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ABSTRACT

NAVPAC (Navigation Package) is a space—qualified receiver
• instrument designed and developed by APL for the Defense Mapping

Agency. The use of NAVPAC represents the first application of the
Navy Navigation Satellite System to reconstruct accurately the or-
bit of another space vehicle. It also represents the first system
for automatically providing a precise time—annotation capability

- for an event that occurs on a spacecraft.

• NAVPAC contains three dual—channel receivers to acquire and
track signals automatically from as many as three Navy Navigation
Satellites that are in view simultaneously. To help meet the pro-
gram goals, NAVPAC also includes a three—axis miniature electro-
static accelerometer. The goals of NAVPAC include accurately re—
constructing a host—vehicle orbit , providing atmospheric density
information, and improving the gravity field model.
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1. INTROD UCTION

The Navigation Package (NAVPAC) is a space—qualified receiver
L instrument designed and developed by the Applied Physics Laboratory

(APL) for the Defense Mapping Agency (DMA) . NAVPAC contains three
dual—channel receivers to acquire and track signals automatically
from as many as three Navy Navigation Satellites that are simulta-
neously in view. The goals of NAVPAC include accurately reconstruct—
ing a hi-st--vehicle (HV) orbit , providing atmospheric—density infor—
mation , and improving the gravity—field model. To help meet the
program goals, NAVPAC includes a three—axis miniature electrostatic
accelerometer (MESA) developed by the Bell Aerospace Corporation to
sense all nongravitational accelerations of the space vehicle.

The NAVPAC data system collects and temporarily stores all
instrument data In a buffer prior to storage on a tape recorder.
A f t e r  several blocks of data have been stored on the tape recorder ,
the data are transmitted to a ground station via a host—vehicle
data link . All data will be used at the Naval Surface Weapons Cen-
ter (NSWC), Dahi gren , Virginia, to reconstruct the orbit of the
host vehicle and refine the gravity field model of the earth. The
Air Force Geophysics Laboratory will use the MESA data for atmo-
spheric density studies.

NAVPAC can bt~ commanded into several configurations from
oscillator—only on to al l—systems on. In addition , the buffer
storage allocated to the various data types can be modified by com-
mand , allowing maximum flexibility if power constraints are imposed
during the mission , or if part of NAVPAC fails.

— 15 —
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2. FUNCTIONAL DESCRiPTION

NAVPAC (Fi g. 1) consists of two sensing systems (the multi—
satellite receiver and the accelerometer) and associated control
and data processing hardware. The subject matter of this report
is limited to the equipment developed by APL and therefore excludes
MESA , which is mounted remotely from the receiver/data system and
is connected by an externally routed cable.

— To meet program goals, the system was designed with the
following characteristics:

1. The antenna must be capable of receiving 400—MHz signals
with left—hand or right—hand circular polarization , and
150—MHz signals with left—hand circular polarizatIon.

2. The receiver must be capable of acquiring and tracking
signal sets from as many as three Navy Naviga tion
Satell i tes (NAVSAT) s imultaneously.

3. The data system must collect , time annotate , and buffer
all data prior to data storage by tape recorder.

4. The data system must provide time annotation of the
occurrence of external (to NAVPAC) event signals.

5. A power conditioning unit (DC/DC converter) must convert
the raw power from the space vehicle to the various
voltages required by the receiver/data system.

The antenna is launched in a stowed position and is deployed
ver t ica l ly  b y a mechanism provided by a host vehicle.  The antenna
system consists of a 400—MHz dipole and a left—hand circularly po-
larized quadr ifilar helix for 150—MHz reception , both mounted on a
common boom . Th~ 400—MHz dipole allows reception of the left— and
right—hand circularly polarized signals transmitted by the various
NAVSATs in orbit.

The multisatellite receiver consists of a frequency synthe—
sizer , three dual—channel (i.e., two—frequency) phase—locked track-
ing loops (DTL) with associated control logic , and two RF sections.
Each RF section contains a narrowband preselection filter , pream—
pl ifier , and IF amplifier. The system requirements of the receiver
include:
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1. Automatic acquisition and tracking of NAVSAT signals
without “pass alert” information (i.e., predictions of
when a NAVSAT will be in view, as a function of time);

2. Automatic reacquisition of the signal being tracked
after a signal fade (e.g., due to an antenna null);

3. Rejection of signals that do not have NAVSAT—type
modulation ;

4. Acquisition and tracking of signals whose Doppler charac-
teristics (i.e., frequency rate—of—change and total fre-
quency rise—to—set excursion) are approximately twice
that observed by a fixed ground station;

5. Acquisition and tracking of signals at elevations down
to —10°, relative to the horizon plane of the host
vehicle; and

6. Prevention of any two DTL units from tracking the same
NAVSAT .

7. Output  signals representing

a. uncorrected Doppler frequency referred to 400 MHz,

b. ionospheric refraction information referred to
400 MHz (a difference frequency derived from the
400—MH z and 150—MH z s ignals) ,  and

c. demodulated NAVSAT signals from which the NAVSAT
two—minute time marks (TMTM ) and satellite identi-
fication (ID) can be obtained. The NAVSAT time
marks allow calibration of the data system time
code generator (TCG) and are also required for solu-
tion of the navigation computations performed by
NSWC .

The data processing unit (DPU) controls all data collection
and movement in NAVPAC . At the heart of the DPU is the central
processing unit (CPU), which accepts digitized data from various
subsystems of the DPU . The function of the CPU is to create several
special data files of different types of data in a temporary buffer .
When the buffer is full , its contents are automatically transferred
to a tape recorder that can hold many buffer dumps. Much later , the
tape recorder contents can be transmitted to a ground station. A
tape recorder bypass mode also exists to allow data transfer directly
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from the buffer to the ground station in the event that the record—
er fails. The CPU accepts data from the TCG (a counter driven by
an ultrastable 5—MHz oscillator to create a precision time annota-
tion mechanism), the MESA, the Doppler and refraction counters for
the three DTL units, the NAVSAT TMTM and ID—recovery electronics,
and the engineering and diagnostic telemetry electronics.

The DC/DC converter converts the host—vehicle unregulated
power bus into the various voltages needed by the receiver and data
systems. A switching—down regulator is used to preregulate the bus
into a Jensen converter. A switching regulator was chosen for its
Inherent high efficiency, an item of prime importance. The convert-
er is sized for maximum efficiency at the normal expected load.

I
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3. PHYSICA L DESCRIPTION

WEIGHT , VOLUME , AND POWER

Weight and volume were not limiting factors in the initial
NAVPAC design, but schedule was; therefore, the system was packaged
in the most expedient (not necessarily the smallest or minimum—
weight) configuration. Packages for the multisatellite receiver,
the data system, and associated electronic modules are mounted on
a 28 in. x 46 in. baseplate (Fig. 2) with a maximum height of 10 in.
The panel assembly weighs approximately 134 lb. The antenna enve-
lope is a cylinder, 8.5 in. in diameter and 64 in. long (Fig. 3).
This assembly weighs 4.5 lb , not including the deployment mechanism.

The NAVPAC electronics requires 16 W from a +28—VDC bus. To
minimize power consumption , extensive use was made of COSMOS* devices
for the logic design in the data system and the receiver control
electronics.

ELECTRONIC PACKAGING TECHNIQUES

In ordtr to reduce design time and costs, several fabrica-
tion and packaging techniques were used for NAVPAC that were a major
departure from “typical” spaceflight—hardware techniques. These
techniques included : (a) use of dual in—line integrated circuits
mounted on plug—in boards with point—to—point back plane wirewrap
interconnects and (b) use of extruded aluminum boxes for enclosures
for most of the electronics. Standard printed circuit construction
techniques were used for items such as the frequency synthesizer,
all RF assemblies, and the DC/DC converter.

WEIGHT AND VOLUME REDUCTION POSSIBILITIES

Reduction of the weight and volume of the NAVPAC electronics
has been considered. Except for items such as the dual oscillator,
the DC/DC converter , the antenna, and preselect filters, it is be-
lieved that the package volume could be reduced to perhaps 50% or
even 25% of the volume that the electronics now represent. Because
the chassis represents a large percentage of the weight of each
module , the package weight would tend to decrease linearly with :
volume.

* RCA trade name for complementary ~ynunetrical metal oxide semi—
conductor.
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Fig. 2 NAVPAC Data System and its Associated Electro nics
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Fig. 3 NAVPAC Antenna, Showing the 150 -MHz Quadrifilar Helix
and the 400-MHz Vertical Dipole
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4. TESTING

SUBSYSTEM TESTING

Before the individual pieces of the multisatellite receiver ,
the data processing unit , the oscillator , the power—conditioning
unit , and the relay package were integrated on the flight panel ,
they were subjected to tests of three—axis random vibration and
temperature and input—voltage stress. The oscillator and power
conditioning unit were tested in a thermal—vacuum chamber because
of their particular design characteristics, but the other components
were tested in temperature chambers.

SYSTEM TESTING BEFORE SHIPMENT TO THE FIELD

The components of the NAVPAC were integrated onto the panel
serially. After the initial checkout of the panel wiring harness,
the power—conditioning unit was installed and powered. The relay
package was then installed and the power—distribution wiring was
confirmed. The multisatellite receiver, oscillator , and DPU were
then installed and power applied to begin the initial complete test
at the system level.

System testing of NAVPAC was segmented into a group of indi-
vidual specialized tests that included tests of receiver acquisition
and drop—lock , navigation message and time—recovery , DPU files, TCG,
telemetry, oscillator stability, and so on. (The individual test
sequences became the basis for tests performed at the host—vehicle
integration contractor (HVIC) facilities.) Conducting the tests
and processing and recording the data were semiautomated by a dedi-
cated minicomputer that typed test instructions to the test conduc-
tor and then processed and displayed the resultant data in accor-
dance with the preplanned test sequences.

After proper working of the system was assured , an antenna/
preamplifier assembly mounted on the roof of the test area was used
to collect the same type of Doppler data from NAVSATs as will occur
when NAVPAC is in orbit. The data were stored on a tape recorder
each time there was a data—processor buffer dump . The data were
then processed by NSWC. In order to gain experience with the qual-
ity of data that NAVPAC would produce, many hours of data of this
type were collected in each of the various NAVPAC modes.
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The MESA package was interfaced to NAVPAC to determine
whether there were any problems between the two devices. No such
problem was observed , and the interface test was successful.

The entire panel (minus MESA) was then installed in the APL
thermal/vacuum chamber and subjected to a series of hot—cold cycles
and soak periods. During those periods , NAVPAC was tested according
to the stanchird test sequences and additional satellite tracking
data were recorded , using the flight oscillator. (The previous
room—temperature tracking data were obtained using a laboratory
standard oscillator because the flight oscillator will not provide
a stable reference signal unless it is in a vacuum.)

After the thermal/vacuum test was completed , NAVPAC was taken
to an EMC test facility. There the program included testing of the
NAVPAC susceptibility to external radiation and susceptibility to
external interference conducted on the power and signal leads.
Also , tests were conducted to determine what interference the NAVPAC
emitted on power and signal lines and what interference it radiates.
These tests were performed in accordance with Mil—Std—826A . Except
for some additional satellite tracking tests and measurement of
mass properties , the EMC tests concluded the basic ‘ preship ” test
sequence and the unit was shipped to the facilities of the HVIC .

SYSTEM TESTING AT THE INTEGRATION CONTRACTOR

Testing at the HVIC facilities consisted of two basic se-
quences : an initial receiving and inspection (R & I) test (includ-
ing a pyrotechnic shock test for System 01) controlled and performed
by APL personnel , and the module test lab sequence during which
NAVPAC was interfaced to the local facilities and simulators pro-
vided by the HVIC.

During R & I the sequences originally performed at APL were
repeated and the data were compared with the results that were ob-
tained before shipment. Additional satellite tracking tests were
performed using an APL—supp lied antenna/preamplifier assembly
mounted on the roof of the test area. The pyrotechnic shock test
was performed and the initi.~il R & I test sequences were repeated .
Additional satellite tracking data were also collected . These data
were analyzed and the determination was made that the R & I test
sequences had been successfully completed .

An acoustic—environment test (instead of a mechanical—dis— 
A

placement vibratfnn te ’~r as was performed at APL) and a thermal!
vacuum test were performed in the module test laboratory. NAVPAC
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I
was successfully tested before and after the acoustic environment
test and was monitored during that test without any change In per-
formance. During the soak periods and hot—cold cycles of the ther-
mal/vacuum test that followed , NAVPAC was repeatedly tested using

I the basic sequences originally developed at APL. The successful
completion of the thermal/vacuum test completed the NAVPAC test
program.
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5. RESULTS, PERFORMANCE, AND FUTURE PLANS

Prior to shipment of System 01 from APL to the HVIC, exten-
sive NAVSAT tracking data were obtained using a fixed site antenna.
The data were recorded under a variety of conditions ranging from
room conditions while using a laboratory standard oscillator to
high— and low—temperature conditions during thermal—vacuum testing
while using the actual flight oscillator. The following results
were consistently obtained :

Clock calibration error <35 ~.is rms

Average filtered range noise 10 to 15 cm

Navigation consistency 1.7 to 3.5 m

Tables 1 and 2 summarize the processed results obtained by NSWC for
some of the data tapes made during the tracking tests. Figure 4 is
a plot of slant—range and in—track navigation errors for data tape
18. The average errors were 1.8 m slant range and 0.3 m along—track.
This was typical of all the data collected .

System 01, launched during the second quarter of CY 1977,
functioned flawlessly. In—orbit results processed by NSWC compared
well with the data obtained prior to launch.

Systems 02 and 03 have been delivered to the HVIC. System
integration and performance verification of System 04 is being com-
pleted at APL. The hardware for Systems 05 and 06 is in the pack-
age test and assembly phase. It is estimated that all work at APL
will be completed during the first quarter of 1978. There are no
current plans for fabricating additional systems.
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Table 1

Summary of NAVPAC Clock Calibration

NSWC /DL Root-Mean
Data Square of
Tape Number of Residuals

Number TMTM ’S (us)

2 442 23

2 140 15
(Rec 1 only)

7 165 33

8 267 28

12 89 25

15 135 33

16 148 34

18 341 31

Table 2
Summary of NAVPAC Data Evaluation

(normal tracking mode only)

Root—Weighted—SquareNSWC/DL Average of NavigationsData •~umber Filtered
Tape of Noise (in)

Number Passes (cm) Slant Range Along—Track

2 57 10.5 2.8 2.3

7 25 - 9.9 2.6 2.7

8 35 10.6 3.5 1.9

10 27 13.4 2.3 2 .5

12 9 14.9 2.4 2 .3

15 15 12.3 2.0 1.7

16 21 13.9 1.7 3 .2

18 40 12. 6 1.8 2 .6
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6. MULTISATELLITE RECEIVER

GENERAL DISCUSSION

The multisatellite receiver (Fig. 5) includes an ultrastable
rL-N-renL - L- oscillator , a frequency synthesizer , separate antennas
for I 5 O — ~I11z and 400—MHz reception , low insertion loss and narrow—
bandpass preselect filters used with low—noise preamp lifiers at
150 MI-Iz and 400 MHz, a high—channel (for 400—MHz signals) first
IF amp 1ifi-~r , a low—channel (for 150—Mhz signals) first IF amp li—
f i e r , a I’r i o r i t y  Ass ignment  and Frequency Coherency assembly ,  and
three dual—channel (i.e., two—frequency) phase—locked tracking
loops , eacli of wilich receives signals from the high— and low—chan-
nel first IF amp ’ifiers.

Because the receiver must receive signals from as many as
three NAVSATs that are s imu l t aneous ly  in view , no ACC is used in
the preamplifiers or first IF amplifiers. The combination of a
preamplifier , a first IF amplifier , and one—half of a sing le dual
tracking ioop (DTL) represents a basic double—heterodyne phase—locked
loop r e c eiv e r .  Each DTL Is c o n f i gured as a master/s lave in that the
channel assigned to 400—MHz tracks the full Doppler dynamics of the
received 400—MHz signal and generates a reference signal represent-
ing the effect of Doppler at 150 MHz for use by the 150—MHz channel.
The 400—M h z channe l  is called the  mas te r , and the 150—MH z channel 1:
the slave . Because of the master/slave Interactions , the low—fre-
quency channel of the DTL must only track the signal dynamics cause
by ionospheric effects.

Each DTL has independent search and acquisition logic. A
separate set of electronics monitors each DTL and p r e v e n t s  any two
OIL’s from tracking the same NAVSAT . The same electronics assigns
priority to the DTL units , as they acquir~ signal s, to determine
which OIL should begin a new Gearch pattern when two neg in tracking
the sane signal. Outputs from each DTL Include Doppler and refrac-
tion signals referred to 400 Mhz and the NAVSAT message data used
to re -o v I -r NAVSAT timing and identification data. These si gnals
are processed and stored by the data system as raw Dopp ler and re—
fraction information.

The high and low channels of ca -h DTL are desi gned to acquire
signals automatically it levels of approximately (but perhaps less
than) —138 dBm over the entire ±20—khz Doppler region , and they will
remain locked at levels of approximatel y (but perhaps less than)
—145 dBm over a 0° to +50°C temperature range and voltage variations
of ‘10% .
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The antenna consists of a 150—NIlz quadrifilar helix and a
400—MHz vertical dipole. The design fulfills the goal of providing
adequate gain for signals from all NAVSATs now in orbit.

Receiving signals from NAVSATs at 400 MHz presented some
difficulty because at that frequency, some of the NAVSATs radiate
opposite circular polarizations. After considering a design using
two oppositely polarized quadrifilar helixes, a linear antenna de-
sign was chosen . The linear antenna (a vertical dipole) offers
considerable simplicity over the two—helix design and yet provides
enough gain on the horizon to meet the design goal.

Since the NAVSATs radiate the same polarization at 150 MHz,
a single quadrifilar helix was used. As shown in Fig. 3, the 150—
MHz helix is mounted below the 400—MHz dipole. The antenna is a
structurally sound unit because of the fiberglass center—support
tube. The feed baluns and matching networks for both antennas are
mounted inside the center tube. The entire antenna fits inside an
8.2—in, diameter cylinder , 61.5 in. long.

Electrical Characteristics

The 150—MHz antenna provides a cardioid radiation pattern
as shown in Fig. 6. The antenna is a A/2, 3/8—turn left—hand circu-
lar volute that has a beamwidth of about 200°.

