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IS

This invention relates to spread spectrum
communication of a plurality of messages receilved

5 simultanecusly, from different sources and particularly
where the communications employ one of several pseudo
random codes at baseband or on a carrier frequency, and
where the data communicated can he recovered only by
the i1dentification ¢©f the particular ceode and its time

10 of arrival.

'K LND

The signals to be correlated are spread spectrum
communicaticn signals., The data communicated 1s
digital data, which consists of a sequence of ones and

15 ZEerecs. According to this method, which 15 well Known
to those s=Kkilled 1n the art, the spectrum ¢f the data
15 spread by modulation with a Signal Spreading code

(6SC)Y to form a digital spread signal. This signal 1s
then used to bil-phase modulate an RF carrier to form
20 the RF spread spectrum signal. The ones and zeros of

the digital spread s5i1gnal are transformed i1into the
differential phase of the RF carrier at 0° and 180°.

When the RF spread spectrum signal i3 received, it

iz processed to recover the ones and =zeros of the

25 digital spread signal. A possible receiver processor
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ie illustrated 1in FIGURE 1. The EF spread specstrum
signal is received via antenna 11, then converted to a

baseband =ignal hv heterodyning it against the local
oscilllateor 132, The RF center frequency of the

5 transmitter is accurately known and the receiver lecocal

oscillator 1= set to that frequency. The twe
frequencies are nearly identical differing only by a
Doppler shift generated by the motion ¢f  the
transmitter or receiver, and the relative Irequency
10 drift of the two oscillators. The haseband signal 1s

cssentially the sum of " the Doppler and arift
frequencies hi-phase modulated by the digital spread
spectrum signal.

The relative phase of the baseband signal 15 not

15 knowrt at this point in the system and therefore, the
nhase relationship of the baseband signal and the
receiver clock and receiver generated SSC are also not

known. The effect of this uncertainty i1is removed Dby
carrying out the hetercdyne process using a Quadrature
20 IF Mixer (QIFKM) 14. The QIFM produces two basebhand

signals: Sin ((LO-Sign)e t+®) and Cos ((LO-51i9) « t+@)
when a 0 is received and Sin ((LO-5ig) « t+9+m ) and CoOS
(LO-Sig+@+ar ) when a 1 is received where LO 15 the
radian frequency of the local oscillator, Sig 1s the
25 radian frequency of the baseband signal and @ 15 the
phase difference between L0 and 51g. These voltages
are bi-polar and, when converted to a digital form, by
analog to digital form, by analog to digital converters
16a andieb of FIGURE 1, are represented by a pair of
30 binary numbers, which are measures of the sine and
cosine bhaseband signals, each converted twice during

cach code bit duration. These bhinarv measures of sine
and cosine are processed independently through the
process or to he described. AfTter completion of the

3z correlation process there are two results, which are
combined by taking the square root of the sum of the
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square ©of the sine and cosine correlations to obtain
the magnitude of the correlation function.

For simplicity the correlator 18 of FIGURE 1, 1is
described 1In terms of processing a sinusoid function.
The expansicon from sine to sine and <¢931ne processing
adds complexity bhut does not alter the principles of
prior art processors or the principles of the processor
described 1n this invention.

The firszt step 1n extracting the digital data is to
1dentify the S5C or S5C's present and to determine the
start time of the S&5C. ‘once the 5S¢ has been
determined it can be cross correlated with the baseband

s5ignal to demodulate the bhasebhand spread signal and

recover the data. The traill reference SSC generator 17

provides one or several S8C's which may be present in
tests each of

W

the received s1g9nal. The correlateor 1

these codes against the received binary spread signal.,
The correlator functions and processes are the subject
of this 1nvention.

The nature o©of the processing and assocliated
problems can e understeood by the following example and
discussion which follows. In a spread spectrum
communicaticon, each data bit 1s modulated by one or

more entire 55C sequences. The cecde 1s a sequence of
ones and zZeros which are generated at several times the
chip rate so that the duration c¢f the entire sequence
i1s the same as the duration of a single data bit or an
integer fraction thereof. Hereln we provide an
11lustration with one SS5C sequence per data bit. In

transformed

g}

the process of mecdulation each data bit 1
either to the 55C or to the bit wise complement of the
55C. For the purpeose of this example a 7 bit code
/00011017 15 used. If the corresponding data were
/ 1 / 0 / the result of medulation would be
/0001101/1110010/, as 1llustrated in Table I below.
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Table 1

HOOULATION of data by an SSC.

55C, Signal Spreading Code
<-lst cycle->{<-2nd cyclie->!

