite sensitive to minor fluctuations in the following: (1) drive level,
(2) device parameters, (3) load impedance, (4) bias setting, and (5) Q-
factor of the oscillatory arm in particular.

These reasons engendered another approach. A single diode, reactive
frequency divider was developed as shown:
: +V

[
=

cc

Varactor 2

—
o
tofen

~)
/e

i

Power is applied to the circuit by T. at frequency f£. The energy

1
drives the varactor in the resistor-varactor -bridge toward the forward
biased direction. (See Sine Wave A) from 0 to m/2.

SINEWAVE A
| | | I |
s) o 21
n 3n_
2 2
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Increasingly large amounts of charge are stored, the reverse bias
disappears and forward comtact potential @ is approached. The input sin
at f reverses, (/2 to 3m/2) and the diode essentially disconnects from
the energy source. The varactor capacity had increased sufficiently to
tune the resonant circuit to % €. The stored change is now available in
the ¥ f resonant circuit. The period of occurrence is quite short, but
it is long enough to produce sub-frequency distortion on the drive fre-
quency wave across the varactor, (See Wave Form B).

WAVEFORM B

! } ! ] !
o T 27 3n 41

The bridge resistor is adjusted to approximately the value of
effective Rin for the varactor at.f. This balance helps to cancel out

the drive frequency at-the output terminals of the bridge transformer
Tz- This transformer is very tightly coupled (bi-filar wound) and must

also be carefully balanced. The output waveé form T2 is a much cleaner

wave comprised largely of ¥ £. (shown as waveform .G)

WAVEFORM C

I I [ l t
o T 21 3 &

The new frequency is truly generated in the wvaractor Tl circuit,

and is not an apparent infraction of the Fourier analysis which predicts
that no sub-harmonic power is available in any given sine wave., A fil-
tering amplifier produces the final wave required at % f.
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This divider is by far less critical in regards to drive level,
complex impedance at the terminals or even the diode itself. An input
variation of 10 db simply produces linear output level variations, and
not an off or on situation as with the other approach., This provides
considerably more reliability.

The high-order, multiply-by-nine module required for the Ffirst
mixer S-Band Local Oscillator is a step~recovery diode. This type of
multiplier attains quite high harmonic conversion efficiency without the
use of any idler circuits. An X9 varactor would require three idiers in
addition to the impedance matching and filtering requirements, Circuit
stability and bandwidth are both improved by uslng the non-idled step-
recovery diode approach.

A A oul

JAEN
¢

p © e 3 E5p
1] @

The simplified schematic shows an input matching network, the
diode imbedded in a resonant cavity which in turn selects and filters
the desired output signal for S-Band LO injection. _The wave at A sim-
ply shows the sinusoidal driving current (Il.siu N ) which is supplied

at 228 mc from a buffer amplifier. A study of wave B exhibits a very

rapid current change which occurs in something like 200 picoseconds ox
less,

CURRENT WAVE FOR AT (A)

2n

CURRENT WAVE FOR AT (B)
o o — I
Transition Time
““4 2= 200 x 10 - 12 seconds
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From.a study of the Fourier expansion of a sawtooth wave with a
step transition, that all harmonics of the fundamental current, through
and including the ath harmonic are present, It is simply a matter of
impedance matching and extracting this 9th harmonie.

The cavity design is very similar to those of the microwave power
miltipliers used in the transmitter chain. It is a separate module, phy-
sically and operationally independent of the major housing. Output power

is loop coupled to a miniature coax cable which interconnects with the
first mixer.
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Section 3

RECOMMENDATIONS ON TRANSPONDER PROTOTYPE MODEL

3.0 The prototype transponder for which this report is written met
almost all of the intended specifications and was quite successful in
the areas of basic operations, such as sensitivity. However, there are
areas in which further efforts could result in improved specifications.

3.1 Power Supply

In order to facilitate the redesigns and testing that was required
to eliminate the high frequency voltages associated with square wave
ripples on the power lines, the prototype transponder's power supply has
been mounted in a separate housing. By using smaller components, and using
shielded cables on the internal power leads, it could be repackaged into
the main transponder housing.

The ripple on the power supply output has been reduced below 50 uv,
thereby effectively eliminating the phase noise previously caused by these
ripple freguency components aentering into the receiver system.

3.2 Telemetering

The phase error telemetry output has phase noise caused by reverse
feedthrough of the 10 ke chopper frequency components passing through the
telemetry amplifier to the VCX0. By placing a filter between the VCXO
and telemetry circuits, this could be eliminated. The lock indicator tele-
metry has an inaccuracy caused by the Quad phase detector and the acquisition

amplifier having an impedance mismatch that can be corrected by a simple
isolation amplifier.

The signal level telemetry has an interface impedance mismatch be-
tween the signal sensing amplifier output and its telemetry amplifier that
can also be corrected by a simple isolation amplifier.
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Section 5

APPLICABLE DRAWINGS

5.0 The following drawings are included as a part of this report.

5.1 Drawings Identification 91242 (sheet 2 of 3)

5,2 Schematics
System Block Diagram 20675
RF Input and 1st IF (Section 200) 20667
2nd TIF Amplifiers (Section 300) 20666
Loop and Sweep (Section 400) 20670
VGX0 (Section 500) 20671
Reference Signal Amps (Section- 600) 20673
Toecal Oscillator String (Section 700) 20692
%5 and Power Amp (Section 800) 20690
Transmitter Multipliers (Section 200) 20691
Power Supply (Section 1000) 20695
Telemetry Amps (Section 1100) 20694

5.3 Miscellaneous
Outline Drawing 91242
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Electrical and Board Assembly (Photo) 76133
1st Mixer 75723
Input/Output Bandpass Filters 75212
VCX0 75725
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Section 6

PROTOTYPE MEASUREMENTS & DATA

6.0 The following section consists of the Final Test Procedures 61148
and data taken on the prototype transponder S/N 100X.

6-1
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e o RESDEL ENGINEERING CORP.
W 3-5-L3% PASADENA, CALIFORNIA Page 1 ofB

LMECKED

] TITLE B.R.

FINAL TEST PROCEDURES

ArpRovED
s

B-BAND TRANSPONDER 1242

w.C,
;OO

The final tests for the S-Band transponder Resdel Model 91242

DWG NG,

61148

are intended to demonstrate the conformance to the design parameters
of contract NAS8-11509.

Portions of the tests will be conducted with false covers on
the transponder since no provisions for external test points have
been made, Certain internal comnections will have to be made at diff«
arent steps in the testing procedure.

1,1 Sensitivity
1.11 Dropout Threshold Sensitivity

Hookup as in figure 1.

ZeoP FUTER owvriwl
#

S-BAND VARLAR-E TRANS w24 SCaPE
Si6. ey ATTENUATIR, CTpX g
(ReSDEC
IS, #33c.)
Vi
FIGURE 1

Obtain a locked on signal condition at cemter frequency by
setting the sig gen at its calibrated center freguency and in-
creasing signal level input. Decrease sig gen input until lock
is lost., This is noted by observing the VIVM as 3 sudden varia-
tion in voltage fxom that voltage value noted in the locked coaw
dition or by observing the scope as a sudden increase in noise
signal. Record the value of imput signal in DBM as "absolute
threshold sensitivity”, '

Adjust frequency of sig gen to +250 ke off center frequency. Ine
crease signal level until lock is again obtained., Decrease signal
level until lock is just lost. Record as "plus dropout thres-
hold sensitivity'.

