BRIEF INTRODUCTION TO GPS

GPS is a sadlite navigation system conceived, designed and operated by the US
DoD. Origindly intended to be used for precise postioning through the determination
of pseudoranges from the satdlites (of which there are ~28 in low earth orbit) to the
(normally ground based) recelver. The key idea is that by measuring the time of flight
of aradio sgnd from 4 or more satdlites to the receiver, the postion of the receiver
may be accurady determined. In addition the time offset of the recaver (from
composite clock GPS time) may be caculated from information within the orbit data
(modulated onto carrier). By teking the time differentid of these two quantities, the
velocity of the recelver and the frequency offset of the recelver may be ascertained.

SATELLITE SIGNALS

The sadlites transmit two L-Band (390-1600 MHz) carrier signdls, L1 and L2. The
carier frequencies of L1 and L2 are 157542 and 1227.6 MHz respectively. Each
carier is turn modulated (phase shifted by a wave of lower freq. to convey signa)
with one or more binary codes.

L1 is modulated with first the C/A (Coarse/Acquidtion) code, which is the bass of
the dandard pogtioning service (civilian GPS provison). This is a pseudo-random
(i.e. random like but actudly not) but regularly repeeting noise-like code. It has a
chipping rate (rate at which binary digits are produced) of 1.023 MHz. The code
modulation effectively spreads the spectrum of the carier 9gnd (e over a far a
wider frequency band than is actudly required by the quantity of information sent).
This gives it high resstance to interference and non authorised jamming. The code
length is limited to 1023 hits, giving a refresh rate (or duration of the code) of 1ms.
The C/A code has a fast aquidtion time and is easy for users to lock onto. Each of
the ~26 active satdllites modulates their L1 carrier with a satdllite characteristic C/A
code, enabling easy satllite identification through C/A code demodulation.

L1 is dso modulated with a 50Hz navigation message, which provides GPS satdllite
orbits, clock corrections etc.

The Precise (P) code modulates both the L1 and L2 carriers, and has a far longer (7-
day) duration than the C/A code. It has a chipping rate of 10.23 MHz. C/A code was
designed patly to hdp users acquire the P code. Through a method caled anti-
spoofing (AS) the Pcode is encrypted to form the user-restricted P(Y) code, avallable
only to US military authorised users, through the use decryption keys.

The normd dvilian users can dl but forget about the P-code due to its encryption.
Unfortunatdy the dtuation was made worse d4ill in the 1990's through the
introduction of Sdective Availability (SA); a deiberae digortion of the satdlite
sgnds preventing dvilian users from fully utilisng the full capabiliies of even C/A
code. SA is a time vaying bias involving ether manipulation of the data message
(epslon) and/or clock frequency, with the SA bias being different for each sadlite.
Just as the pseudoranges are combined, so must the SA biases from each satelite
being tracked a a paticular time be combined to form the navigational solution. The
rea problem for SA users is that SA is a time varying bias with low freg. terms in
excess of a few hours. This mekes averaging of individua pseudoranges (to



effectivdly average away the SA effects) impossible for times less than a few hours.
Fortunatdy for many time and frequency applications, a technique known as datic
postioning may be used. This dlows for postion determination usng a daionary
recaver, dlowing implementation of averaging techniques, which greatly improved
accuracy.

One of the advantages of the GPS system and indeed an essentid festure of operation
is that despite deliberate degradation of, and partia redtriction to, the carier and
codes, the carrier and data modulating frequencies are held to very precise tolerances.

PURE C/A CODE RECEIVERS

Many low cost recelvers track the low frequency (wrt. the carrier frequency) 1 MHz
code phase. Internal synthesisers (to the receiver) produce SV specific PRN codes,
which are then correlated, with the C/A code as received from each SV (with unique
PRN) at the antenna. This method enables this arriving code phase to be evauated (to
within a 1ms ambiguity) usng the auto corrdation to within 10ns within an
obsarvetion time of about 1s By udng the time tagged data within the navigetion
message it is possible to remove the find 1ms ambiguity.

