A GPS DATA RECEl VER

By Dan Doberstein, NMSEE
1406 Parkhurst Street
Sim Valley, CA 93065

Thi s paper describes the construction of a d obal Positioning
System (GPS) single channel data receiver using the L1 carrier. A
brief explanation of the GPS systen1is provi ded. The needed details of
the GPS signal structure are also covered.

_ GPS uses Spread Spectrum techniques. It is one of the first world
wi de systens to inplenent this technol ogy. These techniques will play
an ever larger part in tonorrows communication systens.

The G obal Positioning System

GPS is a satellite systemthat can provide users with tine and
position information. The satellites transmt satellite position and
GPS tine information to receivers on the ground or in the air. Obits
are half synchronous. There will be 18 satellites in the conpleted
system N ne satellites are up with the remainder to be installed
wthin two years(?). Three satellites nust be in view to obtain
latitude and longitude (if altitude known). Four nmust be in view to
obtain latitude, longitude and altitude. These two scenarios assune
that the user receiver does not know GPS time. If position is known
then GPS tinme can be obtained. Wien the systemis conplete this
information will be available globally, twenty four hours a day.

GPS Signal Structure

The GPS signal uses two carriers L1 and L2. L1 is at 1575.42 MHz.
L2 is at 1227.6 MHz. Both carriers have data information on them All
satellites use the same two frequencies. How does the user receiver
know which satellite it is looking at? By use of a code that is
i mpressed on both carriers that is unique to that satellite. Two codes
are used: the C/A code and the P code. L1 has both the C/ A and the P
code inpressed on it. L2 has either the P or the C/A code inpressed on
it. The A code is a 1023 pseudo random binary sequence. This code is
open to public usage and is not "classified". The P code is an
extrenely long pseudo random binary sequence that is not open to the
public and is "classified". For this reason the L2 signal 1s ignored.
Thi's paﬁer addresses only the particulars of a L1 receiver. But the L1
signal has the P code on it too so how can you receive L1 Wth out
knomﬁng the P code? . It turns out that the nethod used for inpressing
the code(s)+data onto the carrier L1 allows for this provision.

Figure one is a sinplified nodel of the satellite L1 generator.
First note that all frequencies used are nultiples of the 10.23 Miz .
reference. This is inportant and will be used later. W see fromthis
diagramthat the C A code is at a 1.023 Mz rate while the P code is
at a 10.23 M4z rate. The data clock is 50 Hz. It is derived from
detecting the all ones state (10 1’s in a row) of the CA code, this
occurs once every 1023 bits so this is at a 1 kHz frequency, and
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dividing by 20. The two codes are exclusive OR’ed with the data to
formthe two BPSK nodul ating sources. The summation of these
conponents results in a QPSK signal. Because of the 90 degree phase
difference and the carrier spreading caused by the P code it is
possible to build a C A code BPSK receiver. In other words the P +
DATA nodul ation on L1 can be ignored. That is what the receiver
addressed in this paper does.

The m ni mum received power at the earths surface is -130 dBm for
a 0 dB gain antenna. The satellite sends this out RH circul ar
pol arized. Due to the spreading of the C/A code the L1 signal is bel ow
the noise floor of the receiver. It can only be seen if the receiver
has a copy of the A code to raise it "out of the nud" of the
receiver noise. This process is called correlation and is at the heart
of GPS receivers.

Figure 3 shows the spectrum of the L1 signal. The spectrum shows
how t he P code sin(x)/x envel ope is below that of the C/ A code
sin(x)/x envel ope.

-

The C/ A Code

The C A code nodulation is far and away the nost conplicating
aspect of this receiver. But without it the system would not work. So
what does the A code do for us? First and torenost it allows
"multiple access," or sinply the ability for all the satellites to use
the sane frequency(s) to send data on. thout it a receiver wuld see
a junble of signals fromall satellites in view Anti-jam The C A code
wi [l reduce a offending CWsignal that finds its way Into the receiver
bK approximately 35 dB. The A code allows accurate determnation of
the distance between the satellites and the receiver. And as

reviously nentioned retrieves the L1 signal from bel ow the noise
l oor. So althou%h it may seem the C A code adds needl ess conplication
it is vital to the operation of GPS receivers.

As noted above the CJA code repeats every 1023 bits. This
repetition marker decoded fromthe all 1’s state is called a epoch.
The C/ A code can be generated by two ten stage shift registers wth
aﬁproprlate tap points. Figure two shows the two shift register and
the interconnections needed. The tap points on register determne a
unique A code for each satellite. Table 1 is a list of the tap
poi nts used for each satellite. \Wenever a carrier is nodul ated by
codes such as the C/ A code this is referred to as "spreading" due to
the resulting increase in bandwidth. The receivers job is to renove
the C A code (despread) so as to retrieve the data nodul ation. Wen a
receiver has its code lined up with a satellites code and keeps it
this way it is said to have code | ock. Wwen in code |ock the receivers
C A code epochs are in sync with the transmtted C A code epochs. A
very inmportant detail regarding the A code and for that matter the
entire GPS systemis that all satellites are synchronous. In other

words the C/ A code epochs are all lined up for all satellites at
transmssion time. This fact is used to make the position neasurenent.

Doppler

~The velocity difference between the satellite and the user
receiver causes a Doppler shift of the L1 carrier. This is on the
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order of +7.0 kHz to -7.0 kHz. This causes some problenms for the
receiver. The problem stems fromthe |ow signal [evel of the received
L1 signal. This forces a narrow | F bandwi dth of approximately 1 kHz to
achieve a tolerable SNR To over come the Doppler the receiver nust
scan the possible Dopplers and then once the signal falls inside the 1
kHz |F filter it nust keeP it there using some sort of Doppler

tracker. The Doppler is also present on the CJA code clock of 1.023
MHz. This is due to the coherent nature of the transmtter. The
Doppl er on the code clock is equal to the Doppler on the carrier
divided by 1540, the nultiplying factor between the 1575.42 M
carrier and the code clock at 1.023 MHz. So for 7 kHz Doppler on the
carrier we see approximately a 7 Hz Doppler on the code clock. Again
the receiver nust be able to tolerate this offset.

Dat a Mbdul ati on/ Denpdul ati on

Figure 1 shows that the GPS data rate is 50 bits per second.
I gnoring the code nodul ation for the nonent the data stream nodul ates
the carrier via the BPSK nodulator. Being that the content of the data
streamis fairly conplex, discussion of this will be postponed for
now, Once the receiver renoves the C/ A code and has Doppler |ock data
denodul ation can take place. Any type of BPSK denpbdul ator can be used.
| used one based on a PLL but many of the designs in the literature
use the costas | oop denodul ator.

Posi ti on Measur enent

Al though the receiver described in this paper does not nake the
position neasurenent some words on this are needed.