REC 155
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RESDEL ENGINEERING CORP.

Prepants PASADENA, CALIFORNIA Page 2 of B
TITLR 8.R.
CHrcxn FINAL TEST PROCEDURES

APPRLOVED

S5-BAND TRANSPONDER 91242 w.o.

1.12

1.3

Repeat for -250 ke off center frequency and record as "minus
dropout threshold sensitivity™.

Acquisition Semsitivity

Adjust frequency of sig gen to center frequency. Decrsase
signal level until loek is lost. Now slowly increase signal
level until automatic acquisition iz accomplished. Record
as “absolute acquisition sensitivity®.

Repeat for 4250 ke off center frequency and record as "plus
acquisition sensitivity™,

Repeat for -230 ke off center frequency and record as "minus
acquisition sensitivity”,

Lock~On Range

Use same hookup in Figure 1. Adjust signal level imput to
~110 DBM and cemter frequency., Adjust frequency in a plus
dirvection until-lock is lost. Record frequency.

Repeat for minus frequency at 110 DBM.

Repeat plus and minus frequency lock on measurements for -80
DBH, -60 DBM, -40 DBM, ~20 DBM, and O DBM,

Iracking Rate (Acceleration Capability)

Use same hookup as figure 1 except provide for an injection
of rawp modulation into the gig gen.

Adjust sig gen frequency for center frequency and ~120 DEM
signal level and obtain a locked signal condition. .

Adjust the ramp modulation for the correct voltage to produce
a frequency swing of approzimately 20 ke. Use the calibrated
chart for the signal generator and the scope to make this ad-
justment.

Increase the ramp frequency until an unlocked condition cccurs.
Record as center tracking rate,

Repeat for plus 250 ke from center frequency.

Repeat for minue 250 ke from center frequency.

Crw s NG,

61148

RE 155
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61148

CHECKED

TITLE B.R.

FINAL TEST PROCEDURES

APFAOVED

5~BAND TRANSPONDER 91242 w.0.

1.4

Acqulsition Time

Sweer G &ar
D urRom™

EESDEL VARG BLE o
516, GE~ i FRArEPOMBER SeofE

ATTEmontort

1.5

1.6

Jwee S
2 AP

RESDEC

1 VoLTRG &

founee

(PieT oF
RESDE L

SwTe S06. cénr)

FIGURE 2

Hookup as in Figure 1. Set sig gen at center frequency and
~60 DBM and obtain a lock condition. Hookup as in Figure 2,
Throw switeh to onr position and measure the time in seconds

- from the start of the sweep to the stop of the sweep.

Repeat for plus and minus 250 ke from center,
Repeat for ~100 DBM and -120 DBM.,

Maximom Input Signai

Hookup as in Figure 1 and obtain locked condition at center
frequency. Increase input signal level until "deterioration"
of output starts., Record as maximum center frequency input
signal.

Repeat for plus and minus 250 ke from center.

Outpuf Power

Hookup in Figure 3. T2 ARSPOrHBER

/ 2295me QLT RLT
OUIE e wé& e
[ TRALLFOM Yy, Fac,

SuPRLY MeTE R

ominr e it N

FIGURE 3

DWG NO.
61148
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CHECKED

TITLE a8 R.

FINAL TEST PROCEDURES

APPROVED

S-BAND TRANSPONDER 91242 B

61148

DWG NO,

Set power supply for 428 volts. Read power output. Repeat
for 425 and 431 volts.

1.7 Primarv Power

Hookup in Figure 3. Measure primary power current at +25,
+28, +31 v,

1.8 Telemetry Test Points

1.8.1 Lock Indication

TELEMETR
Hookup in Figure 4. fwrPu'nsY
PESDEL
5t6 G TEANS Post Diye V7 VAg

FIGURE &

Measure telemetry voltages at input signal levels of ~120
DBM, -100 DBM, ~-60 DBM.

"1.8.2 Phase Error

Repeat 1.8.1.

1,8.3 8ipgnal Level

Repeat 1.8.1 for every 10 DBM from ~120 DBM to O DBM.
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Section 7

TECHNICAL REPORT

This appendix includes an outstanding Resdel internal report
TR-13 on "Consideration of AGC versus Limiting as a means for
Gain Control" dated 12 November 1964, Of special interest is

the portion including a memorandum from Mr. Richard Jaffe, a
well known and recognized expert in the phase-lock field to Mr.
Donald Gehlke, Vice President in charge of Engineering and man-
ufacturing at Resdel Engineering Corporation. This memo in-
cludes an excellent theoretical treatment of probability of false
lock conditions in phase lock systems.

7-1
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RESDEL ENGINEERING CORPORATION INTERNAL REPORT REC-TR-13
""CONSIDERATIONS OF AGC VERSUS LIMITING AS A MEANS FOR GAIN CONTROL"

By James Pourtales, November 12, 1964

This report is a gathering of various data and extractions from
other pertinent reports. Tt deals specifically with applications to the
Resdel 91742 transponder of AGC, limiting, and other considerations
involving Booster Tracking Transponders. It includes the -following:

1. Resdel Internal Report "Considerations of Limiting versus AGC
as a means for gain control in Phase Lock Systems' by J. Pourtales
dated Wovember 12, 196&.

2. Extract of pages 8-18 through-8 - 21 of "Theory of Phaselock
Techniques as applied to Aercospace Transponder" by Gardner and
Kent, Contract NASE-11509.

3. Extract of pages & ~ 1 through & - & and Figures 1 through 12
of Program Report No. 15, Contract NAS&-11509

4, "Memo to D, A, Gelke of Resdel from Dick Jaffe, "A Comparison
of the Relative Merits of Bandpass Limitetrs and AGC Systems for
use in a Phase-Locked Transponder", November 1965, °
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Considerations of Limiting versus AGC as a2 means foé g;in control
in Phase Lock Systems. '
INTRODUCTION

This report outlines the problems encountered in. phase lock éystems .
relating to the development of spurious signals causing false lock-on
conditions. It also shows the advantages to be'gained by using a strictly--

limiting type of gain control rather than AGC.

PEASE LOCK SYSTEM -

The following bloék.diagramhs ows the elements of a phase lock system

gs used in an S-Band transponder developed by Resdel.

0 It Poiogs S MR oo SR EEE: S PORA S S Aol DR W Wit By D‘/f O T o

| D e |
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The dotted portion represents the synchronous AGC system commonly used.

The Resdel design utilizes only limiting in the IF amplifier for gain control,

ComsiberaTioN S ofF
DROBLEMS COMMON.LTQ.BOTH AGC AND LIMITING SYSTEMS,

There aré certain problems that would be present whether AGC or limiting
is used:
1. 3BW of input filter. The narrower this can be made, the better the
peSteti04 to off chanel interference. The inse;;ién.loss.must be kept
reasonable, however, and since tﬁe loss is a function ;f BW (and skirt
selectivity) the d%scrimination against close off-channel interferencé at
S-Band is not feasible. Therefore, it can be expected that close off-channel

-1-
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interference will get to the first mixer.