—— ~+— 4 - Modutated (S |
Q1010 L L0 L0010 L] 1101 f—>- q - ijgif?d):igffll
S SN U VS S Y N AN | DOV SN B S N Hulti =>{07000(LiLpof L1l titiololtlo
D] ier | S S U S S SN S N
| N 2
1 b

Lst Data Word{|Znd Data Word

"1

The medulation process 1 essentially that of

multiplication. The multiplication 1z modified to

provide an assert, a 1 when the two signals are alike
0,

when they are different.

And a4 negate, 3 T
Illustraticn of cross-correlation of signal against

an Ss¢, for a single value of delay, 7
correlation proceeds by multiplving the hinary

spread signal by the §5C. The resulbs are summed to an
accumulator to form the cross-correlatieon function. In

the 2xample above, the trail SSC is the correct SsC,
the baseband spread spectrum signal, the Data, and S5C
are perfectly synchronized and no noise is present. The
accumulator ramps up or down smoothly reaching the
appropriate 1 or 0 threshold. The result approximates
the mathematical form of the cross-correlation given in
Table II below.
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Table II

r'+a
FCr) =1 f(t)-g(t+r) dt
J-r ‘ t

where F() is the cross-correlation
| function
f() is the function correlated
~ here, the baseband signal.
g() 1s the trial SSC.
r 1s the trial delay

Table III

Four Quadrant
ExNOR Function Multiplication

a b C a3 b c

cvoteneteaan  oa- ) IR S
Note that the "1"s and 0 0 1 1 -1 +]
"0"s of the ExNOR Function 0 1 0 -1+l -1
correspond to the + and - 1 0 0 +1 -1 -}
signs in multiplication 1 1 1 +1 +1 +]

The preceding is an example of the process using a

7 blt code for the purpose of illustration, codes

actually in use are much longer, such as 1023 bits in

the case of the Global Positioning satellite, even

5 longer codes are common. communication transmitters

contain variations of the spreading code, constructed

50 that they are net easily confused with one another.

Codes having this property of avoiding confusion are
nearly orthogonal.

10 Thus, 1f the code used by one transmitter is

- /00011017 the code wused by another source might be
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/00111017 (these words are hot members of a code family

and were contrived to 1llustrate a point), longer codes
allow a great number of individual very nearly
orthogonal codes. This property allows several signals,
overlapping 1n time and frequency to bhe transmitted on

the same frequency and separated in the receiver by the

correlation process, In the case of the GFS svstem as
many  Aas 12 vislbhle satellites mav he receilved
simultanegusly at the Same frequency and a]=

successtfully separated 1n the receiver (there are
altogether 24 satellites in the GPE constellation and

the number ©f nearly orthogonal codes 13 larger than
that).

Additicnally, the code received may differ from the
code transmitted because of Doppler shift, Thus, 1f

the =zource 1 moving relative to the receiver, the
frequency of the received signal will he shifted 1in
frequency. IT the Deoppler frequency 1s such that one
cycle occurs over the duration of the code, then the
last bits 1n the code will be reversed relative to the
first hits =2 that /00011017 might bhecome /0001010/
where the last Tthree bilits are reversed to represent the

change 1n the phase of the received signal due to the
Doppler shift. The vuncompensated Doppler frequency
limits the duration ¢f the correlation process,

The first two of the accompanylng drawings, FIGURES
1, 23 and 2bh are presented to properly describe the

rrior art. The remalning drawings, FIGURES 3 and 4,

which are 1nceorporated and constitute a part of the

cspecification, 1llustrate the preferred embediments of

the invention, and together with the description serve

to explain the principles of the invention,

‘Acauisition of the pData Siagar
Geveral SSC acquilsition methods based on
correlation have been developed in the prior art. The

fTirst of two pricr art methods to be described is the
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CA 02387697 2002-04-12
WO 01/30015 7 PCT/US99/24425

serial correlator lllustrated hy FIGURES 24, Referring
Lo FIGURE 2a, Che

reference  ss0 elements, R(]J),
generated for uyse in the correlator, as shown 1N FIGURE

1, eleme2nts 17 and 138 enter one port of EXNOR (FIGURE

5 <a, element 17) and the dats elements D(i) enter the

2ther port (FIGURE 23,

olement 146) . These digital

effectively multiplied by the EXMNOR,

elements are

The
‘truth tahle" for the EXNOR function is given inp the
Table III ahove. 50 that when the elements match the
10 r2sult 1s 1 when they do not match the result is g,
The

resulting produycts are added to the previous
ccumulation of produycts until the

>um of all sych
Products data and reference 5s5C are complete, one

L

POs5s510hle means of dccumulation of
15 ct the Arithmetic Log1c Unit c(aLu)
1N FIGURE 243,

i

The correlatijion result, ¢
Further illustration of this proce=s

by the following 2Xample using the 7
ahove, A0001101 7.

