1 MILTI-CHANNEL - DI Gl TAL RECEI VER FOR GLOBAL POSI TI ONI NG SYSTEM FI ELD OF
THE I NVENTION This invention relates generally to digital radios which
recei ve pseudorandom noi se (PRN) encoded signals such as those used in
navi gation systens. BACKGROUND OF THE | NVENTI ON Passi ve pseudorandom noi se

(PRN) ranging systens suc g Posi tioning System
(GPS) and the Union of Sorc}f % I'CS @B‘ﬁg Vi gat I on System
(GLONASS) al | ow precise defQR rﬁIrQﬁMorl’QﬁI‘lﬂ'&mltNﬁj@Yﬂ'Rﬁwl tude, erevation and-

tinme. A PRN rangi ng systemreceiver acconplishes this hﬁm@&kﬂ@mh&ﬁﬁmlmai
difference of arrival and Doppl er neasurenent techniques onH i

signals transmtted by orbiting satellites. Because only th

transm t ,FIRID rofedrHOIINVENTEON comuni cations i s avoi ded, a

nunber of receivers may be served sinultaneously. However, the transnltted
signal must contain a nunber of conponents in order for the receivers to
extract the requitsig einiventiicat inelatisugererialdy dld idigitadngaidiosowhich
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as the sisaq jinnavigalan systens. e p05|t|on) current tinme of day, and
system st at us |nfornat|on The carrier is further nodul ated with one or
nore high frequency uni que pseudorandom noi se (PRN) codes. A PRN receiver
t hus receives a conposite signal consisting of one or nore of the signals
transm t (BACKGROUND R AHE (RWENTIOM view, that is wthin a direct
| i ne-of -sight, as well as noise and any interfering signals. Because the
Passive pseudorandom noise (PRN) ranging systems such as
the United States' Global Positioning System (GPS) and the
Union of Socialist Republics' Global Navigation System
(GLONASS) allow precise determination of latitude, longitude,
elevation and time. A PRN ranging system receiver
accomplishes this by using time difference of arrival and
Doppler measurement techniques on precisely-timed signals
transmitted by orbiting satellites. Because only the
satellites transmit, the need for two-way communications is
avoided, and an infinite number of receivers may be served

simultaneously.

However, the transmitted signal must contain a number of
components in order for the receivers to extract the requisite
information; Thus each satellite transmits on at least one
carrier frequencies. Each carrier is modulated with low
frequency (typically 50Hz) digital data which consists of
information such as the satellite's ephemeris, (i.e.
position), current time of day, and system status information.
The carrier is further modulated with one or more high
frequency unique pseudorandom noise (PRN) codes.

A PRN receiver thus receives a composite signal
consisting of one or more of the signals transmitted by the
satellites within view, that is within a direct line-of-sight,
as well as noise and any interfering signals. Because the



- sibnals transmtted by different satellites use uni que PRN codes or
uni que frequencies, the receiver may separate the signals fromdifferent
satellites using code-division nmultiple access (CDVA) or frequency division

mul ti pl e ‘aceess—(FbMA)—t-echniques. The PRN codes al so provide a nmechani sm
to precisel yT’f‘eSIhgeEms%e ‘Ea‘ﬁ’dgnal transm ssion tinme fromeach satellite. By

det erm ni ng time fromaj_least four satellites, and

knowi ng each ﬂl [Mﬂﬂum hemeris and approxi mate tinme of day information,
t he receiver' i onal position, velocity and precise tinme of day
can be calculated. For nore information on the format of the GPS CDVA
system signal s, see "Interface Control Docunent |CD,GPS-200, Septenber
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For more information on the format of the GPS CDMA
system signals, see "Interface Control Document ICD-GPS-200,
September 26, 1984", published by Rockwell International
Corporation; Satellite Systems Division, Downey, California
90241.

For more information on the format of the GLONASS
systen signals, see "The GLONASS System Technical
Characteristics and Performance", Working Paper, Special
Committee on Future Air Navigation Systems (FANS),
International Civil Aviation Organization (ICAO), Fourth
Meeting, Montreal, Quebec, Canada, 2-20 May 1988.

A number of difficulties exist with present-day PRN
receivers. One such problem concerns accurate tracking of the
received composite signal. Another is determining and
correcting carrier phase lock loop cycle slipping. Another is
determining and correcting ionospheric divergence. The typical
PRN receiver includes a downconverter and a mixer. At the
downconverter, the input radio frequency (RF) signal from the
antenna is amplified, filtered, and downconverted to an IF
frequency by mixing it with a locally generated carrier
reference signal. The decoder, typically consisting of a mixer



frequency by mxing it with a locally generated carrier reference signal.
The decoder, typically consisting of a m xer -3- positioned either
before or after the downconverter multiplies the incomng signal with a

| ocal | y gener ated—PRN-code-reference signal. If the locally generated PRN

code is properl yhigg{e&g}agﬁe%dﬁ%%h that of the incomng signal, the digital

data results. :In %k ati on, however, the circuits required to
performthe freqiﬂﬂ ﬂm
generate the | oc

di scri nm=Aati on necessary to accurately
Il PRN code reference signals are conpl ex and
costly, mainly because the conposite signal ideally has a power |evel of 16
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signals are complex and costly,; mainly because the composite
signal ideally has a power level of 16 decibels (dB) below
 therma1 noise. These circuits may also introduce errors due to
component mismatches when the signals from several satellites
are processed to calculate the receiver's position.

In addition, given the low level of received composite
signal, CDMA receivers are typically quite susceptible to
corruption by interfering continuous wave (CW) signals.

For high accuracy applications, atmospheric distortion
of the transmitted signals must also be corrected. The
principal source of such distortion is the ionosphere, which
manifests itself as a delay of the PRN code phase and advance

~of the carrier phase. Since the amount of ionospheric
distortion is a function of the carrier frequency and the total
electron count along the path of the signal, the discrepancy in
delay between two signals transmitted at different carrier
frequencies from a single satellite may be used to determine an
absolute correction factor. However, this absolute divergence
correction requires twice the hardware to demodulate and decode
both frequencies simultaneously. Furthermore, in some systens,
such as GPS, access to the PRN code on the second frequency is
limited. In certain systems, a relative divergence between the
two frequencies can be determined by tracking the phase
difference in carrier frequencies, without first decoding the



both frequenci es sinultaneously. Furthermore, in some systens, such as GPS,
access to the PRN code on the second frequency is limted. In certain
systens, a relative divergence between the two frequenci es can be

‘det-erm ned_by tracking the phase difference in carrier frequencies, wthout
first decoding the -4- second carrier, by sinply squaring the received
carrier sigﬂ&ssh Replacegior gpproach requires radi o frequency (RF)
circuitry whi E"l ET" ﬂrtial |y procegses two RF signals. SUMVARY OF THE
| NVENTI ON Bri ! ntion is a receiver for pseudorandom noi se (PRN) .
encoded signals consisting of a sanpling circuit, a carrier/code

synchroni zing circuit, and a digital correlator wth dynam cally adj-ustabl e
code del ay spacjng and sel ect abl e, del ay nodes, The sanpling circuit |
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correlators. Each synchronizing circuit is a nunerically controlled
oscillator which provides a |local carrier reference signal and a | ocal code
reference signal which are synchronous with each other. Together with the
correl at of Yt QF THE IYMENTIANzing circuit al so enabl es detection and
correction of cycle slips in the local carrier reference and detection of
rel ative code anﬁ carﬁier iveﬂ%%?ce. The correlators correlate fhe djgital
sanpl es of the cBRpBEd¥e IRFATGRTIONelfoRaHSFYEIRY ot PES es

to noise (PRN) encoded signals consisting of a sampling circuit, a

carrier/code synchronizing circuit, and a digital correlator
with dynamically adjustable code delay spacing and selectable
delay modes. '

The sampling circuit provides'digital samples of a
received composite PRN signal at a rate which is much higher
than twice the PRN code chip rate. A receiver channel is
assigned to track the PRN signal from a particular transmitter;
each receiver channel includes a synchronizing circuit and two
digital correlators.

Each synchronizing circuit is a numerically controlled
oscillator which provides a local carrier reference signal and
a local code reference signal which are'synchronous with each
other. Together with the correlator oﬁtputs, the synchronizing
circuit also enables detection and correction of cycle slips in
the local carrier reference and detection of relative code and
carrier divergence.

The correlators correlate the digital samples of the
composite signal with the locally generated PRN code values to
produce a plurality of early, late, punctual, or early-minus-
late correlation signals. The correlation signals are
accumulated and processed to provide feedback signals to
control code and carrier synchronizing. Because both carrier
and code synchronizing are performed by the same circuit, a



proﬁuce a plurality of early, late, punctual, or early-mnus- |ate
correlation signals. The correlation signals are accunul ated and processed
to provide feedback signals to control code and.carrier_synchroni zing.
Because both carrier and code synchroni zing are perforned by the sane

circuit, a -5- relative diversion-type correctlh @mﬁ
dlstortlon may be inplenented by sinultaneously gj de or
carrier divergence. The sanpling circuit=S+t put! to an

anplitude probability density function circuit which detects t e presence
of interfering or janm ng signals. Wen jamm ng . signals are detected, the
sanpling circuit anplitude thresholds are adjusted to provide inproved
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den51ty function circuit is also used to control an automatic

gain control amplifier.