The auto-corrdation method (auto correation is the method by which a dgnd is
compared with itsdf to find the extent of correspondence between the signals)
measures the difference between the propagation time as expected according to the
orbital data and the propagation delay as actualy measured a the receiver. This gives
the time offset of the internd receiver clock relative to the (goparent) GPS time as
redlised using the sadlites in view. It can be cadculated that the 10ns code phase
evduation in 1s trandates to a frequency determination capability between two
successive code phase measurements 1 s apart of 10%. A pure code phase receiver is
therefore only able to discipline an oillator (say an OCXO) to within 10 of its
nameplate frequency. This is Imply not good enough for modern daytime and
frequency applications.

Recaver noise limits this accuracy and this may be patidly overcome by usng
averaging. The problem with averaging is that, as adways, short-term frequency
fluctuation detection is delayed according to the averaging time (dmilar to t in the
Allan deviation) used. This will mean that the recaiver will have a dow response time
to any frequency erors in the oscillator that it is disciplining. Therefore usng only a
pure C/A code receiver, only oscillators, which have a good inherent ability, are
cgpable of being disciplined.

CARRIER PHASE

The C/A code corrdaion length of 1ns limits dramaticdly the resolution of the C/A
measurement. The subgtantially higher frequency of the L1 carier (as compared to
the C/A code), and the resulting shorter cycle of 635 ps, will reduce its sengtivity to
jamming and aso improve the resolution 10000 fold over C/A code measurement. A
1-% noise induced change in the carrier and code sgnd amplitude results in a phase
shift of 10nsand 1psin the code and carrier respectively.



The advantage of carier phase tracking is tha frequency measurements are
achievable with dmogst no recalver noise contribution. This enables relaive frequency
determination with uncertainties of a few 1 within fractions of a second. The short
dwdl times (on each sadlite dgnd) enable a sdngle time multiplexing channd
(tracking of multiple satellite sgnds by udng a rgpid sequencing process) indead of
the cogtly multichannel method, with better results

CARRIER AND CODE PHASE

The problem of the carier phase evduation method is that different cycles are
incapable of being didinguished from each other. This makes it impossble to
determine the propagation time of the sgnd. In a normd time and frequency oriented
(i.e. not a cosily geodetic receiver where different techniques are often used) receiver
the modulated coded sequence must be utilised to determine the propagation time
(from which dl other propeties are derived). The advantage with measuring the
carier phase is that it yields a very precise cdculation of the rate of change of the
time of flight (i.e the time differentid of the propagation time). Integration of carier
phase gives you a very accurate propagétion time.

Therefore the ided solution is to somehow combine the code and carier phase
measurements S0 that you get the absolute but noisy information from the C/A code
and the extreme (relaive) precison from the carier phase. This will give you the
smoothed propagation time without time dday (which results from averaging). This
method reduces the receiver noise to nearly zero, making the accuracy of the
evauation not receiver dependent but sgnd dependant.

The receiver actudly performs severa independent carrier phase measurements once
a seoond dweling on each sadlite for gpproximatdy 80 to 640 ms (quas
gmultaneous satdlite tracking), the results from which are averaged. By performing
an Allan deviaion on this measurement method the limiting effect seems to be white
frequency modulated noise and not some systematic error. As dated earlier this
method endbles you to get away with one time multiplexed channed with pardld
evauation.

DIFFERENTIAL GPS

However good you make your receiver, if you operate it in and-aone mode (i.e. as a
gngle recaver) the accuracy avalable to you, as a user will dways be limited by
certain systematic factors, such as SA and ionosphere delays. The effects of SA can
be patidly or dmogt totaly removed through datic postioning and averaging
techniques. Whilgt this will improve the long-term performance, the short-term
gability will ill be affected (on the most basc of levels, without correction factors).
The effects of the dday due to the ionosphere may be patidly diminated by
moddling the loca conditions, but in dand-done recever this will never be
completey removed. Therefore the user interested in top end time and frequency GPS
usage mus resort to differentid GPS, the referencing of the users GPS to a local
atomic clock synchronised GPS receiver. This GPS receiver will measure the clock
offsets of dl sadlites in view (remember it's cock offsst is zero due to its
synchronisation to a loca aomic clock, which is not subject to the ddlays ike SA and
the ionosphere). This useful data can then be made available to the user interested in



quantifying his sysemdtic ddays. This can then be used to cdibrae out the
contribution of SA and the ionosphere (i.e. erors which are —oughly- the same
magnitude at the reference and user postions). This necesstates the reference postion
being ‘ quite nearby for thistechnique to be of any use.