The key to the position neasurement is the fact that all
satellites are synchronous. This neans that at all of the satellite
transmtters the C A code epochs are "lined up". This is indicated in
figure 4. But to the user the epochs arrive at different tines due to
the different path lengths. Again see figure 4. These differences in
path lengths are called pseudo ranges. It is the receivers job to
measure these tine of arrival differences w.r.t. his own cl ock and
then conmpute the pseudo ranges and solve for user position and clock
bias w.r.t. GPS tine. This involves solving a system of four equations
with four unknowns given the pseudo ranges and satellite positions
¥r0n1tﬁf measurenments and satellite data. The equations are shown in

igure 4.
The neasurenent of the path delays or pseudo ranges presents a
roblem for the single channel receiver such as the one described
ere. The single channel receiver nmust acquire and track four
satellites sequentially as opposed to a four channel receiver which
can track four satellites sinultaneously.

If the user knows any one of the four unknowns an equation can be
elimnated. The conplexity of the sequential tracking and the solution
of the equations requires a conputer interface and a conpanion
program Al so needed is a high speed digital latch to neasure the path
delays. At this time | have not pursued the position problem
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First Things First

Bef ore anything can happen in the receiver whether its Doppler
tracking, data denodul ation or position neasurenent the receiver nust
line up its own generated C/A code with that of the transmtted L1
signal. |If the two codes are not within two "chips" of alignnent there
is no signal for DOPpIer, data etc. A "chip" is the duration or
l ength of one bit of code. This was for ne the toughest problemto
solve primarily because this is the one aspect of a GPS receiver that
Is conpletely different from conventional receivers. The nethod used
to obtain code lock is the Tau-Dither circuit. This is a well
docunmented net hod (butno actual circuits!) and is found in the
references provided. | will leave the details of my inplenmentation of
this technique for later when the receiver hardware is discussed.

Why Build a GPS Data Only Receiver?

There are right now nmany conmercially made GPS receivers on the
market. | wanted to build nmy own receiver to 1) educate nyself on
receiver design, this is my first 2) Build a receiver that others
coul d understand and if not duplicate have a good starting ﬁoint 3) Be
able to wite this article that | hope wll fill the void that
currently exists in the literature on GPS and spread spectrum systens
in general; a conplete detailed description of an entire receiver. A
benefit of this design is the fact that it is nearly all analog. Mny
of the commercial receivers digitize the IF and the signal disappears
into a black box of digital signal processing. This is great froma
cost/ performance point of view but not froma intuition and | earning
point of view. The anal og approach lends itself nore to seeing the
various and different trade offs in the design especially in the code
tracking loop. And although the position problemis not addressed
getting the data in myopinion is the toughest nut and has the nost
"fruits" to be gained. The data only receiver gives excellent insights
that can be applied to other spread spectrum systens.

A L1 Data Receiver

Figure 5 shows a block diagram of the receiver. Sone
representative spectruns are shown at various points. The L1 signal is
received using a quadrafilar circularly polarize antenna. The signa
then enters a LNA.  From here the signal goes through 60 feet of RG-
214 (RG 213 could be used) to the crystal down converter. The down
converter converts the spectrum at 1575.42 MHz to the 1st |F of 28.644
MHz. After passing through the 1st |IF anmp the signal comes to the
Mixer/Correlator. This is just a DBMused in a slightly different way
to achieve the 2nd |F of 5.7288 MHz. The only difference from
conventional down conversion here is that the 2nd LO is phase
modul ated by the receivers own C/ A code generator. This is where the
C/ A code is removed. If the receiver generated code is lined up with

the code fromthe satellite then the 2nd IF will be present otherw se
the receiver sees only noise. Assuming the codes are |ocked the 2nd IF

spectrumis as shown. Al the Lo’s for the 2nd, 3rd and 4th IFs are
generated by division of the 114.613 Mz VCXO. The VCXO is needed here
to conpensate for Doppler and is controlled by the Doppler Scan/Track
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circuitry. Fromthe 2nd IF the signal goes through two nmore IF’s to
the final IF of 20 kHz. This low IF is chosen so that active BPF’s can
be used to achieve the narrow 1 kHz bandw dt hs needed. At this point
the signal splits three ways into the bl ocks Tau-Dither code tracker,
Doppl er Scan/ Track and Data demodul ator. The Phase Mdul ation sel ect
swtch is used for providing different sigpals to the phase nodul at or
for the 2nd IF LO Al except the Code w D ther position are used for
testiqg only. _ o _ _

_ ou mght be wondering where the AGC is in this design. There
isn"t any. The receiver runs wde open. AGC is problem due to the A
code spreading. To have AGC it woul d have to becone active AFTER the
L1 signal is correlated which neans that a switching scheme woul d be
needed. This is not that difficult but its probably better left to a
conputer to decide on AGC levels. The receiver works without it so why

not
AWrd on |IF Selection

The IF’s as inplemented in this design are less than optinmm
They came about in sort of a evolutionary way. | had sone oscillators
that were close, the simulator | built made sone choices for ne etc.
The choice of the 28 Mz 1st |IF was based primarily on existing
designs for the hamband at 1.3 GHz which used a 28MHz 1st |F. Also
just the abundance of circuits in the Hamliterature at 28MHz
I nfluenced nme. The choice of the other IF’s was based mwongL% on ny
early attenpts to nmake things nultiples of the code clock. t only is
this not necessarﬁ you probabIY are asking for trouble doing this.
Needl ess to say the design still worked and that is what counts!

Detail ed Description of Receiver

~The rest of this paper will be devoted to the details of the L1
receiver. | wll start at the antenna and work through to the data

denodul at or

The Antenna

The antenna is a quadrafilar type taken straight from the ARRL
Ant enna Book, 15th edition, pages 20-1 to 20-7. The design has good
hal f hem sphere coverage which is exactly what is needed for a G°S
receiver. The dinensions and other details of the antenna as built are
given in figure 9. If you build this antenna neke sure it is tw sted
the right way! This antenna has a gain of about 3 dB. It also is a
fairly good match to 50 ohns.