2. lst Mixer non lipearity. Normally, on.low signal levels the lst

LX) S -

mixer is a linear device and does not produce spurious signals. at signal

-

-levels approaching ODBM the mixer now becomes non-linear, starts to reach

the saturation point and produces strong harmonics and mixing of these

-

harmonics takes place. It is also possible to produce extraneous sfurious
signals under certain conditions. If the combination of harmonics of in-
terferiﬁg and on-frequency signals is just xright, a false-lock conditiomn
will take place and the transponder will lock-on the false sighal(if the
false signal is approximately 10DB stronger than the on-freﬁuency;signay:
The 1lst mixer used in the Resdel transponder will withstané;:ignalg
to +4DBM before non—iinearity occurs, and +10DBM before. severe saturation
takes'place.
3. 1lst IgJ Bw. The pandwidth of thé Ist IF will ﬁictate how far off
freguencx}int?rfering signals will penetrate teo the Znd mixer. Ideally,
a bandpass filter at the input to the Ist IF would prevent much of the
e s i enTy T FOa,

signals from getting into the IF at all. However, aotoe~flere

/@élmziﬁqqaﬂau&aéxacz ﬁwkkg«w? Aﬂbﬁ w4%4zizéku~ZZLé Bt At mipeile
%WW S o % V2 Do iy s sl

7
Ehoedph-ntrer-androie=t . in the Resdel 11mﬂt1ng system an interfering

SLgnal of sufficient magnltudzgrgg 1stnpassband will cause stable, non-
spurious limiting of ghe lst IF, thus assuring no large signal ever
reaching-the 2nd. mixer. = synchronous AGC .system, on the other hand, has

no such assurance, since the oanly gain coantrol is by an gg;frequency signal
It is emphasized that begause of the large gain in the lst IF it is essential

that no axtraneous signals ever penetrate to the 2nd mixer eince it then

would be very susceptible to generation of spurious and harmonic combinations.

1



It should also be pointed out that since stable limiting is designed into

RESDES a5
theAIF it is not susceptible to generation of spurious signals &% a normal

A
IF amplifier might be that Ead not been designed to handle large saturating
type signals.

. 2nd TF BW. The second IF Bandwidth is primarily determined by the

J .

aliowable noise level to the phase detector. Obviously the narrower this
bandwidth the less chance for generation of sgurious signals in the 2nd
" IF amplifier stage. The limitation on this BW is the aforeménﬁioned‘noise
consideration and the ability to construct the f£ilter with minimum phase
shift across the band of interest. The latter considerafioﬁlprecludes the
use of crystal filters since they c;nnot be built éiéh gssured minimum phase
difference across their band;wdth. The f£ilter used in the Resdel transponder
is a 4pole double fﬁﬁéd, slightly overéoupled)bandpaés filter comstructed
with high Q tgrogds tuned to give essentially zero phase shift over a much
greater frequency than that necessary to handle the é#peéted doppler shift.
The bandwidth is 60 ke at 3 db down and the noise bandwidth is approximately
120 ke. Center frequency is 9-9/16 me.

5. Loop problems. For adequate stability the AGC loop‘mugt Pe several

orders of magnitude narrower than the tracking-loop, The AGC response time

is therefore considerab%y longer than that of the tracking loop. This pre-
?%nts a problem vhen automatic aquisition is required, .wherein fﬁll-inpué.
signal is delivered éo the IT's when the loop is out 6f lock, since no AGC
is being develbped° 1f the signal is large enough to overdrive the IF's
the "raactio;" time of the AGC could'cause serious‘dalay in acgquisition,
and the de;ign for auﬁomatic acquisition would of necessity have to incor-
porate the considergtion of slow~reacting'AGq systems. 1t is questionable

if acquisition much under 5 seconds’ could be obtained over the specified -

lock on range of 4 250 kec.



In addition to the problems of acquisition there are possibilities
of two.loop instabilities occurring, especially under very heavy signal
conditions and also when signal‘lével changes rapidly (accelleration).
The Resélel limiting type system eliminates all signal AGC loops, f:.hus

f. T e

Ao :
providing absolutﬁﬂséability plusﬁfast;reacting gain contro%fassuring the

fastest possible acquiéition.
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'ASrQ.S Phase-Stable I-F Amplifiers
t is self-evident that in oxder for any phaselock receiver
to faithfully follow the incoming signal, the receiver should intro-
duce no incremental phase shifts over the entire dynamic range of
signal input and envirommental variations. Phase shift variatioms
in the‘receiver are one of the wmost difficult problems the designer
must solve, Circuit designers and component manufacturers are
continually working to reduce phase shift problems and much has been
gccomplished with solid-state designé in recent months.
‘ The main causes 6£ phase shift in the I—F:émplifiers are:
. Internal feedback in the‘amplifief.
. AGC variations
Temperature wvariations

Frequency changes due to Doppler excursions

w o W

Saturation on strong signal levels ]
Causes of phase-shift 2, 3 and 4 cah be reduced consider-
-ably by simply employing wide-band tuned circuits with a low L/C
ratio. This technique is almost universally used in all phaselock
equipments and has proved very effective. Internal feedback effects
are overcome by the, use of mismatching techniques. The necessary
narrow-bandwidth is obtained though the use of passi&e filters.
Because the incremental phase-shift requirements are in
the order of 10°, the above techniques are not satisfactory in
themselves. Additional techniques must be usaed to meet these
stringent requirements. Many types of AGC circuits have been
tried in order to minimize phase shift over dynamic ranges of 80 to
100 db. The types have ranged from various combinations of "for-
ward" and "reverse" AGC to the use of diode-type attenuators between
stages. Each of these methods has had some success but has not

really been completely satisfactory. One of the latest methods
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develcped employs two transistqgs in a differential amplifier

form as shown iﬁaFig.-é«3 S 4+ Volts

P

output

0

e Ly
D =

1000 -

1

Fig. 8- 3
I-F Amplifier Stage Wlth.&GC Apylxed

y AGC Voltage

This cénfiguration provides a relatively high input impedance,
good isolation from input to output, low base .to emitter capacitance,
plus capacitance cancellation with current changes. The stage oper=-
ates similax to any differential amplifier. Gain control ie accom-
plished by varying the emitter curvent with the.AGC voltage,

Tests comducted on this type of configuration have shown the
phase shift to be less than 5° over a dynamic range of 30-db.

‘ Incremental phase shift due to temperature changes are also
minimized through the use of the circuitry shown. In addition,
temperature-stable components (especi ially capacmtoxs) must be used.
Some temperature compensation devices may alsa be requlre& Incre:
mental phase shift due to Doppler frequency excursions are reduced
by using broadbanded tuned circuits with a small L/C ratio. Large
capacity values are used to improve phase shift due to Lemperature

and AGC variations.
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Saturation of amplifier stages causes signal distortion with
‘attendent phase shifts. In a system that employs AGC in the I-F
amplifiers,'saturation (or limiting) on noise in the I-F string is
undesirable because it results in signal suppression'due to the
limiting action. The designer must take the necessary:precautions
to eliminate this particular problem (this.ts discussed further im

p\%;agmm_&ig;»&) .
8-4.9 AGC versus Limiting

Jaffe and Rechtin (JAF-1) ‘have shown that the use of a
liniter provides a near optimum phase~lock loop because the system
self;compensates for signal level changes near threshold. This
effect has been proved both in the laboratory and in the field.
Thus, as far as theoretical operation is concerned, AGC is not a sys-
tem necessity.