The 400—MHz antenna is a 3A/4 dipole fed off center to pro-
duce the pattern shown in Fig. 7. The beamwidth is about 70° and
the beam maximum is shifted 15° toward the long antenna element.
This shift is away from the vehicle. A third antenna element (a
choke) is positioned below the dipole elements to eliminate any
currents from the outside of the feed line. The “overhead” null at
0° does not represent any major system problem , but it does result
in momentary loss of signal during a high—elevation pass.

Feed Configuration

Figure 8 shows the feed configuration of the two antennas.
The 150—MHz helix is fed by a single folded balun having an extra
center tube that provides shielding for the 400—MHz coaxial feed.
The extensions from the two balun tubes in the 150—MHz feed region
provide the center conductor jumper and give the feed region symmetry.
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The 400—MHz coaxial feed continues inside the center tube
to the feed region. The center conductor of the coaxial feed is
connected to the upper feed cone and the lower cone is shorted to
the coaxial shield and center tube. The two disks shown in the
figure below the feed cones are also shorted to the center tube.

The quadrifilar helix is matched in its feed balun by the
use of a X/4 coaxial transformer. The matching of the dipole is
also done by a coaxial transformer located in the center tube that
feeds the dipole.

Mechanical Construction

The major mechanical problem in the antenna constri ct~ on
was that of providing good s t ruc tura l  support  over i ts fr ~~j 1 61—in.
length. The support is provided by a fiberglass center tube having
a 2—in , diameter and a 1/16—in , wall. The tube spans the entire
antenna length and houses the feed balun and cables. Support for
each of the 150—MHz helix elements is derived from the center tube
by four sets of struts. Each strut set CCikSjStS of four 1/8—in .
fiberglass tubes fastened to the center support tube by a collar.

The antenna elements are secured to the fiberglass tube after
the feed structure is positioned inside it. The 400—MHz antenna
elements are made from 0.003—in, shim brass formed into a tube and
positioned over the fiberglass center tube. Each element is then
connected to the feed cones and disks by eight screws. The 150—MHz
antenna elements (0.1—in, diameter beryllium copper tubing) are
soldered onto the balun extensions at the feed and are shorted to
a ring at the base of the antenna.

RF PRESELECTORS AND PREAMPLIFIERS

The dual— channel NAVPAC receivers receive Dopp ler navigation
signals at levels as low as —140 dBm . These low levels result in
a design requirement that the fror~t—end circuitry exhibit the low—
est practical noise figures while diso providing a high degree of
selectivity to prevent interference from a multitude of unwanted
signals. To accomplish these objectives , each of the t~o channels
incorporates a two—stage RF preamplif ier optimized for low noise
figure. This preamplifier is preceded by a three—section bardpass
fil ter exhibiting low loss and high selectivity. Together , these
dev ices provide a sys tem noise f igure of about 2.3 dB at 150 MHz
and 3.5 dB at 400 M H z .
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Each of the two preselection filters is a 0.Ol—dB Chebishev
design employing helical resonators. The basic electrical per—
forinance achieved with the filters is summarized in Table 3. The
150—MHz filters have TNC connectors and the 400—MHz filters have
SMA connectors. This choice of connectors was made to prevent
accidentally connecting a filter to the wrong antenna element.

Table 3
Typical Performance Summary of Preselection Filter

Parameter Low Channel High Channel

Center Frequency 150 MHz 400 MHz
Insertion loss 1.3 dB 1.3 dB

3—dB bandwidth 2.0 MHz 4.2 MHz
60—dB bandwidth 21.0 MHz 50.0 MHz
Stop—band rejection >70 dB >70 dB

Each preamplifier contains two cascaded common—emitter
stages with Input matching networks adjusted for minimum noise
figure. Schematics for these amplifiers are shown in Figs. 9 and
10. Typical amplifier performance is summarized in Table 4.

Table 4
Summary of Preamplifier Performance

Parameter Low Channel Hi gh Channel

Center Frequency 150 MHz 400 MHz
Gain 29 dB 23 dB

Noise figure 1.0 dB 2.2 dB

3—dB bandwidth 30 MHz 40 MHz

l—dB compression —7 dBm +4 dBm

Gain marg in 23 dB 16 dB
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The amplifiers are powered from the regulated +13—V bus and
draw about 10 mA each. Power ground is connected to the metal
chassis. The transistors are low—noise type 1(6007 devices and are
biased at approximately VCE = 10 V and ‘E 

= ~

In the 150—MHz amplifier (Fig. 9) the input matching network
(Cl , C2 , C3 , C4 , and Li) provides the optimum source impedance to
Qi for minimum noise figure. Since this is not a conjugate match ,
a high input VSWR results (less than 3:1). The interstage is con—
juga tely matched by L2 , C7 , C8 , and C9. The output is matched to
50 Il by L3 , Cl3 , Cl4 , and CiS , providing a low output VSWR of typ-
ically less than 1.4:1 (less than 2:1 over a 15—MHz bandwidth).
The l2l— [’~ shunt resistors in the collector circuits provide a high
degree of RF stability, limit the gain , and provide increased band—
width that reduces temperature sensitivity of the tuned circuits.
However , R9 also reduces the l—dB cornp’ression point. Chip capaci-
tors are used throughout for RF bypasses because their leadless
construction provides excellent low impedances at the operating
frequencies. Inductors are air—wound solenoids made with No. 18
tinned wire. An EMI filter is included in the power bus. Compo-
nents are mounted on an epoxy—glass PC board housed in a machined
aluminum enclosure. Input and c-Iitput connectors are SMA . Solder
terminals are provided for power and ground connections .

The circuit configuration for the 400—MHz amplifier (Fig.
10) is nearly identical to that of the 150—MHz amplifier. Input
matching circuit (C2, C3 , and L2) is adjusted for minimum noise
figure and provides an input VSWR of less than 3:1. Ql is conju—
gately matched to Q2 by C6 , C7 , and L3. The output matching cir-
cuit d O , Cli , and L4 conjugately match to a 50—~1 load . Since
d l  is adjustable , a very good match (less than 1.1:1 at 400 MHz
and less than 2:1 over a 15—MHz bandwidth) can be achieved. In-
ductor L2 is a straight section of No. 12 t inned wire, while L3
and [4 are one—half turn loops of No. 18 tinned wire. Construction ,
connector s, and enclosure are the same as f3r the 150—MH z amplifier.

Each amplitier is tested for stability by plac ing open— and
short—circuit terminations (at all phase ang les at the opera ting
freq uency) alternately at the input and output ports while monitor-
ing the other port with a spuctrum analyzer to ensure that no
oscillations occur.
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FIRST IF AMPLIFIERS

The first IF amplifiers (a portion of the NAVPAC RF nec—
tion) perform more functions than just IF gain. The units con-
tain the first mixers, and the output of each unit is split into
three signals having equal power for driving the DTL’s. Therefore,

J each has ~wo inputs (RF and local oscillator) and three identical
outputs with all ports specified to be 50 0. The overall net gain
of each unit is specified to be 52 dB. The units are designed to
have 1% bandpasses. In normal operation the maximum rms noise
power out of either channel is approximately —37 dBm . The maximum
signal level expected out of either unit is approximately —20 dBm .
Each is designed to provide linear operation ( i .e . ,  power delivery
capability) to these levels plus some margin; each exhibits a l—dB
compression point of about —10 dBm . A block diagram applicable to
each is shown as Fig. 11.

Mixer Amplifier Power divider Output to

RF~~.*(~~~~~~~~
_..

~~~~~~~~~d sta9es

Local
oscillator

Fig. 11 Block Diagram of the First IF Amplifier

The mechanical design was made identical for both the high—
and low—channel first IF so that only one layout and one set of
chassis drawings would be required . The chassis construction is
simple. The pieces required to make the multicompartment box are
chemically milled out of 15—mu beryllium—copper. Copper corner
posts (with machined—through holes and slots for seating the beryl—
h uts—copper walls) are assembled on a holding jig, and the chassis
is soldered together using a hard solder . The chassis is then
silver—p lated and is ready to have the electronic components as-
sembled intu it.
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The e l e c t r i c a l  design began w i t h  s e l l - I t  ion of - i m i n i a t u r e
double-balanced low—noise mixer. The conversion Loss of the mixer
Is about 8 dB . A miniature three—way power divider (manufactured
by the same company that made the double—balanced low—noise mixer)
was chosen to provide the three equal outputs. The three—way power
split results in a 4.8— - to loss. If an insertion loss of 1 do to
the  powe r d i v i d e r  is assumed , then  the  t o t a l  loss In the  u n i t
(rounded off to the nearest decibel) is 14 dB. The required ainpli—
fi e r  ~ uin is at least 66 dO when ti-i c overall net pairs is specified
to he 52 dB .

The design proc1 cd e -d w i t h  the  ;i s sumpt ion  t h a t  it the rela-
t ive ly low frequencies at which these Ii ’s operate (i.e., 64 and 24
MHz) the required gain could be reali.~ e-d w i t h  three cascaded tuned
ucp lif ier stages. The 17 hand pass of the high channel is 640 kHz ,
and a simple 1 - il cui ltion shows tha t the bandwidth of each stage of

- i - 1-a ded t h r e e — s t a g e  t u n e d  a m p l i f i e r  must  he 1 .25 M H z  to provide
the overall bandwidth of u40 kfiz. Each I f  the tuned stages con-
sists of  a single—pole filter (simp le ta sk circuit) that is assumed
to be operating at an impedance level of 1 ku . Further calcula-
tions show that the required circuit va l-is s are 49 nfl in parallel
with l.~7 pF. The best approximation to ~9 nfl was provided by three
tI: r s ls of ~o . 21) copper wire on ~1 1/4—in . 1 .1). air core. A corre-
sponding calculation for tin - low channel resulted in a single—stage
bandwidth of 471 kfiz. The required circuit values were found to he
130 nfl in p i r - sl l e l with 538 pF . ‘[he hest approximation to the
130 nO was found to be provided by six turns of No. 20 copper wire
on a 1/4— is . I.D. air core.

The ~2 [l 7 transistor was original ly s e l e c t ~ - J  for use in the
f i r  t IF amp lifiers because it was being used in the second IF am—
p Ill iers (part of he dual—tr Ill -king lo op), thereby reducing the
n I-r Iller I) different types of devices used in ~ A V 1 ’ 4 C.  [however , it
proved to he unstable in the first IF amplifi e rs and its use was
-ibandoned . I h ~ 2N3339 was then used successi ully in the lOW-I ’ t l I f l h l e 1

un it , but it Iso proved to be unstable it ~ I I  M H z .  The 2N918 , -i

tower gain l i e - v L I I U , was s u b s t i t u t  s- [ i: rt I the high—channel tinit and
use d ~u c c e s s f - i l  i y .  A l t h o u g h  a l l  f l i g h t  u n i t s  s-crc fahr icatcd usin g
.~N 91O and 2N 3339  devices  as descr ibed , the JN~~l 8  cou ld  he used in
any f u t u r e  u n i t s  i f  th e -  2 N [ 3  l’-~ dev ices  shou ld  hc- -~~u I ’ u n a v a i l a b l e .

-v a l u a t i o n  of t h t -  eng 1n eer 1n~ mode l s  and t e st  [ I t a  f r o m  the
six sets of flight units have shown that the design parameters
have been realized within r*- i ;oisih le to erances. I nhypassed emir~
ter re-s 1s t ors were add ed to p rov ide  some degree of gain adjlls tmellt. a

This c-sin Idj u r ta t proved to be userul in t h e low—channel units;
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however, all of the high—channel units have just met the gain
specification with no negative feedback. A summary of the perfor-
mance param eters is given in Table 5.

I
I Table 5

Summary of First IF Amplifier Performance

Parameter High Channel Low Channel

( RF frequency 400 MHz 150 MHz

LO f r equency 336 M H z  126 NBz

1 LO input power +6 dBm +6 dBm

IF frequency 64 Z’iHz 24 MHz

Overall net gain 52 dB 52 dB

3—dB bandwidth  640 kHz 240 kHz

Outputs  3 equal—powe r 3 equal—power
outputs  outputs

1—dB compressions —10 dBm —10 dBni
(each out p u t )

Impedance 50 S~ 50 Q
(all ports)

Power—supply — 13 V —13 V
voltage

Power—supply 6.5 mA 6.5 mA
current

F 
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I

F 
— 4 1 —

I
- - ‘  .- .  -

~~~ 0 

~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~ I
- - 

- 
- 
i.,- ~~~~~~~~~~~~~ - - — - -



THE JOH N S  HOPISINS UNIVERSITY

APPLIED PHYSICS LABORATORY
LAUREL MAR y LA ND

FREQUENCY SYNTHESIZER

The frequency synthesizer is defined as that portion of the
NAVPAC electronics receiving i ts input signal from the 5—MHz ultra—
s tab le  osc i l l a to r  and supplying outputs that are reference fre—
quencies coherent wi th  the stable oscillator. Ihe block diagram

L (Fig. 12) i l lus t ra tes  how the c i r c u i t r y  was partitioned to facili-
tate packaging and fabrication.

The synthesizer is divided into four major modules . This
division balances the amoun t of e lect ronics  in each module and
minimizes the number of module in terconnect ions .  The modules and
their nomenclature are as follows :

Modul e Nomencla ture

1 12/18—MHz references

2 5/10—MHz buff ers and 61—MHz
references

3 126/336—MHz local oscillators

4 6/14/21—MHz generator

The first module has one input and six o u t p u t s.  They are
used in the DTL ’s as reference signals to the phase comparators
and consequently do not have ri gid requirements on their spectral
purity. However , a design goal was chosen such that harmonics are
about 40 dB below the center frequency. Desired performance is as
f o l L ’w s :

Input Outputs

6 11Hz ; —16 ±1 dBm 12 MHz ; 0 ±1 dBm

18 NI h’; 0 ~-l dBrn

The second module has three inputs: two from the 5—MH z
stable oscillator and one 21—MHz input from the f  I r t h  module. It
has six outputs: two ouffered 5—MH z o u t p u t s , one 10—MHz ou tpu t ,
and three identical 6!—Mfl.’ outputs . One of the 5— 11Hz o u t p u t s  is
used as a clock source in the DPI) while the other is a test  moni to r
to be made ava i l ab le  ar  the t e s t — i n t e r f a c e  connector. The 10—MHz
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5-MHz outputs

5-MHz i~~~~s MHz~~~~~~~~~y Hzk
~~~~

aY

61-MHz
-
‘ 

~~~~~~~~~~~~~ 

Lt:ii
~ <~~,

Frequency 
~~~synthesizer I Module 2

10-MHz ] 21-MHz

~~ X 3j .~_4 ÷2]

_ _  

~~~~~~~~~~~~~~~~~ 
~~[i~~~~~~

Dual b
gates __________________ 

6 M H z  
______________

filter
Frequency
synthesizer Module 4

/

I,
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61-M Hz
— references

rx : ~~~~ 16~~MHzj~~~~ X 2  ~~~ 336MHz high-

14 M Hz I ~
126-Ma] 126-MHz low

~< ~ buffer j~ channel LO

Frequency
synthesizer Module 3

12-MHz
references

~~~~~~3~~~~~~~~
MHz

3Eav
~~~~~~~

..2

I6 M H Z ~~~~~~~~~~~Frequency
synthesizer Module 1 

Fi g. 12 Block Diagram of the Frequency Synthesizer

— 43 —

I.
’

c-I

~~~rrI ’ ~~~~~~~~~~~ - . 
~~~~~~~~~~ ~~~ 

., 
_

_‘
~

_

*~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ — -



THE JOHNS HOPA(INS UNIVER SITY

APPLIED PHYSICS LABORATORY
LAUREL MARYLAN D

output is used as an input to another synthesizer module. The goals
for spectral purity stated for module 1 also apply to these outputs.
The 61—MHz outputs are used as an input to a mixer in each of the
DTL ’s fo r converting the Dopp ler measurement to baseband. Spectral
purity of this signal is important and every effort is made to hold
all harmonics to at least 40 dB below the 61 MHz . Desired perform—
ance is as follows :

Input Outputs

5 MHz ; 0 ±1 dBm 5 MHz ; 0 ±1 dBj n

10 MHz ; 0 ±l dBm

61 MHz; —3 ±1 dBm

The third module has one input and two outputs. The two
outputs are used as local oscillators to the high— and low—channel
first mixers. Spectral purity of these signals is critical and
every effort is made to hold all harmonics to at least 40 dB below
the center frequencies. Desired performance is as follows :

Inpu t Outputs

14 MHz ; 3 ±1 dBm 126 MHz; 6 ±1 dBm

336 MHz; 6 ±1 dBm

The fourth module has one input and three outputs, all of
which are used as inputs to other synthesizer modules. Whereas
the goal of —40 dB for spectral purity is applied to the 6— and
14—MHz outputs , every effort is made to obtain this purity on the
21—MH z output because it is one inp ut to a mixer used to generate
the 61—MH z signal in module 2. Desired performance is as follows:

I~pu t Outputs

10 MHz; 0 ±1 dBm 6 MHz ; —16 ±1 dBm

14 MHz; 3± l dBm

21 MHz; 6 ±1 dBm

Total power consumption for the four synthesizer modules is
710 mW.
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R E F E R E N C E  OSCILLATOR

Design

L. The oscillator package consists of two independent oscilla—
tors in a single enclosure. Only one of the oscillators can be

operated at any given time. The package occupies 58 in
3
, weighs

2 .4  ib , and typically requires 0.63 W from a DC power source at an

ambient temperature of 25°C and at a pressure of l0~~ Torr. Figure
P 13 is a block diagram of one of the independent oscillators. The

oscillator stage is a modified Pierce circuit in which negative
feedback is used to reduce flicker noise and stabilize circuit gain.

AGC

Oscillatorl H AG~~ampIifler] Ji{ arnpI
~~

e
~~I 

~ 5 MHz out

f
8.3V 

I

0fltr0 e1~~~~~~~~~~~r

Fig. 13 Block Diagram of the 5.MHz Quartz Oscillator

A 5—MHz fifth overtone quartz crystal is the frequency control ele-
ment. A buffer and AGC amplifier follow the oscillator stage, in-
creasing the 5—MHz signal level and developing an AGC voltage. The

• AGC voltage is applied to the oscillator stage to maintain a con-
stant—level drive to the quartz crystal.