The Preamp

Figure 6 shows a block diagram of the preanp. The first gain
stage is a NEC Gasfet 32083. This FET has a gain of about 19 dB and a
noi se figure of 0.35 dB at 1575 MHz. The bias design of this fet was
taken from The 1987 ARRL Handbook, pages 32-7. The input natching
network is ng own design. A lower cost FET such as the NEC NE720 or
NE710 coul d be used here and not conprom se performance. The el enent
that nmust be tuned is the inductor in the input matching network.
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Tuni ng consists of deformng the turns while observing gain and noise
figure. Tuning for maxinumgain will also work at the expense of a
slightly higher noise figure, but still acceptable performance.
Follomnn? the GasFet gain stage is a double tuned BPF. The
bandwi dth of this filter is approximately 40 MHz. The two air variable
capacitors are tuned for max gain at 1575 MHz. The small wres serve
as a capacitor coupler between resonators. The insertion loss of this

filter 1s about 2.5 dB.
After the BPF are two gain stages using the MCL MAR-8’s. These RF

gain blocks are easy to use and relatively cheap. There is no tuning
associated with the these two stages. These two anps combine for about
30 dB of gain. _ _ _ _
Figures 7 and 8 give the construction detail of the preanp. It is
constructed on double sided G 10 board. |t is one of the few pl aces
where | used printed circuit techniques. The entire circuit is
mounted in a custom made al um num box. A SMA connector is used for the
antenna input and a N type for the output to the RG 214.
~ The overall performance of this preanp is +46 dB gain with a
noise figure of 1.0 aB (1.6 aB if tuned by gain alone). This is
acceptable but it could be better. The input match to the FET needs
i mprovenent as does the BPF.

Crystal Down Converter

The signal fromthe preanp is fed via RG 214 to the down
converter. The cable has 6 daB of l0ss. In reference to figure 2 the RF
input from the preanp first passes through a interdigital BPF to aid
I n imagerejection. The detarl of this filter is shown in figure 10.
This design is a nodification of the design in the 1987 ARRL Handbook,
page 32-23. The filtered RF and LC)si%naIs are a%plied to a MCL DBM
TFM 11 to convert to the first IF of 28.644 M&z. The IF is then passed
to a tuned anplifier that has a gain of 55 dB and bandw dth of 3 MHz.
The details of this anplifier are shown in figure 11.

LO generation consists of a 28.644 M4z xtal oscillator followed
bK a X54 nultiplier chain to achieve the LO frequency of 1546.776 MHz.
The LO has a power |evel of about 7 dBm. Figure 12 shows the two
spectruns of the 1540 LO. One shows the harnonic content and the other
close In purity. The doubler and the two triplers to 515 MHz were
built dead bug style on a 4 by 8 inch piece of two sided cio board.
Each stage was enclosed in small shield box soldered to the board with
I ndi vidual +15 feed throughs to minimze coupling. The filters were
al so enclosed in small shield boxes.

Figure 13 shows the circuits of the doubler and the two triplers
with detail on filter construction. Layout follows the schematic using
dead bug construction techniques. The doubler design is taken from
Solid State Design For The Radio amateur P. 44. The last tripler to
1540 MHz is done on a separate 2 by 6 piece of Gio. The input is fed
fromthe 515 tripler via RG74. This allows the circuit path to be
broken for separate tuning/testing. The 515 to 1540 tripler uses a
MAR-8 for the X3, an interdigital BPF to select the third harnonic and
a MAR-4 to bring the output to power up to approximtely. 7 dBm. The

rinted circuit Pattern in negative is shown in figure 15. Circuit
ayout and detail of the interdigital filter is shown in figure 16.
The interdigital filter is a nodification of the design used in the
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1296 Mz transverter in the 1987 ARRL Handbook P. 32-17. The tips on
construction andtuning apply but the dimensions given in figure 16

nmust be used. | used end covers on the filter box which are not used
in the Handbook design. Figure 17B shows the xtal downconverter
system

A buffered 57.288 Mz output is picked off the 28.644 Mz
doubler. This is used for testing but could also drive the dividers to
generate the 2nd and 3rd Lo’s. This nmethod would still need some sort
of VCO for the 4th IF to allow for Doppler tracking

If a 28.64 Miz VCXO is substituted for the fixed xtal oscillator
the 4th LO could also be generated fromthis oscillator. This approach
woul d elimnate the need for the additional oscillator and allow the
28.64 VCXO to handl e Doppler tracking. The design used for the 10.23
code clock VCXO could be nodified for this purpose.

28. 644 MHz XTAL Oscill ator

The circuit for the oscillator is shown in fiﬁure 17A along with
| ayout. The crystal was obtained through ICM Gklahoma Gty, OK The
oscillator could benefit from a tenperature controlled oven as it can
drift £ 20 HZ. This shows up as undesirable Doppler which eats away at
the Doppler margin. Another undesirable is that this frequenc% is the
same as the first IF. If any of the 28.644 nakes it through the
multiplier chain (and sone does) it will appear in the 28.644 MHz |F.
This is not as bad as it would first appear. The high gain of the
preanp hel ps here as does the C/ A code which as nentioned earlier wll
reduce any CWhby 35 dB. A57.288 MHz oven controlled overtone
oscillator would solve both problens.

2nd IF/Correlator

The 28.644 Mz IF is fed to a DBM (MCL SBL-1) that does the
correlation and down conversion to the second IF. The correlation is
performed by phase nodulating the LO drive. Phase nodul ation is done
using a DBNISNCL SBL-l% driven at the | port by the C/A code. After
the phase nodulation the LOis BPF to limt the spectrum As mentioned
above when the receiver generated code is lined up within two chips
the code on the L1 signal the second IF will be present, otherw se
noi se.
The 22.9 MHz LOis derived by dividing the 114.613 VCXO out put by
10 and then filtering to %et the second harmonic. This is done using
t he ECL counter m10136. The details of the circuits for the 2nd, 3rd,
4th IF’s and associated LO’s is shown in figure 18.

The VCXO and the ECL dividers are nounted in a shield box. The
ECL parts are super glued with legs flattened to Gi10 board.

Connections should be short. The Pulse stretcher is used to |engthen
the pul ses fromthe MC10136. The rest of the 2nd |F generation
circuitry is mounted in a small shield box. To drive the DBM phase
nodul at or 7414 and 74128 are bi ased nePative with respect to ground.
This provides the bipolar drive signal necessary for Bl-PHASE or BPSK
modul ation. The rest of the circuit is fairly straight forward and

| ayout follow schematic with "dead bug" net hods of construction on

G10 board. _ _
The MRF 901’s used in both the 2nd and 3rd IF’s are overkill and
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2N2222A’s or equivalent will work fine although the bias resistors may
have to be changed.

3rd and 4th |F Generation

Not hi ng remarkabl e here just standard down conversion. The
details are shown in figure 18. Construction is "dead bug" on Giow th
the |ayout following the schematic. Each IF is nmounted in its own
shield box with SMA connectors for the inputs and outputs. The 4th IF
box does not have the 20 kxHz BPF inside. This is done at the C/ A code
Scan/ Track and Doppl er Scan/ Track board.

114. 6130 MHz VCXO

This is the only oscillator | did not build. | used a Vectron
oscillator that had a 100 xHz FM range. The frequency stability
requirenents of this oscillator are mld due to the fact that it is
controlled by the Doppler scan/track circuit. The frequency drift
shoul d be under 400 Hz. Its the "pull" range that is hard to come by.
The oscillator used should be able to be pulled at |east 40 kHz at 114
MHz. This oscillator can be replaced by naking the 28.644 xtal
oscillator a VCXO See above under crystal downconverter.