Besides the incremental phase-shift problems associated
with the use of AGC, there are several other good reasons for elim-
inating AGC, if possible. The problems associated with inter-~
action between the AGC loop and the phase-lock loop are not clearly
understood because of second-order effects thait do mot lend them-
selves to easy analysis. Since the probiem of "threshold" is not
clearly undexstood, it would éeeﬁ advisable not tolcomplicate it
further by the inclusion of the AGC 1oop.-

A third probieﬁ, associated with the use of coherent AGC, is
the generation of spurious signals within the equipment due to
receiver overload prior to locking on strong signals. This problem
can be solved, but it gemerally requires the use of two additional
non-coherent AGC detectors -~ one before and one after the I-F band-
pass filter. )

All of the above problems can be eliminated if an amplifier
can be designed that will limit, as the signal increases, without
causing phase-shift., Transistor circuitry has recently been
developed that will limit without introducing undersirable phase
shift. The circuit diagram for such a single stagé.amplifier is

ghown in Fig. 8-5. o -

This circuit is identical to Fig. 8-4 except th~ ~—Frta=

resistor is returned to a fixed voltage.
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15V,

—{>

T——ﬁ' .OUTPUT

220

1000 =

=15V

Fig, &%
Limiter/Amplifier Stage

A simplified explanation of the opgfétién'is as £ollows:
For low level inputs the stage operates as a linear differential
amplifier. As the signal level increases a point is-reached where
the output stage is not conducting any current.during a portion of
the input signal. Beyond this point then, no more energy can be
transferred to the output circuit - the output power is limited by
the maximum current available in the output stage. In effect,
then, the ocutput stage is switched'on and off by the incoming signal.

The circuitry shown has been assembled in a four stage amp-
lifier and, from low-level to full saturation of all four stages,
the total measurable phase-shift is in the order of 5°. . This is
equal to, or better, than most of the AGC circuits developed to
date. The amplifier shown provides 20 db of gain, at 50 mec, and can
safely handle up to O-dbm (50 ohm) input levels witheout affecting

the operation.
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~4.0 DESIGN CONSIDERATIONS OF BANDPASS LIMITING
VERSUS=SYNCHRONOSS,AGC AND NON~-SYNCHRONOUS AGC

At-the..onset of this proéécu«i?-wasﬁdecideé-££atAsynchronouSHAGC
should be used in the system design. It-was Feaiizgd howévery;ﬁhét con
flicting requirements made the use of syachronous AGC undesirable in
some respects. Fi;st, é requireﬁént existed for handling a -7 DBM input
signal level at the system input. This signal level attenuated by thg in-
sertion }oss of the input filter and conversion loss of the first mixer
gave approximately a -16 DBM input level to the first IF stage.

As menitioned previously the device used.zn the first IF désign is a
MC11l10 integrated device. It was chosen primarily because its éutput and
inpﬁt susceptance var;ations are quite small for changes in collector
voltage and emitter curzent. One of the main problemé in the design of
phase locked systems is preventing fractional detuning in the IF amplifiers
under overdrive conditions or during AGC lcop -operation., Rlease-refen-io
Appendix D.for.finst IF schematic. .Minimiziné fracéional detuning has
been accomplished in other designs by using diode attenuators and suscep-
tance variation cancellation which has oniy been partially successful in
solving the detuning probiem. .

Digressing briefly from the deviée discussion, the synchrous AGC
control of the IF gain is present only when the loop is locéiln. Also) v

-3£&%g}ﬂ"éﬁ§the noise bandwidth of the AGC loop must be several orders of magunitudes
narrover than the tracking loop. The AGC responsentime therefore is con-
derably longer than tbe.trackiné loops. This presents a problem in Ery-
ing to écquire the signal. If fo£ example a 1oss'qf signal‘occurred for
a pericd of time sufficiently 1053 for the 1oop”fiiter to discharge upon

return of signal the loop would be out of lock until the external sweep

41



voltage could pull the VCXO into the loop bandwidih.' Dﬁriﬁg this time :
however, no coherent AGC would be avallable to c0ﬁbrol the IF gain and

. av*bfﬁL*‘Vc*“
if the signal level were suff 1c1enhly high the ‘IF would be owvern FEW I
a very marrow band tramnsponder for deep space gpplication the system mem
oéy {energy étorage of‘éhe‘lopb'filter) wou%d be‘considerably longer tha
that of the subject transponder. In this cacze i; might be reasonable to
assume that signal loss would no% occur for periods of time.sufficiently
long for the system memory to be lost and that if it did a. signal Ievel
sufficiently large to overdrive the IF would not be present upon signal
return. Such, however, is not the case, for the-presently,discusséd sys
tem. Loop bandw1dth has been purposely lncreased since the syatem usage
is fox relatlvely short ranges and the accelération ramp handling capa-
bility is the'detefmining factor as to ﬁow fast the system can reacquire
gignal which in turn dictates l;op bandwidth.

Thus, in the case of the Resdel S-band transponder, cohexent AGC
albng would be inédequate in that‘overdrive of the IF would still occur
and the response time could limit how fast a sigpnal could be reacquired.

An alternate Approach would be to use in addition to the coherent
AGC, non-coherent AGC. The non-coherent AGC would control IF gain with
the system out of lock while the coherent AGC Vould control the gain
Fhile the system was in iock. This approach was ﬁot used since the addi
tional system complexity was considered unwarranted,

During the developmént of the first IF a very unique feature of the
¥MC11l0 transistor was noted. It ﬁas found éhat if the device was driven

from & certain source impedance, that very little dl ference between.its

small signal and large signal response occurred. Practically no fractio



detuning occurred and the normal responsé flat‘tepping along with genera-
tion of spuricus outputs did not occur. It was felt intuitively that this
unique behavior wgé due to several factors. First the dévice is connected
in such a manner that as one stage was seing driven on harder, thé other
was being turned off-so that some Eancellatipn of susceptance variations
could occur. Also the output collector resgnant ci%cuit is driven from a
common base stége which is a relatively high iépedance current source.

Thus, as the stage is cut off for a portion of the cycle or driven into

SO

éaturation the colléctoricircuit can continue ringing since during non- ;ﬁ
linear operation very lititle energy is fed back intoc the source.

Predicting the Béhavior'of the device in its small signal region is
easily?accomplished by usage of thé'Linvill'analysis or other circult
models. Analyéis of the large signal behavior however, requirés a more
intimate knovledge 6f the device paraméters than can be obtained from manu-
facturer data sheets or simple tests. Also, the complexity of a noﬁ-linear
analysis lends credence to an empirical approacﬁ rather than a rigorous
analytical approach_to‘the TF's large signal behavior.

The excellent limiting features of the first IF are best illustrated

) ; .

in Figures 1 to 12. These photographs were made by putting a sweep genera-
tor on the input to the first IF stage and varying the input from 0 DBM

to ~110 DBM. The output varied from O DBM to ~25 DBM. The discontiauity

 appearing at the top of:the@response on some of the pictures is caused by

we

s

the marker and is not in the IF amplifier. As can be seen for a +110 DBM

input signal level variation, the response is altered very little and prac-

tically no fractional detuning occurs. The Llimit.level is O DBM and the
limiting range is in excess of 70 DBM (output remains within .25 DB of

limit level).