The correlators may also be switched between a first, or
acquisition mode, and a second, or tracking mode. In the
acquisition .mode, the correlators are set to give an early and
late correlation power indication.

Once the proper carrier and phase are obtained, one of
the correlators is configured as punctual for optimal carrier
. tracking, and the other correlator as early minus late with a
narrow time delay to provide optimum code tracking.

Certain functions of the synchronizing circuit and
correlators are preferably performed by a general purpose
computer and suitable software.

There are several advantages to this arrangement.
Because the system is nearly completely digital, and because a
common digital signal is fed to all receiver channels, the
invention reduces channel biasing errors and thus increases
position measurement accuracy. Furthermore, because only a
single common RF stage is required, the invention eliminates a
number of difficulties such as component matching associated
with other types of systenms.



i nvention reduces channel biasing errors and thus increases position
measur enment accuracy. Furthernore, because only a single common RF stage is
required, the invention elimnates a nunber of difficulties such as
conponent mat chi ng associ ated Wwittrother types of systens. -6- Because

e sanples are meﬁsseﬂsw&nmﬂibgh rate, | arge Doppler offsets may be

th

corrected. This in | ess expensive anal og | ocal oscillator
circuit to be used st contéel ling the | ocal PRN code
generator and carrier circuit in a single nunerically controlled
oscillator, pseudorange measur enent s having hi gh accuracy and | ow noi se
result. Since there is accurate tracking of the PRN code, cycle slips of

the carrier can bfe@fsdd YeRe! §£ﬁ§ﬂe§n9r€0FESEE§QedaQ€ hedlighl Fte, large
differential neasurepents are significant better. Divergéence _between
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provided. The probability density function detector enables inproved
performance in the presence of jamm ng signals. The dynam cally
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OF THE DRA e _above and el advantages of the invention
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W th the aepeimpMidly dEANraEs . and Vdw-alvide Fesulits a bl ock diagram of a
PRN recei ver constructed in accordance with the invention, including a
downconverter,

Since there is accurate tracking of the PRN code, cycle
slips of the carrier can be easily detected and corrected, and
real time differential measurements are significantly better.

| Divergence between locally generated carrier and code
reference signals can be detected and thus a relative diversion
correction for ionospheric distortion is provided.

The probability density function detector enables
improved performance in the presence of jamming signals.

The dynamically configurable correlators provide fast
code and carrier acquisition while providing low noise signals
during steady-state tracking.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantages of the invention may be
better understood by referring to the following description in
conjunction with the accompanying drawings, in which:

Fig. 1 is a block diagram of a PRN receiver constructed
in accordance with the invention, including a downconverter,
sampler, channel, and processor circuits;



sanpl er, channel, and processor circuits; -7- Fig. 2is acircuit

di agram of the downconverter circuit; Flg 3is acircuit diagramof the
sanpler circuit; Fig. 4 is a block diagran1of the channel circuit; Fig. 5
is a circuit di agramof—a carrier/ctode synchronizing-circuit used in each
channel circuit; TrisGheePHAsBeéh Hepidde#d di agram showi ng the relative duration

of various portion d PRN signal; and Fig. 7 is acircuit
di agram of a corre m ﬂ used i n-gach channel circuit. DETAILED
DESCRI PTION OF I LL | MENTS Fig. 1 is an overall block diagram

of a pseudorandom noi se (PRN) ranging receiver 10 constructed in accordance
with the invention. It includes an antenna 11, downconverter sanpl er

14, processor 16g annt oljbug 18, ﬁ 6&19%%)6@%%@%883% Sef2a,

22b, . . ., 22n (coI ectively, annel’s The 1l lustrated recelver
10 will bélstﬁﬁnlly descri bed as operatlng within the United States'

A obal Positioning System (GPS), however, adaptations to the Union of
Sovi et Soci al i st _Republi,cs' GgCNA?? a e al so %ﬁrlbed The antepnpa 11
recei ves a conpofife SidfaP FEFFPiEo SPIFARgO fcSamPler sCiFSHiki ¢ t ed

fromall participating satellites within view, that is, within a direct
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Fig. 5 is a circuit diagram of a carrier/code
synchronizing circuit used in each channel circuit;

-Fig. 6 is a timing diagram showing the relative duration
of various portions of a received PRN signal; and

Fig. 7 is a circuit diagram of a correlator circuit used
in each channelcircuit.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Fig. 1 is an overall block diagram of a pseudorandom
" noise (PRN) ranging receiver 10 constructed in accordance with
the invention. It includes an antenna 11, downconverter 12,
sampler 14, processor 16, control bus 18, channel bus 20 and
multiple channels 22a, 22b, . . . ', 22n, (collectively, the
channels 22). The illustrated receiver 10 will be primarily
described as operating within the United States' Global
Positioning System (GPS), however, adaptations to the Union of
Soviet Socialist Republics' GLONASS are also described.

 The antenna 11 receives a composite signal C; consisting
of the signals transmitted from all participating satellites
within view, that is, within a direct line of sight of the
antenna 11. For example, when the GPS system is fully
operational, with world-wide coverage, twenty-four satellites
will be in operation, and signals from as many as eleven GPS



-8- satellites may be received sinultaneously. The conposite signal [err]
Is forwarded to the downconverter 12 to provide an internedi ate frequency
signal IF and a sanple clock signal [err]. The IF signal is a downconverted
and filtered version of the conposite signal [err] The [err] signa

i ndicates the points in tinme at which sanples of the IF signal are to be
taken. The downconverter 12 is discussed in greater detail in connection
with Fig. 2. The sanpler 14 receives the IF and [err] signals and provides
digital sanples of the IF signal to the®hannels 22 Vi &hisBke eplaced 00
The sanpl es consist of in-phase [err] and quadrature |[er
sanples of the IF signal taken at the times indicated by nal .
The sanpler is detailed in Fig. 3. Each channel 22 is assigned to process
t he si gnasatebhhibes tmay bye oreceivedcsimultaneeusl¥esently within view of
the antenna 11. A given channel 22 thus processes the [err] and [err]

signals and tracks the carrier and code of the signal transgitjied by
particul ar sat el Thige. CAQmPRF # t&ul gl9Bach &mnﬂ-e?g %?’Eug@srg‘eé;\r gi°erf'?’tfde
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gener at ed cOo prectse with the code npdul ated onto the .
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satel | it egaegpPeIR! tSnnbtfEorfwilely . Fidid 3t atus information, as well as the
. locally generated PRN code phase and carrier phase neasurenents, are

provided to the processor 16 via the control
The sampler 14 receives the IF and F; signals and

provides digital samples of the IF signal to the channels 22
via the channel bus 20. The samples consist of in-phase (I;)
and quadrature (Q_.) amplitude samples of the IF signal taken at
the times indicated by the F, signal. The sampler is detailed
in Fig. 3.

Each channel 22 is assigned to process the signal
transmitted by one of the satellites presently within view of
the antenna 11. A given channel 22 thus processes the I, and
Qs signals and tracks the carrier and code of the signal
transmitted by a particular satellite. In particular, each
channel 22 uses a carrier/code synchronizing circuit to
frequency and phase-track the PRN encoded carrier signal by
maintaining an expected doppler offset unique to the desired
satellite. The channel 22 also correlates a locally generated
PRN code reference signal with a doppler-rotated replica of the
carrier. Two correlators, connected in a delay lock
arrangement, keep the locally generated PRN code precisely
aligned with the code modulated onto the received signal by the
satellite. The resulting decoded data, including the
satellite's ephemeris, time of day, and status information, as
well as the locally generated PRN code phase and carrier phase
measurements, are provided to the processor 16 via the control
bus 18. The channels 22 are described in detail in connection



buS 18. The channels 22 are described in detail in connection -9- with
Fig. 4. The sanpler 14 and channels 22 are controlled by the processor 16
via the control bus 18. The processor 16 includes a digital central
processing unit (CPU) 162 which typically supports both synchronous-type

i nput/output (I1/O via a nultiple-bit data bus DATA, address bus ADDR, and
control signals CTRL and synchronous controller circuit 164, as well as an
interrupt-type 1/Ovia the interrupt sighals, | NF—and—an- aterrupt. ..
controller circuit 166. A tiner 168 provides certaqﬁsg; ng n Is such as
t he measurement triggers MEAS and a tine-stanp S|gn aced 1o
descri bed. The operation of the processor 16 and' it H |ons

i mpl enent widlthnFiégttdare will be better understood fr

di scussion. Referring nowto Fig. 2, the downconverter 12 |ncludes an RF
bandpass filter 120, |ow noise anpllfler 121, m xer 122,
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some typlcal L- band si gnal s used by, various rangln gstens are as fol] ows:
interrupt controller circuit 166. timer 1 provides certain

timing signals such as the measurement triggers MEAS and a

time-stamp signal 1PPS, as will be described. The operation of
the processor 16 and its various functions implemented in
software will be better understood from the following
discussion.