The buffer is followed by an output amplifier that increases
the 5—MHz power level to drive an external load and provide isola-
tion from external load variations.

F — 4 5 —
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The oven controller includes a thermistor in one leg of a
resistive balanced bridge to sense temperature changes. The error
signal from the bridge is amplified and used to control power to a
heater that maintains the turning point temperature of the quartz
crystal to within 0.001°C. Both the oscillator stage and the oven
controller are implemented using hybrid—circuit fabrication tech-
niques to minimize volume within the temperature controlled area.

A “super insulation ,’ consisting of alternate layers of
rad ia t ion—ref lec t ive  aluminized Mylar and a porous low—thermal con-
ductivity Tissuglas paper , is used in the oscillator package. This
form of insulation has a thermal conductivity that is three orders
of magni tude less than ure thane  foam. In order to realize the in-
sulating quali ties of super insula t ion , the system mus t be evacua ted
to a pressure of l0~~ torr , accomplished simply by venting the en-
closure to the vacuum of outer space , once orbit has been achieved .

A voltage regulator reduces the input supply voltage and
maintains a voltage of 8.3 V to the oscillator, buffer—amplifier,
and oven—controller circuits.

The quartz crystal and its supporting electronics are sus-
pended within the oscillator package by a series of nylon cords
under tension. The cords form a dynamic suspension system that
isolates the assembly from vibration. Because of the very low
thermal conductivity of the nylon cord , the suspension system also
contributes to the thermal isolation of the assembly.

Performa nce Data

The goals for  oscillator performance were real ized in the
present design . Figure 14 shows typica l  24—h d r i f t  rates for two
oscillators. Data for oscillator A cover a 14—day period and have

—11
an average daily drif t rate of 1.58 x 10 • Oscillator B has an

. —11averag e da ily drif t rate of 1.94 x 10 for a 17—day period. A
plot of fractional frequency stability (Allan variance) for averag-
ing times (r) from 0.1 s to 1000 s is presented in Fig. 15 (measure--
ment system noise bandwidth is 60 kHz). Figure 15 is a composite
of data from several oscillators; the bar at each T indicates the
maximum and minimum data from the group of oscillators. The line
connect ing the various averaging times is the average Allan vari-
ance for the group of oscillators.
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I Other operating parameters are:

1. Frequency shift  resulting from a change in input power

I supply voltage of ±5% is 6.42 x ~0~
12 f V .

— 2. Spurious response

I Harmonic : 55 dB below 5—MHz carrier

Nonharmonic: 65 dB below 5—Mhz carrier in 100 Hz
bandwidth

DUAL TRACKING LOOPS (DTL)

400-MHz Recep tion

I The upper right corner of Fig. 5 illustrates the 400—Mhz or
high channel of the DTL. The input signal to the high channel is

I one of the outputs from the high channel first IF.

High channel input = 64 MHz + + d
H 

+ e
H,

I where

—80 ppm offset referred to 400 MHz,

I d
H 

S Doppler shift at 400 MHz , and

eH a refract ion error at 400 MHz .

The input signal passes through a voltage controlled attenu-
ator (VCA) that is used to maintain a constant level in the phase—
locked loop. The output of the VCA is mixed with a signal from the
second LO synthesizer such that

Second (64 MHz + f + d + e ) — (61 MHz + f + d + e )IF frequency H H H H H H

II First IF output Second LO synthesizer

= 3 MHz.

* The 64 MHz first—IF frequency is derived by mixing the received

I 400 MHz + + d~ + eH 
signal with a 336—MHz reference signal in

the first mixer .
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The 3—MHz signal is th~sn amplified by the second IF amplifier (a
three—stage amplifier containing a single—pole crystal filter having
a two—sided 3—dB bandwidth that is approximately 1.2 k}Iz). The
second IF output is divided in a three—wa y power splitter for:

1. The stop—sweep detector , used for  automatic acquisition;

2. The main phase detector , used to phase lock the loop
and to dezive the sine portion of the NAVSAT modulation;
and

3. The auxiliary phase detector , used for coherent AGC
(automatic gain control) and to derive the cosine por-
tion of the NAVSAT modulation .

The stop—sweep detector consists of a single—pole crystal 4

f i l ter  with a two—sided 3— dB bandwidth of about 60 Hz , a diode de-
tector, and a comparator. During acquisition , the signal level out
of the diode detector is compared to a fixed preset level when a
signal in the IF amplifier is within the passband of the stop—sweep
crystal filter. The output of the comparator changes the high—
channel phase locked loop (HCPLL) from an open—loop sweep mode to
a closed—loop track mode.

The output of the main phase detector is a function of the
amplitude of its input signal and the phase difference between the
input and a 3—Mhz reference signal (derived from the frequency
synthesizer).  The phase—error signal , a f t e r  it has been amplified
and filtered by the ioop filter , is applied to the 30.484—Mhz volt-
age—controlled crystal oscillator (VCXO). The frequency of the VCXO
output is doubled in the second LO synthesizer and becomes the
local—oscillator reference frequency in the high—channel second
mixer at the input to the high—channel second IF amplifier , closing
the high—channel phase—locked loop.

The inputs to the auxiliary phase detector are the signal
from the IF amplifier and a 3—Mhz reference signal that is shifted
in phase by 90 0 relative to the 3—MH z signal used for the main
phase detector reference. The output of the auxiliary detector is
a signal having a DC component that represents the rms value of the
signal in the IF amplifier . This signal is low—pass filtered by
the AGC amplifier and is used to drive the VCA for coherent AGC .

¶ The result is a constant preset signal level in the IF amplifier.
Because of the closed—loop AGC system , the phase detector outputs
are not affected by vz~rying RF signal levels until the RF signal
decreases out of ACC control range.
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Flit VCA is a iT—sect ion diode network , having the design
chara Le r i- -tic of virtually no phase—shift variations as a f u n c t i o n
of signal level . The AGC amplifier characteristics are shaped in
an attempt to make the net function of the VCA linear in terms of
dB/V control. The result is an AGC system having a time constant
that is relatively constant at all signal levels (see Appendix B).

The “reconstructed high—channel  Doppler ” signal is obta ined
by mix ng the high—channel output of the second LO synthesizer
with a 61—Mhz reference signal from the frequency synthesizer. rhe
result is a I)oppler frequency represented by

61 MHz — (61 MHz + + d
H 

+ e
H) 

= + d
H 

+ e
H

) .

Example:

Assume d = +10 kHz ,

e~~~~—2 Hz~ and

5 —80 ppm x 400 = —32 kHz.

Then the high—channel Doppler frequency equals

-(-32 kHz + 10 khz - 2 Hz) 21.998 kHz.

The high—channel Doppler signal contains refraction information
and is therefore referre.i to as being “uncorrected” Doppler (as
opposed to vacuum—corrected Doppler , which contains no refraction).

The 400—MHz NAVSAT signal is phase modulated by navigation—
message and timing signals. The closed—loop bandwidth of the HCPLL
is such tha t only the average phase of the RF signal (i.e., the
carrier) is tracked. When a NAVSAT signal is being tracked , the
average value of the main p h a s e — d e t e c t o r  o u t p u t  is near zero and
t h e  average va lue  of the  a u x i l i a r y  ph a s e — d e t e c t o r  o u t p u t  r e p r e s e n t s
the level of the carrier being tracked. The sine and cos ine  com-
ponents of the phase modulation are also present at the outputs of
the main and auxiliary phase detectors. The sine component (or
doublet) is detected by the main phase detector , and the cosine
componen t (doublet clock) is detected by the auxiliary phase
d etector. These signals are amplified and used to recover NAVSAT
timing and identification information.

F
F 

— 51 —

a ,1

~~~~ ~~~~~~ ,, -~— .~~ — - — —
- -~ .— — 

- - ‘ A- - - - 2A.S~
’

~ 
~~~~~~~~ ~~~~~~~~— ~~~~~~~~~~~~~~~ ,,,~~ , ~,.., - - 

- 
/

A 
- -



1)15 I L I f fN  ,CA’IAINS UNIV E A S I T  -

APPLIED PHYSICS LABORATORY
( A U R A L  MA 1 A NI

150-MHz Rece ption

The lower right corner of Fig. 5 illustrates the 150—Mhz or
low channel of the DTL. The input signal to the low channel is one
of the outputS from the low channel first IF.

Low channel input = 24 MHz + 1
L 
+ d

L 
+ e

L
,*

where

5 —80 ppm o f f s e t  r e fer r ed  to 150 MHz ,

dL 
S Doppler shift at 150 MHz , ari d

eL S refraction error at 150 MHz .

The input signal passes through a VCA. The output of the
VCA is mixed with a signal from the second LO synthesizer such
that

Second 
= (24 MHz + 

~L 
+ e

L
) - (22.875 MHz + 

~L 
+ d

L 
+ 

~
e
H
)

-
~~~~~~~~~~~

-
~~~~~-

-
~~~~~~~~~~~ -- _  _

First IF output Second LO synthesizer~*

= 1.125 MHz + e
L 

—

* The 24—Mhz first IF frequency is derived by mixing the received
150 MHz + + d

L 
+ e

L 
signal with a 1-~6—MH z reference signal in

the first mixer.

** The second LO synthesizer signal is derived as follows : The
high channel VCXO signal is doubled to close the HCPLL. This
implies that

VCXO signal = X (61 MHz + 
~H + d~ + e

H)

= 30.5 MHz + 
2

(Note continues on next page.)
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I k)hserve that the second IF signa l consists o~ a constant f r e q u e n c y
p1w- terms related only to the high—channel and low—channel refrac-
tion errors. This configuration I- ~ often referred to as a “master!

‘ 
s l a ve ” re ce ive r  b ecau~ &- the low L h I n n e l  (or slave) requires the

~ister high I ’ j ~~,1t1fl t l  to remove the low channel Doppler and offset
parame t

I 
The output of the second mixer  is ampl i f i ed  by the second

IF ampl i f ie r , a three—stage  ampl i f i e r  containing a s ingle—pole
crystal filter whose two—sided 3—dB bandwidth is approximately

1 300 Hz. The output of this amplifier is divided in a two—way power
spl i t ter fo r :

I l. The main phase detector , used for the low—channel
phase locked loop (LCPLL); and

~. The auxil iary phase de tec tor , used for coheren t ACC
I and for automatic acquisition.

I

The second LU synthesizer also multip lies the VCXO signal by
3/4 to obtain

= 22.875 MHz + 
8~H 

+ 
~
d
H 

+ ~e8. -

The high—channel and low-channel Dopp ler and o f f s e t  term s are
related as:

- 
— 

j150 
~ — -~f d— 

~~~ H — 8 H’ an

j150 \ 3
dd

L ~400 ’ dH 8 H

Using these relationships , the  second LU signal can be rewritt en

I 
C: = 22.875 Mhz + 1

L 
+ d

L 
+
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The output of the main phase detector is a function of the
amplitude of its input signal and the phase d i f fe rence  between the
input and a reference signal (derived from a divlde—by—4 network
driven by the low channel VCXO). The phase—error signal , after it
has been amplified and filtered by the loop filter , is applied to
the low channel VCXO . Because the input and the reference to the
main phase detector must be the same frequency to close the LCPLL,
and because the VCXO frequency is divided by 4 prior to closing the
loop, i t  follows tha t :

.‘CXO f reque ncy [1 . 125  MHz + (e
L —

4.5 MHz + 4(e
L 

— 
8
e
H
).

The VCXO frequency is also mixed with two 4.5—Mhz signals (derived
from the frequency synthesizer) that are separated in phase by 90°
to derive re f rac t ion  data . The net result of this operation is two

4(e L — ~e11) signals , separa ted in phase by 90° . By combining these

two signals in an up—down counter , it is possible to determine
whether the ref rac t ion  term is a positive or negative frequency.

The inputs to the auxiliary phase detector are the signal
from the IF amplifier and the VCXO frequency divided by 4 and shifted
90° in phase (relative to the reference used in the main phase de-
tector). This output signal is used to drive a closed—loop AGC
system identical to that used in the HCPLL.

The output of this phase detector is also low—pass filtered
(noise equivalent bandwidth 20 Hz) at the input to the stop—sweep
detecto r. If the output  of the low—pass f i l t e r  exceeds a preset
positive or negative value during the acquisition phase, the stop—
sweep level detector will change the LCPLL from an open—loop sweep
mode to a closed—loop track mode.

Hig h-Channel Phase-Locked Loop

An early examination of typical curves of the Doppler shif t
( tha t  the NAVPAC DTL would have to receive) revealed two major
items :

* eL 
and eH terms can have positive or negative signs.
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I 1. The total 400—Mhz Doppler shift could be as large as
40 kHz (±20 kHz about the nominal closest approach
frequency of 399.968 MHz), and

2. The maximum 400—Mhz Doppler rate—of—change that would

— 
be observed could be as high as 400 Hz/s .

I Both of these parameters represent requirements that exceed those
placed on most previous NAVSAT receiver sets. The ±20—kllz Doppler
shift did riot present any problems, but the 400 Hz/s rate term in—

I plied that if the phase—locked loop was only a second—order system
(two integrators in the loop), the rate term would require the
bandwidth to be extremely wide to limit the dynamic phase error .

I An alternative to a wide—bandwidth second—order system is a third—
order loop (three integrators). This approach also has pitfalls
in that third—order loops can introduce stability problems during

I 

acquisition. The configuration used in NAVPAC is sometimes re-
ferred to as a “two—and—one—half—order ” loop in which a lossy in-
tegrator is added to a second—order loop, reducing the dynamic phase
error but not introducing the instability problems of the third—

I order ioop. The lossy integrator is a passive lag network (Fig. 16).

Active network

A :(~ ~~~~~~~~ ________ _ _ _  

0

S rad volt volt tad/ S
volt

Fi g. 16 The “Two-and-One-Half-Order” Loop (lossy integrator)

: t

Figure 16 represents  the basic phase—locked  loop used in the
DTL. An examinat ion  of F ig .  5 shows tha t the I CFL I is co n f i g ured
l ike F i g .  16 , while  the HCPLL has a s l ight  v a r i a t i o n  at the point
where  the  loop is closed and in what is used as reference for the
phase d e t . - ~~t o r .  A closer look at Fi g. 5 reveals that the HCPLL is

~t i ll  bas i ca l ly  ident ica l  to Fig .  16. The phase—locked loop oper-
i t e s  as f o l l o w s :

— 55 —

‘- 
.
~~- —‘~~~~~~~~~~~~ - .-. . -

~~ ~~~~~~~~~~~~ , 
‘ 

~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~ 41 U4~~ ’S~~~~~~ ~~~,,444e - . -  
________‘A ~

-
‘-
. - ____________



THE JOHNS HOP)(INS UN IVERSI TY

APPLIED PHYSICS LABORATORY
LAUR EL MA$~ LA ND

1. The DTL phase detector  is a double—balanced mixer
having an output  that is a voltage related to the
amplitude of the AL O i input and the phase error