20 synchronism are not considered in this

5 1llustration
nelow, INn this 1llustration, Table IY

below, the scC
EXNORed, element hy element

ith the data corresponding
toa 1 and a 0 in the 111lustration of modulation above.
During the first data Wword the element

25 1N an increase in the accumulater lev

7, the threshold is set less th

5 4ddree resulting

el to a maximum of

an the maximum value as
a function of the noise level expected, At the start

of the 2nd s5¢ cyele the accumulator 1s reset and since

each element of the 55C and data are oppos'ite,
30 Accumulator level]

the

negative

value is 7 and the
32t at a somewhat smaller negatijive value,

diminishes, to greater

levels., aAgain the maximum negative
threshold is
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Table IV

[1Tustration of CORRELATION of signal against an SSC.

5>5C. Signal Spreading Code
p<-lst cycle->,<-2nd cycle-»

ojojof1itfof1fofo[o[1]1]of}—s .
— —i_L 3 ExMOR >|Accuinulator
ololol1l1lo 11llianilhl__>

|Lst Data VWord|lZ2nd Data ‘Vord

]- Accumulator Qutput
. - -ii- - lero Threshold
Reset Accumulator
- - -7

* el 1 WP b ybrg, ta ¥ "Wy N e e g e AL I L LAY

The tabulation in Table Vv below indicates the
process. Data 1nput D(i+2) is multiplied by ssCc input
R(J+17) and the result is added to the value in the
accumulator. This process i5 carried out a number of
times up to the length of the 5S¢ or unptil a
satisfactory result greater than threshold is reached,
The accumulator is reset after each trial ssc.

The process of identifying all of the 55C's
actually present their Doppler shift and their time of
origin is one of trial and error. The process requires
first determining which codes are likely to be present
and  what range of possible delavs is equal to the

length of the sscC.
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Table V

Product Term in the Serig] Correlator, Figure 23

Table
Chip Datg 5SC Product Accumulation
107 DCi+2) R(j+17) 8((:(1':+2)-R(j+17)+f\cc
{88 D(i+3) R(j*18) D(i+3)-R(j+18)+Acc
109 )(!Hl) R(J+19) DCi+d)-R(j+19)+AccC
" D(.+5) R(JfZC) DC1+5)-R(j+20)+Acc
1 UCi+6) R(j+21) OCi+6)-R(j+21)+Acc
|2 0Ci+7) R(j+22) 0Ci+7)-R(j+22)+Acc
113 JCT+8) R(j+23) 0Ci+8)-R(j+23)+Acc
|14 D(i+9) R(j+24) D(i+9)-R(j*+2d)+Acc

(flote that Chip. Dats and SSC des ' - - | |
L lustration only.) gnations in this Table are provided for

The acquisition process requires that each code and
2ach code as medified by Doppler he correlated against
each possible time of arrival until a match is found.
The number of possible times of arrival correspond to
the length of the S55C. In a Taverable signal to noise
environment a satisfactory result may be obtained by
observing the correlation over a fraction of the §sC
length. In less favorable environments it may be
necessary to observe over the entire duration of the
55C ¢r even longer,

In general the code contained Nb bits so that there
are Ny possible delays or times of arrival, there were
N_. codes and Nd possible Doppler frequencies and Tint
13 the integraticn or accumulation time. The data and

reference sequence would have to be compared on the

I M)

average for a duration of 2% Hb . NC . Nd Tint to
ldentify the source transmitter, the Doppler and the
code time offset (phase) before the message can be

SUBSTITUTE SHEET (RULE 26)
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decoded. Each trial correlation may Trequlire processing
of an entire sequence or more. This amount of

computation requlires a substantial time as i1llustrated

in Table VI bhelow.

Table VI

[n a typical apptlication:

N. =
N, a |
N, = 1023
I Tmt = 5 ms
2'/2'N0'Nc'NoTin{; = 4] seconds

5 The time required to search all possible codes 1is
41 seconds on the average and this 15 far from the most
extreme condition., In some applications, such as
navigating a small boat, there 15 plenty of time, 1in
cthers, such 3as guilding a missile (in which case in all

10 likelihood N4> 1 increasing the acquisition time), time
1s at a premium and a long synchronization time may
jeopardize the effectivity of the system. The serial
correlator processor does not work like a passive
linear matched filter in the sense that it does not use

15 partially overlapped input sequences to produce matched
filter output at different time 1i1instants; rather it
uses temporarily non-overlapped input segments to
produce all the required outputs in sequence. When one
output 1s obtained, the computation of the next one

20 begins, leaving many output gaps (corresponding to

SUBSTITUTE SHEET (RULE 26)
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various shifts between reference and data) to bhe
completed over a longer duration. In this sense time
15 wasted.