Referring now to Fig. 2, the downconverter 12 includes
an RF bandpass filter 120, low noise amplifier 121, mixer 122,
intermediate-frequency filter 123, and final amplifier 124. A
local reference oscillator 125 provides a samples clock signal,
F;. A voltage controlled oscillator (VCO) 131 is phase locked
to the reference oscillator 125 by using a synthesizer 132 and
filter 133 arranged in a feedback loop. The VCO 131 provides a
local osicallator reference signal, 1O, to the mixer 122.

The composite signal'cs received from the antenna 11
‘typically consists of PRN modulated signals from all satellites
within view (that is, within a direct line-of-sight of the
receiver 10), any interfering signals, and noise. Of interest
- are the PRN modulated L-band carrier frequencies, some typical
L-band signals used by various ranging systems are as follows:



SPECI FI CATI ONS FOR CERTAI N PRN RANGI NG SYSTEM S| GNALS L-Band Carri er

Fr eauency PRN Code Rate Power GPS L1 C A 1.57542 GHz 1.023
VHz -160 dBWGPS L1 P 1.57542 GHz 10. 23 MHz -163 dEWGPS L2
1.22760 GHz 10. 23 MHz -166 dBWGLONASS CC A 1.602... 1.616 Gz 511
KHz GLONASS P 1.602 ...1.616 GHz 5.11 Miz Natural background noise at

about -204 dBWHz is typ| cal | y mxed in with the mefdﬁi‘ﬁﬁn&ﬂ&eml | .

The [err] signal is first fed to the RF bandpass fil is a low
insertion-loss filter having a bandpass~&P@=t he deS|r quency.

The bandpass filter 120 should be sufficiently wide to allow sever al

har noni cs of the PRN code to pass. In the preferred enbodi nent for GPS L1
C/ A signal reception, this bandwidth is at |east 10 MHz. After passing
through t heSPEQERDCAEIQNS - EOR| CEREATN PRN tRANGENG ISYIIEMI GRENADLI t s t he
received signal fromthe carrier frequency to a desired internedi ate

frequency LiBand Caxriem the Erequency rang@RMiCode Ratie)| dower The
intermedi ate frequency filter 123 is also a bandEass fllter havi ng a

suf fi ci ent | yCRGrkbWwHandwi dt i+ 34n&H2 any e ABW ¢t

sufficiently wide to keep the desired 10 Mz bandmndth The final amplifier
124 is used GRS dbrR- anpl i fi It %t t o RAA 8 he FRDPABN F si gnal
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GLONASS P 1.602...1.616 GHz 5.11 MHz

Natural background noise at about =204 dBW/Hz is typically
mixed in with the L-band signals as well.

The C; signal ‘is first fed to the RF bandpass filter 120
which is a low insertion-loss filter having a bandpass at the
desired carrier frequency. The bandpass filter 120 should be
sufficiently wide to allow several harmonics of the PRN code to
pass. In the preferred embodiment for GPS L1 C/A signal
reception, this bandwidth is at least 10 MHz. After passing
through the low-noise pre-amplifier 121, the mixer 122
downconverts the received signal from the carrier frequency to
a desired intermediate frequency that is within the frequency
range of the sampler 14. The intermediate frequency filter 123
is also a bandpass filter having a sufficiently narrow
bandwidth to remove any undesired signals, but sufficiently
wide to keep the desired 10 MHz bandwidth. The final amplifier
124 is used as a pre—-amplification stage to provide the output
IF signal with appropriate amplification. Although the
illustrated downconverter 12 is a single-stage downconverter,
there could, of course, be additional intermediate stages
used. '

The reference oscillator 125 provides a stable digital
frequency local reference signal F, to the synthesizer 132 as



wel | as the sanpler 14. The VCO 131 provides the reference signal LOto
the synthesi zer 132. The synthesi zer 132 frequency-divides the LO signal by
a predeterm ned nunber and mxes it with the reference signal [err]. The
output of the synthesizer 132 is then fed to the loop filter 133 to devel op
a vol tage mhlch |n turn controls the VCO 131. Fig. 3 is a detailed diagram

of the sanpl er This seddut omat i ¢ gain control (AGC) anplifier 140,
digital -to- anal u rter 141, D converter 143, two-bit counter
144, sanple tran probab| Ty density function (PDF) counters

146a 146b, and 146¢ (collectlvely, t he PDF counters 146). The sanpler 14
receives the IF and the [err] signhals fromthe downconverter 12 and
provi des dIPIta| sanpled signals [err] and [err] to the channels 22 via the

channel kOaSTF@% SAMRECN 41144 og AR VGR t R3LhPTVIdas okhe preference
control hyggaRl al.8o tRer £AleTEs pHEAEY i Fedails FONt MMk e (AGRLRES iAF 18 2
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anpl i fi catipassdit byithe tm@ceeSerei'ﬁ:e/l aighalc@)y.r ol Thes ol putl &FAthél.
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anal og- t:)glgﬂ conver'?]gr rﬁ%hdl% @1(%?.\%# 1;{:}:}* 133 Ité’s da elo&l sely
900 phasé’qlﬁaﬂq! oritich imetymm goptwols dhe (VGO0 f1r3équency, as speci f i ed by
the [err] signal. Si nce successive in-phase sanples [err] and quadrature
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of the IRsi ! (/Y ' BohPErfld’ 184, SATB' Sofib@EkelChh, CRRREDIFC CRALAE O
144, sample translator 145, and probability density function
(PDF) counters 146a, 146b, and 146c (collectively, the PDF
counters 146). |

The sampler 14 receives the IF and the F, signals from
the downconverter 12 and provides digital sampled signals I,
and Q. to the channels 22 via the channel bus 20. The sampler
14, together with the processor 16 via the control bus 18, also
performs automatic gain control (AGC) and jamming suppression
functions.

More particularly, the intermediate frequency signal IF
is first fed to the AGC amp 140 which provides an amount of
amplification set by the processor 16 via the control bus 18
and D/A 141. The output signal from the AGC amp 140 is sent to
the analog-to-digital-converter 143.

The A/D converter 143 samples at precisely 90° phase
rotations of the IF signal's carrier frequency, as specified by
the F_, signal. Since successive in-phase samples I, and
quadrature Samples Q, are required, the frequency of the
digital sample clock F, must be equal to 4 IF/J, where J is any
odd integer. The Nyquist sampling theorem also dictates that
the sample rate be at least twice the bandwidth of the IF
signal. With the digital sample clock F, chosen according to



-12- these guidelines, the output sanmples fromthe A/D 143 are thus in

I n-phase and quadrature order as i,q, -i, -q, i,9 . . . The [err] signal
also drives a two-bit counter 144 which is used by the sanple transl ator
145 to separate the sanples output by the A/D 143 into the sanple signals
[err] and [err]. The nost significant bit, SIGN, of thé counter 1447 is used
by the sanple translator 145 to reverse the sign dmsshhetHasBaaﬂdteplﬁbe&arrpl es.

The | east significant bit of the count eL,344 repres %H!’ﬂ WSI gnal
that is used by the channels 22 to identify |nd|V| the [err]
bus as either an i or a q sanple. If the A/D converter a three-bit
device, the output sanples have two magnitude bits and a sign bit. Each
sanple will thus be Iher +/ -2, or. +/ sapgple.signal s [err]
ond Lorr] Chank, TIIEHAR cribe, RSRAt |SaRiiss Lrom cEng hen 2450 AEes Sie
bus 20 t o ie im-phessedany qusiratarecloxrda? aghd ,sgnpligs -ayt dyg f.ram.the A/D
converter 143 are also used to develop an estimate of the probability
density function for the anplitude of the incomng IF signal. This estimate
is used by the Fhefsaianl algodrives i tweohit oFOBIlEﬁEI 16Al Mhighi d8 i s

fed thr ougleddieply Aanuaiisie ldiaha160uy ol sshe gk dpatatie A adipida

The probablllt ensity function.estinate is Q taln §¥ cl ock |n one of

the appr offYERYE PP EREnALPs1#dginte dhe Fample ngst 3N¢NH sabsgpﬁte
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co 146b t e I_n nt ed Th cQunt er, and
PDF3 count@¥ B !égP 8 ?lél’ cIt C e?%é%% tf‘ﬁe sel‘g% e%:bet h {h%gg
uwrespondagp&ggutum@esleagﬁveugnificant bit of the counter 144
' represents the IORQ signal that is used by the channels 22 to

identify individual samples on the I., Q. bus as either an i or

a q sample.

If the A/D converter 143 is a three~bit device, the
output samples have two magnitude bits and a sign bit. Each
sample will thus be either a +/-1, +/-2, or +/-3.

The sample signals I, and Q,, along with the IORQ and F,
signals, are routed to the sample bus 20 to be processed by the
channels 22.