= e — e , and is

::~:~ 
= 0.20 1 i0(~~~m

2
~~~~~~) (see Appendix A ) ,

where “dBm input” is the power level of the input signal
minus 1 dB (a prac tical value for insertion loss). The
AGC in the DTL sets the level to —10 dBm , so that

K2 
= 0.201 (~O 

0 fl/20) 
~ 57 mV/rad .

2. The loop f ilter cons ists of the pass ive lag ne twork and
the active network.  The transfer function of the pas-
sive network (v

2/v 1) is

I
$ +

— 
R
2
C
1

v1 R1 + R 3 / R
1
R
3 \ 1s i R  + 1 +  —

R 7 R 3 \ 2  R1 + R 3) C
1

This equa t ion  can be rewri t ten

S +
R
2
L~

v , i 11 a I s +
1

where

R
1
R
3

R
~~
+ R + R

- 1 3
a
1

- R2
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I

and

R + R  R
, 1 2 1
1 R5 2 3

L
The transfer function of the active network is

( s +~~~~~
-)

v1 R 3 
s

The DTL loop f i l t e r  t r a n s f e r  f u n c t i o n  is now

v 3 R4 / ( R 2 C1 ) ( R 4 C2 ) \  I

~~I 5 + — ~ \
\ ct~ R 2 C 1j  /

3. The f requency of the VCXO is determined by the  input
vol tage v 3

. Changes in f requency are determined by

= K
1v 3 where K1 

is the VCXO gain constant in

(radians/second)/volt. Because f requ ency is the de—
r iva t ive  of phase , the VCXO output  can be written as

dO
0

= K
1
v~ .

dO
By t r an s f e r r i ng  ~~~~ f rom the t—domai n to the s—doma in ,

the  re la t ionship  can be rewri t ten

U = v ( s )o 3 s

or , in other words , the phase of the VCXO outpu t  is the
integral  of input voltage . The VCXO now represents an
integrator in the loop. The K1 

term must include any

• 1
a.. t i - - ., —4 . - - - - . . ‘  
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mult iplication or division involved with the VCXO out-

put (e.g., if the VCXO has a k1 
= 6.9 x 10~ (rad/s)IV

and is f ollowed by a X2 multipl ier , the term for the

loop becomes K1 
= 2k

1 
13.8 x 1O

3 (rad/s/V) .

4 .  The overall open—loop function is then

2.,K 
R ( ( 5 ÷ R C ) ( 5 ~~ R C ) \ 1K

v
1 

2 R
3 ~ ~ 

1 \ c~~ j s
a
1
R~C1j / J

For a critically damped system (damping coefficient = 1),
this expression can be simplified using

(&)o 1 1
— R2C1 

- R C
2

and

R 3

where

B L 
= 0 . 7 4 3  w E single—sided loop noise—

equiv alent bandwidth in Hz.

Therefore ,

~~
= -

~* ((::~~!i?2
) 

—
~
.i.

3a 1
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The procedure to set ioop gain correctly requires

K1K2 ~
a
2
a
1 

4 0

Before loop parameters can be selected, the acceleration—
error coefficient (C) representing the Doppler rate term
must be considered . Because the passive lag network is
not a true integrator , the rate error term is not zero
(although it is reduced by a 2½—order loop when compared
to a second—order loop). The steady—state acceleration
error coefficient for the DTL is

4.619C = rad ,ss 2
a
1 

B
L

where

d = maximum Doppler rate of change
(in Hz/s )  to be tracked .

C should not exceed about 0.1 rad if the term is notss
to become a major source of error in the system. The

term* (a function of the passive lag—network resis-
tors and the input resistor to the active network) can
be thought of as the improvement factor to i. that is

due to the lag network.

* The a1 term can be simplified by setting R1 = R3. A good

starting value for 
~l 

is about 20. While these choices seem

arbitrary, it can be shown that they result in about the lowest
R1, R3, and C2 values. Because of value spacings of resistors

and capacitors, it may be necessary to vary these parameters
slightly.

I
F’

I
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The HCPL L parameters chosen were

C 0.l rad
55

for

- = 400 Hz/s ,

~ 20 ,

BL = 30 Hz ,

and

= 40.38 rad/s.
0

The loop f i l t e r  components can then be calculated wi th
val ues for K

1 
and K

2 
from the discussion of the VCXO and phase

detector.

Low-Channel Phase-Locked Loop

The LCPLL must acquire and track the difference—frequency
term , which is related to the refraction error. This term,

eL — 8eH , has been estimated to be limited to ~ 150 Hz with peak
rates � 50 Hz/s .  The LCPLL has the same 2½—order characteristics
as the HCPLL, but the loop parameters are different. The require-
ments ‘f the LCPLL were not well defined during the early design
phase ; therefore, parameters were originally selected that turned
out to be less than optimum and were difficult (if not impossible)
to change later .

1. The phase detector constant (K2 
of Fig. 16) is set at

K2 
= 57 mV/rad as In the HCPLL .

2.  The to ta l  VCXO gain constant was set at K1 
= 30r

(rad/s)/V (i.e., 15 Hz/V). This K1 includes the
~4 term required to close the loop. The k

1 scaling

directly at the VCXO output is therefore 60 Hz/V. With
a maximum input  of ±lOV at the input to the VCXO , the

— 60 —
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variation of ±600 Hz at the VCXO output ( r e f e r  to Fi g.
5) represents the maximum frequency corresponding to
the refraction data .*

The effect of some early parameter choices for the LCPLL
rcsulted in final parameters of 0

1 
= 5.2 and 0

2 
= 0.0075 for

B
L 

= 20 Hz. (These are hardly ideal values , but they illustrate

how early design - &~cisions can affect the final configuration.)

Rece iver Controller

- Each DTL contains an electronics board called the Receiver
Control .  This board contains the search , acquisi t ion, and track—
control electronics for the high— and low—channel phase—locked
loops , as well as some peripheral circuits such as a telemetry in-
terface to allow in—orbit monitoring of the status of the loops
(i.e., in search or track modes, locked or unlocked). Figures
17 and 18 are logic flow charts illustrating the receiver—control
processes .

Low- Channel Controller . The low—channel control  logic is relatively
simple. ~‘1ith the loop open , a search pa t te rn  is genera ted by a
triangular sweep that has a maximum frequency of -150 Hz. The ÷
to — to + period of this pattern is 12 s, which corresponds to a
search rate of 50 Hz/s. The search frequency , which is the refer-
ence to the phase detectors, effectively scans the output of the
second IF amplifier until an output from the stop—sweep detector
stops the sweep and closes the loop. If the loop locks to the
signal befor e an in ternal timer overflows , the loop is cons idered
locked and the DPU is informed that differential—Doppler or re-
fraction data are available. If the loop does not lock to the sig-
nal before the timer overflows , the loop is opened and the search

* To a first—order approximation, the refrac tion error is inversely
proportional to the transmitted frequency . The low—frequency

term e
L 

can therefore be approximated as e
L 

= 
H’ hence the re-

frac tion term at the output of the VCXO can be written

3 8 3 14(e L 
— 
8eH) 

= 4(~ e11 
— 
SeM) 

=

In other words , ~he refraction informat ion  f rom the DTL is a

f r e q u e n c y  tha t  is about 9~ times the r e f r a c t i o n  error at 400 MHz.
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III 
Sweep with sawtooth j

Nt~~~ gfl& oC~~~~~
Yes

Stop-sweep and start ~~~~~~]

timer to wait for DD L
(differen t~al Doppler lock)

DDL occurs before
No timer overflows ~

Yes

Inform data processing 1
unit (DPU)

Lose lock , inform DPU,
start delay timer

Fig. 17 Flow Diagram for 150-MHz Ac quisition
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Fi g. 18 Flow Diagram for 400-MHZ Acquisition
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is cont inued . If the  loop loses lock while  it is in the t rack  mode ,
the DPU is in fo rmed  of t ha t  event and another timer s t a r t s .  If the
loop does not reacquire the signal before this timer overflows , the
search pa t t e rn  is resumed .

High-Channel  Controller . Because the HCPLL is the master channel , the
control log ic for  the high channel is more complex than that  for
the low channel .  Fi gures 19 through 24 i l lus t ra te  the types of
signal conf igura tions the high—channel controller must accommodate.
These figures represent Doppler frequency at 400 MHz versus time.
The 0—Doppler axis represents the closest—approach or center—of—pass
frequency . The positive or ÷ Doppler region is defined as the sat—
ellite “rise” reg ion , which can begin 20 kHz above the 0—Doppler
axis. The negative or — Doppler region is defined as the satellite
“set” region, which can extend to 20 kHz below the 0—Doppler axis.

Figure 19 illustrates the sawtooth search pattern of the
high channel. The search time is about 40 s (corresponding to a
search rate of 500 Hz/s) and the reset interval is about 1 s.
This pattern is continued until an output from the stop—sweep de-
tector stops the sweep, closes the loop, and star ts an in ternal
timer. If the loop does not acquire a signal before the timer
overflows , it is because a false alarm has occurred and the search
pattern will be resumed . When a false alarm occurs , the loop is
opened and the sweep resumes , but the stop—sweep detector output
is disabled until the search frequency has changed about 1.4 kHz
away from the frequency of the false alarm. The initial search
region is cons trained to the reg ion between +20 kHz and the 0—
Doppler axis.

Fi gure 20 shows what occurs if the HCPLL tries to lock on a
non—NAVSAT signal during the initial search period. The character-
istics of the phase modulation of the NAVSAT signals are such that
a square wave at about 101.7 Hz is present as a demodulated signal
at the output of the high—channel auxiliary phase detector. If
such a signal does not exist at the output of the auxiliary phase
detector after the loop has been locked for about 12 s, the signal
is def ined as a “bogey.” When this occurs , the ioop is opened and
the sweep resumes. The stop—sweep detector is disabled until the
VCXO frequency has been changed about 1.4 kHz. The search region
is still constrained to the region between +20 kHz and the 0—Doppler
axis.

To de tect the NAVSAT modula tion , a narrow bandpass filter
centered at 101.7 Hz is implemented by using a four—pole commutat-
ing filter. This is a device that basically requires a four—pole
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\/
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0)
0~

False
alarm

Reset

0)

Resume
sweep 

-

0Hz 
t

Fig. 19 Sawtooth Search Pattern of the High-Channel. (False alarm: no

signal present but noise triggered stop-sweep detection circuit.)
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+20 k Hz—

5) Resume
-~~ sweep
0)4,1

5)
Co
Ti)

N—

0 Hz

Fig. 20 Search Pattern When the HCPLL Tries to Lock on a Non -NAVSAT
Signal During the Initial Search Period. (While searching for a
NAVSAT , receiver locked onto si gnal at 400 MHz without “proper”
modulation.)
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I
111111 1 .)g commutator , a resistor , and four equal—valued capacitors.
‘I’Iie )—dB bandwidth of such a filter is

I
where

N = number of poles in the commutator ,

C capacitor value , and

R = resistor value.

The (~ of the  I i  t er  ( cen te r  f r e q u en cy  d iv ided  by BW ) is 51 ‘~~. ‘o he
a d i r e c t  f u n c t i  ‘n of the RC product for a f i x e d  N value .

f f
center center
2 / N R C  

= 
2 

X N RC .

i h -  des i red  I - I n t e r  f r eq uency Is the  101 .7—Hz clock r a t e , wh ich is
ac I i I e v ~-d by d r i v i n g  the  commuta to r  w i t h  a f o u r — p h a s e  c lock  a L
101.7 Hz derived from the NAVPAC stable oscillator. Each phase
of the clock ce’ lec ts one pole of the commutator.

Fi gure 21 illustrates the operation of a IY~L that has
acquired and verified a NAVSAT signal , and has tracked the signal
for some time . A loss of signal (perhaps because of an antenna
n u l  L) is then  assumed. When this occurs , a six—second timer is
s tar t e d , and the  loop remains  c losed.  If the  si gnal reappears ,
t h l -  loop wi l l  r eacqu i re  the  s ignal  and t r a c k i n g  wi l l  con t i nue .  If
t h t ’  loop dues  not  r e acquir  the s ignal  b e f o r e  the  t imer ove r f l ows ,
the  lo p will open and t he  sweep w i l l  resume . Whi le  the loop was
t r a ck ing  the  NAV~ AT , the contro l  logic was monitoring and storing
the  input to the VCXO (i.e., the  frequency control voltage) to
determine a starting frequency for the sweep. When the loop does
11l ) t  rc;lc quirc the signal be fo r e  t h e  t imer overflows , th informa-
tion is changed so t ha t  the s t a r t i n g  f r e q u e n c y  is re ta rded  ( ins tead
o~ advanced as fo r  a f a l se  a larm) ; e . g . ,  i f  t he  las t  t racked  f r e —
quency was ~~- ‘~ kllz , t h u  s t a r t i n g  f r e q u e n c y  wi l l  be re ta rded  to about
t - 5 .4  kIIz r e l a t i v e  to the ci I - A - s t — a p p r o a c h  f r e q u e n c y .  The new search
ar e a  w i l l  be a 2 0 — k l I z  r eg ica  f r o m  +5 .4  kHz to — 1 4 . 6  kHz r e l a t i v e  to
the 0—Doppi r a x i s .  This r I - C i o n  w i l l  be sea rched  f o u r  t imes .  If
t N t -  signal is not r eacçu i red , the  c o n t r o l  log ic r e se t s  the  search
t o  the original rise region of +2() kHz to 0 lIz . The search region
w i l l  not  go below —20 kHz r e lat i v e  to  the  0—Doppler axis. If the
last t r , I c k e d  frequency should happen to be —10 kHz , the  s t a r t i n g
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NAVSAT -Locked on and tracking ;
c + 

.... ,, ,, -

.2 ( proper modulation
— confirmed

Sweep is r e s l i  med if signal is not
-~~ reacquired. Sweet) lower limit

will not exceed --20 kHz

kDropout occurs
0 H z

rMay occur in eitherl
+ or - Dopp ler

~egion
o

Coast interval:  loop is closed ,
but if signal reappears within 

~~20-kHz-
the loop bandwidth , it should 

) sweepreacquire automat ically search reg ion

C,,

- /
False alarmcn~~~

Receiver will sweep the 20-k Hz search
region four times , and will then begin
sweep from +20 kHz toO Hz

Fig. 21 Search Pattern After a DTL Has Acquired and Verified a NAVSAT Signal.
(Signal dropout (lost lock): receiver was tracking a signal that faded.)
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frequency would be defined as —10 kHz + 1.4 kHz = —8 .6  kHz . The
end of the search pa t t e rn  would s t i l l  be —20 kHz for  a total  search
reg ion of 11.4 kHz.

Beginning with NAVPAC Flight Unit 2 the control logic was
rDd ified to eliminate an undesirable characteristic. Figure 21
shows a false alarm being de tected in the new search reg ion. Be-
g inning with Flight Uni t 2 , a false alarm detected in a new search
region is handled like a false alarm in the initial search region;
i . e . ,  a f t e r  the loop beg ins to sweep again , the fact  that  a false
alarm occurred wi lT  not change the search region. In the control
electronics c.f Flight Unit 1 this false alarm established a new
s ta r t ing  f requency relative to the frequency of the fa l se  alarm .

One of the many problems tha t  the NAVPAC system must contend
with is when two DTL units acquire the same 400—MHz signal. Fig-
ure 22 illustrates a situation where DTL 1 has been tracking a
NAVSAT signal , and then DTL 2 begins to track the same signal.
The pr ior i ty  and coherency logic (PCL — electronics separate  f rom
the DTL) will have previously assigned DTL 1 pr ior i ty  over DTL 2
because DTL 1 began track ing the signal first. When DTL 2 begins
to track the same signal , the Doppler frequencies from DTL 1 and 2
will be compared . Because they are equal and because DTL 2 has
the lowest priority, it will be forced to con tinue in a search mode
in the reg ion of +20 kHz to 0 Hz until  it locks onto a signal that
is different from that tracked by DTL 1.

Figure 23 i~- a combination of the cases descr ibed by Figs.
20 and 21. As in the  case of Fig. 21 , the bogey does not change
the search reg ion defined after the loss of lock (beginning with
System C2). A bogey establishes a new s tar t ing frequency in the
Fli ght Unit 1 electronics.

In Fig. 24, DTL 1 (1) and DTL 2 (II) are tracking two differ—
eat NAVSATs.  In this example , II is assumed to have begun tracking
first and therefore has priority over I. It is possible for the
Dop p ler cu rves to “cross” (depend ing on the orbit configurations).
When c ross ing  occurs , both DTL units may suddenly begin tracking
the same NAVSAT (either the I’ It case or the I II ’ case). If the
I It ’ case occurs , the second NAVSAT may never be reacqiired by
DTL I after it is forced to begin a new search pattern . In the I’
II case , how ever , DTL 1 should reacquire the ~N\VSAT it was origi—
nally tracking.

The comb ina tions of Figs. 18 through 24 are almost endless ,
but the examples given represent the major ones.
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I 
U Denotes when rece i vers

- 
+20 kHz I and Il lock to the same si gnal

II searching
C

I’ I 

I I  

-

locked IIon and I C

tracking
C’)

II resumes
search

0 Hz —_________ 
- -

~~~~~~
--- - — -

~~~~~~~ 
____ -

NAVSAT

Fig. 22 Search Pattern When Two DTL’s Have Acquired the Same 400-MHz Signal.
(Two receivers locked on the same NAVSAT signal , but receiver I had hi gher
priority.)

— 70 -

/
N - . - ~~~~ — .~. — -— - -- — -

—— ~~~~~~~~~~~~~~~~ / - ~~ . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —



‘ I I ! 01,111 III ‘ I l .  ~‘l 1 1 1 110 I 0

APPLIED pur: ICS I Ai~ )rIATODY

c NAVSAT
0 

Receiver locked
and tracking

I