Wita this type of limiting the question arises as to the necessity of
an AGC ioop at all. Certainly the elemination of the AGC loop is attrac-
ti%e for the previously mentioned reasons and for elimination of any pos-
sible two loop oscillations between the AGC and the:carrier tracking loop.
The type of limiting provided in this S—Banq.tran5ponder will approximate
better than any preVLOus developed mctbo/; «£2 variable loop filter that
is continually adjustable for optimum performance for each change of input
signal 1eve1; This has been discussed at length by Jafie and Rechtin®,
The bandpass limiter they describe is improved with the circuit developed

for this appllcatlon due to excellent hard limiting chéracteristicsqwzi =
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capable of near optimum performance over a wide range of inmput signal and’

noise levels." From RIE Transactions on Iaformation Theory IT-1, March,

1955.



FIG, I°

.Input O dbm
Output O dbm
B.W. 9 mc

fo .47.8125 me

FIG. 2

Taput - 10 d
Output 0 dbm
B.W. 9 me

£, 47.8125

FIG. 3

Input - 20 dbm
Output 0 dbm
B.W. 9 me

£o' 47.8125



FIG. &

Input - 30 dbm
Cutput O dbm
B.W. 9 me

£ 47.8125

0

FIG, .5 .

Input ~ 40 dbm
Output O dbm
BW, 9 me

£, 47.8125.

FIG. 6

Input - 50 dbm

Output 0 dbm

B.W.. 9 me

"o 47.8125



FIC.

Input - 60 dbm
Output O dbm
B.W. 8 me

£o .47.8125

FIG. 8.

. Input - 70 dbm -

Qutput O dbm
B.W. 8 me

£, 47.8125

o)

FiG, 9

Input - 8Cdbm
Qutput - 1 dbm
B.W. 7 mc

£, 47.8125
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Input - 90 dbm

. Qutput ~ 5 dbm

B.W. 7 mc
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FIG. 11

Input = 100 dbm
OQutput = 15 dbm
B.W. 7 me

£, 47.8125

FIG, 12

Input - 110 dbm
Output - 25 dbm
B.W. 7 me

1
fo 47.8‘2§
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TO: . ..... D.A. . Gehlke
FROM: _ Dick Jaffe

SUBJECT: A COMPARISON OF THE- RELATIVE MERITS OF BANDPAS3-LIMITERS AND

AGC SYSTEMS FOR USE IN A PHASE-LOCKED TRANSPONDER

I. Introduction

The receiver gain of a phase-locked trans@onder must be controlled-
in order to accommodate a wide range of infut siénélé and input inter-
ference. There are 4 common méthods by which this gain-control can be
affected:

1) Employing a bandpass-limiter, prior t& the loop’phase-detector.

2) Using a céherént AGC system to control ampiifier gain.

3) Using a non-coherent AGC system to control amplifier.

4) Using a non-coherent AGC system to control amplifier gain until
the loop has locked on, and éhen contfglling‘the amplifier gain by
means of a coherent AGC system.

The following definitions are applicable:

1} A bandpass limiter comsists of % hard-limiting Timiter which
is preéeded and followed by narrowband filters. .These filters
havé sufficient bandwidth to pass the frequency components
of the imput signal, but do not pass‘any fgeQﬁéncies in the
region of q—c, or twice the center—freqﬁencf of’;he input,

. The definition of‘a bandpass limiter is adequately‘satisfied
. if the filters have effective Q's of 10-ox gée;teé.

2) A coherent AGC system (in a #hase-lockedzféceiver) generates
AGC voltage -by phase-detecting the infutxsigngl to the phase~
locked loop with a 90° phase-shifted outp;t from the loop

VC0 (voltage-contrglled-oscillator).



35 A non-coherent AGC system generates AGC voltage by envelope
detecting the input signal to the’phase—lockeé_loop. Envelope
detection is usually accompli;hed with a,dioée dgtector.

The purpose of this memo is to evaluate the rglatiﬁe merits of

these & methods for controlling gain; the 4 methods will be evaluated in
connection with their suitability for use in the Resdel S-band trans-
ponder,

ITI. Block Diagram of the Transponder:

A block diagram of the receiver portion of the Resdel S-band

transponder is shown below in Pigure 1.
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" Figure 1. BLOCK DIAGRAM OF RECEIVER
PORTION - OF RESDEL S-BAND
TRANSPONDER
The input S-Band signal (at frequency Wo) is passed through a band-
pass R-F filter, and then heterodyned with an X108 version of the VCO
output {(at frequency W,)-. The mixer output is passéd thfough a lst.
i-f amplifier (gain = 75 db, center frequency ¥ 47 Mc) to ‘the second

mixer. The lst i-F is heterodyned to a 2nd i-F of approximately 9.5 Me.
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in the second ﬁixer; the heterodyning signal is an X3 version of the

VCO output. The output of the second mixer is passed through a

2nd i-F amplifier (bandwidth = 120 Kc¢) and phase-detected with a Xl/é
version of the VCO ocutput. The VCO control-volﬁage consists of the
phase-detector output as filtered by the loop filter.

The receiver also contains an automatic-acquisition circuit (not
shown in Figure I), which sweeps the VCO frequency until the phase-
lock loop locks on. ‘

The presen£ configuration of the transponder obtains éain control
by employing a hard limiter (which limits on thermal noise alone) in

" the Znd i-F bandwidth filter.

I1T. Noise~Interference Considerations

As shown in Reference 1, the relationship between input and output
signal/noise ratios for a bandpass limiter fed by a sinusoidal signal

and Gaussian noise, is
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vwhere 8 signal powex

N = noise power
In equation (1), the 1ower.iimit on the raﬁio is for S/N in <&l
while the upper limit is for]%/ﬁ].in el
Furthermore, as shown on p.288 of reference 2, the output power from

a bandpass limiter is constant® . Consequently,
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Combining equations (1) and (2) shows that, for small.input S/N (the

case usually of interest), the output signal power will be

. ;‘ ) ‘_.\
Sy (2
D ..

e I+ i——(w——*\f\
7 2

i =

This variaéion of siénal power will cause a change {proportional
‘to Sout) in the gain gf a phase-locked loop which follows_the limiter.

This effect is not generally detrimental, ‘and may sometimes be
helpful (c.f. Reference 3).

In conclusion, when the input to a bandpass limiter is a sinusiodal
signal and Gaussian noise, the limiter introdqces an esgentially insig-
_nificant ( 1db maximum) degradation -of ;ignallnoisé ratio; afd causes a
senerally non~detrimental change in the gain of‘é phase—lécked—loop

subsequent to the limiter.

o
w

A hard-limiter, without ény filtering following the limiter will ob-
viously have a constant, total-power output. Howeyer,'itzﬁﬁst be

proved that z limiter followed bf.a narrowband filégr; will deliver con-
stant total power. The proof of this only holds if the limiter is also

preceded by a narrowband filter, similar to the output filter.