The samples output from the A/D converter 143 are also
used to develop an estimate of the probability density function
for the amplitude of the incoming IF signal. This estimate is
used by the processor 16 to provide a gain control signal GAIN,
which is fed through the D/A converter 141 to control the gain
of the AGC amp 140. The probability density function estimate
is obtained by clocking one of the appropriate PDF counters

'~ 146a, 146b, or 146c according to the absolute value of each
sample. For example, magnitude +2 and magnitude -2 samples
cause the PDF2 counter 146b to be incremented. The PDF1
counter 146a and PDF3 counter 146c are similarly clocked each
time a sample with the corresponding magnitude is received.
When any one of the PDF counters 146 reaches a terminal count,
a CARRY signal is asserted and the DISABLE inputs are set so



When any one of the PDF counters 146 reaches a terminal count, a CARRY
signal is asserted and the DI SABLE i nputs are set so -13- that all PDF
counters 146 stop counting. The contents of the PDF counters 146 can be
read and reset by the processor 16 via the control bus 18. To set the AGC
| evel , the processor 16 periodically reads the values of tThe PDF counters
146 and then resets them so that anot her PDF neaFiisSheetHbs BeayRMDREEIN. The
processor 16 then conpares the neasured signal a J ution data
with the expected distribution of the s@®Te anpli he expect ed
probability density function is Gaussian, 49% of the samnpl e expected

i n PDF1 counter 146a, 32%in PDF2 counter 146b, and 19% of the sanples in

PDF3 counter 146c. If this is indeed the approxinmate result, then the AGC
140 i s pr Spat] pldetEDF Hoouveers i 146 ostopngovatings arthe otontenty ofietherl

counter 1 \ é&ﬁhﬁ@?@ﬂ@ I i i t By ,
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is set todhg gentred BuGcd8sor 16, if necessary, then | oads a corrected
gain control value into the D)A 141 via the control bus 18, which in turn

adj usts the gaip _of the A 40. hi rocess continues_peri odi cal | 0
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pr ocessor thesvaloesk ofPbhec POFt epuntdbs 24d andcthendeesebsnthem sbethate
close to o 9 9 t s a t = Wav

interfer e%?‘g’tgir(%ge%?% ?ﬁéggggfh%cﬁfntﬁééyl}?c&ivﬁ I 3?%3 éggﬁgﬁéﬁ%ﬁﬁﬂﬁ% .
PDF2 councempas®s \khe respuned signnds aphitnderdistrbmtinn data withhe
interferi gleSiedplicted distribution of the sample amplitudes. Since the

expected probability density function is Gaussian, 49% of the

samples are expected in PDF1l counter 146a, 32% in PDF2 counter
146b, and 19% of the samples in PDF3 counter 146c. If this is
indeed the .approximate result, then the AGC 140 is properly
set. However, if too many samples are counted by the PDF1
counter 146a, for example, then the GAIN signal is set too low.
Similarly, if too many samples are counted by the PDF2 counter
146c, the GAIN signal is set too high. The processor 16, if
necessary, then loads a corrected gain control value into the
D/A 141 via the control bus 18, which in turn adjusts the gain
of the AGC 140. This process continues periodically to
maintain the GAIN léevel such that the PDFlacount remains at
49%. '

The processor also checks PDF counters 146b and 146c to
determine if they are close to the expected 32% and 19%. If
there is a continuous-wave (CW) interference present, the PDF3
counter 146c will drop towards 0% and the PDF2 counter 146b
will increase towards 51%, depending on the level of the
interfering signal. '

If the processor 16 detects this condition, it enters a
CW anti-jamming mode. In a CW anti-jamming mode, the processor
16 adjusts the D/A 141 such that the count in PDF1 146a is
maintained at 85%. It also expects to detect 15% of the
samples in the PDF2 counter 146b, and no samples in the PDF3



| f the processor 16 detects this condition, it enters a CWanti-janm ng
node. In a CWanti-janm ng node, the processor 16 adjusts the DJA 141 such
that the count in PDFl 146a is maintained at 85% It also expects to
detect 15% of the sanples in the PDF2 counter 146b, and no sanples in the
PDF3 -14- counter 146¢c. In this node, the progEsnedHasHze jljcednabl es the

JAMVED control line so that the translator 145 w sanpl es
output by the A/D 143. In particul ar, setwtes of +/-2,+ -3
are mapped into anplitudes 0,+/-1,0 respectively. S also set
so that the peak positive and negative voltages of the CW si gnal correspond
to the +1/+2 and -1/-2 threshold | evels of the A/D 143, so that the
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jamming mode enabled, an approximate improvement of 12dB has
been observed over purely analog receives, and 25dB improvement
over 1 bit hard- limited digital receives.

A truth table for the translator 145 is given by the
following:

I, or Q, (Per IORQ)

Input from SIGN=0 SIGN=1 SIGN=0 SIGN=1 PDM Counter

A/D JAMMED=0 JAMMED=1 JAMMED=0 JAMMED=1 Incremented
3 3 -3 0 0 pdf3
2 2 -2 1 -1 pdf2
1 o -1 o 0 pdf1
-1 -1 1 0 0 pdfi
-2 -2 2 -1 1 pdf2
-3 -3 3 0 0 pdf3

Turning now to Fig. 4, a typical channel 22n is shown.
The channel 22n includes a carrier/code synchronizer circuit
220, PRN code generator 230, two correlators 240a and 240b
(collectively, correlators 240), a delay line formed by the
flip~-flops 250 and 251, XOR gate 255, and switch 256. The
channel 22n tracks the PRN encoded signal transmitted by a
particular satellite from the I, and Q, samples of the
composite, signal by correlating them with a locally generated
replica of the appropriate PRN code. It also rotates the I,
and Qg samples to remove any Doppler frequency offset caused'by



The channel 22n includes a carrier/code synchronizer circuit 220, PRN code
generator 230, two correlators 240a and 240b (collectively, correlators
240), a delay line fornmed by the flip-flops 250 and 251, XOR gate 255, and
switch 256. The channel 22n tracks the PRN encoded—stgnat—transmitted by a

particular satellite fromthe [err] and [err] sangesmofHa B&nRepROSI t €,
signal by correlating themwth a |ocally generate ] e
appropriate PRN code. It also rotates thg=[err] an mmmﬂg$ﬂgiﬁz to
remove any Doppl er frequency of fset caused by -1 tion,
receiver notion, and reference oscillator errors. Briefly, the synchronizer
220 is a-single nunerically controlled oscillator (NCO which uses the
sanple clq Ll 2 optJ i nstructions f e .

orovi de. R EeEtit e HoEERhDT reled Vi AUERDHLS Ard B eLErEhGRTRE 1A
correl atorerxxmB ¢ o track the frequency and phase of the carrier, including
any residual Doppler, as well as to track the PRN code. The code generator
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the PRN code.

The code generator 230 uses signal pulseé output by the
synchronizer 220 to generate a local PRN reference signal, PRN
CODE, corresponding to the PRN code associated with the
satellite assigned to channel 22n. PRN code generators such as
code genefator 230 are well known in the art. The PRN CODE
signai is also forwarded to the delay line flip~-flops 250a and
251b which provide the PRN CODE signal with selected delays via
through thé XOR gate 255 and switch 256 to the correlators 240.

The correlators 240 also receive the I,, Q,, IORQ, and F,
signals from the channel bus 20. They may be configured in two
modes. In the first mode, correlator B 240b is configured as
an early correlator and correlator A 240a is confiqured as a
late correlator. This first mode is used for initial PRN code
synchronization. 1In a second mode, correlator B 240b is
configured as "early minus late" and correlator A 240a as
punctual. This second mode is used for carrier and PRN code
tracking. The switch 256 is used to select between the first
and second modes of operation. Both correlators 240 correlate,
rotate, and accumulate the I, and Q, samples, and then provide
accunulated sample outputs I,, Q, and Iz, Qg to the processor
16.

Fig. 5 shows a detailed block diégram of the carrier/code



an early correlator and correlator A 240a is configured as a late
correlator. This first node is used for initial PRN code synchroni zation.

In a second node, correlator B 240b is configured as "early mnus |ate" and
correlator A 240a as punctual. This second node is used for carrier and PRN
code traeking. The switch 256 is used to sel ect beThiesheet HasBekn Replacesind
second nodes of operation. Both correlators 240 corf] f and
accunmul ate the [err] and [err] sanples,=¥6rl t hen pr it ed sanpl e
outputs [err] and [err] to the processor 16. Fig. shows a detail ed

bl ock di agram of the carrier/code -16- synchroni zer 220 including an
expected Doppler rate register 221, an accunul ated delta range (ADR)

regi ster Z¥hcharshizér ne20hiipcluding APdexpectdd pbppdeyenetad oregisteart

226 inclu a_su ' r , ' ter e h nier.226d,
and P- corr%gﬁ'dt oar%l %‘%‘?\Pa&%‘fc)odrf%é%gt%r GE&HQUfFeeﬁ%, P%%B, Sﬁ#dézséﬁ%
al | ow t he olvigc xamters 224 4 oakl, codedphase generator cibeuit 2R6minpdudes
contents qf g,ﬂﬁ, | Hisn ; ' : ) ef h repgger
220 accep?s t eh\g npl e c%?%%n%%fﬁ@%fn %ﬁ%b'ch%ﬁh%%% Eﬁéﬂg%{‘ ggb&,
expect ed B&hFPscopparaton32 ép,andoL-eomparakrye326br t RRLfegss2ers 3A8-

counters ahd 229 anlow’Ghd Prédessont 16l thusida, | Ped@;Pande ddd t¥6ecor
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251, and megdstests.signals INT1, |INT4, and INT20 to the control bus 18.
It al so provides an instantaneous carrier phase angle estimate via bits

[err] [err] to the correlators 240. |In addition, the contents of the
' Briefly, the synchronizer 220 accepts the sample clock

signal F, from the channel bus 20, an expected Doppler value
EDOPP and corrected values for the registers and counters 222,
224 and 226 from the control bus 18. 1In fesponse to thee
inputs, it provides a clock signal E and reset signal RST to
the PRN code generator 230, clock signals P and L to the delay
line flip-flops 250 and 251, and interrupt signals INT1, INT4,
and INT20 to the control bus 18. It also provides an

instantaneous carrier phase angle estimate via bits w,, m,...