~~~ L 

0 Hz 

~~ropout 

~~~~~~~ me search

Lock on bogey

Resume search
a)
a
0
0
4-.a)
A’,

a)

Search this region four times
20 K H z  then begin sweep +20 kHz to

0 Hz

Fig. 23 Search Pattern When a Combination of Cases Desc ribed in Fi gs. 20 and 21
Occurs. (Receiver was tracking a NAVSAT , lost lock and then began search
and locked onto strong signal without “proper” modulation. )
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+ NAVSAT
C
0
a,

1)
L -a

a
0
0
I))

NAVSAT

-
~~ a)

4-.

C’) I I  / 1 switches sig nals
0 H z  

—
I 

____

I ’ I I

lIsw It:hes s:n:I:~~~~W~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-20 kHz

Four search sweeps (lower limit not to
exceed -20 kHz) will be performed.
If reacquisition does not occur, a new
sweep will start between the +20 kHz
and 0 Hz limits

Fig 24 Search Pattern After DTL 1 and DTL 2 Have Been Tracking Two Separate
NAVSAT’ s. (Twt’ receivers tracking two separate NAV SAT’s.
When Doppler signals cross, both receivers lock on same NAVSAT.
Receiver II has hi ghest priority (arbitrary definition for this example).)
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High- and Low-Channel Second IF Amplifiers

Those portions of the NAVPAC DTL’s called the second IF’s
perform more func tions than just IF gain. Each unit contains a
voltage—controlled attenuator to provide AGC. Each unit also con-
tains the second mixer , the IF amplifier , and the IF crystal fil-
ter that limits the overall bandwidth. The low—channel unit pro-
v ides two equal—power outputs to drive phase detectors. The
high—channel unit not only provides two equal—power outputs to
dr ive phase detectors, but a third equal—power output is provided
(internal to the unit) that is passed through a narrowband crystal
f i l ter and amp litude detected . The amplitude—detected signal is
outpu t as a stop—sweep signal. (A summary of all the design char-
acteristics is given in Table 6.) A block diagram of each is also
included (Figs. 25 and 26).

It was desired that the delay variation of- the NAVPAC re-
ceiver as a function of signal strength be minimized ; i.e., for
AGC control a constant—impedance attenuator should be used instead
of simpler techniques such as transistor bias changes or shunt
diodes across the signal path. The circuit chosen for  the attenu-
ator is a it configuration using HP’-5082—3004 PIN diodes in each of
the three legs. The impedance of a PIN diode is resistive and pro-
portional to the current through it. Therefore, the it network can
be made to look like a resistive at tenuator  and will have a constant
impedance if the legs of the network, R1 

and R2, can be made to
satisf y the equation R1R 2 = R0

2 (where is the network terminal

impedance (50 ~ in this case)) .  To make the ‘in network look like a
re sistive attenuator , the same bias curr en t f rom a va r iable current
source was run through both shunt diodes and summed with the cur-
rent run through the series diode. As the current in the series
diode var ies , the current through the shunt diodes varies in the
opposite direction to maintain a constant current through the sum-
ming resistor . A single—section attenuator such as this provides
about 30— dB attenuation over the control range , but this was not
suf f ic ient dynamic range for NAVPAC ; therefore two sections were
placed in cascade such that the same bias current went through the
diodes in both sections . The cascaded circuit provided about 60— dB
attenuation over its control range with about 2.5— to 3—dB insertion
loss. It was possible to use the same design in both the high and
the low channels because stray reactances resulting from layou t
were the major frequency—determining elements.

There are three crystal filters used in the two units: the
high—channel IF and stop—sweep filters, and the low—channel IF
filter. All three are single—pole filters using average grade
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Table 6
Design Characteristics of the Second IF Amplifier

Parameter High Channe l  Low Channel

RF trequency 64 MHz 24 MHz

L. LO frequency 61 MHz 22.87~ M1~z

LO input power I +6 dBm +6 dBnn

IF frequency 3 ~‘t} tz - 1.125 ~- “1 z

Overall net gain 63 dB 58 dB

IF  ba ndw idth 
I 

1200 Hz 300 Hz
(IF c rys t a l  f i l t e r)  ,

Stop—sweep bandwidth 60 Hz —

(crystal filter) - -

Out put s:

IF frequency 2 equal—power o u t p u t s  2 equal—power outputs

Stop—sweep - 140 mV peak (typ ical
detector open circuit voltage -

at —10 dBm output and
room t e m p e r a t u r e )

Image rejection 4 d8 I 9 dB

1—dB compression 0 d8m 0 dBm

Impedance (RF por ts) 50 S1 50 0

AGC c o n t r o l  v o l t a g e  +13 to 0 V +13 to 0 V
(sin. atten . at #13 V)

AGC control current 1.5 to 0 mA 1.5 to 0 mA
(sin . atten . a t  1.5 mA)

I AGC d y namic range >60 dB >60 dB

Power supp ly v ol t ag e :

IF amp lifier —13 V —13 V

Attenuator bias +13 V ÷13 V

Power supp ly c ur r e n t :

IF amp l i f i e r 12 mA 12 mA

A t t e n u a t ’~r bias - 1. 5 mA 1.5 mA
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LOCaI Otc )t o r 

bandwid th) 

Stop s~~,1ep

Fig. 25 Block Diagram of the High-Channel Second IF Amplifier

Out put to

Mixer 
phase
de tector

RF 

tenuato mp andw:dth
m

Local - oscilla tor
input

Fig. 26 Block Diagram of the Low-Channel Second IF Amp lifier
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crysta ls .  The configurat ion of each f i l ter  is the same . A sp l i t—
phase matching transformer is used to match the 50 Q to the required
impedance , which is dependent upon the specified bandwidth. The
crystal is placed in one output leg of the  t ransformer , a neutral-
izing capac itor is p laced in the o ther , and the two legs are them
summed . A matching transformer is p laced ~ t the output  to match

L into the next circuit element. The required bandwidth is realized
when the filter is loaded with the proper impedance, the real im-
pedance being obtained by the turns ratio of the output matching
transformer and the reactive impedance being obtained by trans-
former tuning . The bandwidths are 1200 and 300 Hz for the high—
and low—channel IF filters, respectively, and 60 Hz for the stop—
sweep filter . The inserticln loss of each filter is about 2 dB.

A miniature low—noise double—balanced mixer was chosen to be
the second mixer Th each unit. The mixers are broadband and the
same type is used in both units. Conversion loss in the units
chosen is about 6 dB. For log istic reasons , these mixers , those
used in the f irst IF amp lifiers , and t~ e power dividers used at
the outputs were purchased from the same manufacture.

The losses from the attenua tor , mixer , and crystal f i l t e r
of each unit add up to about 11 dB. The high channel has a thr ee—
way power d ivider at its ou tpu t, bring ing the total losses to abou t
16 dB , while the low channel has a two—way power divider at its
output , bring ing the total  loss to only 14 dB . Division of overall
receiver gains is such that  the required net gains are 63 and 58 dB
for  the hig h and low channels , respectively.  Calculations then
provide the required amp l i f i e r  gains of 79 and 72 dB for  the high
and low channels , respectively.

The ampl i f i e r  design began with the assumption that the re-
quired gains could probabl y be realized by cascading three tuned
stages. S tar t ing  with the  high channel , a ca lcu la t ion  was made to
determine the s ingle—stage bandwidth if a 0 .5% overall  bandwidth
was desired . The sing le— sta~-e bandwidth was found  to be about
30 kHz . Nex t , values of the requ i red  induc tance  and capacitance
were calculated for a single-pole filter (simple tank circuit)
with a characteristic impedatlcc of 1 k~~. The values found were
0.52 ~.tH and 5410 pF, respectively. The inductor was realized by
winding a toroidal coil with the best a p p r o x i m a t i o n  resul t ing f rom

12 turns  of No. 20 copper wite on a Micrometals T37—6 core; the
average value obtained was 0.5 sU with a Q of ap~ r ox ima tely 170.
A single—stage test circuit was bui lt using a 1(2117 transistor to
see whether the desired parareters could ~-e obtained . At first
the resul ts w c r 4~ di~~ ourag ing , i-ut it w:~ - d iscovered that the tank—
c i r cu i t  capacitors  were l i m i t i n g  the Q . However , when hig h grade
capaci tors-  ~;er - si’i ected , a bandwidth of 50 kl-l z and 26—dB gain
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were obtained . With these results , work proceeded based on a three—
stage amp lifier having an overall bandwidth that was going to be
closer to 1% instead of the originally assumed 0.5%.

The three—stage eng ineering model of the amp lif ier was bu ilt
before it was realized that the dynamic range (power delivery capa-
bility) of the final stage had been overlooked . With an overall
bandwidth  of 30 kHz , the final stage would have to deliver +11 dBm
of rms noise power under normal conditions . This amount of power
was incompatible with the power supply voltages already selec ted ,
the powe~ consumption estimates, and the power levels of the
reference signals used to drive the phase detector . Therefore, it
was decided to place the IF crystal filter between the second and
t~-’ird stages. This reduced the required rms noise power delivered
by the last stage to —3 dBtn . Also , the final stage was rebiased
to provide a l— dB compression poin t of 0 dBm without  requiring
changes in the power s u p p l y .

The design pattern of the low channel was the same as that
of the high channel. The circuit  values for  the tank circuit  were
scalec by a f ac to r  of 8/3 because the low channel is slaved to the
high channel. In both high and low channels , a small par t of the
emi t t e r  res is tance  is unb ypassed to provide negative feedback fo r
overall  gain ad jus tmen t .

The construction of the two units is identical. Each unit
is built  in an aluminum chassis having p ieces that were dip brazed
together . Shields within the enclosures isolate the input and out-
put of each transistor stage. The brazed pieces are soldered on
pr inted circuit boards that are, in turn, moun ted to standoffs
brazed into tile chassis. For convenience in the next higher assem-
bly,  the layout of the printed ciruit boards for the high and 13w
channels are nearly mirror images. Tight fitting covers complete
the RF enclosure.

PRIORITY AND COHEREN I~Y LOGIC

One of the problem s confronting the NAVPAC receiver system
is how to determine whether any two f the DTL units (DTL 1, 2, or
3) are tracking the same spacecraft , and if so , wha t act ion should
be taken to terminate this condition . Figure 27 is a block diag r am
of the elec tronics used to solve the problem .

The priority and coherency logic (PCL) consists of a test
clock generator , three coherency tc~1 t counters , priority assignment
log ic , and the necessary log ic elements to combine the coherency
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test results and priority assignmen ts to provide ou tput signals to
each of the DTL units.

) I I4 I ; I Ie  t ? I Il Lock l I l l i l l a t  lu l l S l i l l - I I S

DTL 1 DTL 2 OTt 3 DTL 1 DTL 2 DTL 3

1
—i_

~1 -

-I 

- 

-  

SSl I ment 
_ _ _  

~~~ 
Break lock

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

______ 

—ø- To DTL3

- r~
- - L ~: ::::::: ~ ~_________ - 

1 and 3 ire coherent

25 su~~~~~ 
I~~~~~

l 0t I~~~JI_ i

Fig. 27 Block Diagram of the Priority and Coherency Logic

Coherency Test Counters

Three separate test -counters are used to measure the dif-
ference frequencies among the 400—Mh z signals tracked by the DTL
units. One counter tests the difference between DTL 1 and 2 fre-
quencies , another tests DTL 2 and 3 frequencies , and the third
tests the DTL 1 and 3 frequencies. If a difference frequency is
25 Hz or less , a decision will be made to force the lowest prior-
ity DTL to stop tracking the signal it is locked to and to begin
a new search pattern. The coherency test is enabled as soon as
any two DTL units have become locked to signals. The timing and
1t fonuui4ui~~ of the coherency test is controlled by the tes t clock
generator.

Test Clock Generator

T i e  i’C1. receives a 2 -- Hz  signal from the NAVPAC DPU. The
signal Is used to control the measurement intervals of the test
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counters and to generate a signal that effectively repeats the
coherency test once every 3.2 s. Because this signal is not syn-
chronous with the time of Doppler lock of any DTL, the following
even ts can occur :

1. If DTL ’s 1 and 2 were to lock to signals when the test
clock had disabled the coherency counters, there would
be a de lay of up to 1.6 s before the f i rs t  coherency
test would be performed . After the first test (assum-
ing the two frequencies differ by more than 25 Hz, i.e.,
not coherent) the coherency test would be repeated 3.2 s
later.

2. If DTL 1 and DTL 2 were to lock to signals when the
test clock had enabled the coherency counters, a co-
herency test would be completed within 0.2 s. If the
two frequencies differ by more than 25 Hz, a second
test would be performed after a delay of up to 3.2 s.
Afte r that , all subsequent tests are performed at 3 . 2 — s
intervals.

Priori ty Assignment Logic

P r i o r i ty  is assigned to the DTL units , b . ed on the sequence
in which they lock to signals. For example , if two spacecraft (Si
m d  S2) were itt v iew and DTL 1 locked to Si f o u r wed by DTL 2 lock-
ing to S2 , DTL 1 would be ass igned priority over DTL 2 and DTL 3,
and DTL 2 would be assigned prlori:y over DTL 3. If DTL 3 now locks
to Sl , the 3/ 1 coherency test wil l  determine that the difference in
) ppLer frequencies between DTL 1 and 3 is less than 25 Hz and DTL
3 will be forced to beg in a new search pattern . If the Doppler
cur ves of Sl and S2 cross , DTL 1 and DTL 2 may suddenly begin tra -~k-
ing the - same sp a c e c r af t .  In this examp le , DTL 1 has priority over
DTL 2 , so DTL 2 would be forced to begin a new search pattern after
coherency has been detected. However , if , at the t i m e  DTL 1 and
i-IL 2 began to track the same spacecraft , DTL 1 momentarily lost
lock but then reacquired the signal , DTL 2 would be assigned pri—
oriry over DTL 1 and DTL 1 would be forced to begin a new search
patt ern after coherency has been detected. Therefore , at any given
t ime , the priority assignments can be 1 over 2 or 2 over 1, 1 over
3 or 3 over 1, and 2 over 3 or 3 over 2.

Combining Logic

When the result from one of the coherency test counters in—
dicates that  two DTL uni ts  are locked to signals whose difference
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frequency is less than or equal to 25 Hz, pr ior i ty  assignment in-
formation and coherency test results are logically ANDed to gener-
ate a signal to the low priority DTL , requ ir ing it to begin a new
search pattern. Commands are included in the overall NAVPAC sys—
tern to disable all PCL output signals to the DTL units. If this
command State is chosen, It is possible for all three DTL units to
track the same spacecraft simultaneously even though pri or ities
have been assigned and coherency of signals is being detected .
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7. DATA SYSTEM

L 
The NAVPA C data flow diag ram (Fig. 28) shows the movement of

t he  data throughout the NAVPAC electronics. Everything in Fig. 28
except the three dual—channel receivers , the three—axis accelerom-
eter , and the tape recorder is part of the NAVPAC DPI).

CENTRAL PROCESSING UNIT

At the  hear t  of t h ~ DPU is the CPU, which accepts digitized
data from various other s u b s y s t e m s  of the DPI). The function of
the CPU is to create several special data files of different types
of data in a temporary buffer memory . When the buffer memory is
full the  contents are transferred to a tape recorder that can hold
many buffer dumps. Later , the tape recorder can be played back
whi le  the host  vehicle is over a ground station to transfer the
data t the  ground tiat a processing sys tem .

Figure 29 is the block diagram of the CPU . The CPU is simi-
lar to a standard stored—program digital machine , but with very
little arithmetic capability. The stored programs and program
c o n s t a n ts  are kept  In a read only memory (RON). The programs and
the cons tan t s  are se lec ted by vec tor s  generated by the l o g i c  in
the p r i o r i t y  and mode con t ro l  systems , as well  as by p rogram con-
t r o l .  For example , in each of three major modes the control logic
selects a complete new set of program constants for the software
to use.

Ihe  CPU accepts data serially and stores i t  in 16—bit bytes
in a quarter—million bit random a c Le s s  memory  (RAM). After each
byte ol data is stored it is only necessary to increment the ad-
dress of t Ic storage location by one and compare  this address to
t h e  address of the “full ” storage l oca t i on  to determine whether
tto- file is full. Then-fore , the only arithmetic functions required
of the CPU are increment (add one) and compare (is A :- B ?) .

* 
In a d d i t i o n  to da ta  f l i e s , the  CPU m a i n t a i n s  a list of all

the current—storage—location addresses (called pointers) iii a
-; p&~~idl tile referred to as the table of contents. Thus , 1-efore a
dat i word can i l l -  stored in a particular file the CPU must letch
tue current—storage—location address from the t a b l e  of contents.
At the completion cf the data storage program , the latest storage
location address - c I - -; L  be returned to the table of contents.
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In brief , the CPU responds to interrupts from other subsys-
tems of the DPU. It accepts from them serial digital data that it
sorts and stores in special files that it maintains in a core RAM .
When one of the files bcccmes full , the contents of the RAM are
dumped in an orderly fashion to an external mass storage device
(tape recorder).

File Mai ntenance

The CPU creates and maintains a fil- in the buffer memory in
the following manner. At any one time the RAM contains four files ,
i.e., three data files and the directory or table of contents. The
three data files contain data and time information pertaining to
three different kinds of information : Doppler navigation data ,
accelerometer measurement data , and telemetry housekeeping data.

The structure of a file is shown in Fig. 30. We are not
concerned at this point about what the data are that are being
stored; we only want to keep track of where they are being tored .
Ther efore , we are interested in the addresses of the storage loca-
tions. There are three constants that define a file; these con-
stants are the addresses of the three particular storage locations :
TOF , BOF , and FFM (the key defines the terms). -

TOF is the address of the very f i r s t  storage loca tion in a
file. BOF is the address of the very last storage location in a
file. Clearly BOF + 1 = TOF + 1’ that is , the top of one file is

the very next location a f t e r  the bottom of the previous file. The
third constant is the file—full mark , FFM, When the data In the
fi le reach the FFM , the f i le is considered fu l l  and dumping of the
buffer is initiated . The difference , BOF — FFM , must be made suf-
ficiently large to absorb all data at the maximum data rate during
the time tha t the buf f e r  is dumping, since data collection contin-
ues at all times, even dur ing buffer dump .

There are two variable addresses that are required to main-
tain a file , EOF and SOF. EOF is the address of the first empty
storage location in the file. It is the address where the next
by~ 2 of da ta will be stored (see Fig. 30). SOF is the address of
the next byte of data to be read out of the file during a buffer
dump. Since EOF and SOF are variables , they mus t be stored in RAN
(as shown in Fig. 30). They are stored in the table of contents.
The addresses in the table of contents , AEOF and ASOF , are constants
and these are kept in ROM along with the aforementioned constants
that define the file.
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Addresses Data file
- E TOF 

- 
Data
Data

— 

Data
Addresses Table of contents Data 

Data

_ _ _ _ _  

I
P ASOF SOF I

EOF

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~ Data~~~~

TOF Top of file \
BOF Bottom of file \
FFM File-full mark \
SOF Start of file \
ASOF Address of SOF \
EOF End of file \
AEOF Address of EOF I 