IV. Analysis of the Response of a Bandpass Limiter to an Input of

2 Sine Waves:

As shoﬁn in the preceding section, a bandpass iimiter-provides a
satisfactory method of gain-control When-the only interference to a
sinusoidal signal is that generated by Gaussian noisg. ’

However, in the application of the Resdel transpoﬁder, another
potential source of interference is an additional sine wave., Conse-
quently, in this section we will consider the response of-a béndpass
iimiter to an input of two sine waves,

Consider the following input to a bandpass limite

V) = ot © g cnll )
- W . . )

where both a and b lie within the bandwidth of the filter preceding
the limiter.

It may be shown that the output of the bandpass limiter contains

P » vt AL

LA halel . A SR S Y

the following frequencies
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A 3
AN oA B ¥

and whére n can have any positive or negative value such that Wn lieé
within the bandwidth of the filter following the limiter.

The amplitudes of the various frequency éerms, for general values
of<?, are given in terms of hﬁpergeomatric functions and must be €alcu-
lated bf series expansions. However, some special'cases'of the result:
can be calculatéd with relative ease, and two of these cases will now

be presented to illustrate the general results.



Case X: Equal-Amplitude lnpurs

In this case, = 1 in equation (4), yielding
: ;‘\ . e T £ “
(_t; = 4 ',.-—- {’; ’x "s - {? ALY K*:"
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The amplitude spectrum of the input consequently looks like
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Figure 2: AMPLITUDE SPECTRUM OF LIMITER INPUT FOR
EQUAL-AMPLITUDE SINUSOIDAL INPUTS

where we have defined A=D1 - a
" and where the areas of the delta-functions in frequency are represented
by their amplitude (this convention will be followed in the reméinder of
this report).‘
In appendix I, it is shown that the spectrum of the output of a
bandpass limiter, fed by the input shown in Figure 2, may be representéd

(normalized to a unity maximum) as in Figure 3.
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-Figure 3: AMPLITUDE SPECTRUM OF LIMITER OUTPUT FOR EQUAL~-AMPLITU
SINUSOIDAL INPUTS
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As seen in Figure 3 above, and described in equation (Al2) of

appendix A, the output frequencies at Wn = a-- nA and JLn =b + nd

have amplitudes equal to -1 times the amplitude of the terms at
. : Zn +1
W= a, and W = b, )

Case 1I: Inputs Having a Large Amplitude Ratio

In this case

X
glenim.

cesGT

a

me CC") = Cooa{ ¥

"

e,

where

ﬁ 2 e <} (7
Equation (7) is satisfied by B 2 <€ o.l ( i.e., the sure wave at radiar-l‘
frequency, a, is_ 10 db or more greater than the sine wave ‘at radian

frequency, 6). The asmplitude spectrum of the input consequently looks'like

N
- fi‘_i____...___..;_.._._.____ ’ T
Y ./t::f\ . _ .
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Figure 4: AMPLITUDE SPECTRUM OF LIMITER INFPUT FOR SINUSOIDAL-
INPUTS BAVING A LARGE AMPLITUDE - RATIO

vhere we have again defined f4-
The corresponding amplitude spectrum of the limiter output is de- -
" rived in appendix TII, and is plotted (normalized to a uniftv maximum)

in Figure 5,:
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Figure 5: AMPLITUDE SPECTIRUM OF LIMITER OQUTPUT FOR SINUSOIDAL .
INPUTS HAVING A LARGE AMPLITUDE-RATIO
It is shown in Appendix II, that in general, there are output
frequencies at W =a, and W_=a -~ nA = = 1; 2, and W =a+md m= 1,2
n . m

with the amplitudes of these terms respectively given by (cF. equations

Bl0 and Bll in appendix II) I R - PR
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Note from Figure 5 and equations (8)‘ané (é),'&hat the Kth. side-
band about the strong input (i.e., the input signal at W = a) falls off
withg k.

Also note that, while the output spectrum is roughiy'symmetric about
W = a, the sideband at W = a + KA, is generally weaker than the corres-
ponding sideband at W = a - KA ; this indicates that the centroid of the

output spectrum has a2 slight bias away from the frequency of the weaker

input-signal.



V. DISCUSSION -OF THE EFFECTS OF SINUSOIDAL INTERFERENCE ON THE RESDEL
TRANSPONDZR= IF A BANDPASS LIMITER IS EMPLOYED: '

In the previous section, we have seen that, if the input to a band-
pass limiter consists of 2 sine waves, ét radian frequencieé, respectively
of W =a and W = b, then the limiter output will contaiﬁ-frequencies ag
Wn = a+ nfp wheren=0, 1, 2, A=b - a, subject only to the restuiction
that the output will contain no W terms lying outside of the bandwidth
of the limiter-output filter.

The magnitude of these terms afe, in-general, a complicated function
of the order of the sideband and tﬂe ratio of the amplitudes of the input
sine-waves. TFor specialized values of this input amplitude—ratio,
results have been derived and presented in the previous section.

The significance of this, in a transpondgr ;sing aibandpass limiter,

is not serious, provided that the transponder phase-locked loop has locked

ento the desired signal. Once lock-on has been achieved, there is little
probability that a radian-frequency interfering_sinenwave will be éo
close in frequency to the desiréd signal, that the frequency-difference
between the 7 input sine-waves will be within the very sma?i bandwidth

of the phase-locked loop. OCbviously, if the original interfering signal
lies outside the bandwidth of the phase-locked lobﬁ, tﬁe sidebands gen-
er;ted by the limiter will fall even farther outside of thg bandwidth

of the phase-locked loop, and will cause no problem.

However, a potential problem does-ex£st in'a transponder, such a;
the Resdel S~band unit, which contains an avtomatic acquisition circuit.
The problem ig that the limiter-induced sidebands may increase thg prob-
ability of false lock-on from the probabiiity that existed without the

limiter.



However, in appendix C it is shown that the increase in false locl
on probability is not very great. The results are summarized in the

next section.

VI. SUMMARY OF THE.INCﬁEASE IN PALSE LOCK-ON PROBABILITY GAUSED BY TEE
LIMITER.

In section IV of appendix € it is shown that, assuming
1} The signal-frequency, the interference-frequency, and
the receiver-center-frequency-at-the-start~of-the-sweep,

are equally likely to be anywhere within the acquisition

bandwidth, W.

2) There is sufficient signal/noise ratio on the limiter-induced
sidebands, to allow loop acquisition to these sidebands

(the criteria for this requirement will be given subse-

quently)

-then the ratio of probabilities of false lock-ons, with and without

the limiter is .
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Wﬂere "B, = 2nd IF band{aii!dt_:h'

. W = range of -sweep acquisition circuit

This increase of false lock-on probability will only occur if there
is sufficient signal[noiéé‘ratiou In sectibn“III of appendix C it is shown
that the requirements on signél]noise ratio necessary for (11) to be valid-

are:;

(10)


http:likely.to

either:

5:{ > 1 (12)
{ﬁ in

or

(13)
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signal/noise power ratio in Znd IF .passband before limit

power of idnterfering sinusoid .
power of desired sinusoid AT

wmit! =Z|w
| VR
&
1l

O.ig_[‘%] rF < 1.0 (14)
then the required §/N in is somewhere ‘between the values given in (12)
and le), but the exact value of the required /N in is exceedingly
difficult to compensate.