7, to the correlators 240. In addition, the contents of the
ADR register 222, subchip counter 224, and code phase generator
226 provide an instantaneous estimate of the transmit time of
the particular satellite signal assigned to. channel 22n. The
difference between this estimate of the transmit time and the
receiver time of day, as indicated by the timer 168, is the
propagation time of the signal plus any receiver clock offset.
By multiplying the propagation time by the speed of light, an
estimate of the range from the receiver to the satellite is
determined. These measurements occur at selected time
indicated by the measurement strobe MEAS from the timer 168,
and are typically taken simultaneously across all the channels
22. The resulting range to each satellite is then used by the
processor 16 to compute the position of the receiver 10.

Before beginning with a detailed discussion of the
various components of the synchronizer 220, reference should be



ADR regi ster 222, subchip counter 224, and code phase generator 226 provide
an i nstantaneous estimate of the transmt tine of the particular satellite
signal assigned to channel 22n. The difference bétﬁEEh‘tﬁ+s~esthnte of the

transmt time and the receiver time of day, as |ndm38MQﬁﬁQ§e er 168
IS the propagation tine of the signal plus any rece

mul tiplying the propagation time by the s eed of I| te of the
range fromthe receiver to the satellit&s determ surenments

occur at selected time indicated by the measurenent strobe MEAS fromthe
timer 168, and are typically taken sinmultaneously across all the channels
22. The resulting range to each satellite is then used by the processor 16
to conput erade posiRidn 6f whiich eskowe; oh Bedbstobbgdntiime wechle, the
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epoch rat &He invemtiomchdaptsed to receive the GPS L1 ranging signal, the
carrier frequency is 1575.42 MHz, K is 77 so that F_ equals
20.46 MHz, N is 20 so that the PRN code chip rate is 1.023 MHz,
Z is 1023 so that the PRN code epoch rate is 1 kHz, and T is
20, so that the data bit rate is 50 Hz.

Now returning to Fig. 5, the synchronizer 220 will be
described in greater detail. The expected Doppler rate
register 221 is loaded via the processor bus 18 with an

_estimated Doppler EDOPP for the particular satellite tracked by
channel 22n. In most instances, such as when the receiver 10
has been operating for some time, this estimate may be taken
from the almanac data already received from satellites to which
the receiver 10 has already been synchronized, since GPS data
includes an estimated position and viewing of all other
operating satellites. However, if this almanac data is not
available, such as when the receiver 10 is first turned on,
this estimate is determined by successive approximation
techniques which will be described in greater detail shortly.

The Doppler value is specified in carrier Doppler cycles
per F, pulse. For example, if the expected Doppler is +4.45
kiloHertz (kHz), which is a possible Doppler for a stationary
receiver 10 and an approaching satellite, dividing by a typical

. Fg frequency of 20.46 MHz for the GPS Ll embodiment results in



20, so that the data bit rate is 50 Hz. Now returning to Fig. 5, the
synchroni zer 220 will be described in greater detail. The expected Doppl er
rate register 221 is |oaded via the processor bus 18 with an esti mated
Doppl er EDOPP for the particular satellite tracked by channel-22n. |In nost
i nstances;—such as when the receiver 10 has been operating far,soe tine,

this estimate nay be taken fromthe al nanac data d from
satellites to which the receiver 10 has Jlg.eady be mﬁﬂL d, since
GPS data includes an estimted position and view n operating
satellites. However, if this almnac data is not avail able, such as when
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for the GPS L1 enbodi nent results in -an expected Doppler shift of
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expected carrier phase angle in cycles.

When the partial cycle register 222p has a carry out, the
whole number portion 222w is incremented and the fine chip
counter is -incremented. If the partial cycle register 222p
requires a borrow, then the the whole number portion 222w and
fine chip counter 224 are decremented.

The subchip counter 226a is clocked by the F, signal and
controlled by the fine chip counter 224. Subchip counter 226a
is nominally a O to N-1 counter controlled directly by the Fs
signal, but ﬁay be adjusted to count one extra cycle or one
fewer cycle depending upon the state of the fine chip counter
224. In particular, when the fine chip counter carries out,
i.e., increments from K-1 to 0, a cycle is stolen from the sub
chip counter 226a to keep it synchronized with the ADR 222. 1In
other words, this event causes the subchip counter 226a to
count only to N-2 for one interation.

When the fine chip counter 224 borrows, i.e., decrements
from 0 to K-1, a cycle is added to the subchip counter 226 so
that it counts from 0 to N for one iteration.

By periodically removing or adding one cycle of the
sample clock F,, the locally generated PRN code (as controlled



whol e nunber portion 222w is increnented and the fine chip counter is

i ncremented. If the partial cycle register 222p requires a borrow, then
the the whol e -purber—portionm 222w and fine chip counter 224 are
decrenmented. The. &hkgaﬁpﬂ #dd 226a i s clocked by the [err] si gnal and
controlled by t nter 224. Subchip counter 226a is nomnally
al0toN1 count%‘ irectly <n9< he Fs signal, but may be

adj usted to count | e or one fewer cycle dependlng upon the

state of the fine Chlp counter 224. |In particular, when the fine chip

counter carries out, i.e., |ncrenénts fromX-1to O, a cycle is stolen from
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counter 226a counts from zero to nineteen since N equals
twenty, i.e., there are twenty F, cycles per PRN code chip

(Fig. 6).

The P-comparator 226p and L-comparator 226L are each
connected to receive the contents of the subchip counter 226a.
The P-compafator 226p provides a P clock signal used as a
punctual indicator to the delay flip-flop 250. A pulse is
output on the P signal whenever the contents of the subchip
counter 226a equals the contents of a register within the P-
comparator 226p. Likewise, the t—comparator 226L provides an L
clock signal which gives a late indication to delay flip-flop
251. The contents of the P and L comparators may be written
via the control bus 18 to adjust the relative time delay
between the E and P clock signals énd the P and L clock
signals. As will be described shortly, the E, P, and L clock
signals are used to control the correlators 240.

The chip counter 226b is used to determine the duration
of a complete PRN code sequence. For the GPS embodiment, there
are 1,023 C/A code chips in a PRN code epoch, and thus the chip
counter 226b counts from zero to 1022. The most significant
bit, INT1 indicates the end of a complete PRN code epoch; it is
used to reset the local PRN code generator 230. Another clock



twenty, i.e., there are twenty [err] cycles per PRN code chip (Fig. 6). The
P- conparat or 226p and L-conparator 226L are each connected to receive the
contents of the subchip counter 226a. The P-conparator 226p provides a P

cl ock si gnal useé—as—a-punGLuaL_Lndjcator to the delay flip-flop 250. A
pul se i s out put he enever the contents of the subchip
counter 226a equa “6f a register within the P- conparat or
226p. Likew se, 226L pLgyldes an L clock signal which
gives a late |nd|c flip- flop 251. The contents of the P and L
conparators may be witten via the control bus 18 to adjust the relative
time delay between the E and P clock signals and the P and L cl ock signals.

As will be d ib h t.he E P, d | ock, si . d
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al so generat ed. Both INT1 and INT4 are used to |nterrupt the processor 16
to service the qomaeiniprenawpduhl agumermztzsﬂ ivakéed B60iAAEEataS thel |

be descrlbed shortl Fi Iy the nter 26d used t,o_indicate -
the end of®™§ é%? t ri%! dF gﬁéﬁ ﬁ§¥8aﬁP8ﬁ°F§laFvéﬁ by
t he nost sg:bmrilbnnthbl mast tsmmpﬁmanbubnm o@&he epoch counter 2264,

' which is output as the INT20 signal.

Thus it can now be understood how the invention takes
advantage of the fact that the carrier and PRN code are
modulated onto. the same frequency, and that any motion between
the satellite and the receiver affects the code and carrier
phase estimate equally. One inventive concept is to link the
carrier tracking loop to the code tracking loop implicitly.
The carrier tracking loop is inherently much more sensitive
than the code tracking loop and able to measure small changes
extremely accurately. Assuming the carrier loop is tracking
properly, the fine chip counter 224 in conjunction with the
subchip counter 226a, enables the channel 22n to accurately
track any relative motion of the receiver 10 with respect to
the satellite.