I

FFM Data
\ L ~~~~~~~ 

_ _ _ _

Da ta
EOF 

_______

~~~~~
_ _ __ _ .  I

--  _ _ _ _ _ _

L_ ~~~± _ _  _ _ _ _ _

Fi g. 30 File Structure in the NAVPAC Buffer Memory
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Consider what  happens  as the file fills and empties during
the course of data collection and buffer dump . Initially the f i l e
is empty, EOF = TOP and SOF TOF. Each time the CPU answers an
i n t e r r u p t  tha t  r e q u i r e s  tha t  data  be placed in t h u  particular file ,
th e CPU must first ~y I to the ROM and get AEOF f o r  th i s  file. Then
the CPU goes to  AEOF irs the  RAM to get  EOF. For the first inter-
rupt , EOF = TOP and he first byte of data is placed in TOP ; then
EOF is incremented one and the second byte of data is placed in
‘lOP + 1 and so forth. After each interrupt has been served , the
current value of EOF is restored t o  the location in RAM addressed
by AFOF.

Uventually , as the file fills , EQ!- becomes equal to FFM .
When the EOF FF11 is detected by the GIft , it i n i t i a t e s  the  b u f f e r
dump sequence oontrolled by the to r iri - itter and tape recorder con-
troller (see Fig. 28). The file continues to fill during the pro-
cess so EOF continues moving toward BOF.

When the t ime comes to dump this file , t i e  CPU must first
go to the ROt’! and get ASOF for this file. Then the CPU goes to
ASUF in the RAM to get SOP. For the first dump request , SOP = ‘lOF
and the first byte of data is taken out of TOF ; then  SOF is Incre-
mented by one and restored to the location in RAM addressed by
ASOF. The re fo re , the second byte of data is taken out of TOP + 1 ,
and so on.

Eventually, as t he  file empties , SOF becomes equal to EOF,
which means there is no more real data in the file. There are of
course sonIc empty locations between EOF and BOF , but they are  not
read out. At th is point the CPU sets SOP back to TOP , and goes on
to dumping the n e x t  file.

Three copies of the buffer are written onto the tape record-
er to provide redundancy. This is in addition to the parity , s-hich
is added to each data word before it is stored in the buffer. tIt

the comple t i on  of the third dump , the CPU sets EOF back to TOP and
the file is right back where It started: EOF ‘lOP and SOF = QF.

Flow Charts

The p r ev i o u s  s ub s e c t ion  descr ibed  in words , with the assis—
tance of Fi g. 30, th e major tasks of the CPU . l- t :tlic r formaliza-
t ion and clarity Ian be obtained front flow charting the required
jobs. Flow charts for the NAVPAC CPU’ a re given in Fi gs. 31, 32 ,
and II. A detailed I h - : l -r l p t i o n  of these flow d irts will not be
given since rere .idic,g the previous section while stud y ing Figs.
31, t2 , and 33 should  provide  ample information.
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Fig. 31 Flow Diagram of the Start Sequence
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Fig. 32 Flow Diagram of the Store Subroutine
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Fig. 33 F’ow Diagram of the Dump Subroutine
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One thing that should he emphasized is that since the CPU
accepts data serially (see Fi g. 29) , some t ime m u s t  pass between
the initiation of data collection (see Fig. 31) and the time the
first data byte is shifted into one of the input data reg is ters .
Hence as Fig. 32 shows, the CPU must always check to see whether
the data in the input data registers are ready before it writes
data to the file. It only cakes 7.2 ps to write a by te to RAM ,
but it takes 19.2 ~is to shift in serially a 16—bit byte.

Program Control

It was discussed earlier that the programs that implement
the flow cha r t s  are  stored in RUM. These programs are controlled
and executed by the functional blocks shown on the left in Fig. 29.
A flow chart of the sequer1ce that selects and executes the CPU in-
structions is shown in Fig. 34. As Fig. 34 is studied , the move—
ment of instruction addresses and instructions from block to block
should be followed on Fig . 29. The timing of the sequence of
even ts is shown in Fig. 35.

Inst ruction Set

There are four basic types of instructions indicated in
Fig. 34; they are end , immediate , memory reference data , and jump .
The end of program (END) instruction terminates the programs and
returns control to the priority systerr to select the next job or
to await the arrival of the next interrupt.

The immediate (IMD) instruction is capable of a wide variety
of f unc tions includ ing data movement in or out of RAM , data move-
ment on the address bus , sensing, and incrementing. All of these
functions can be executed sequentially with one instruction during
one 7.2—ps cycle time.

The memory reference data (MRD ) instruction is capable of
most of the same functions as the IMD instruction and , in addi t ion ,
it can fetch the file constants from the RUM and place them in the
t r a n s f e r  reg ister  fo r  use on the address bus. This instruction
requires two 7.2—ps cycle times to execute. The second cycle time
mus t  be used to address and read the location in the RUM whe’e the
file constant is stored (see Fig. 34).

The j ump (JNP ) i n s t r u c t i o n  will permit conditional or un— A

condit ional  j ump ing to a new point in the program . A conditional
jump will take place if the sense flip—flop has been previously set
to the “1” state (see Fig. 34).
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The fo rmats of the four  types of ins truc tions are given in
Fig. 36. The functions of the I bits that make up the command
field of the instruction words are given in Table 7. If the par-
ticular I bit is a logic 1, tha t func tion will be per formed dur ing
the cycle time. The effect on data movement or address manipulation
of each function listed in Table 7 can be followed and studied in
Fig. 29.

A Sample Instruction

Consider the instruction 560A (in hexadecimal), which in
b inary becomes :

0 1 0 1 0 1 1 0 0 0 0 0 1 0 1 0
11 +
115 1

0

Since 1
0
1
1 

= 01, this is an 1MB instruction. Since 1
2 

is a zero ,

the memory output register (M
0
) is driving the address bus. Assume

that the memory output register contains EOF and that the memory
input register (M

1
) contains FFM. Follow the execution of this

instruction in Fig. 29 and Fig. 35 (for timing) while referring to
Table 7 for the I—bit code. 1

3 
is a I so at clock 06 (see Fig . 35)

the address EOF will be latched into the address register. If the
data input registers have no data , the CPU will wait in the 06
state until the data are ready . Then , since 1

9 
is a 1, the data

will be written from the data input registers into the memory at
location EOF during 02 through 04. In the meantime , since 110 is

a 1, the  memory—outpu t  reg is ter  will be incremented  by 1 during 03
and , since 112 and 114 are l’s, the outpu t  of the comparator will

be latched into the sense flip—flop and the buffer—full flip—flop
during 04. Notice that the comparator is comparing the new value
of EOF with the value of FR’) held in the memory input register (is
EOF � FFM?). Now refer to Fig-. 32; notice that the one instruction
(560A) that we have just considered is equivalent to one cycle
through the major loop in the STORE subroutine. Three 560A in-
structions in a row will store a three—b yte data word in a file.

Re ad Only Memory Organization

To understand completely the use of MRD and JMP instructions ,
it is necessary to look at how the programs and file constants are

— 93 —

I 

— -
- —-—--

- -- —,--- - - - - - -

~~~ *~h~~~~j1,A~ ‘ - 
- 

~
,‘ - - - ~~~~~~~~ ~ ‘~~~~~~ ‘ L !4 ’~~~ 4~

(
~ ~~~~~ 

- - - ----- —-~~~ _____



- hi — I (l - I -

A I CI It [I I l l  11 ,1 0 ,  LABORATOI

Operation
code Comma nd f lI ld

~ 
Ij 1 2 1 3 1 4 j 5 ]  1 6 7 I~ 1 9 1 10 1 ~iil 

1 12 13 14 ~ 5]

O 0 end of program , E N D

O 1 immediate , I M D

Operat ion Word
code Command field address

1~ I
~ 

1 2 1 3 1 4 1 5 1 6 1  
1 7 ]  1 8 1  ~ 

l io l l~~ ~ 12 ~~ 
l 13~ 

W 1 W o l

1 0 memory reference datd , M R D

Op r~i t ion
COlIC Command field Jump to address

--

I i 1 2 1 3 j 1 4 1~~ 1 6 1 7 J C 1 c] P
1J~~~ R1 R0 W 1 w~j
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Table 7
Instruction-Bits Code

address bus source :  T reg is te r  (12 
= 1) or M

0 
reg i s t e r

I 
~~~~ 

=

I 
latch address bus into address register

1 , latch aidress bus into M
1 

register

1 , read from memory into M
0 

register

1
6 

write from 
~~ 

reg ister into memory

I

I 

17 condit ional b i t :  17 = 1 , cond itional jump ; 1
7 

0,

unconditional jump

- 1
8 I

I read from memory into output data reg i s t e r s

I) 
- write from input data registers into mel lory

increment t i lC  r e g i s t e r

sense third readout status

I 12 1 
souse—comp are status

- 
113 I 

sense—dump status

1
14 1 

if sense set buffer full flip—flop

if sense increment file counter
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organized within the ROM. Consider the 8—bit ROM address word im-
plied in Fig. 29, shown as part of the JMP instruction in Fig. 36,
and repeated in detail in Fig. 37. Since the present size of the
ROM is only 128 words , the most significant bit of the ROM address
is not used.

Figure 37 shows that chapter 1 of the ROM (the higher order
addresses 40 to iF in hexadecimal) is sequential in organization ;
i.e., the subroutines are packed one right after the other into
chapter 1. The JMP instruction can move to any point in this part
of ROM to pick up the required subroutine .

The organization of chapter 0 (lower order addresses 00 to
3F in hexadecimal) is very structured as shown in Fig. 37. Chapter
0 is divided into four pages that can be selected by bits P1P0 of

the ROM address word . Each page contains a complete description of
one particular file. File 0 is the directory or table of contents,
file 1 is the Doppler data file, file 2 is the MESA (miniature
electrostatic accelerometer) data file, and file 3 is the TLM (te-
lemetry) data file.

The structure of each page is identical . For example, page
1, as shown in Fig. 37, is divided into four paragraphs that can
be selected by bits R1R0 of the ROM address word. Paragraph 0 con-

tains the starting point program for this particular file as shown
at the bottom of the flow chart in Fig. 31. Paragraphs 1, 2, and
3 contain a list of the file constants for this particular file for
operating modes 1, 2, and 3, respectively.

The structures of paragraphs 1, 2, and 3 are identical. For
example , paragraph 2, as shown in Fig. 37, is divided into four words
that can be selected by bits W1

W
0 

of the ROM address word. These

words are the now familiar file constants: TOF, ASOF , AEOF , and FFM.

Starting Point Vector

Figure 29 shows that the priority systPm generates a vector
to the starting—point program for the file be ing called by the in-
terrupt that is in effect. It was shown in the previous subsection
th at this program resides in paragraph 0 of the particular page
devoted to that file (see Fig. 37). Therefore , the required vector
L~ XOP P 0000, where P,P is the file number (in binary). Notice

1 0  i f )

that any MRD instruction to fetch the file constants will a’so need
to refer to this same page ; hence the four most significant bits
(MSB’s) of this vector .~re also used to form the index from which
the £4RD instruction works (see Fig. 29).
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ROM address word

[~~J C o~
Pi I P Q I R i I R o I W l~

Wo]

age o / Paragraph 0 / Word 0

r iption of / Contains a four-word / T~.ip of file
f ile 0 / starting point program // for all requests for

data to or from file 1 
//

/

Page 1 Paragraph 1 Word 1

~ription of P1 p0 = 01 Contains the file / Address of
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Fig. 37 Partitioning of the Read Only Memory
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The MRD Index

To continue to build the index from which the MRD instruc-
tion will do index—relative addressing, it is necessary to consider
which mode the DPIJ is operating in. As Fig. 29 shows, the mode
control system generates a two—bit mode control code, R1

R0, which
is the mode number 1, 2, or 3 in binary. The four bits discussed
in the previous section plus these two make up the MRD index,
XOP

1
PQR1

R000, to which the MRD instruction adds its two—bit address
field, W1

W
0 (see Fig. 36) to get the absolute address of the par-

ticular file constant it needs.

A specific example is shown in Fig. 37. The CPU is process-
ing a job calling file 1 and the ~PU is in mode 2. The MRD Index
Is therefore X 0 0 1 1 0 0 0. The program is executing the MRD in-
struction to fetch FFM so W

1W0 = 1 1 and the absolute address be-

comes XOOllOll.

Priority System

The priority system accepts job requests, called interrupts ,
from ten different sources within the DPU. Although these job re-
quests are called interrupts, they are not interrupts in the strict
computer sense because they do not interrupt the current job in the
CPU. The priority system determines the priority of the jobs in
the queue; when the current job is complete, the system passes the
highest priority job along with its starting point vector to the
CPU. The priority system functions are in the top half of the flo~.:chart in Fig. 31 and in the very top part of Fig. 34. The inter—
rupte , in priority order, are listed in Table 8.

Mode Control

The NAVPAC CPU operates in three major modes. In each mode
the data rates from various data sources are different; therefore,
the buffer memory must be reallocated for each mode so that the
data files all fill at about the same time. As it was described
previously, the mode control logic must contribute a two—bit code
to the MRD index to control the access of the CPU to the correct
set of file constants stored in ROM.

Mode changes are made under command control. Whenever a
command is received to change modes, the mode control cycles
through a mode—change sequence. First, the mode control initiates
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Table 8
Priority Order of Interrupts

Priority Interrupt

1 Bootstrap loader

2 Dump

3 Receiver time

4 Accelerometer time

5 Telemet ry time

6 Accelerometer data

7 Telemetry data

8 Doppler data from receiver 1

9 Doppler data f rom receiver 2

10 Doppler data from receiver 3

a dump sequence, even though none of the files is full , to empty
the memory so that it can be reallocated. Then the mode control
sets the bootstrap—loader interrupt. The bootstrap loader is a
program that is executed any time that power is first applied to
the DPU, or whenever the mode changes to load the complete set of
the file constants from ROM into the table of contents. Only when
all this has been done is the mode change complete.

Another function of the mode control is to generate masks.
Associated with each interrupt (except the first) in Table 8 is a
mask or disable function. The mode control senses the command
state of NAVPAC and masks out the interrupts associated with any
data source that may have been commanded off. For instance, if
receiver 1 has been turned off the mode control sets the mask for
interrupt 8 and the priority system will no longer respond to any
signals (e.g., noise) on that interrupt line.

H
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Input Data Registers

Figure 38a shows that the input data registers consist of
a pair of “ping—pong” registers, a parity generator , and associated
logic. This connection of registers makes it possible for one
register always to output data to the memory while the other one
is available to accept data from the input serial data multiplexer.
The logic—state diag ram is given in Fig. 38b .

Output Data Registers

Figure 39a shows that the output data registers are quite
similar in nature and construction to the input data registers.
During the memory dumping process, one of these registers always
outputs to the formatter and tape recorder controller while the
other one is being loaded from the memory. The logic—state diagram
is given in Fig. 39b.

DATA FORMATTER AND TAPE RECORDER CONTROLLER

The data formatter , which accepts a raw serial data stream
from the CPU and formats and encodes it for transmission to the
Type 35 flight tape recorder or the SGLS flight transmitter , is at
the output of the DPU. The tape recorder controller coordinates
the activities of the tape recorder wi th the da ta forma tter while
the contents of the core memory buffer are being recorded on the
tape. The tape recorder controller also initiates and controls a
reproduce sequence whenever the ground data system requests a tape
recorder playback over the SGLS data link.

Functional Description of the Data Formatter

The block diagram of the data formatter is given in Fig. 40.
The data formatter constructs a frame of data by adding a sync
pattern and a status word to each 60—byte block oi data received
f rom the CPU . The format of the 1024—bit frame is shown in Fig. 41.
The sync pattern is lllllOlOllllOOllOOl00000 (or FAF32O in hexadeci-
mal). The format of the status word is given in Fig. 42. When the
CPU does not output data, such as when the tape recorder is coming
up to speed , the data formatter fills the data fii~ld of each frame
with checkerboard (alternating ones and zeros). As shown in Fig.
34 , the fifth bit of the status word is cleared to a zero at these
times.
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Fig. 38 Input Data Registers
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24 bits 40 bits 960 bits
sync pattern status word data field

15 words 64 bits each
or

20 words 48 bits each

Data are read out by placing them in a 1024-bit frame.
These frames are placed on the Type-35 tape recorder
end to end; that is, there are no bits between the end
of one frame and the beginning of the next.

Fig. 41 Format of the 1024-Bit Frame

_____ 
NAVPAC un it number
(a constant for each NAVPAC)

2 2 1 3 32ze ros
bi ts bits bit bits

t t +  1
Readout number: Check bit:

Since the core is read three times, If 0, data field contains checkerboard
this number counts from 01 to 11 If 1, data field contains data
during the 750 000-bit readout
to the tape.

File number of the data in the data field :
00 f i le 0
01 file 1
10 fi l e 2
11 f ile 3

Fig. 42 Format of the Status Word
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The data are split—phase (Manchester) encoded. Separately
isolated outputs are provided for the tape recorder and the pallet
transmitter. The isolation is achieved by optical isolators.

• Separate outputs, which are neither encoded nor isolated, and
special functions are also provided to the test system.

Functional Description of the Tape Recorder Controller

The block diagram of the tape recorder controller is given
in Fig . 43. The flow chart for this equipment is shown in Figs .
44 and 45. The following important points should be noted :

1. If the tape recorder is disabled and the buf fe r  memory
fills, a hold is generated that masks all the interrupts
to the CPU. Nothing further will happen until the trans-
mitter is turned on (to read out the buffer directly to
the ground) or a mode change command is sent.

2. Three things will initiate a readout sequence:

a. The buffer fills and the tape recorder is enabled ,
or

b. The transmitter turns on, or

c. The mode changes.

3. If the transmitter is off , the sequence will end 2 sec-
onds after the third readout of the buffer memory is
complete.

4. If the transmitter is on , the sequence will con tinue to
record checkerboard data for 18 seconds after the third
readout of the b u f f e r  memory is complete , and will then
turn off the tape recorder. Four seconds later the tape
recorder is directed to play back.

The form of the resulting record on the tape is shown in Fig.
46, The buffer memory fills about once each orbit and the data for—
matter and tape recorder controller write out one such record . Once
a day , over a ground station, the transmitter is turned on to trans—
mit the recorded data back to the ground . This initiates a readout
sequence that includes 18 seconds of trailing checkerboard . During
playback , the tape direc tion is reversed and the tape speed is in-
creased by a factor of eight (the playback bit rate is 128 000 bits
per second). The tape recorder shuts off automatically when the
beginning of the tape is reached .
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Detailed Description of the Data Format

Whe n the tape recorder controller turns the tape recorder
on , the data formatter begins to output 12 seconds of leading
checkerboard . The checkerboard pattern is imbedded in 1024—bit
frames in the same manner as the data (see Fig.  41). Each frame
begins with sync (FAF32O in hexadecimal). The first four bits of
the status word are 0100, meaning that this is the first readout
of file 0 (the table of contents). The fifth bit is a 0 meaning
tha t this fra me con tains only checkerboard. The sixth through the
eighth bits are the NAVPAC unit number (refer to Fig. 42). This
number is 000 through 101 for Systems 01 through 06.

Let us assume this unit is System 01. Then for the lead-
ing checkerboard the status word will be 4000000000 (in hexadecimal).
This will be followed by 960 bits of checkerboard , which is 240 5’s
in hexadecimal. This same checkerboard frame will be read out at
about 16 frames per second for 12 seconds. Then the status word
will become 4800000000 for  one frame. The data field for  this frame
will contain eight 16—bit words of the table of contents followed
by checkerboard (208 5’s in hexadecimal). Then the status word will
become 5800000000 for as many frames as are required to read out the
Doppler data (file 1). The last frame will be completed with check-
erboard when the data run out. Then the status word will become
6800000000 for as many frames as are required to read ou t the MESA
data (file 2 ) .  Then the s tatus word will become 7800000000 to read
out the telemet ry data.  This completes the f i r s t  readout of the
buffer memory .

During the second readout the status word begins with 88, 98 ,
A8 , and B8 for the table of contents , Doppler da ta , MESA data, and
telemetry data, respec tively. This readout includes any new data
collected since the first readout took place. The data in the
table of contents will of course reflect those new data.

During the third readout the status words begin with C8, 08,
E8 , and F8. Then during the trailing checkerboard the status word
is all zeros.

DOPPLER AND REFRACTION COUNTERS

The DPU contains three Doppler and refraction counters
(DRC ’s). They are 1ab~ 1ed DRC1, DRC2 , and DRC3 and are connected
to the outputs of receivers 1, 2, and 3, respectively. The func—
tion of each DRC is to count the uncorrected Doppler frequency
and the refraction frequency over accurately controlled 30—second C
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Fig. 43 Block Diagram of the Tape Recorder Controller
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Fig. 44 Flow Diagram of the Tape Recorder Controller: Recorder Enabled
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—4S--- I —CS-

2 s -14 11-4 lOs 3 readouts at 16K bits/s 44 2sor  ... ,.
~ ~~~~

-
~~~ Time

Fig. 46 Form of the Data Recorded on Tape

contiguous intervals. The DRC must request proper time annotation
for all data from the time code generator (TCG). The DRC formats
its data into a 48—bit word , which it passes along to the CPU for
storage in the Doppler data file.