Qperation of the Tau-Dither C A Code Scan/ Track System

Figure 19 shows the block diagram of this system The purpose of
this systemis to search for C/ A code alignnent and once found keep it
there. Both functions are inplenented by controlling the code clock
frequency via the VCXO The code clock VCXO is driven either by a
constant voltage for Scan or a varying voltage for Track. An anal og
switch chooses between the two. Wen the switch is in Track position
the systemis said to be "closed loop". Wien in the Scan position the
systemis "open | oop? Various waveforns and spectrums are shown
acconpanyi ng the block diagram of figure 19. Some waveforms are open
| oop others are close |oop. The open |oop waveforns are marked with an

asteri sk.

Qpen Loop Operation:

In order to understand closed |oop operation it is first
necessary to understand open |oop operation. In the open |oop node the
code clock VCXO is held at a constant frequency offset from 1.023 Mz,
the zero Doppler code rate. This frequency difference, about 10 Hz,
causes the receiver generated code to "slip" by the code on the L1
signal. The tine it takes for the two 1023 bit codes to nmake a
conpl ete pass is N/DF seconds; where N=1023 and DF=10Hz the frequency
difrerence between the two code cl ocks.

Ignoring the effect of the Dither for now lets [ ook at what
occurs as the two codes slide by each other. As the two codes slip
they will cone to point where they "correlate". Correlation is when
the two codes are within two chips of alignment. Ascorrel ation occurs
the 20 xHz IF will start to appear at the output of the BPF. Before
correlation the output of the BPF is just noise. The 20 kHz | F doesn't
appear all at once, rather it builds in anplitude reaching a peak when
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the two codes are in perfect alignnent. As the two codes continue to
slip the 20 kHz | F anplitude decreases until we are back to our noise
output fromthe BPF. This process gives rise to the characteristic
triangul ar shaped correlation pulse at the output of the Full Wave
Detector. The width of this pulse is given by 2/DF, where DF is
defined as above.

Nowletsl ook at the effect of the Tau-Dither. Tau dither is used
to generate a voltage that can be aﬁplied to the code clock VCXO as to
keep the codes in "lock". It does this by determning which side of
the correlation pulse the receiver generated code is on and how far it
is fromthe peak point. If we know which side of the correlation pul se
we are on we can determne if the receiver generated code should be
advanced or retarded with respect to the received code. Know ng how
far off we are tells us how far we need to nove the code.

This information is ﬂenerated by "dithering," or swtching,
between two versions of the receiver generated code. One version is
del ayed the other is not. The delay used here is about 1/2 m crosecond
or 1/2 chip. As the two codes slip through correlation the dither
switching induces AM on the 26 kHz |F. The frequency of the AMis the
sane as dither clock frequency. The anplitude of this AMincreases to
a maxi mum and then decreases to zero when the codes are in alignnent.
As the two codes continue to slip it again grows and dimnishes to
zero as we pass the correlation point. This "double hump" waveform can
be generated by detecting the output of the dither BPF. This is shown
in the block diagrambut it is not used or needed in the actua
circuit. At the mdpoint of the double hunp, at code alignnent, the
i nduced AM goes through a 180 degree phase shift. The phase shift
contains the advance/retard information while the anplitude of the AM
contains the "how far" information. The AM and its 180 degree phase
shift at code alignment is caused by the triangular shape of the
correlation pul se.

The dither induced AMis **picked off " the full wave detected 20
kHz |F with a BPF tuned to the dithering frequ%ncy. The dith%r ﬁM hs
now multiplied by the dither clock reference. ThiS recovers both the
phase and anplitude information sinultaneously. The output of the
multiplier is lowpass filtered to give the "discriminator" error
output. The 180 deﬁree phase change causes a aglarit% reverFaI mh%ﬁh
produces the "s" shape discrimnator output. now have voltage wnose
polarity tells us whether to advance or retard our code and whose
anplitude tells how nuch

The low pass filter after the multiplier serves the same purpose
as the loop filter in the nore famliar phase |ocked |oop. Mich of the
anal ysis of the code |oop can be done using the tools from phase
| ocked | oops with slight nodifications.

C osed Loop Qperation:

When correlation occurs the carrier detector senses the presence
of the 20 kHz |F and flips the switch from Scan to Track. The code
clock VCXO is now being controlled by the error voltage fromthe
discrimnator. The discCrinminator voltage constantly "pushes" t he
receiver code in the proper direction so as to keep the two codes in
| ock. When the discrimnator output is positive the code ?hould be.
advanced, or lower the VCXO frequency. Just the opposite tor negative
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voltages. In this manner the code clock VCXO is frequency nodul ated to
keep the codes in alignnent.

Cetting a feel for the code scan/track process is best done wth
the aid of L1 simulator. Wth the simulator the LI code and the
recei ver code can be displayed on a two channel scope. By triggering
on either the L1 or recelvers code epoch that code can be made to
"stand still" on the scope. The other code will nove across the screen
in the direction determned by the sign of the frequency difference
and at the rate determned by the magnitude of the frequenc
difference. If the loop is held open all the open |oop waveforns can
be observed as the two codes slide through correlation.

If we allow the scan/track switch to operate we can observe the
transi ent and steady state behavior of the code track process. In
steady state the tracking jitter can be measured.

Seeing the novenent and dynami c properties of the scan/track
syséFn1on a scope is hard to beat for getting a handle on this tricky
probl em

C/ A Code Scan/Track Circuit

Figure 20 shows the schematic diagram of the code scan/track
circuit. This is a direct inplementation of the block diagram of
figure 19 with the exception of the dither detection which is omtted
as stated above.

20 kxHz | F Detector

This is a full wave detector. LF 356 op anps are used for there
high slewrate. This circuit was taken fromP. 241 of the OP Amp
Cookbook by Walter Jung, 3rd ed.

Carrier Detector:

The Carrier Detector consists of a LPF/Threshold detector, 10
turn pot, retriggerable one-shot, an OR gate and a LED. The one
shot/OR gate are used to debounce the threshold detector output by
extending the tinme that the analog switch is_set to "track". The LED
is lit for a carrier level above threshold. Threshold is set by the 10
turn pot.

D ther Bandpass Filter:

A single op anp active filter taken from P, 154 of the Active
Filter Cookbook by Don Lancaster. This circuit has a Q of about 5.

Because of the low frequency of the dither signal 741 type op anps
work fine here. The filter 1s tuned to about 200 Hz. See bel ow.