Unlike prior art receivers 10, code tracking as performed
by synchrohizer 220 is not required to track the dynamics of
receiving and/or satellite motion clock drifts. The
syunchronizer need only be corrected for relatively 1low
frequency ionospheric and locally generated errors. This
enables the code loop implementation to have an extremely
narrow bandwidth and the range measurements can be made which
are less noise susceptible than prior implementations. Any
relative motion caused by low frequency ionospheric distortion
can be measured. These measurements can therefore be used to



which is output as the INT20 signal. Thus it can now be understood how t he
I nvention takes advantage of the fact that the carrier and PRN code are

nodul at ed onLLLiimL;gyn;;Lnggggpy, and that any notion between the
satellite and_the receiver affects the code and carrier phase estinmate

equal ly. One Bpdl is to link the carrier tracking loop to the
code tracking . The carrier tracking loop is inherently nuch
nore sensitive t racki ng Ifﬁkrand able to neasure smal

changes extrenely accurately. Assuming the carrier loop is tracking
properly, the fine chip counter 224 in conjunction with the subchip counter
226a, enables the channel 22n to accurately track any relative notion of
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the Opera%ﬁ%%cblocked by the punctual clock signal P. Thus, the Q
output of the flip-flop 250 provides a locally generated PRN

code reference signal precisely aligned with the expected PRN

code which was modulated onto the carrier signal by the
satellite. The Q output of flip-flop 250a is forwarded to the
PRN CODE input of correlator 240a as well as the input of flip-
flop 251. flip-flop 251 is clocked by the late clock signal L;
in the preferred embodiment, this provides a PRN code reference
signal having a time delay relative to the Q output of flip-
flop 250.

The switch 256, controlled by the processor 16,
‘determines the mode of correlator 240b. If the switch 256 is
directly connected to the +1 input a first mode called (Early,
Late) is entered in which the correlator 240b functions as an
early correlator, since the PRN CODE is provided directly to
the PRN CODé input of correlator 240b, in synchronism with the
early clock signal E. The early clock signal E is typically
arranged to have a phase 1/2 of a chip-time earlier than the
punctual clock signal P, for code search and pull in modes.

In the (Early, Late) mode the PRN code generator 230,
correlators 240b, and processor 16 form a delay lock loop. The
differences in signal strength between the Early and Late
correlators (as estimated by summing the I and Q channel signal
level in each of the early and late correlators) is calculated
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the different nodes of the correlators 240 will now be described in greater
detail . It can be seen that the PRN CODE signal is forwarded to the first
flip-flop 250, which is in turn clocked by the punctual clock signal P.
Thus, the QTﬁﬁfﬁﬁ—{#—%he—iLLp_flop 250 provides a locally generated PRN
code referen y aligned with the expected PEN code which
was nodul at egﬁlssghgé?ﬁ ﬁ)eeﬁaﬁ signal by the satellite. The Q output of
flip-flop ZSOaIu o the PRNGXE input of correlator 240a as
well as the in | op 251. Flip-flop 251 is clocked by the late
clock signal L; in the preferred enbodi ment, this provides a PRN code
reference si-gnal having a tine del ay relative to the Q output of flip- flop

250. The Il e t e 1 Lpe of
corr el at 0P 08 BRRpeEREr, Ls, chntn' 18 ShPACIPR0s R afFEEFRhErpallg TREE, ©)
first nod&heakcode pﬁasbygensreyorszaﬁtvnedthn buEgert B29%correl at or 240Db
functions as an early correlator, since the PRN CODE is provided directly
to the PRN CODE |nput of correlator 240b, in sypchronismwth the early
clock signal E. HoWeyey |if cthexswitrh 256 ois iR cthey Positiqn shrwhwed a
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buffer 22@ode phase measurement accuracy. This mode is used for steady

mD

state tracking.

PRN code phase-lock is maintained by having the processor
16 calculate a code phase estimate C,=I,.Iz+Q,.Q3. The
magnitude and sign of this estimate Cp gives an indication as
to how much and in what direction to correct the phase of the
code generator, via the buffers 229 and code pahe generator
226.

The Doppler frequency is maintained by either an
automatic fregquency control (AFC) loop technique or a phase
lock loop (PLL) technique. The AFC loop approach uses a
frequency error estimator F.=I,(t-1)*Q,(t)-I,(t)*Q,(t-1), where
(t) and (t-1) indicate the present and previous sample sets
respectively. F, thus provides an indication of how much to
correct the doppler estimate EDOPP. The PLL technique uses a
phase error estimate P, = Q, * SIGN(I,) to control the phase.
The carrier phase is controlled by making minor changes to the
EDOPP value. The Fe term gives an indication of frequency
error and Pe gives an indication of phase error.

The data bit values are typically demodulated by
interpreting either a measured bit equal to SIGN(I,)if the
receiver is carrier phase locked, or by interpreting a change
bit as indicated by I,(t-1)*I,(t)+Q,(t)*Q,(t-1) if the receiver



However, if the switch 256is in the position shown, a second or (Punctual,
Early- Late) node is enabled in which the XOR gate 255 provides an "early
m nus Iate"-eLeek—s+gﬁa+—E—tﬂr0'enable the correlator 240b. In this node

the time del ay, Wee Bl IReplacedP, and L signals is reduced to [err] (by
changi ng the mm‘m (and L regi sters 226), providing increased code

phase neasure his node is_yged for steady state tracking.
PRN code phase i ned by having the processor 16 calculate a
code phase estlnate [err]. The nmagnitude and sign of this estimate Cp gives
an indication as to how nuch and in what direction to correct the phase of

t he code gener at via the huffers 229 a o] generator 226. The
bopp! or 1 SeaRdY SarH HHEr FERUBSRSY, hrChndagnohRat FPEq fATey f GoreRase
(AFC) | oop YoKed.gue or a phase | ock | oop (PLL) technlque ' The AFC | oop
approach uses a frequency error estimator [err] where (t) and (t-1)

i ndicate the present and previous sanple sets respectively. [err] thus
provi des an i ndi Eurningf aktventinnt aawrteciFiche Soptihe eperadtiorEDoPPa
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i ndi cat ed @pqqpt$ the the ardeQyesamplex. and the sample clock F,, and
IORQ from the channel bus 20 along with the instantaneous
carrier phase bits m,, 7,... ®, from the synchronizer 220 and
the PRN code signal from the delay line 250. Correlator 240b
also receives an enable control line EN. Correlators 240a have
this control line EN permanently enabled. The correlators 240
also receive correlator load pulses CLD, from the interrupt
controller 166 via the control bus 18.

In operation, the correlator correlates the incoming
samples I, and Q, with the locally generated PRN CODE reference
signai, rotates the result by the instantaneous carrier phase
angle estimate as represented by the bits n,, m,... 7, and then
accumulates the result in registers 244 using the adders 243.
The contents of the registers 244 are forwarded to the buffers
245 and then to the processor 16 upon each CLD, pulse. The
registers 244 are cleared to restart the next accumulation.

The decoding and rotation logic 242 performs the
following arithmetic on its input signals:

I, = I, PRN « cos(8) + Q, * PRN « sin(e)
Q =0Qg * PRN + cos(6) - I, ¢« PRN - sin(e)

where PRN is the current value of the PRN CODE input and 6 is
the instantaneous carrier phase estimate represented by the
bits my, 7;... 7,. By performing code correlation and removing



Is only carrier-frequency | ocked and not yet carrier-phase | ocked. Turning
attention nowto Fig. 8, the operation of a typical correlator 240a wll be
described in greater detail. Correlator 240 consists of decodi ng and
rotation | ogic 242 —a—pair—of adders 243i and 243q, a pair of registers
244i and 244q, Fﬁnghe@t iaéen@éﬁh}d&fers 245i and 245g. Correlator 240a

accepts the [e npl es, and the sanple clock [err], and [err]
from the channel EH
[err] fromthel 220 and the PRN code signal fromthe del ay

with the r&4tant aneous carfier phase bhits
| ine 250. Correlator 240b al so receives an enable control |ine EN
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i nstant aneous carrier phase angle estimte as represented by the bits [err]
and then accunul ates the result in registers 244 using the adders 243. The
contents of the Theiadders 243 ARd i FRILFERYES 244 hReHEP¥ B3 29W AKEIVRBRY! 0
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the fol | ofGIALHAR (f SHGGeSTLYS, SABRIEH o [orr] = [err] PRN  cos(e)
+ * [err] sin(e) [err] =[err] * PRN * cos(e) - PRN . sin(e)
where PRN is th r f R ' t LS.t
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+ per f or m n@ndarstend cb¥t refexrindehagkhgto Fig. 4. In general, carrier
and code drift is detected by determining the difference in the

outputs of the correlators 240a and 240b. When a difference is
detected, the synchronizer 220 is corrected by adjusting the
internal values in its counters, 222, 224 or 226, or doppler
register 221. For example, when the synchronizer 220 is
exactly in phase, a correlator which is early by 1/4 of a PRN
code chip time will have the same output power as a correlator
which is late by 1/4 of a PRN code chip time. The sum of the
squared values of the I, and Q, outputs provide an indication
of the correlation power. The output power of a punctual
correlator 240a and early correlator 240b will also differ by a
predetermined amount, provided they are also spaced by a
predetermihed time delay.

Before synchronization is established, the operating mode
switch 256 is set to the (Early, Late) mode, and a delay of 1/2
a PRN code chip time is used between the early correlator 240b
and late correlator 240a.