Block Diagram

The block diagram of a DRC is shown in Fig. 47. If the 400—
MHz receiver channel is locked , the very first negative—going zero
transition will start the 30—second gate and the Doppler counter
will begin counting up from zero. If the 150—MHz receiver channel
is locked, the refraction counter will also count during this same
30—second interval. The refraction counter also starts counting
from zero (sign, plus twos complement), but it may count up or
down depending on the sign of the refraction frequency. The sign
of the refraction frequency depends on the phase relationship of
the two refraction inputs as shown in Fig. 48.

As shown In the timing diagram (Fig. 47), at the end of
exactly 30 seconds the Doppler counter and the refraction counter
both stop counting and transfer their contents to the output shift
register . The time—over counter now counts from the end of the 30—
second interval until the next Doppler negative—going zero tran-
sition that begins the next 30—second Interval. The Doppler count
plus one is then the integral number of Doppler cycles that occurred
in the 30 plus time—over count seconds.

At the end of the 30—second interval (see Fig. 48) the TCG
marks the time of the first of a series of contiguous intervals
and every eighth interval thereafter. Only when the 400—MHz re-
ceiver channel drops lock are all intervals prevented from being
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Fig. 47 Functional Block Diagram of One NAVPAC Dopp ler and Refraction Counter
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Fi g. 48 Phase Relations for Positive and Negative Refraction

o u t  i ,~u ou ’-; with one another. When the 400—MHz channel reacquires ,
the 1)RC starts over and marks time at the end of the first interval .
A drop l u  k any Lime during an interval causes the DRC to stop all
counting and start over onl y when the 40(1—MHz channel reacquires.

All three counters (the Doppler counter , the refraction
counter , and the t lme—ov i,r counter) stop counting and freeze if
they ever reach the top of their counting range (all ones). The
maximum allowable Dopp ler frequency is 69.905 kI-Iz. The maximum
allowable refraction frequency is ±1.092 kHz. The maximum time—
over count, is 127 (corresponding to 152.4 (Is), which p laces a lower
l imit of it ,562 kHz on the Dopp ler frequency. The DRC is required
to count Doppler over a 12—kHz to 52—kHz range and the refraction
ove r a tbOO—H z range.

Two ground—test—only functions are built into the DRC . They
are the “f , ist  count ” and the test time mark.” The fast count
feature allows the DRC to collect data much faster (one data point
In 3.697 ms instead of 30 s). This is convenient for testing the
DRC logic and for producing lots of data for the CPU to use to fill
the Doppler - l iL a file quickly. The test t ime mark allows the DRC
to p roduce time marks at very accurately known times to aid in test-
ing the performance of the TCG at system level test.

Data Format

The format of the 48—bit data word generated by the DRC is
shown at the top of Fig. 49.
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Fig. 49 Format of the 48-Bit Data Word
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TIME L )DE GENERATO R

The timekeeping element of the DPU is the TCG. It accepts
a ve ry accurate , very stable 5—MHz signal from the NAVPAC oscilla-
tor and keeps time and provides timing signals for the DPU and the
rest of the NAVPAC system. The TCG marks time of occurrence of
eleven d i f fe ren t  events , formats t ime words represen t ing these
events , and passes the words to the CPU for storage in the proper
data files. The TCG keeps time with a resolution of 1.2 ~s for up
to 60 days without repeating (provided the power is not turned off).
It can handle as many as three simultaneous (within 1.2 (Is) time

- r 
marks wi thout  error .

Block Diagram

The block diagram of the NAVPAC TCG is shown in Fig. 50.
The 5—MH z input is converted from a 0 dBm sine wave to a square
wave, and then divided by six to create the master clock frequency
of 833.33 kHz (hence the time resolution of 1.2 (Is). The clock
itself is a 42—bit binary counter that is set to a count of zero
whenever power is first applied . A special test—only feature ,
called fast count , is ava ilable to allow tes ting of the hi gher
order bits (since the clock normally will only repeat itself after
two months). The clock provides timing signals (listed in Table 9)
to other parts of the NAVPAC system.

The TCG r es~ _ ui s to the eleven different time marks or
even ts , listed in order ut  priority in Table 10. If two or more
time marks occur at the same time , the priority system selects the
one with highest priorit’,’ to be processed first; then 1.2 ~~ later ,
it will process the next time mark. If more than three time marks
occur at the same time , the three TCG output registers will fill
up and the fourth time mark must wait for the CPU to empty one of
the output  regi~- ’ ‘-“ ~~~ When a time mark must wait to be processed ,
one bit in the time word flags the condition , alerting the user of
the data to the fact that this time data point may not be completely
accurate .

The time ma rks can be masked so that  the  TCG will not re-
spond to signals (e.g., noise) from a particular equipment that is
off or not in ‘, u 4 e.

The NAVSAT identification , whicn is recovered from the NAVSAT
navigation message by ~he navigation message recovery unit (NMR),
is provided to the TCG to be included as part of the two—minute
time—mark word .
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Eleven time marks

Masks -

from Priority
I system

NAVSAT ID 
Sample control 

Time interrupts
from NMR 6 input select 3 to CPU

Serial time
data

to CPU
Three TCG output registers Output

select

F ast
Count

5-MHz Signal 
6 

42-bit time code ç’~nerator
input conditioning 1.2 ps to 2 months

Power I Time reset 1 - - ‘ -Timing circuits Timing outputsturn on to Zero

Fig. 50 Functional Block Diagram of the NAVPAC Time Code Generator
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Table 9
Timing Outputs from the Time Code Generator

2.5 MHz for the navigation message recovery unit

Six buf fe red  outputs of the 833.33—kHz master clock

32.0512 kHz for the data formatter

One buffered output of 814 Hz for each of the three
receivers

25.4 Hz for the receiver priority logic

Table 10

Priority Order of Time Marks

Priority Time Marks

1 Doppler data time from receiver 1

2 Dopp ler data time from receiver 2

3 Doppler data time from receiver 3

4 Two—minute time mark from receiver 1

5 Two—minute time mark from receiver 2

6 Two—minute time mark from receiver 3

7 Host—vehicle t ime mark 0

8 Host—vehicle time mark 1

9 Host—vehicle time mark 2

10 Accelerometer time

11 Telemetry time
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The three Lnterrupts from the TCG to the CPU are (a) receiver—
time interrupt , which occurs as a result of time marks 1 through 9;
(b) acceleromater—time interrup t , which occurs as a result of time
mark 10; and (c) telemetry—time interrupt, which occurs as a result
of time mark 11.

Time Word Format

The formats of the five different kinds of time words gener-
ated by the eleven different time marks are shown in Figs. 49 and
51.

Telemetry
1 2 3 4 5 6 47 48 63 64 time mark

I I 1 F ri word
O O A O O  J—

~ 
T~ 1 T0 ~~~~ 1 t—LI
42 bits. 16 bits, ‘

~~ fill Parity
Time of telemetry mark.
1,2 ps to 60 d

1 2 3 4 5 6 47 48 63 64 Accelerometer
time mark word

1
00A00}__1T4 T0 iJ_ _f J .

uii
~~~~

42 bits.
Time of accelerometer mark .
1.2 ps to 60 d

Fig. 51 Fomiat of the NAVPAC Time Wor d

TELEMETRY

The NAVPAC telemetry (TLM) is a subsystem contained within
the DPU. The TLM subsystem samples analog and discrete (telltale)
information from the various subsystems and formats the informa-
tion for readout to the data processor for subsequent transmission
to earth. Telemetered information is basically housekeeping, tem-
peratures , and status for monitoring the performance of the NAVPAC .
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Other functions performed by the TLM include the processing of MESA
data for readout by the DPU, generation of independent analog (10
channels) and discrete (24 bits) information to the HV TLM subsys-
tem, and an interface to process the HV time—marker signals.

Block Diagram

A block dia gram of the NAVPAC TLM is shown in Fig. 52. Ana-
log and digital inputs are commutated from the DTL’s, DC/DC con-
verter , and the relay package. The internal interface between TLM
and the DPU consists of (a) signals that read out the TLM bit
stream , (b) signals that read out the MESA bits , and (c) several
mode—control signal lines that essentially select either a fast or
slow repetition rate of reading out TLM bits to the DPU memory.
Other internal interfaces cause time tags to be inserted in the TLM
or MESA bit streams. External interfaces exist among the TLM, the
MESA package, and the 1W. The MESA interface generates 64 bits of
MESA information to be stored in the TLM for subsequent transmis-
sion to the DPU memory . The HV interface includes 10 analog
channels and 24 discrete channels of TLM information for the HV
TLM subsystem. HV time marker signals are processed by the TLM for
s~.orage of time information in the DPU memory. There are some test
signals and control lines that are used to facilitate testing of
the TLM and DPU internal interface.

The TLM subsystem is designed to handle 35 analog channels
and 112 bits of digital information. Of the 35 analog channels,
the first ten are separately buffered and are sent to the HV TLM.
Of the 112 digir al bits , the first 24 are also sent to the HV TLM
subsystem.

Format

The format for the NAVPAC TLM data—bit stream is shown in
Fig. 53. Each analog channel consists of an 8—bit digital word
that is the result of an 8—bit analog—to—dig ital conversion of that
channel’s data. There are seven such analog channels plus an 8—bit
identifier word for each subframe. The identifier word is the last
word of each subframe to be shifted out to the DPU memory . The
identifier word consists of three subframe bits , two frame bi ts ,
two “don ’t care” bi.~s, az-id a parity bit , which the DPU determines
and inserts into the bit stream. Identifier—bit definitions are
shown in Fig . 53. There are seven subframes for each TLM frame.
There are four frames for each ILK cycle. After each cycle , the
TLM subsystem requests a time tag from the TCG to be inserted into
the TLM bit stream .
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Testing control
func tions

Ti._• 
_______

TLM time mark

DC/DC Analog • MESA time mark 
-

~~~ Time

w/regulator inputs : HV timing mark ge~~~~or

_________  

.4t
Power on reset

.~~~Analog TLM intr
•

Dual tracking Inputs 
• MESA intr

loops (3) &
assoc iated TLM data

circuitry & MESA data
RF subsystem -)  NAVPAC TLM ~~. Data

Digital • 4-k Hz clock processor
•inputs 
• TLM 833-kHz clock 

U f l I

TLM intr reset
4
MESA intr reset

MESA 833-kHz clock
4
Mode select MSB

.~~~ 4
Digital Mode select LSB
inputs :~ 

-
Command
Control MESA word gate

-~~~ 4
MESA data

TLM pwr . ______________

MESA 1-kHz clock
-

• . •
—

~~~~~
—;;

NAVPAC E ~____________________________________ = ~~ = 0) 2 ___________________________ : =
- 

csi-~~~ E ‘°
Host vehicle .

~~ 
‘~~~ ~~

V 
- -  - -

[ Host-vehicle 1 [
TLM MESA

subsy stem j  [
Fig. 52 Block Diagram of the Telemetry Subsystem
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Suhframe

[ 1 2 3 4 5 6 7 ID 1 SF 1 7 analog channel , l ID

[~~8 I ~ 10 11 12 13 14 [ 1D 2 j SF2 7 analog channel, l I D

[
~ 

16 17 18 19 [ 20 21 103 J SF3 7 analog channel , l ID

22 23 24 25 j 26 27 28 ID 4 SF 4 7 analog channel , 1 ID

29 [ 30 31 32 33 [ ~ ~ ID 5 SF 5 7 analog channel , 1 ID

r36 1 ~~~ 38 ~~ 42 1D6  S F 6  7 discrete words, 1 ID

1 43 F ‘~~ 1 45 f 46 47 48 49 ID  7 J SF 7 7 discrete words , 1 I D

(a)

Fl F2 F3 r4 ~TT F l  F2 F3 F4 ‘TT F~ F2 F3 F4 I T T {

t t )  Key

TT = Time tag
X Don’t-care bits
P Pari ty hit 

-

B 1 82 B~ 84 B5 86 B7 88 Identifier word

O 0 0 X X P Subframe 1
O 0 1 X X P Subframe 2

o i 0 X X P Subfr ame 3
0 1 1 X X P Subframe 4
1 0 0 X X P Suhframe 5

1 0 1 X ~ P Subframe 6
1 1 0 X X P Subframe 7

0 0 X X P Frame 1
0 1 X X P Frame 2
1 0 X X P Frame 3

(c) 1 1 X X P Frame 4

Fig. 53 Format of the Telemetry Data-Bit Stream : (a) Telemetry Frame ,
(b) Telemetry Cycle , and (c) Identif ier-Bit Definition
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There are two readout modes for the TLM bit stream. The
slow mode causes interrupts to the DPU to be generated by the TLM
for readout of each subframe of information (64 bits) once every
16 seconds. The fast mode causes the readout to the DPU once every
two seconds. A time tag is inserted in the TLM data stream once
every second (fast mode) and once every eight seconds (slow mode)
after the seventh TLM interrupt of each fourth TLM frame.

A MESA data sample (64 bits) is accumulated every two seconds.
A time tag is inserted in the MESA data stream once every 32 data
samples.

NAVPAC MESSAGE RECOVERY (NMR) UNIT

General Description

The purpose of the NMR is (a) to establish a clock that runs
in phase synchronization with the received modulation from the sat—
ellite being tracked , (b) to recognize the two—minute mark and send
a signal to the processor , and (c) to extract the satellite identi-
fication number from the data. Signals from three receivers are
input to the circuit , but only one signal is sampled at a time.

The cosine of the received phase modulation is used as the
input to a phase—locked loop that locks a digital clock to the
doublet rate. The sine of the received modulation is converted
from an analog to a digital signal and the resulting ones and
zeros are decoded for the two—minute time mark and the satellite
identification .

Implementation

Receiver Signals. Input signals from each of the three receivers are
the sine and cosine of the received phase modulations and a corre-
sponding Doppler—lock signal. A commutator controlled by a divide—
by—eight counter is used to sample each receiver , in sequence. The
first receiver is sampled on the first clock pulse after the coun-
ter is reset and each successive clock pulse advances the commuta—
tor to sample a different receiver. The fourth clock pulse resets
the counter and the cycle begins again with the first receiver.

A flip—flop is set when a receiver with a true Doppler—lock
signal is sampled. The output of the flip—flop is the clock inhi-
bit input of the commutator counter , allowing the receiver with the
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Doppler—lock signal to remain sampled until the flip—flop is reset,
and preventing the commutator from advancing to the next receiver.
Other uses of the output are to turn on a switch that allows the
cosine of the received phase modulation to pass to the phase—locked
loop and to enable the clock of a timer that resets the flip—flop
after a certain period of time.

The flip—flop is reset in one of four ways. First, when the
circuit is initially powered , an RC circuit provides a signal that
resets the flip—flop. After this, the flip—flop reset will depend
on the satellite signal received. If doublet correlation has not
been achieved within 30 seconds , the flip—flop is reset and the
phase—locked ioop will not continue to sample the cosine signal.
However , if double t correla tion is ach ieved , the flip—flop will not
reset until the time mark has been decoded and a signal has been
sent to the processor. In any case, the flip—flop is reset after
four minutes , even if no two—minute time mark has been decoded
prior to that time .

Once the flip—flop is reset , the commutator continues to
cycle until a receiver that has a true Doppler—lock signal is
sampled . The sine and cosine signals are again sampled until the
flip—flop is reset.

Doublet Rate Clock. The clock (Ref. 1, Vol I, pp. 4—28, 4—29) is gen-
erated by a two—order phase—tracking loop. The loop is first—order
in the acquisition mode and it is second—order while in the track
mode. The loop is composed of a frequency divider , a phase compar-
ator , a loop filter, an analog—to—digital pulse—rate converter , and
pulse add—delete circuits. The output is the doublet rate clock,
running at the doublet rate.

The frequency divider is a dig ital counter that divides a
2.5—MHz signal (derived from the NAVPAC reference oscillator) by
24 576. To each period of the resulting waveform , 0.8 ps is added
to generate an effective division ratio of 24 578. The resultant
nominal frequency is 101.716983 Hz with a period of 9831.2 ps.
The nominal doublet period transmitted from the satellite is
9831.2305 is. The period change due to Doppler can be as high as
±20 ppm or ±0.2 ps/doublet.

The phase comparator is a full—wave quadrature chopper and
an amplifier that detects the phase difference between the cosine
inpu t signal and the derived double t clock , and provides comple-
men tary DC error voltages to the loop filter.

Ref. 1. “Doppler Receiving Set, Portable Precision Differential
(DRS / PPD) ,” Vols. 1 and II, Honeywell.
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The loop filter is a two—order switchable circuit , It con-
tains an operational amplifier configured as a damped integrator
or amplifier (depending on whether the loop is in the track or
acquisition mode). The DC voltage from the loop filter is pro-
por tional to the phase error between the cosine phase input and
the doublet rate out . The mode of operation of the loop filter
depends on the state of a switch across the integrating capacitor.
During the acquisition phase , the absence of a doublet correlation
signal allows the switch to short out the integrating capacitor
so that the ioop filter is a straight amplifier. Once doublet cor-
relation is achieved , the short is removed and the loop filter be-
comes an integrator. The loop is then configured as a second—order
loop.

I
The analog—to—pulse—rate converter is a bistable feedback

loop that is clocked at 8 times the doublet rate or 32 times the
doublet rate (depending on whether the loop is in the track or
acquisition mode). The clocking rate has the effect of changing
the gain of the converter. The output state of the converter de-
termines whether 0.8—ps time increments are to be added or deleted
from the nominal derived doublet period.

The add—delete circuits provide the fine adjustment of the
doublet clock. The combination of the add—delete circuits , the
analog—to—pulse—rate converter , and the counter is analogous to a
VCO wi th a scale factor of 0.00072 Hz/V.

Doublet Correlation (Ref. 1, Vol. I , p. 4—22 ). The cosine ou tpu t  is cross—
correlated with the doublet rate timing signal and filtered with a
1—Hz low—pass filter , resulting in a DC voltage that is proportional
to the percentage of phase lock, Doublet lock is indicated when
the correlation voltage is greater than 0,38 V. When the correla-
tion voltage drops below 0.13 V , the lock indicator is rese t , indi-
cating loss of lock.

Once doublet correlation is achieved , the loop becomes
second—order . Doublet correlation also enables the counter used
during bit synchronization and prevents the input commutator from
advancing after 30 seconds. Without doublet correlation , the cir-
cuit will not process the sine signal and the commutator will re-
sume its cycle.

Data Decoder (Ref. 2, pp. 6.26 through 6.28). The sine of the received mod-
ulation contains the ones and zeros that make up the satellite

Ref. 2. “MX706 Satellite Navigation System: Operation and
Maintenance Manual,” The Magnavox Co.
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message. This signal is decoded and the data converted to dig ital
ones and zeros. A block diagram of this function is given in Fig.
54.

Gate A

EaSin~~ I Gate B I ~~~~~~~~~~~~~~~~~~~~~~ E
~‘1 

- L ° I Lev e l I Demodulated
~rato~[7~~~~~~~etect~~~

fl 
data

L4JtI~JE b
L___..___J Gate C

Fig . 54 Block Diagram of the Data Decoder

The sine—phase signal consists of a series of doublets. A
positive doublet followed by a negative doublet is by definition
a binary one. A negative doublet followed by a positive doublet
is a binary zero . Figure 55 shows two data bits and the signals
necessary to decode them. In this case , bit synchronization (as
described below) has already been obtained and valid data are being
decoded .

Doublet rate (DR) and twice doublet rate (2DR) are inputs
to a series of flip—flops and gates that generate the signals that
control gates A , B , and C, and also the shift pulses. The output
of the integrator is at a value of about 6.5 V. Gates A and B are
opened and closed in such a pattern that a zero will cause the in-
tegrator to go more negative than 6.5 and a one produces an output
more positive than 6.5. At  the end of a bit , gate C is closed and
the integrator is returned to its nominal value of 6.5 V.

The level detector is a voltage comparator that compares
the output of the ir -,tI ~ -rator to 6.5 V. Any voltage greater than
6.5 V produces an output at ground . The output of the voltage
comparator fs c1o~~ed tnto two pairs of flip—flops in series, One
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“0” bit “1” bit

1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
S

Sine phase Lf 
ri~~ LJ~

1

Bit rate I I
GateA r—j

_ _ _  _ _  _ _ _  _ _

G B L f lf l  f l f l_ _

ate

GateC ’ fl~ I

integrator 6.5 volts

Data out 

0 volts

Shift pulses __________________ 
I 1’l I

Sampled data 1

a t

Fig. 55 Decoder Timing and Signal Flow for Full-Bit Decoding

— 125 —

7—
~ - - ‘ t , .  

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~ .E--, •W~’*4,,A~ ~~
-.— -

~
--- 

~-
- --