Four rant Multiplier F:

| used the Exar 2208 multiplier though any four quadrant
mul tiplier would work due to the |ow frequencies involved. The details
of operation and proper connections can be found in the 1988 Exar data
book. A sinple RC network at the output of the multiplier serves as
the loop filter. The values of R and cwll greatly effect code
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tracki ng perfornance.
Analog Switch/Anplifier:

| used a Mc14051 cvos analog switch for the scan/track selection
operation. Qher switches could be used, even relays, wth proper
circuit nmodifications. This is a one-of-eight mx that is used as a
SPDT switch. The other inputs are grounded. This switch can only
handle plus or mnus 5 volt signals. Because of this a 741 gain stage
Is added after the switch. The switch nmay be danmaged if inputs exceed
plus or mnus 5 volts.

C/ A Code Tau-Dither Loop Trade-Ofs

The C/ A code loop is a feedback |oop and like all such |oops
there are trade offs In the design. The selection of the dither clock
frequency is bounded by the |IF bandwi dth and by the need to "measure"
the code error as frequently as possible. The naxinmum scan rate is
limted primarily by cCNRwhich in turn is related to | F bandw dth. The
remai ning "jitter" on the code lock is affected by the CNR the |oop
filter, IF Bandw dth, dither clock frequency and dither delay.

Using a Tau-Dither type of code tracking |oop reduces the
correlated I F anplitude by about 1.5 @B for this design. This |oss
gets larger for longer dither delays. Longer delays give better
acquisition performance but result in nore jitter.

~ Consequently the C/ A code |oop design Is a trade off between the
various requirenments that are at odds with one another. The
bi bl i ography section lists a nunber of references on this topic.

Adjusting the C A Code Scan/Track Grcuit

There are a nunber of adjustments that nust be done to the CA
Scan/ Track |oop for proper operation. The ad‘hustlng Is done via ten
turn pots. The schematic, figure 20, shows the location of each pot
with the exception of the Dither frequency pot. Wth the exception of
the Threshold pot all are of the mniature, screw type adjustnent
variety.

Dither Frequency Adjustnent:

The dither BPF is not tuned but instead the dither frequency is
changed to fall into the fixed pass band of the dither BPF. The dither
clock is a 555 timer with a pot for frequency adjustnent. The dither
](3-' ock izsspart of the C A code generating circuit and is shown in
igure 25.

: The tuning procedure is as follows: a simulated 20 kxHz carrier is
AM nodul ated wth the dither clock. This could be done with a 555
timer and an AND gate. The output of the 200 Hz dither BPF and the 200
Hz dither clock are displayed on a two channel scope. Change the
dither clock frequency until the two waveforns are either in phase, 0
degrees, or 180 degrees out of phase. This does two things; 1) It puts
the dither clock frequency in the center of the Dither BPF 2) It

aligns the PHASE of the detected dither AMwith that of the dither
clock. This is inportant. It insures that the nultiplication of the
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dither AM and the dither clock is done properly. The 0O or 180 degree
al i gnnent depends on where the dither clock is picked off; either
before or after a logic inversion. Figure 22 shows the dither clock
tuning setup. This brings up another point. If you are having trouble
"locking" try inverting the dither clock reference to the nultiplier.
This will invert the error voltage polarity so that advance is now a
negative error voltage and retard is now a positive voltage. O visa

Ver sa.

Code O ock Bias Adiustnent:

The code clock VCXO only responds to positive voltages. Therefore
a bias is needed to allow for bipolar drive. This is provided by
summng a bias voltage with the error voltage fromthe multiplier. The
bias voltage is set to approximately 6 V dc. This assumes the code
clock VCXO is adjusted properly. To adjust the bias a good frequency
counter is needed. It should be accurate to + 5 Hz at 10.23 MHz. The
MULTI PLI ER OFFSET adj ust nent shoul d be done before this adjustmnent.

The adjustnent is done as follows; disconnect the dither
reference signal and ground pin 3 on the xr2208 nultiplier. This
shoul d force the output of the nultiplier to zero volts. Gound the IF
input also just to be on the safe side. Force the track node by
reducing the threshold adjust pot until the carrier detect LED |ights.
This connects the VCXO control point to the output of the bias sumer.
Now adj ust the bias pot until the frequency of the code clock is

10. 230000 MHz.
Miltiplier Offset Adiust:

Thi s adj ustnent conpensates for any d.c. offsets in the
multiplier. Gound the nultiplier inputs as detailed in the Code clock
bi as adjustnent. Now adjust the nultiplier offset pot until the
vol tage on pin 11 of the XxrR2208 nultiplier is zero volts.

Thr eshol d Adi ust :

Threshol d adjustment is provided by a ten turn precision pot wth
a vernier scale. Adjustnent consists of turning the pot until the
carrier detect LED {ust starts to flicker and then backin% off a
little so that the LED goes out. This nust be done with the entire
sKsten1uF and consequently is a neasure of the noise floor. This sets
the level at which the systemw |l declare that a carrier is present
and correlation is assumed. The vernier scale is inportant. It enables
resettin? the threshold to various |evels and nonitoring any
i ncrease/decrease in the noise of the system

2 z BPF adi nt:

The 20 kxHz IF filter is shown in figure 23. There are three
identical active BPF’s; Two are used for the Dogpler tracker and one
is for the 20 kHz |F. The center frequency of these filters is
adj usted by a 10 turn pot. The adjustnent of the IF filter is done at
the same time as the Doppler filters. The details of the IF tuning are
covered in the Doppler Scan/Track section
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C/ A Code Generator

Figure 25 shows the schematic of the C/A code generator. This is
a single code version of the generator shown in figure 2. Six 7495
four bit shift registers are used to inplenent the two 10 bit shift
registers shown in figure 2. It is hardwired for satellite vehicle 9,
tap points 3 and 10. Wth the addition of sone exclusive or gates and
swtching logic other codes could be generated.

Two versions of the code are generated. One del ayed, one not
del ayed. The del ayed code is the result of feeding the on time code
t hrough ei ght 74L04 inverter gates. This is about a 1/2 m crosecond
delay or 1/2 of a chip. These two versions are swtched back and forth
to produce the dither code. The dither clock is a 555 tiner followed
by a divide by 2 for square wave output. The dither frequency adj ust
pot is set as described above.

In addition to the dither code three other waveforms can be used
for phase nodulation of the 2nd LO The three are code clock, on tine
code and CW (no phase nod.). These are use for testing purposes only.
The 74153 is used to select one of these nodulations by the setting of
s1 and S2, the phase nodul ation select swtches.

Sone nethod nust be used to reset the generator to the all ones
state. This is done by the code reset button. After being debouced by
the two AND %ates it 1s sKnchrpnized to the code clock bg the D flip-
flop 7474. The input to the shift register is held high by this synced
pulse. This loads the register with all ones.

The C/A all ones state or epoch is generated by aND’ing all ten
output bits of the 10 bit shift register. Two 4 wi de 7421 AND gates
and two 2 wide 7408 AND gates are used for this function. The output
is a 1 kHz pul se train.