One test of the accuracy of your receivers is not their absolute accuracy, rather the
ability of two co-located (i.e. subject to the same systematic delays like SA and
ionosphere) to agree. Each recalver is assumed to be independent (which in a sense it
is not because each is subject to the same systematic errors) and tracks a satellite with
SA activated. The reaulting plots of the time development of the internd clock offset
of each receiver dearly show the results of the SA perturbation of the dgnds. This is
apparent for each recelver. Taking a closer look at the difference between the code
phase measurements made by each recever, reveds that whilst a cetan common
factor is removed (i.e. each recaver suffers from similar though not identica dedays
and perturbations) the remaining amount does not show noise-type characteristics. It
is probably due to multipath reflections (i.e. the Sgna can be received a the antenna
after reflecting off an object not by the direct route), which differ between receivers.
This illugrates the importance of carefully sdecting antenna pogtions for timing
applications and the use of quad helix antennas.

This problem can be patidly diminated if carrier phase measurements are taken into
account. The higher frequency of the carier cf. the code reduces the effect of
reflections and improves the accuracy between two co-located receivers to ~5-10ns
wrt gpparent GPS time. This is an excdlent demondration of the ability of combined
carier and code phase evduation to ddiver high accuracy (agreement between two
co-located receivers) in short observation times

THE QUARTZLOCK GPS-DO SERIES

The Quartzlock line of GPS disciplined oscillators is based upon the type of combined
carrier and code evaluating receivers described above.

i) Down-converter:

This is not just a sgnd preamplifier; it has been desgned as an integra part of the
receiver. Its purpose is to reduce the frequency of the sgnds travelling down to the
recaver. The ariving dgnd a the antenna is referenced to the recever loca
oxcillator. Traveling up the down-converter cable to the receiver will ke a 92.07 MHz
reference frequency from the local oscillator and DC power from the receiver. The 2
IF sgnd (the first being at 102.3 MHz and is confined to the recaiver) at 10.23 MHz
travels down the cable to the receiver. This will reduce the cable loss cf. the 1.6 GHz
carier dgnd frequency and thereby alow the use of lighter and more flexible cable.

i) Antenna:

This is a quad-hdix antenna and is mounted to the down-converter by means of type
N connectors (due to the frequency being transmitted between them). If cable must be
fitted between the antenna and down-converter then the maximum (theoreticd) loss
when carrying the 1.6 GHz carrier sgnd should be not greater than 3 dB. Thus a short
length of RG213 (<2.5m) would acceptable. In order to obtain the peak performance
out of the unit, the antenna must have a good view of the sky. ldedly the antenna



position should be known accurately (i.e. to within +/- 2m latitude/longitude and +/-
4m dtitude) before operation, as this will reduce the time to fira fix (TTFF). One
advantage of usng the quad heix antenna is that troublesome multipath effects are dl
but iminated. Multipath is a Sgnd arriva a a recever’s antenna by way of two or
more different paths such as a direct, line-of-sght path ad one that includes
reflections off nearby objects. The difference in path lengths causes the signds to
interfere at the antenna and can corrupt the receiver’s pseudorange and carrier-phase
measurements. Multipath error is the GPS postioning error caused by the interaction
of the GPS sadlite dgnd and its reflection. The pogtioning eror is due to
interference between the radio sgnds, which pass from the transmitter to the receiver
by two paths of different eectric length.