In conclusion, since B is always less éhan W; équation (11) shows
that the increase of false lock-ons caused by the limiter is 50%. If
the original probability of false lock-on was 10;3, the increase of this
probability to 1.5 X 10-3. should be a matter of no gregt concern., Further-
more, when it is realized that the interference-power considerations of
equations (12) and (13) further restrict the increase éf limiter induceé
false lock-ons, by imposing constraints on the power for effeetive inter-~

ference it appears that use of a limiter introduces an essentially in-

significant degradation of system performance.

(11)



" APPENDTX T

RESPONSE OF A BANDPASS LIMITER TO AN INPUT OF
TWO EQUAL-AMPLITUDE SINE WAVES

Get the iInput to the limiter

Vin () = cos at + cos bt (ALl
Expanding (1) ylelds -
/ U«\ ,‘, \j g L\ i’ﬁ e [ e e

/ ” J R ;:,m =LA Lo {2220 T

H
[

Where we have defined

D = Q{-a (A3)

For an "ideal" limiter (i.e., a limiter whose output is either &
volt), the output voltage is determined by the polérity of the input

voltage. Consequently, the unfiltéred output of the limiter is
Vour (B) =EIN (tﬂ SQ.WV. (A%)
where the notation "$Q.WV." implies that the function is made into a

unit-amplitude square wave having the same zero crossings as the origina.

function.

Usine (A2) in (A4) yields
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" (a5)

Now note that the limited versiom of a product, is equal to the-

product of each of the limited versions, Consequently, (A5) can be written

as:

—f-
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(46)
It is now possible to express (A6) as the product of two Fourier-
series expadsions. In general, if
X(t) = EOSO‘-E} SQ.WV (A?)
then, the Fourier expansion of X(t) is
v e )
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‘Consequently,_using (AS) in {AG) we obtain:
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For the bandpass limiter we are only interested in those terms cen-
tered around frequenéy, a (as contrasted with those terms centered around
2a, 3a, etc.). Therefore, the bandpass limiter output is obtained by

letting p = o in (A9) above, yielding
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iow note that,

here the last equality has made use of the fact that b = a + Al

Substituting (ALL) into (AlD) yields the final expression for the outpub

-
-

f a bandpass limiter, having an input of rwo equal-amplitude sine waves

ane o A

e
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APPENDIX II
RESPONSE OF A BANDPASS LIMITER TO AN INPUT OF TWO SINE WAVES
HAVING A LARGE AMPLITUDE RATIO

Let the input to the limiter be

VIN {t) = cos at +'?°°S bt -(Bl)

—

where .
&3) << |
) (32)

Equation (B2) will be satisfied iflgfé 0.1 {(i.e., the two sine
wvaves have a power ratio of 10 db or more) . All subsequent approximations
will invelve ignoring terms of magnitude.;;2 relative to terms of unit
magnitude.

Davenport & Root (reference 2, p-288) have shown thgt the normalized
output of a bandpass limiter is obtained by dividing the input by the in-
stantaneous amplitude of the input. .Consequently, the:n;rmaiized output

cf the bandpass llmlter is
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The demominator of (B3) can be expressed as’
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where we have defined A=Db - a.

Irs



Substituting (B4) into (B3), and ignoring terms in]§2 relative to

1, yields
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and where the approximation in the second equality of (B7) has ignored

terms inQ 2 relative to 1.

Substituting (B7) into (B5) yields, (after expansion of the products
2 relatlve to 1) =

of cosine terms, and deletion of terms ing
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The above results can be generalized to state:

a -An , is

1. Amplitude of sideband at frequency

] C«': E,
: =t N (B10),

oy .

2. Amplitude of sideband at frequency = a +An , is
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(B11)

where the , are defined by (B8), and where the last equality of (B1ll)

has made use of the relationship expressed by (B8).



Evaluation of the first few terms is accomplished by using (B8)

to calculate=

ey = 172
o< g = 38

= 15/48
A3 (B12)

Substituting (BlZ) into (B9) yields the output of the bandpass limiter:
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APPENDIX III1

PROBABILITY OF FALSE LOCK-ON WITH AND WITHOUT A BANDPASS LIMITER

As described in Section II of the text, the Resdel transponder has
an automatic-acquisition ecircuit that sweeps the VéO ffequency (=Wv) until
a sinusoidal input signal is heterodyned to a 2nd i-F frequency of WV/Z,
at which time the phase-locked loop locks on to the signal.

The purpose of this appendix is to consider the probability of
locking on to an undesired sinusoid, when the input to the transponde:
consists of an interfering sginuscoid as well as the desired signal.

We will consider a number of different possible cases for different
relationships of:

1) The A-F frequency of the desired signal =Wy

2) The A-F frequency of the interfering signal = WI

3) The A-F frequency te which the tfgnspondef is tuned, prior
to the start of the acquisition cycle:; = W,

We will then assume probability distributioné for these functionms,
and determine the increase in probability of false lock-on resulting from
the use of a bandpass limiter (as contrasted with a non-ligiting system) .

Besides the definitions of frequency listed above, the following

additional definitions will be employed:

E = (W0 )
A = CWSHWI)
W = frequency range of acquisition search
B = bandwidth of 2Znd IF (where limiter may be present)
I. Case I: Transponder Center Frequency Closer to Tnterference that to Signal -

This situvation may be pictured as
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where this (and all subsequent charts) show the relative configurations
of the sweep range (=W), the 2Znd i-F bandpass (width = B, centered at
Wo), and the interference and signal frequencies (WI and WS).

Although there are other possible picutres for this case.(e.g. with
B encompassing Wy, even though WO-4WI), thére is-a fundameﬁtal result
that pertains in thig case, in the absence of a limiter:

The transponder will always acquiré the interfering signal, rat...

than the desired signal.

This result is obvious from inspection of Figure Cl. ' As the re-
ceiver center-frequency (iwo) sweeps {in an assumed continuoﬁs fash;onl
the first signal it will enocunter will be the interference ag Wy, and
the transponder phase-lock-loop will lock omn.

Nov consider what will happen with a limiter. As discu;sed in
Section IV of the tést, there will be sidebands generated about Wy a
intervals of every & cycles (A = WS'- WI). Consequeﬂtly, the transponder
may lock on to one of these sidebands, depending on the relative position
of W, and WI. However, with & bandpass limiter =

The transponder will lock on to either the interfering signal,

or a sidegand of the interfering signal, rather than the desired

signal.

Conseduently, for this case, the probability of false lock-on is

unitv. regardless of whether a limiter is used

o



\ITI. Case II Transponder Center Frequency Closer to Signal than to Interference

Subecase A: Interference Initially Outside 2pnd IF Passband

The situation may be pictured as -
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If no limiter is employed, the trahsponder’will lock to the desired
signal. This is obvious since.a continuous sweep will first encounter
WS, rather than Wy. - |

If a limicer is employed, there will be sidebands about the signal
.at every rad/sec., In particular, there will be a'siéeband at 0&5—&).

At this point in the discussion, we will aséume.that the sideband
at (WS ~b5) has sufficient amplitude to permitrtranspﬁnder lock-on. Sub-
sequently, we will investigate the criteria necessary Lo validate this
assumption.