~~~~~ 
-. — - 

I



THE JOHNS HOP%INS UNIVERSITY

APPLIED PHYSICS LABORATORY
LA U RE L MAR Y! AND

pair is used during the bit—synchronization mode , as described be-
low, The other pair is the input to the logic that extracts the
time mark and the satellite identification. The first flip—flop
of this pair is clocked by the shift pulses, while the second is
clocked by the inverse of bit rate. The result is that the data
will appear at the output of the second flip—flop exactly one bit—
time late , the sampled data of Fig. 55 being the output of the
first flip—flop .

This data decoder circuit will continue to function at full—
bit decode until doublet correlation is lost , at which time the
circuit returns to half—bit decode and remains there until doublet
cor relation and bit synchronization have again been achieved.

Four-Phase Clock . A clock pulse of twice doublet rate is used to
establish a four—phase clock. The resulting four phases have a
nominal frequency of one—half doublet rate, or about 50,85 Hz. The
frequency of the half—doublet rate varies as does the doublet rate
during phase lock. Each pulse is 2.5 ms in duration , with 5 ms
between phases.

The four phases of this clock are used to transfer bits of
data into the appropriate gates , since half—doublet rate is simply
the bit rate of the incoming data. Bits are shifted using phase
one, while the other phases are used to send a time mark to the
processor and reset the commutator. These phase clocks also con-
trol the commutator and its reset circuitry .

Two-Minute Time Mark. The two—minute time mark consists of a one
followed by 23 zeros and ending with a one. The decoded data are
input to a counter that counts zeros. Any one received resets the
counter , while a zero increments it. If the coun ter is incremen ted
23 times in succession , a flip—flop is set indicating the occur-
rence of a time mark. A signal is then sent to the processor on
phase two and the commutator reset on phase three. When the trail-
ing zero of the time mark occurs , the coun ter is rese t and is ready
to search for the next time mark.

Satellite Identification. The satellite identification is a 6—bit number
that occurs at a specific place in the data stream. To extract
this number , the data bits are shifted into a series of shift reg-
isters. The appropriate outputs of the shift registers are tapped
so that when the tine mark is sensed by the processor , the outputs
may be sampled for the identification. The satellite identifica-
tion can be sampled or!ly when a time mark has occurred.
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Bit Synchronization (Ref. 2, pp. 7.12 through 7.17). Once doublet correlation
has been achieved , the DR is in exact phase and rate synchroniza-
tion with the doublets being transmitted by the satellite. A bit ,
however , is composed of two doublets. Therefore , the bit rate is
half the doublet rate. In the NMR, a bit rate is generated by di-
viding doublet rate l~ ‘wo, using a flip—flop. The resulting sig-
nal is the same rate ~~~. the bits that are being sent by the satel-
lite.

The output of the flip—flop “bit rate” is used with the dou-
blet rate and twice doublet rate to develop the signals that open
and close the gates of the data decoder . However , these gate sig-
nals may or may not occur at the appropriate time , depending on
whether “bit race” is in phase with the satellite bit rate or 1800
out of phase. The result of ‘h it rate” being 1800 out of phase is
an inversion of the sampled data. (Figure 56 shows an examp le of
‘bit rate” in correct phase. / The purpose of the bit phase synchro-
nization lcgic is to ensure tt~at “bit rate” is in phase with the
satellite bit rate. The bit synchronization process is performed
even when “b i t  r a t e” is in phase immediately following doublet
correlation ; the end result is the same.

The sampled da ta can change states only between bi ts and
not between doublets of the same bit. When “bit rate” is in cor-
rect phase , it is a logic one followitig the decoding of the first
doublet of a bit ; therefore , a pulse could be generated following
a change of state of the sampled data and used to set the “bit
rate” flip—flop to a one , as it should be in phase syn~ hronlzation.
This could be done following the first transition of the sampled
data if there were no possibility of errors caused by noise.

In order to establish confidence in the validity of the de-
coding process , a five—stage bidirectional counter is used to count
16 transitions of the sampled data line, The counter is implemented
in such a way that it will count up if a transition occurs when
“bit rate” is a one , and count down if the transition occurs when
“bit rate” is a zero. The counter is reset to the 0111 condition
every 80.5 cycles of the 1111 state , and the “bit—rate ” flip—flop
is set to a one with a pulse from a one—shot. Transitiors that
occur on the sampled data line because of the transmitted data al—
ways occur on the same state of “bit rate,” causing the counter to
count in the same direction. Transitions that occur on the sampled
data line because of noise are as likely to occur when “bit rate”
is one as they are when “bit rate” is zero , causing the counter to
count up and then back down . If only noise causes transitions on
the sampled data line , the counter oscillates around the preset
condition and bit sync is not obtained. In this way bit synchroni-
zation occurs with a low probability of error.
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Fig. 56 Decoding of Satellite Data Before Bit Synchronization (bit rate in proper
phase)
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8. COMMAND SYSTEM INTER FACE

NAVPAC contains no command system per se, but includes mag-
netic latching relays that interface directly to the NV command
system. The 28—V , 100—ms pulses from the NV provide independent
on/off power control to the major components of NAVPAC , initiation
o f a da ta dump from NAVPAC to the ground tracking stations , and
mode—selection controls for the DPU and the PCL electronics.
Another interface to a 28—V continuous level (defined as an “1W
event”) provides information to the tape recorder control logic as
to whether or not the recorder can be used for data storage.
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9. POWER CONDITIOMNG UNIT

The NAVPAC power conditioning unit (PCU) converts the host—
L vehicle battery bus into the six regulated DC voltages that are

required by the NAVPAC experiment . The PCU consists of a current—
limited “buck” switching regulator and a push—pull DC/DC converter.

The input voltage (24 to 33 VDC) to the PCU is processed by
the switching regulator to provide a regulated 20 VDC ±1% at its
output . This voltage is then converted to AC , rectified , and
filtered by the DC/DC converter to provide the regulated output
voltages. Output voltage variation on all lines is less than ±5%
under all conditions of battery voltage, load current , and baseplate
t emperature.

PCU output voltages are isolated from the input return while
they are referenced to four separate output returns. One set of
output voltages (±13 VDC and +5 VDC) is referenced to the main out-
put return , while three ful l y isolated outputs are provided , two at
+5 VDC and one at +6 ,75 VDC. All output voltages have appropriate
EMI filtering .

In addition to providing the regulated output voltages , the
PCU functions as an input current limiter for the NAVPAC experf’- cnt.
Input (battery) current levels exceeding a predetermined threshold
resul t in a crowbar action by the switching regulator , which sets
the regulator output voltage (and all PCU outputs) to zero . After
removal of the overload condition , the PCU can be reset to its nor-
mal mode by command . Should the fault condition remain when the
PCU is reset , it will again detect the overload and remove the out-
put voltages. The bvs current into the PCU (as well as the PCU
output voltages and operating temperature) is monitored by the
telemetry system.

The switching regula to r (F ig. 57) consists of a pulse width
modulator (PWM) controlled by a differential amplifier , a main
transistor switch , and an LC output filter, The duty cycle of the
constant freauency PWN is controlled in accordance with the basic
loop equation (Fig. 57) to provide a constant regulator output
voltage. A regulator output voltage exceeding 20 VDC is detected
by the differential amplifier , which changes the control signal to
the PWM thereby altering the PWM duty cycle. The main transistor
switch and its drive ~tages are controlled by the on/off conduction
periods of the PWM. As a result of this switching action, a rect-
angular voltage w~’.veform is generated at the input of the LC filter .
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Appropriate selection of the filter elements then results in a
well—regulated DC output. The regulator bandwidth is approximately
1 kHz and its conversion efficiency is about 93%.

The DC/DC converter (Fig. 58) is a free—running push—pull
power oscillator controlled by the saturation characteristics of a
control transformer. The nominal switching frequency of 20 kHz
varies (as a function of load current requirement and temperature)
between approximately 17 and 21 kHz. An output winding on the main
(nonsaturating) transformer locks the switching regulator to this
frequency.

The converter output filters on the ±13 VDC and +6.75 VDC
lines have “frequency corners” at a few hundred hertz in order to
provide for both low—ripple output voltage and relative insuscepti-
bility of the power supply to large (dynamic) load variations. The
other output lines have less filtering because the power demands
on them are relatively constant.

The power conversion efficiency of the DC/Dc converter is
about 88%, resulting in a total PCU input/output power efficiency
of about 82% under normal operating conditions. Bccause of the
large range of PCU output power , the efficiency is reduced when
the unit is providing for only very minimal NAVPAC loads (e.g.,
oscillator—only during initial in—orbit operations).
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Appendix A

PHASE DETECTOR ANALYSIS

The phase detectors in the DTL are double—balanced mixers
(DBM). The reference signal level is controlled to be large with
respect to the input signal, in order to drive the DBM into a
switching mode. The output of the phase detector is

output volts = 
2(~~._f cog (ut + 0) dut) (A—l)

2E
= — sin e ,

iT

where

E = peak amplitude of the input signal,

0 = phase difference between the input
and reference signal, and

= frequency in rad/s.

For small angles , sin 0~~0 in radians; therefore, the phase—
detector sensitivity can be written

K2 
-
~~
-

~~
- V/rad-. (A—2)

The input impedance of the DBM is 50 S~. The input power of
a signal having a peak amplitude, E, into a 5O—f~ load can be ex-
pressed in dB above 1 mW (dBm ) as

dBm = 10 

~~

g((

~ 2) 

~~~~~~ - 10 log 
(
inPut power ) (A-3)

— 10 log lOE2. (A—4)
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Solving for E in terms of dBm ,

= log (bE
2
) (A—5)

dBm

b E 2 
= 10 

10 (A—6)

dBm

3.16E = 10 20 (A—7)

/ dBm \

E = 0.316 ~\l0 ~~~~) 
(A—8)

Substituting Eq. A— 8 into Eq. A—2 gives:

dBm

- K2 
= [0.316 (~~ 

20 ) 
~

/ dBm \

0.201 ~l0 
20 

) V/rad . (A—b )

Equation A—lO represents the theoretical sensitivity of the
phase detector. In actual design procedures, the dBm value in the
equation must be modified to include about a 1—dB insertion loss of
the DBM. - I 

-

Consider the following example where the input power 0 dBm . ‘

/ o \  -

K2 = 0.201 ~10 ~J 0.201 V/rad (theoretical
- value)

I 9 ~
j _\ -

K2 
= 0.201 ~l0 20 

) = 0.179 V/rad (practical
value)
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Appendix B
CLOSED-LOOP AGC ANALYSIS

Figure B—i describes a closed—loop gain control system de-
signed to maintain a constant signal bevel at the output of the IF
amplifier by varying the attenuation of the VCA as the input signal
varies in amplitude.

~I[~
_i_ 

f.RI -ED ~ Vref

[ Detector ]
Error
voltage

v~ I4 VCAI IF amplifier J ~- V 0~~

Fig. B-i Closed-Loop Gain-Control System

In Fig. B—b

VCA E log attenuator having a gain constant = A ( d B / V ).

IF amplifier linear device having a ~ signal out ga in
~ signal in

constant = dB/dB 1. In other words , a l—dB
increase at the input corresponds to a 1—dB in—
crease at the output.

Detector amplitude detector whose output is linear with
input (AC input , DC output) and whose output is
to be regulated to a value = V . Inpu t andref
output are volts , therefore the gain in dB/dB is
unity. In other words , a 1—dB increase at the
input results  in a l— dB increase at the output .
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“subtractor ’ that provides the difference between
t i e detector output and the reference . input and
output are volts; however , it is desired that  the
t r a n s tt ’ r f u n c t i o n  01 the subtractor be
(volts out)/dB in. In other words , the device
must a~~t as a subtractor and a translator of
volt -~ input to dB input .

loop network to obtain the desired regulator re—
I S  sponse. Input and output are in volts/volt or

dB/dB.

When the anal ysis of Fig. B—i is started , it soon becomes
apparent that a more L-onven ien t  model would be help ful , and it
would ~1 -o  simplif y the analysis to consider only the dB change in
l evels ins~ .’id of the actual levels .

Katz has sh own * that when the system is modeled as it is in
Fi g. B—2 , It can be analyzed as a linear control system . This
figure presents the same AGC system that is shown in Fig. B—i , but
now tho control loop can be examined in terms of dB increases or
decreaaes in the input signal . The detector and subtractor have
been represented by a single block that relates output voltage of
the block to the dB change at its input.

dB I 1 
___________A 4

Vol t TS

I Volts
dB~ -~-0~

. Vol t kV ref 
Volts

dB

dB 1~ ~~ 
dBout

Fig. B-2 Equivalent Circuit of Closed-Loop Gain Control

For the analysis of the subtractor—translator refer to
Fig. 8—3 , which defines the inputs and output of the subtractor.

* Correspondenr~e f rom “Ir. L. Katz of the Electrac Corp., Anahe im ,
CA , July 1974.
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V0~

Volts
Volt dB V ref

Fig. B.3 Inputs and Outputs of the Subtractor-Tra ns lator

E
dB = 20 log 

~ 
= 20 log dB , (B— i)

in ref

or

dB
E V1OX whereX —~~~.20

= Vb X 
- V = V(1O X 

- 1) . (B-2)

For X < 1

bO~ - 1 = 2.302X + 
(2 .302X) 2 

+
2!

and for X << 1

/ d B  ‘
~

lOX - 1 ~ 2.302X = 2.302 ( —.~~~~~ I.
‘, 20 /

Therefore ,

F2 dB 1 [V f (v oits
)IdB (in dB) . (B-3)r volts ~ . 1

’ 
in) ~ = i in

The transfer function can now be expressed in terms of the input
signal changes in dB and Vref
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As an example, if Vref 5 volts and the VCA constant = 10 dB/volt ,

t h e n the forward loop gain (C) of Fig. B—2 is 1 dB/dB and the feed-

ba ck loop H (-~~) (-~- )  10 dB/dB . Therefore, the cbosed—loop

response of Fig. B—2 is

dB
C 

— 
out~~~ 1 

— S

1 + Gil 
— 

dB 
— 

50 
— 

5.76 . 
—

In 1 +  5+—
8.68rs

I~~e closed—loop response of the AGC system is therefore a
high—pass function with a corner frequency of 5.76/i radians per
second . Se’ect ion of the corner frequency is influenced by signal
dynamics as well as the characteristics of the AC signal that exist
at the input to the AGC system because of the modulation. The sys-
tem rust be Jb IL to respond to variations in signal streng th , but
must not respond so fast as to destroy the modulation.

The NAVSAT phase modulation of 0°, +600 , and —60° results
in the presence of a 11-1.7—Hz square wave at the output of the AGC
detector. The output of the auxiliary phase detector (the detec-
tor used for the AGC system) is cosine 00, cosine +60° and cosine
—60°, and is shown in Fig. B—4.

Average value = O.75V

Ti me

Fig. B-4 Output from the Phase Detector

The “up” excursion error = 20 log 075 = 2.5 dB. The “down ” excur-

sion error 20 log 
~~

— --

~

-

~~ 

= 3.5 dB. Therefore the average excursion

of the AC signal around the average DC value is 3 dB.
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The AGC error response of Fig. B—2 is

dB dB — d B  dB
error — 

in out — 1 Out
dB 

— 
dB dBin in in

5.76
_ 1  _ _ _ _ _  — T

5.76 
- 

5.76 
B-

I I

The error response is seen to be a low—pass function. As
an example, if it is decided that the maximum error at 100 Hz
caused by the feedback of the AGC system is to be 0.2 dB , then the
error response must provide an attenuation of 3.0/0.2 = 15. Be-

cause the slope of the low—pass error function is 6 dB/octave , the
low—pass corner can be adjusted as

5.76 
= 

27r(100) = 42 rad/s = 6.67 Hz.

The parameters of the loop network can now be selected from

= 42 —‘- r = RC = 0.14 s.
I

Note that t is a parameter of the loop network and is not the AGC
time constant. For this example, the AGC time constant , T, is

T = -
~ y~ 

0.024 5.
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