iii) Time congtant

A short (loop) time congtant will give a very fast response time, to time errors. The
problem with this is tha little or no averaging is done to diminate SA, leading to a
ggnificant degradation of the dhort-teem  frequency dgability. (cf. free running
oxtillator gability). This is fine for timing goplications. A long time congant will
dlow for dow response to time errors but will ‘ride over many of deleterious effects
of SA and dlow the short-medium term gability to be primarily determined by the
locd oscillator. However, the user must be careful that he does not sdect a large
maximum time congant without knowledge of the (frequency) performance of the
locd oscillator. The loop time congant may gpproach the maximum time congant too
quickly for the LO, and not correct for erors in the LO. This could cause LO time
errors to exceed a certain threshold for a amdl period of time. However, if this is only
for a short period of time, time coherence will not be lost (time accuracy will be
restored without any loss or gain of cydes-cycle dips a a frequency output wrt the
1pps output). This ensures coherence between the time and frequency outputs. A far
worse dtuation will occur if the unit has undergone a power falure. In this case, the
eror that will tave build up in the LO that only way to restore synchronisation will be
to reset the time counters in the receiver. Such tota loss of synchronisation would
cause a red LED to flash, derting the user to this problem. If the apparent time error
dt reative to apparent GPS time has exceeded a predetermined threshold for more
than a st time, then the oscillator control time congtant is automaticaly reduced 1's
until the error drops back below the threshold value.

iv) Postioning-

ldedly the antenna pogtion should be known accuratdy (i.e to within +/- 2m
latitude/longitude and +/-4m dtitude) before operation, as this will reduce the time to
firg fix (TTFF). If this is impossble (likdy), then the recever mugt attempt to
edimate the pogtion for itsdf. This necesstates a least 4 satellites being vishble (3
for spatid dimensions and 1 time dimension). In order to be able to assig the receiver,
the user has the option of entering an approximate podgtion (and aso gpproximeate
time) which will help the receiver search for satellites that should be visible according
to the dmanac dored in the receiver. This is a set of parameters smilar to the more
precise ephemeris data, which is used for gpproximating GPS satdllite orbits. In order
for the required 4 sadlites to be visble for an acceptable period of time, the
aforementioned antenna position must be good. An obstructed view of the sky will
reduce the time when a leest 4 sadlites are visble will drop, the geometry of



condellation will be degraded (complicated and difficult to mode) and the overdl
time to determine an accurate pogition and time will increase.

Studies have shown that there appears to be a ‘hol€ in the GPS constellation-looking
north. It is therefore doubly important that the antenna have a ‘good look’ south. In
order to eiminate sngle podtion estimate errors an podtion averaging procedure is
caried out in receiver, with up to a day’s worth (86400) of 1-second estimates
capable of being averaged. Due to the way memory is assgned in the unit, no further
updates ae made subsequent to this. One-way of improving the pogtion
determination is to turn the unit on for 2 days, note the ~24hr average and then repesat
the process as many times as you see fit. Taking the standard deviation will give the
precison of the podtion determination, and will dlow manua entry a switch on. The
receiver can be forced to then operate on this (entered) postion. Determination of
accurate dtitude, whils more difficult to do, is more important. This is because the
satdlites are dways a a poditive dtitude.

Tedts have shown that usng this method the Quartziock modd can ascertan it's
postion to within +/- 2m latitude/longitude and +/-4m dtitude to within a 95% (2s)
certainty. The lagt digit on the display in the postion menu has a resolution of about
1.8m longitude and 1.8cosX, where X is the latitude of the receiver. At 55°N this
gives about 1.2m. This means that if two co-located receivers agree down to this last
digit, they agree to within to within 1.8m and 12m in longitude and latitude
respectively.  However, in the serid port data, which is viewable through specidly
desgned monitoring software, an extra digit is supplied, dlowing precison down to
the ~10cm levd. By peforming the manua averaging procedure a this levd of
precison the user gets unrivaled antenna pogtion determination, and the associated
benefits this brings.