Next, the PRN code for the desired satellite is loaded
into the PRN code generator 230 via the SEL lines. All
possible frequenbiés and code phase delays are then
successively tried in an attempt to obtain frequency and code
lock with the satellite signal received from the assigned to
channel 22n. In particular, the carrier delays are swept by



-24- the instantaneous Doppler shift in the sanme operation at every [err]
clock pulse, signals with very high Doppler offsets may be processed before
any significant power loss is encountered. The adders 243 and registers 244
performa low frequency filtering function on the [errj—and ferr] data, by
si mpl e accunul ati on of successive sanples. The syﬂmhmamﬂﬁﬁkb Rfeqt h€

receiver 10 can now be better understood by referr gk . 4. In
general, carrier and code drift is deteC®8ad by det E'ﬂ ”igfference
in the outputs of the correlators 240a and 240b. ce is
detected, the synchronizer 220 is corrected by adjustlng t he internal
values in its counters, 222, 224 or 226, or doppler register 221. For
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code and carrier delay. When searching for strong satellites,
where the signal to noise ratio is above 45dBHz, a dwell time
of 1/4 of a PRN code epoch is used. For weaker satellites, a
dwell time approximately equal to the PRN code epoch time is
used.

The common clock line CLDx to the correlators 240 is
selected to be one of the INT1l, INT4, or INT20 signals
depending upon the mode of correlator 240. For example, during
an initial fast seek mode, the INT4 signal may be used to
provide a qpick indication of the relative correlator powers.
Once frequéncy lock and code synchronism has been established,
the INT20 signal may be used to reduce the time devoted to this
task. Fine adjustments to the phase may be continuously made
by incrementing or decrementing the individual code phase
registers 226 (Fig. 5).

Once the satellite is correctly locked onto frequency and
code phase, correlator 240b is switched to the (Punctual,
Early-Late) mode by moving the switch 256 to the exclusive-OR
position. In this mode, the output of correlator 240b is used
as required to maintain code lock. The delay between the early
and late clocks E and L is also slowly decreased by adjusting
the contents of the registers 226P and 226L (Fig. S5). By



-25- trying different EDOPP val ues. Different code del ays are swept by
adj usting the code counters 224, 226a, and 226b via the buffers 227, 228,
and 299.. At each code and frequency offset, the correlator outputs [err]
fromcorrelator 240a and [err] fromcorrelator 240b are ready and a
correl at or- power level is calculated to determ ne whether the current code
and frequency are correct. The correlator outputs are conpared to
predeterm ned threshol ds to- determ ne whgéher the satellite has been | ocked
onto or not. If lock is not indicated, the next carrier and code phase are
tried. The correlators 240a and 240b nust be allowed to dwell for an
appropriate tine at each code and carrier delay. Wen searching for strong
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| i ne CLDX deRridage@oand diter achacy iel dacedakedbe one of the INT1, |NT4,
or INT20 signals dependi ng upon the node of correlator 240. For exanpl e,

during an initial fast seek node, the INT4 signal may be used to provide a
qui ck indicati oonce the cakauhmeamdrceﬂethavpoheen lérkedf r thaedatal biksand
code sync i ahpll I 0 n
reduce thley & rr%@drel%g?gg re?éu gbta 1*]_9& %g;ést%%t glet r@%(%g&uz'%}%&ng?fyb
contlnuouﬁé@pkﬁngb?hﬁndhen%hwnaé Qﬂﬂnaﬁeﬁmﬂmlm&qtn#n%@&#idﬁﬂrnﬁkﬁﬁﬁhase
regi sterso3da.(Fig. 5. Once the satellite is correctly |ocked onto .
frequency and code phase, correlator 240b is swtched to the (Punctual,
Early-Late) node by noving the switch 256 to the excl usive-OR

The foregoing description has been limited to a specific

embodiment of this invention. It will be apparent, however,
that variations and modifications may be made to the invention,
with the attainment of some or all of its advantages.
Therefore, it is the object of the appendéd claims to cover all
such variations and modifications as come within the true
spirit and scope of the invention.
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position. In this node, the output of correlator 240b is used as required
to maintain code | ock. The delay between the early and late clocks E and L
is also slowy decreased by adjusting the contents of the registers 226P
and 226L (Fig. 5). By 26 narrowi ng the delay. the noise level of the
di scrim nation function perforned by the Early-Late correlator. 240b is

decreased and its accuracy is increased. Once the chisiSh&fya Qe ode have
been | ocked. the data bits can be consit®*=®d to be v I 8 epiaced
denodul ated.-by.-sampling-the-[err] signal output fro l

correl ator I 1. A receiver for decodi te signa
consi st nglﬁ‘ﬂam:‘lm@lgﬂmf pseudo- random noi se (PRN) encoded signals.
t he recei © 4reans for geromaaMsg a | ocal clock signal. a

sanpling circuit connected to receive the conmposite signal and the | ocal
clock signal. and to provide digital in-phase (1) and quadrature (Q

sanpl es oft.t hd ceaedsiere famddcading aeconpdsitersignalk oronsistling ahea of
the PRN e S ONGE S p i S | ¢ R ¢ Ul o eg ; I sas,
means foragrﬁg\‘?}?L Zﬂ a(51 ogasl, P%%%%gﬁs?%ﬁ'a ; gﬁi&ﬁg .Egcrd%)éf&c%%gg?g%dr ?heeach
correl at oFeEBANEE EAMPELIELBEFve the | and Q sanples and the | ocal PRN code
and to provide medfisogleg gegaphtinbeacidchbectock esigmdF; have dynanically
sel ect abl e del ays for]a 8|ven PRN&code. 2. ecelLver '

r as.in claim
wher o n the. chansPRRitatH (CheG b o gprpectad (kb et he "tne" SRR 158,
t he rel at signdilvangerthe ixdoxkncldek caigneil, r andr dioc provgidsd diglittale twede .

referenceggidgaly) 3an gﬁ*a&fﬁ@hi‘&r (8 L8mp1rELMbE YHE" oI {1 ;
correlatoPs are s%lec?a y
a channel circuit, for decoding one of the PRN encoded
signals, wherein the channel circuit further comprises:
means for generating a Doppler shift esitmate signal;
a correlator, connected to receive the I and Q samples,
a local carrier reference signal, and a local code reference
signal, and to provide a code adjustment signal; and
a code and carrier synchronizing circuit, connected to
receive the sample clock signal,the Doppler .shift estimate
signal, and the code adjuétment signal, for providing the
' carrier reference signal and the code reference signal, with
the carrier reference signal and code reference signals in

synchronism with each other.

2. A receiver as in claim 1 wherein the channel circuit
additionally comprises:

means for determining the relative divergence between the
carrier reference signal and the code reference signal.

3. A receiver for decoding a composite signal consisting of a
plurality of pseudorandom noise (PRN) encoded signals, the
receiver comprising: o

means for generating a local clock signal;

a sampling circuit, connected to receive the composite
signal and the local clock signal, and to provide digital in-



configurable as early and late correlators in a first node, and
configurable as punctual and early mnus |late correlators in a second node.
4, A receiver as in claim3 wherein the correlators use an integration
time less that the epoch tinme of the PRN encoded-signal--i n-the first node.

A recei ver—as—in-clai-m-i—wherei n the channel C|¢ﬁymkaggggébﬁ

conpri ses: ing a Doppler shift 28 a
code and c mﬂiﬂ"lﬁl ﬂ ELng circuit, nnecte lmm mlﬁte sanpl e

cl ock signal* tcheLDoppl er i ft estlnate si gnal . dj ust nent

signal. for providing the carrier reference signal and the code reference
signal. with the carrier reference signal and code reference signals in
synchr oni pinasiet {IJaemdoguadragure (R)r semples of theccampesitipesional he

channel circuit jadqidd mop! éyregggrl Fo5- &%{h@O@ﬁéObelth@UlﬁRN c&w&ed

to receive the conposite signal ahd having a.gain control

connectedsmgqal§V|&@ei%iﬂ Fhapned|ciy &§| Br§P§ﬁaF°erbgﬁFallty of
counters, wth ameamat %raiﬁwlatmd @i 1bcalpPRNi evlar s¢gpnatted absol ute

I f the digital dth
URorenent each {iHePahE O XS SERMAEORA/ HATRe LRr AR RERRET R dES s
out put by rtdvee iseeptheg Iciandi Q; samp lemsnandothecatical t RBNy glages, ¢fnd heo
counters g%@&!h‘ésténﬁ%%gganon ta;fl QﬁaéPalﬁa'&sorEaPi»ecrawf& are

Areceiverasinclaim conpr|3|ng nmeans for reading the
val ues of selectabler confdampalengst IRATE adnde laddh Lateni cemeslaboxst drhi de
i f conti nyQusenaysad ar@i‘nd‘@céhﬁﬂ&h?aﬁ!lé A ptictvall hd y t@isagnBateand

means for adjustin aln control  input, if jamm ng signals are present
by adjustﬁﬁg ?ﬁi @Pd§ that the peak positive and negative

val ues input to the sanpllng circuit correspond to the |owest positive and
negati ve output val ues. 8. A receiver as in claiml which both

denpdul ates and decodes the conposite and radi o frequency (RF) signal

addi ti onald.y chnpeceiNgramsRAroghadnydr wherebmnthecgorse; L Y$R an

conposi t e iRt oNih@ less that the epoch time of the PRN encoded
signal in the first mode.