C/ A Code O ock VCXO

The C A code clock is a 10.23 MHz VCXO fol lowed by a divide by .
ten to produce the 1.023 MHz code clock. Figure 26 shows the schematic
of the code clock generator. The VCXO is ovenized to reduce frequency
drift. This oscillator will drift less than 2 Hz at 10.23 MHz. VCXO
pull is about 250 Hz. This range can be increased by increasing the
cap in series with the W 209 di ode.

Following the oscillator is a |ow pass filter used to reduce the
upper harmonics. A MAR 3 is used as a buffer amp and a pick off point
is provided for frequency monitoring. A 74160 is used to do the divide
by ten operation and the 1.023 Mz I's sent out via the 7404 inverter.

The oscillator/filter/buffer were built dead bug style on a 1 1/2
X 3 inch piece of Gio. This was fitted with a tin cover.” The heatlnﬁ
resistors were epoxyed to the cover. The conpleted oscillator was then
put in atight fitting Styrofoam box. The power, heater and 10.23 Mt
out puts were brought out of the box. RG 74 was used for the 10.23 Mz
out put s.

Heater control is provided by conparing the voltage fromthe
LM336, a precision 2.5 volt reference, and a LM335 tenperature sensor
\Wen the divided voltage fromthe LMB35 is below 2.5 volts the heater
i s turned on. \Wen above its off. The heater is made of four 220 ohm,
142 watt resistors in parallel. The set temperature is controlled by
the 10k ten turn pot.
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Code d ock VCXO Freauencv Adj ust nent:

_ Frequency can be adjusted by the control point to the tuning
diode, the piston trinmer on the oscillator board and to a |esser
extent the oven tenperature via the ten turn pot. A good frequency
counter is needed to adjust this oscillator, accurate to within a few
Hz at 10.23 M. _ _

The heater nust be adjusted first. Prior to applying power to the
heater control adjust the Tenp. Set Pot for |owest tenperature, i.e.,
wi per at the top. Now apply power and slowy bring up tenperature to
about 125 For about 3.2 V dc at the tenp sensor. Once the
tenperature has stabilized adjust the frequency of the oscillator
about 100 Hz BELOW 10.23 MHz using the piston trimmer. It is set |ow
to allowfor the d.c. bias added to the code error signal. If the
trimmer cannot bring it into tune try changing the oven tenp a little
and readjust piston trinmrer .

If a higher code scan rate is desired set the oscillator even
lower. The limt here is the total pull at the control point which as
mentioned above is about 250 Hz. Wth this range 180 Hz bel ow should
be feasible and would result in about the highest scan rate that could
be used with this system _ _ _ _

The design for the oscillator was inspired by designs found in
the 1988 ARRL Handbook. The heater control circuit came from the data
sheet applications for the LM 335 sensor in the Linear Data Book from

Nat i onal Sem conduct or.

Doppl er Scan/ Track System

As discussed above the narrow | F bandwi dth of 1kxHz and the * 7
kHz Doppler on the L1 carrier make it necessary to do a DOEpIer scan
and track operation. Figure 23 shows the Doppler scan/track sub-

syst em

Scan:

The scan function is inplenented by letting the 8 bit UP/ DOM
counter free run with the up/DN input held Iow. The counter is driven
by a 1.5 sec period clock. The output of the counter is converted to
anal og by the DAC. This results in a sawmtooth waveformw th a 6 mnute

eriod coming out of the DAC. The output of the DACis sumed with a
ias to account for zero DonIer. This is fed to the 114. 613 MHz VCXO
In other words the L1 signal is swept_ through all Possible Doppl er
offsets by the VCXO until it "falls"™ into the Doppler filters. The
range of the Doppler scan is determned by the voltage divider at the
DAC outPut anp. The range as shown is about * 5 kHz.

All three filters will have some of the signal in them since they
are about 500 Hz apart and have approximately 1 kHz bandw dths. Wen

this condition occurs in 00¥Lunct|on with correlation the carrier
detect circuit is tripped. s activates both code and Doppler track

circuits.

Track:
The output of the two Doppler filters is detected and | ow pass
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filtered. The conparator subtracts these two levels to determ ne which
filter has nore of the L1 signal in it. In the track node control of
the Up/Down input of the 8 bit counter is switched to the output of
the conparator. If the L1 signal is nore in the lower Doppler filter
the conmparator tells the counter to count up. I|f the L1signal is nore
in the upper Doppler filter the conparator tells the counter to count
down. The output of the counter, when converted to anal og by the DAC
keeps the L1 signal centered in the 20 kHz IF filter.

The two D type flip-flops are used to sync the up/pDN and Carrier
Detect signals to the 2 second clock pul ses. The up/DN LED gives a
visual indication of which direction the counter is going. Wen
trackin% Doppl er the up/DN LED should toggle between high and | ow at
about the 2 second clock rate. | used a Burr Brown 8 bit DAC but any 8

bit DAC shoul d work.
Adj usting the Doppler Scan/Track Circuit

There are onlﬁ two adjustnents to the Doppler scan/track system
Doppl er zero and the Doppler filters center frequency.

Doppler filter adiustnent:

Figure 24 shows the schematic of the active filter used for the
three Doppler filters. The filter is tuned via R1 a ten turn mniature
pot. A signal generator or 555 timer is needed as an input for tuning
the filters. The |lower Doppler filter is tuned to approxi mately 19.5
kHz. The upper Doppler filter is tuned to approximately 20.5 kHz.

The middle Doppler filter, which is used for providing the 20 kHz
IF to the code |oop and data denodul ator, is tuned by one of two
methods. The first method uses a signal generator to find the
frequencY at which the conparator toggles. This is the frequency that
the mddle filter should be tuned to. This method wll produce
adequate results.

The second nmethod uses a either a 1575.42 Mz RF or 28.644 MHz | F
simulator. The mddle filter should first be tuned by the first nethod
so this really is the "fine" tuning part. Assumng a simulator is
avail abl e connect a -40 dBm 28. 644 MHz CWsignal to the 1st IF input
or a -120 aBm 1575 MHz cwsignal to the preanp input. Set the phase
nmodul ation select switches to CW This allows the CWto pass
"unspread" through the system and no code |ock is needed. Alow the
systemto track the CWsignal. Using a voltmeter or scope tune the
mddle filter for maxi num voltage or anplitude. This nethod cl oses the
| oop and shoul d produce a nore accurate result.

Doppl er _Zero:

The VCXO may not be set exactly to the frequency that woul d put
the L1 signal in the center of the 20 kxHz |F filter when L1 has zero
Doppler on it. A bias voltage is summed with the DAC output to
conpensate for this error. The VCXO does not have to be set closer
than + 200 Hz.