Like most GPS receivers of this type, this series references its postion to the world
geodetic system 1984 (WGS 1984) with the dtitude being reative to the geoid.
Whilg the geoid is much more complex than the sImple dlipsoid, it is an
gpproximation of the true shape of the earth and is therefore closer to mean sea leve
for most places on eath. The difference between the dlipsoid and geoid is stored
within the dmanac data contaned in the navigation message. The receiver has a
plausihility checking method to ensure that erroneous entered postions are not used,
meking continuous comparisons agand it's own averaged podtion. This should
prevent undue timing errors resulting. The user should aso ensure that after 24 hours
the averaged podtion agrees with the entered podstion to within +/- 3m
latitude/longitude. If this is not the case, the entered postion was wrong! It is dso
important to tell the unit what postion to use. If the user has a very accurate position,
determined either through a geodetic survey or repeated postion averages (both with
same unit and different co-located smilar units), then the user must indruct the unit to
use this (not the result from the last position average estimate)

V) Warnings

In order for the unit to operate properly the unit must be set up as detailed in [5]. If a
fault exigs a the power up of the unit, indication is likey to be given via a front pand
warning disolay. An common example is if the entered pogtion faled the plaushbility
check, i.e. the recaeiver has switched to usng averaged pogtion or if saelites have
been found that should be below the horizon according the dmanac data for that



postion). Many of these initid problems will go away as the averaged postion is
used or the dmanac data is updated (after about 15-20 minutes after switch on). Other
problems like a missing antenna; down-converter or cable (or indeed if any of these
are faulty) will only be detected once the internd LO (normaly OCXO or rubidium)
has warmed up. These can take up to 10 minutes depending on the type of oscillator
used. Such messages would need to be thoroughly investigated if norma operation is
to be obtaned from the unit. Indeed, the amount of noise detectable is a good
indication of the hedth of the receiver. A patidly or totdly obscured antenna could
cause insufficient or no satellites to be seen.

However, quantification of GPS-DO dgnd degradation due to different levels of
antenna obstruction is difficult, but work is on hand to do this. It is important to
remember that the RMS errors in apparent (i.e. as redised localy) GPS time will be
greater than with a full congdlation. The solution, as adways, is to improve the
antenna pogtion, to reduce the instances when this might happen. Other errors may
occur if the user was tracking a paticular saelite and it went (temporarily) out of
view. The receiver in this case would resort to an “dl in view” mode.

Another important message indicates whether the control voltage, which is gpplied to
the loca oscillator to correct for frequency excursons, is a@ove a certan normd
threshold. Abnormaly high voltages being gpplied (cf. what the recever bdieves
should be egpplied) indicate problems with the locd oscillator associated primarily
with drift/ aging of quartz crystads or possble falure of the rubidium physics package.
Norma operation (i.e. output precison is not necessxily adversdy affected) is
continued whilst this message is disolayed, but future investigation should take place.
If it occurs during the firsg few minutes of operaion in a rubidium oscillator, it may
wel smply be a reault of the control DAC limiting. This is due to the very smadl
adjustment range of the Rb oscillator (the software for the rubidium option is different
for the rubidium LO than for the OCXO LO, to account for their different
characteridtics). This message will then go away after the rubidium has warmed and
Settled.

Vi) Delay

The delay option enables the user to select the delay to be agpplied to the 1pps output
with a maximum of £500ms thus effectivdly providing any required time offset with
Ins resolution. This is designed to cdibrate out ionosphere and troposphere delays,
and antennaldown-converter/cable ddays. This is important if the GPS-DO is to be
used for time dissamination i.e. not as a frequency standard. Note that changing the
delay once the "locked" condition has been achieved may result in loss of lock and
will dmogt certainly cause trangent timing and frequency erors. The 1pps dday
should be corrected before lock has been achieved.

vii)  Time

Thetime will be displayed including seconds as soon as the receiver has started
tracking at least one satellite. Upon turn on the seconds are suppressed because of the
uncertainty associated with only having the internd back-up clock as areference.
During the period between power up and satdllite tracking commencement, the user is
free to dter the time manually because the interna master clock isnot *set’. Setting



involves confirmation by a satellite. Manudly dtering the time to within ~30 minutes

of GPStime reducesthe TTFF by providing atime estimate for the receiver to ‘going-
on’ with. Occasionaly amanac data stored in the receiver will be too old for UTC to
be cadculated from GPS (i.e. once locked) until new almanac datais downloaded from
the space vehicles. During the time taken to achieve lock (i.e. dt & df/f arewithin
prescribed limits-different for each LO and are of opposite signs) the 1pps remains
inactive.