We will also ignore the possibility of the transponder locking on
to a different sideband (e.g., one at WS—ZA ). The ;hénce'for this
happening is smaller.than the chance to capture the sidebénd at (Wg~A):
a sideband at W -2A will have less amplitude, and ipg capture imposes
‘more severe restrictions on the relationship between W, Wo,rB and 4 ,
as can be seen by extending the subsequent argument:. The important point
is that, even if the transponder does lock on to a &iffgrent sideband
(e.é., at Wg - 24 ), it will still be a false lock-on.

Put succintly: 1) the transponder will ﬂot lock-on to a sideband

different from (WS-AD unless it is also capable of locking on to the

tie)



sideband at (WS—A‘) is the probability of false lock-on.
Referring again to Figure C2, it is seen that no limiter-generated
sideband will be available until the VCO has'éwept Figure C2 into the

configuration of Figure C3, below:

f

i T AR L U ."g;i .
i 5 ' Y |
i‘ I L i S B (‘:3 ‘”"q} !

oo T T s i
§ I ' t 4—/:-,-5,[“ i L
1 | ede !i l '
i I B || -
% " ’ /f/ f/- 9—’, i“’rr—

8 D - o
9 WA Ly —¥ -
(& 0f <S5 o

opecifically, both W, and W; must be encompassed by B to generate
sidebands in éhe limiting process. Once this happens, Figure C3 shows
that, if

; B
2A L
=z (c1)

then the sideband a;_(Wé—Al) will be picked up by the loop (centered at '
Wo)’ and a false lock-on effected. (note that we have'conserﬁativel§
assumed a zero probability of.the loop pull-in mechanisum apposing the
sweep and pulling B fo the left in order to pick up Oﬂsjﬂ ) first pops
up closer to Wy (but in the left of ﬁo) then is W,. This conservatism
is warranted because of the narrow pull-in range-of the loop especially
when fighting the push-to-the-right of the sweep circuit.)

Therefore, in this subcase, equation (Cl) chows that the limiter will

cause false lock-on if

A€ B/
(c2)

whereas, without the limiter, no false lock-on would be effected.

ur?



Subcase B: Interference Initially Inside Znd IF Passband

This situation may be pictured as
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It is seen that, for this subecase, not only must the condition for
the previous subcase (&:é.bla) be satisfied to cauée false lock-on, but
also ‘

E>A (€3)
for false lock-on to occur.
I1IL. Amplitude Considerations
It is now necessary to consider what amplitudes are required in

order for the false lock-on situations deseribed above to actually occur.

We define A

I

signal amplitude at limiter input

I = interference amplitude at limiter 'input

Referring to Figures 3 and 5 in the text, we then see that, at the

limiter output

,-_“nn“w
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It is to be ﬁoted, however, that the resilgs in equaFion (C4)
pertain to the noise-free case. Analysis of the ;ésé; inclusing noise,
in qui&e involved, However, according to work done %y I: 5. reed at
the Rand Corporation, it appears that the sideband magnitudes for the
case with noise, are essentially the same as the ﬁagnitudés in the noise-

free case, provided that the signal/noise ratio in the limiter passband

is greater than unity. (If the signal/noise ratio is less than unity,

the sideband ﬁagnitudes apparently fall off extremely rapidly with the
noise/signal ratio).

Consequently, we will assume that.th; signal/ﬁéise ratio in the
.1imiter passbana is greater than unity, and employ_éc4) to obtain the

magnitude of the desired sideband. Since Reed has also shown that, under

the assumed ligh signal/noise condition, the signal/noise ratio for the

original input frequencies {one of which has to be the strongest output

term in C4), is preserved, in the limiter, we obtain from C4:
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bandwidth of bandpass limiter

Wherxe B
IF

B ona-sided looo noise bandwidth

L -
[ﬁ}l = signal/noise power ratio in one-sided loop bandwidth
N _loop :

(X} = }power of stromgest signal
(M) in noise power in BIF BEFORE LIMITING

> 1

A conservative figure for acquisition of a phase-locked loop is

S
[ﬁ] loop A lo (C6)

Therefore, conbining (C5) and (C6) we see that acquisition to the side-

band at W ="a - A can be effected if
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The results in (C7) are predicated on the assumption that:

1) The signal/noise power ratio in the i-F passband, before
limiting, is »1 for the stronger of the two sinusiodal
inputs.,

2) %2{.;0.1

Fiﬂally, if we make the almost always valid assumption that

BIF > 100

5

then (C7) shows that lock-on to the sideband at W = a -A can be effected

under the simple conditions that

1) {; > 1
N} in

? B

or
38| ».6:4
Njin {;}
S} RF
4y TJV < 0.1 .
5| rE . (C8)
where J = Ybower of interfering sinusoid] .
S} RF \?ower of desired sinusoid | AT
R¥

IV. Probability Considerations

We will now calculate the probability of a false lock-on, assuming
that : 1) The receiver center-frequency (=W ) prior to lock-on
.0
2} The frequency (sz) of the interfering sinusoid.

3) The frequency (=Wg) of the desired sinusoid.

have equal and' independent probabilities of lying any where in the sweep
range W , and that the limiter sideband at W = a -A has sufficient amp-

litude_(Gﬁ section IXI of this appendix) to permit loop lock-on if the

-5



loop is centered at W = a - &
Without a limiter the probability of false lock-on is obviously
P/F = 1/2 (c9)
Since there is equal probahility that the looP’will first encounter eithe?
the signal or the interference.
With a limiter, the probabildity will be 1/2, plus the probability
of the false lock-on conditions of case Ii (in this appendix) occuring.

The probability of limiter-induced false lock-on for subcase IIA

is, from equation (C2) =

- ,
:h__ A werra et - O
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The first term of (Cl0) represents the configuration of Figure CZ, where

the receiver is sweeping from left ro right , to pick up_Ws. The second

term of (Cl0) represents the minor image of Figure €2, where the receiver

is sweeping from right to left to pickup W, (and where Ws W ). The

I

internal arguments of the probabilities of (C10) represent the respective

requirements of that =1) Equation C2 be satisfied, and that

2) the interference be initially.outside the Znd

IF passband.

Since all functions are uniformly distributed, the two terms in

{Cl0) are equal and we can write

—iG—
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where the last equality has made use of the fact that the probability

of W, and WI are independent, regardless of where W, happens to be,

The probability density function of - = ft*} - { / B
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where W, and-w2 are any of the independent variables we.have mentioned
all having density functions.

-

RS C e e e e
"f\‘:;-\ - I (} . " 3 — \”

3 -
Svwnt x \ — o e et o et o) . ._C_.... ’;:_-':_.; ___A- -‘.‘.\)
L . B —
( G } N S
. e ‘ "‘. i
R S . S —

-1 —

can be shown



b e i e

Consequently:
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Consequently; from (C1l2) through (Cl4)

Similarly,
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Now consider case IIB

kY

Examination of Figure €3 shows that the
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false lock-on probability of this case is (including a factor of 2 for
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Consequently, from (Cl13), (Cl4), and (ClS) we obta;n
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Combining (C15) and (C16) we obtain the extra probability of false

lock-on induced by the limiter
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-Finally, noting, that without the limiter, we already had a 50% prob-

ability of false lock-on, we f£ind the ratio of false lockon with and

without a limiter to be
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