There are many ways to adjust the VCXO for zero Doppler. The nost
straight forward is to use a frequency counter to neasure the VCXO
frequency and to adjust the bias pot accordingly. If there is no
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offset in the oscillator used in the downconverter then the VCXO
frequency for zero Doppler is 114.6130 Miz. The voltage from the DAC
must set to zero to do this adjustment. The switch on the plus input
of the bias anp is used for this purpose.

Acqui sition Tinmes

The conbined requirenents of scanning the C A code and Doppl er

| ead to some questions about how |ong it takes acquire the L1 signal
Assum ng that the scan rates and bandw dths remain constant CNR I's the
determning factor. Larger CNR’s result in shorter acquisition tines
while smaller cNR’s | ead to | onger ones. For a CNR of about 20 dB this
systemwi || have a average acquisition time of 5 mnutes. This tinme
coul d be decreased by increasing the scan rates. The code scan rate
woul d have to be increased before the Doppler scan rate can be

i ncreased. The scan rates used here are slow conpared to what coul d be

used.

-

Dat a Denodul at or

A bl ock diagram for the data dempbdul ator is shown in figure 27.
The Schematic is shown in figure 28. This design is based on a bl ock
di agram found on P. 211 of Phase Locked Loops by Rol and Best.
_ After the C/A code is removed a 50 BPS data stream renmains. This
is present on the 20 kHz | F as BPSK nodul ation. The first step in the
denodul ation of this data is to hard |imt the 20 kHz carrier. This
removes any anplitude variation. The limted IF is now fed to a CD4046
PLL chip. The PLL responds to PHASE changes on the data with an
i mpul se, not a pulse. The inpulses occur at ever%_phase transition
Since there are two phase transitions per data bit, one for the rising
edge and one for the falling edge, there are two inpul ses per data

bit.

The inEuIses can have either positive or negative polarity and
can flip arbitrarily. To nmake all 1npulses have a positive polarity a
full -wave rectifier is used. This is done with a couple of LF356
opanps and four diodes. This design is lifted fromP. 241 of the OP
Anp Cookbook by Walter Jung, 3rd edition. After rectification a non-
inverting gain of 3 is used to increase the inpulse anplitude.

Now a 7414 is used to clean up the inﬁulses and bring themto TTL
levels. A oneshot with a output pulse width of 8 mlliseconds is used
to stretch the inpulse into a pulse and add sonme noise immunity.

The data pulse train is now divided by two in order to elimnate
the two pulses per bit and to "square it up”. This is done with a 7474
D-type flip-flop. The Q output is taken as the denodul ated data
stream Now that we have the data signal we still need to know when to
sanpl e the data waveform The data clock is needed.

The data clock can be reconstituted by dividing the 1 kHz C A
code epochs by 20. This gives the needed 50 Hz data clock. This is
done using a 74160 decade counter for the divide by ten and a 7474 for
%he d|Vége by 2 to get the divide by twenty. This circuit is shown in

igure 28.
) The only adjustment in the data denmodulator is the PLL vco
fre?uency. The free running frequency of the VCO should be 20 kHz, the
requency. Adjustnment can be done when tracking a satellite. When

I F
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the Doppler tracker settles down and is tracking the satellite monitor
Eln 9 of the PLL on a scope. Now adjust the VCO frequency via the 5
ohm pot until the D.C. level on pin 9 of the PLL is about zero volts.
This should insure that the free running frequency of the VOO is close
to 20 kHz. _ _

Another nethod is to use a signal generator to generate the 20
kHz |IF. This is fed to the Doppler filters and the frequency varied to
find the point at which the Doppler conparator toggles. Now adjust the
PLL VCO as above.

The performance of the data denodul ator could be better. Signals
wi th cNRs bel ow about 15 dB will produce bit errors on the order of 1
in 600 or worse. Above this the performance is quite acceptable and
good results were obtained. The detected IF level that | used as a
t hreshol d was about 2 volts.

Resul ts

The recei ver was used to track and receive data from satellite
vehicle 9. The data was taken Novenber 23, 1989 at approximately 3:30
AM PST. The satellite passed nearly overhead at this time. this
i nsured good signal strength. Figure 29 shows a elevation plot of
satellite vehicle 9 for Nov. 23 1989 at ny latitude and |ongitude. The
afternoon occurrence was at a |low elevation angle and did not provide
very good data but the receiver was still able to track it.

Figure 30 shows a recording of detected IF |evel and VCXO contro
voltage from the Doppler tracker for the early morning occurrence.
Figure 31 shows the received data spectrumfromthe satellite on the
20 kxHz |IF taken at the afternoon occurrence. The Doppler plot shows
the sawtooth scan until the satellite is "locked on" by the receiver.
The detected IF slowy rises as the satellite comes up. Zero Doppler
is alittle off due to sone frequency drift in the downconverter. As
the satellite goes back down the Doppler increases to the point where
lock is broken. This is due to the drift and the fact that | was only
set Up for about a + 5 kHz range of Doppler. Gven nore Doppler range
the receiver should have tracked for about another hour. Once lock is
broke the Doppler goes back to the scan node and the Det. IF shows
just the noise level. There is a brief "lock up" after the | oss of
lock but it is short 1lived.

The Dat a

The data was read using a HP3270 conputer that had an eight bit
input port. The clock was attached to bit zero and the data to bit 1.
The data line was read on either the rising or trailing edge since it
was not certain at the tine which would give the best results. It
turned out that the trailing ed%e data was the good stuff.

Figure 32 is a sanple of the data. The data is sent in 30 bit
words. Ten words nake a subfrane. There are five subframes for a ful
frame of data. The first 8 bits of each subframe are the sane. This is
the preanble. After the data was read into the computer a program was
used to "hunt" for the preamble pattern. Wen five preanbles are found
that are 300 bits apart a "sync" is decl ared. _

When the "sync" is found the ﬁrogran1then sorts the data into 30
bit words and 10 word subfranes. The subframe ID’s are contained in
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bits 20-22 of the second word in each subframe. The subframe ID’s are
printed in a colum at the right margin. Both the inverted and non-
Inverted are printed as the program did not check for data polar|t¥
whi ch can be arbitrary. The data polarity can be determned fromthe
preanble. The polarity of the data shown is correct and the |eft hand
col um of subframe ID’s is the correct one. O course one could al so
tell by the sequence, i.e. 1, 2, 3, 4 and 5 etc, as theﬁ are sent in
order. The right hand colum of nunbers is a count of the data bits as
they where read into the conputer

The inportant item here is the preanble. Wen you see that
pattern repeat every 300 bits you know you have the data! Figures 33
and 34a/B show sone the internal detail of the data format. These
figures were taken from the |CD GPS-200 docunent.