S. A receiver for decoding a composite signal consisting of a
plurality of pseudorandom noise (PRN) encoded signals, the
receiver comprising:

means for generating a local clock signal;

a sampling circuit, connected to receive the composite
signal and the local clock signal, and to provide digital in-
phase (I) and quadrature (Q) samples of the composite signal;
and :

a channel circuit, for decoding one of the PRN encoded
signals, wherein the channel circuit further comprises:

means for providing a local PRN code signal; and

a pair of correlators, each correlator connected to
receive the I and Q samples and the local PRN code, and to
provide a decoded signal, wherein the correlators have
dynamically selectable delays.

6. A receiver for decoding a composite signal consisting of a



provide a internedi ate frequency (IF) conposite signal; 29 a plurality
of channel circuits, each channel circuit for denodul ati ng and decodi ng one
of the transmtted PRN encoded signals and connected in parallel with the
ot her channel circuits such that each channet—ci+cti-t-+eeetves the 1

sanpl es and Q sanpl'eés at the sane tine as the gk kfk: EGBRAR LS.y CUi ts.
wherei n eaim,mm' m further ganpri ses: VI di ng an
expected c m H"”ml' a synchroni zi ng IWEI cted to
recei ve the*safiple cf ock S|gnal t he expected C |gnal, and a
synchroni zi ng adjustnent si gnal - and connected to prOV|de an accunul at ed
carrier_ pha e Si a PRN code phase caontrol si t he accunulated
carri e‘?l‘gﬁ &ty g?élpﬁﬁBdEGGé‘%s'@%?@nél smﬂel%ﬁcg9% hrsd'rﬁﬁ%lﬁw t Fh&ach
other;récélvétxmhmprxg&ﬁggenerator connected to receive the PRN code phase
control sign and rOVI e a |l ocal reference .PRN.code signal; decoding
and carrier n?%?réﬁ |%91r Clr?gf zﬁﬁ's‘)f:lrj%lsls?nﬁ}l't aneously denodul ating
amjdecomruptgannaa¢n15amphascgmﬁﬁ commeectedt coereaeiviee theanpl es,
the Q& s?ftetéf +Qiah nBChal 39 €a" ﬁ?d&ﬁ Qé'f" n t?ﬁ??‘ﬁs L;at ed
carrier ase sig na derpairaty means e fo |ng el and Q
sanpl &9 mrm@smmammmmw mmuﬁeerslpmde Si gnal and t he

decodi ng MeanSehap Iyl Bl a6 Ehe doRdcResnTRbos dbe Lhe koAl g4 gher ence

PRN code si ng déc and correlatlon
neans CQ‘!B’(EF&& qq}“?%’é’r%é’t?f@h%e@? PR %h?ﬁ#e%l‘?‘? ¢ d¥RQr KPning
the corctiddd Wiy levslasd (1) Sdn@NGuEsGELOSIre€ O(lF) pbamslée| eFstnad for

provi t he synchrani zi ng adjustnment signal to the synchronizing circuit
by coﬁ&ﬁﬁ (i %ﬁﬂ%&ﬂatlon power levels at the first and second phase

delays. 9. a pluraddityerofacduntelrsi,nwithhar ecantee aaspbiageo;iwﬁ:‘ahta _
Phe r Bt hugdr, 5BEBRE ' dndGtuli Uit Sok Just WIEAT e 450 1
cont r slanpest, atfjdisthe t¢oupests posranged dtel ingreanent \edchestime camr Espond
to di gt @ S4HRS HAWAMY thel corresponding magnitude is output by the
sampling circuit; and
means for reading the values of the counters and
adjusting the gain control input of the gain control circuit.

7. A receiver as in claim 6 additionally comprising:

means for reading the values of the counters and
comparing their relative magnitudes to determine if continuous
wave jamming signals are present in the composite signal; and

means for adjusting the gain control input, if jamming
signals are present, adjusting the gain control input so that
the péak positive and négative values input to the sampling
circuit correspond to the lowest positive and negative output
values.

8. A receiver for demodulating and decoding a composite
radio frequency (RF) signal consisting of a plurality of
transmitted pseudorandom noise (PRN) encoded signals

comprising:
an RF downconverter, connected to receive the composite



30" 10. A receiver for denodul ating and decodi ng a conposite

radi o-frequency ranging signal. consisting of a plurality of transmtted
signals. one of which is nodulated with a predeterm ned pseudo-random code
the receiver including: neans for generating a tocal—ctock signal: a
channel circuitfor -decodi-ng—satd PRN encoded sigig8heet HiBéc RBplicke channel

circuit further ' ; e generatar for g
pseudo-random 4“““’%]“1“'!@“@& rel at oré%f-or syni‘a mm»mﬁm t he
recei ved versi ork Ofc (he &0 t{e out put of the cod ator.

characterised in that the receiver further conprises a sanpling circuit,

connected to receive the conposite_signal and the |ocal clqck signal, and
to provi deRBi §ignal RARRate PHovife (RaFeRRATite) lntepredigte; freqigiy te
si gnal ; ang;p coigRalgl ator is connected to receive the | and Q sanples and
t he | ocal code rovi de a_gdecode

t ' | djn.that t [ f

correlators oper‘&?@n?gf h TR Rrird %%alfgsa ?‘unr%irﬁn% ﬁalr%n%g’dgal o
generator to w tai sampkingdeirduit ancompectad ncp i rece v sthpiccdngosidie 1LF
de to t . . . i
ode 10 L1 @ekntic EECRKGH YEERIOL D} R A PG ! SheUd opebUind

corresponddi baboﬁﬁfnh6$esﬁ§giﬁ§mph§§ aRds gyadxatuzel (Qasadpdest iofh thee
one code Chémpodi€ei IF gb?ﬂapperating in the acquisition node naking
correl ati on neasurepents,ihat_caorrespond, to stepping throu the code in
Sreps that are. SRHBLBRRLEEY ot CRATREL LI LR T A ARG, SRRy e
iln thfa t r addmoguiatingl hnd decadingeconeas ofn theli trdshittadr PRNC lendiaded
plurality ge at N ;35SQCI pl [ of L[S

.correl at orés),igg'ggﬁs 'paiggl&ofc %®$€?3§0r§§ %isrgﬁ'ﬁ%gl t'géac‘o%%eﬁ a(f"l“)l(i;l%{‘bec?l Tt ]t he
out put of circuitecisuch thak eachrchannehkcireuit xgcaives the il sfames

same code.ang @ samples at the same time as the other channel circuits,
. wherein each channel circuit further comprises:

means for providing an expécted carrier phase signal;

a synchronizing circuit, connected to receive the sample
clock signél, the expected carrier phase signal, and a
synchronizing adjustment signal, and connected to provide an
accumulated carrier phase signal and a PRN code phase control
signal, the accumulated carrier phase signal and code phase
signals being synchronous with each other;

a PRN code signal generator, connected to receive the PRN
code phase control signal and to provide a local reference PRN
code signal;

decoding and carrier rotation means, including means for
simultaneously demodulating and decoding the I and Q sample
signals, connected to receive the I samples, the Q samples, the
local reference PRN code signal, and the accumulated carrier
phase signal, the demodulating means for phase-rotating the I
and Q samples by an amount indicated by the carrier phase
signal, and the decoding means for multiplying the I and Q
samples by the local reference PRN code signal, and providing
decoded I and Q samples; and

' correlation means, connected to receive the decoded I and
Q samples, for determining the correlation power level at first
and second code phase delays, and for providing the



12. A receiver as clainmed in claim1l, wherein in each pair of
correlators one of the correlators includes an early/late correlator that
in the tracking node makes correl ati on nmeasurenents to determ ne the
correl ation between the received version of theassocrated code and an
early-m nus-1ate version of the—pseudo-random cogg shP4dBesh Reypladele code

gener at or, thel " nmim il at or opegf@li ng on s that occur
only when the ”'mmm/ersi on of the COdeaGMHmI 13. A
receiver as in claimi2,*wtferein in each pair of e ot her
correlators further includes a punctual correlator, which, in the tracking
node. mak J oGl a A (. on.  of
he code pusaran iR AERBARRE S fp1n Fe o, yninR AT LELTL By
wherei n t leompaning dfihe ceprrelation powerslevels atrthecfirstaand segonte
punctual Rl Nayerates as a late correlator when the correlation
nmeans i s gperating i'n the acquisition node. 15. A receiver as in claim13
wherein the early/late correlator operates as a |late correlator and the

punctual correlator operates as an early correlator when the correlation

means i s %D.eraki rl]:%éenl\ggg %%q%fiéiggmnqdewtxerein the sampling circuit

- provides digital in-phase (I) and quadrature (Q) samples having

values in the range of 0, +/-1, +/-2, +/-3, and the means for

adjusting the gain control input adjusts the peak positive and
negative values to correspond to digital values 0 and +/-1.