This is as far as | have taken the data analysis. To go further
requires a lot nore programm ng and possibly computer control of the
receiver.

ot ai ning the 1 CD GPS-200 Docunent

This keg docunent is available fromthe GPS program office. A
letter nust be sent to the address given bel ow stating name and
purpose. Unfortunately they do not have to send you a copy! Although
the docunent IS Norclassified the programoffice will decide on a
case by case basis if the requesting part% can be "trusted" with a
copy. | could get no firmcommtnent on the qualifications needed to
get the docurment, although | was told that if ny address was in Mscow
I woul d not receive a copy. Strangely, they did not object to the
inclusion of the C A Code Tap Point table and the Data Frame For nat
ngureF, the very information | found to be the nmost difficult to
obtal n!

The C/ A code portion of the L1 signal is for public use. The GPS
system was ﬁaid for and is owned by the people of the United States.
Currently there are foreign and donestic manufacturers Who are
profiting from C A code receivers. |f the large corporations have
access to systeminformation shouldn't the experimenter and the
entrepreneur?

GPS Program O fice address and phone nunber:

Space Systens Division/MZEE
ATTN. Data Manager

Los Angeles Air Force Base
P.O 92960, Los Angeles, CA
90009- 2960 Tel 213-643-0880
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sV PRAN . . 10 Chips 12-Chips
N@ Janal Selection Chips Ocual Ocnlp

' ' C/A (G2;) (X2;) C/IA 4 C/A P
] 1 296 ] 11 ] 1440 4444
» 2 2 Jg7? 2 6 2 1620 4000
¥ 3 3 498 3 7 3 1710 4222
4 4 509 4 s 4 1744 4313
L) 5 109 S 1} . 13 4317
* 6 6 29 10 6 18 6 1455 4355
7 7 108 7 139 7 "N 4344
8 8 209 8 140 8 1454 4340
* 9 9 3@ 10 9 141 9 1626 4343
10 10 2013 10 251 10 1504 4343
K " 304 1" 252 11 1642
* 12 12 6086 \ 12 254 12 1750
¥ 13 13 607 13 255 13 1764
x 14 14 708 14 256 14 1mn
15 15 809 15 257 15 1715
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18 18 205 18 470 18 1467
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31 31 308 n 861 31 1625
32 32 409 32 862 32 1712
. 33 5010 33 863 33 1745
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FIGURE 27
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BiTs

GPSD2F
B Counr
13"
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133
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253

313
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493
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733
793
853
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873
1033
1e83
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1333
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1453

1513
1573
1633
1693
1753

1813
1873
1933
1983
2053

© 2113

2173
2233
2293
2353

2413
2473
2533
2593
2653

2713
2773
2833
2893
2953

A
Q)

C.aic
IR ¥

0

[

3

PrEAMBLE

02111110001102100010011100211000
110100101100010011111111011101

111111110000000010111001110101
PREAMBLE
(1000101 111000000021 11111101000

000010111111100000101100101100
010110000100110101000011101101
100010001111111100111011010011
000011010000001000101010001001
PREAMBLE

(1220101 1)1100000000111111101000
111111110111111111000011101100
000000000011110111010010001100
110110001101000111010100011001
000000000100011100001100000100

100010111 100000002111111101000
0111011100100000001918000011011
001000000010000000100000010011
2010000000100000001000000210011
001000000018000000188888818811

100012111 100000002111111101000
010000001010101010101010101100
101010101010101010101010111100
101010101010101010101818111188
1010101010101010101010210111100

(1002101 11100000000111111101000
100000001101000100000001101011
201111100011010001001110011000
110100101100010011111111011101
111111110002000012111001110101

(1200101 1)1100000000111111101000
000010111111100000101100101100
010110000100110101000011101101
100010001111111100111011010011
000011010000001000101010001001

1000101 1)110000000011111119+300
1111rt1et11111111000011101 {00
200000000011110111010010001100
110110001101000111010100011001
000000000100011100001188888188

{L2201011/1 1000000001 11111101000

211110000010010000000100111000
111101121111111100000010001110
000000000000000000000000010101
1111101011110110211111110001100

\1ee@101 111200000001 11111101000
010000001010101010101010101100
10101010101010101012101011110@
101010101010101010101010111100
101010101810101012101210111100

;
SAT, VECH. ¥9 DA

\L@202121 1|1 120000022111111101000
100000001101000100000001101011

T4 MNov 2Z,1187
(- 0245 ps7) FRaMe 1o,

@111111001100001000B21111100020
100110011110021100011011100000

@10011001100111000100101010101
111101001010000000110010111101
@10011101011100010101010011100
FRAWME 1.D.
Q111111001100001100R 13100110200
200011101001001000111111111100
000001110001110111111000110111
111100000101010001011110000110
101000000011201010101001101000
FRAME I0.

@111111001100010000271 110100100

011001101001111111100100001001
010110110110011111010000010101
001010011811000110000001111001
200010111111021000111111010100

0111111001100010100~1100000

T10111111101111111011111101100
110111111101111111011111181188
11111111101111111011111101100
110111111101111101018111811188

011111100110001100~10010000

101010101010101010101010111100
101010101010101010101010111102
101010101010101010101010111100
10101010101010101010101031110Q

@111111001100011100E01\2!1 101100
100110011110021100011211100000
010011001120111020100101010101
111101001010000000110010111101
Q10011101011100010101010011100

@11111100110010000001001 111000
000011101001001000111111111100
000001110001110111111000110111
111100000101010001011118888118
101000000011001010101001101000

011111100110010010d2 1111110000
011001121001111111100100001001
010110110110011111010000010101
0210100110112001 10000001 11100!
000010111111001000111111010100

@11111100110010100d 0d01001 100
111111100000000001001100010100
TIT11111111111111001101001 1001
111000101111011111111011101001
000001101010101010121000010000

21111110011001011087 21111000100
101010101010101010101010111100
101010101010101010101010111100
101010101010101010101010111100
101010101012101010101010111100

._(—H’
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- TLM WORD —

SOLVED FOR BITS TO
PRESERVE PARITY CHECK WITH
IWO TRAILING ZEROS

TLM MESSAGE

PREAMBDLE
10001011

0j]0

——

12345678 910 11 12 13 14 15 16 17 18 19 20\21\22 23 24 25 26 27 28 29 30

SYNCIHRONIZATION FLAG (FOR SV CONFIG 000) OR
ANTI-SPOOF FLAG(FOR SV CONFIG 001)

MOMENTUM FLAG(FOR SV CONFIG 000) OR

“ALERT” FLAG (FOR sV CONFIG 001)

PARITY
MsSB A

LSh
{ TOW—C%UNT MESSAGE

runcole

12345678910 11 12 131415 16 17 18 1920 21 22|23 24 25 26 27 28 29 30
)J

How

|

Figure 33. TLM and HOW Formats

FEOM T cOD-GPs - 200
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