The second prior art device is the matched filter

correlator. The matched filter <correlator was
developed to amelicrate the time required to acquire
the si1gnal. This device as adapted to a 1023 chip
cecde, performs the functions of 1022 serial correlators

operating together. Agaln the result corresponds to
cne value of 7 , Ohe S5C and one Decppler but the
result 15 obtained in one chip time, 1/1023th the time
required c¢f the serial correlateor. The increase is
5peed 1s obtained at a4 proportional increase 1n
complexity and power consumptiorn,

In the matched filter correlator, as shown in
FIGURE Zb, the reference S5SC is entered into the
Rerarence Shift Register 13 while the Data elements are
entered into the Data Shift Register 12, The value of
2ach stage in the Reference shift FERegister is
multiplied by the wvalue of the correspondino stage 1in
the data shift register in one of the four quadrant
multipliers 11, The preoducts of all multipliers are
entered into the summing bus 14 and then to the summing

device 15. The summation of all 1023 products, for one
delay 7 , ar2 generated simultaneously and appear at
the output of summing device 15. The time required to
partorm the correlation is reduced by 2 - 1022, to 0.020
seconds. A notable improvement but at the cost of
great complexity, cost and power dissipation., The
process 1s illustrated in Table VII bhelow.
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Table VII

mmmm

Product Terms in Matched Filter Correlator. Figure b

Chio 0ata SSC i Product Accumulation
n=1023

107 0¢2)..0C¢i+1025) R(0)..R(1023) IDéZ*n)*R(n)
n-:::

n=1023
107 0(3)..0(i+1026) R(O)..R(10Z3) 2063+n)*R(n)
nz

n=1023
107 D(4)..0(i+1027) R(O)..R(1023) 2064+n)*R(n)
n=

n=1023
107 D(S)..D0(i+1028) R(Q)..R(1023) 2065+n)*R(n)
n=

A search ¢f the prior art did neot discleose any
ratents that read directly on the claims of the instant

invention however, the following U.S. patents were
considered related:

5 PATENT NO, INVENTOR ISSUED
5,680,414 bpurrant et al 21 October 1997
5,438,832 Nagao et al 1 August 1995
4,660,164 Lelbowitsz 21 April 1987
2,115,192 (U.K.) Graham et al 1 September 1983
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The 05,680,414 patent discloses an apparatus apd
method for synchreonizing a spread spectrum receiver

which includes a preamble matched filter and a
plurality of symbol code correlators for receiving and
correlating to a received spread spectrum signal. The
preamble matched filter outputs a correlation 519nal
including a correlation pulse of variable width. The
rulse 1s converted to a square wave having a duration
0T a discrete number of chip periods. The correlation
pPulse i3 used as a timing reference for the symhol code
correlatoers. A center seeking circuit provides an
otfset to the timing reference according to the Ww1idth
cf the correlation pulse. In a Time Division Multiple
Access system, a timing window is used for a suhsequent
time frame for defining a period of time in which the
correlation signal output from the preamble mat ched
filter can vyield a valid correlaticn pulse.

The £,423,532 patent discloses a separation filter
having a memory for storing sequential Input data. A
multiplier multiplies the sequential input data, read
from the memory, and an accumulator sequentially
accumulates the resulting multiplication from the
multiplier. An adder/subtracter adds or subtracts two
accumulation results, obtained from a pair of
registers, and outputs the operation result as two
pleces of sequential output data, In a2 synthesizing
filter, an adder/subtracter adds or subptracts two
pleces of sequential input data together or one from
the other, a multiplier multiplies the operation
result, read from a memory, and an accumulator
accumulates the result from the multiplication and
outputs the result as sequential output data which 1is
the two pieces of sequential input data synthesized.

The 4,660,164 patent discloses g high speed
multiplexed digital correlator device for correlating
serial data against reference data. The device
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Includes digital cerrelators configured to operate in
parallel with their operations overlapping in time.

Th
multiplexing circuit. The outputs of the correlators

[

serial data is divided between the correlators Ny a

are summed tTo produce an overall correlation output
si1gnal.

The 2,115,192 (U.K.) patent discloses a digital
s13nal processor having timing means for providing a
succession of sample intervals in  which 1ncoming
digltal signals may have discrete values., A single bhit

shift register produces a delaved signal ana an

arithmetic section has a plurality of bit multipliers,

or difference squarers. An accumulator has & plurality
2T channels each associated with an arithmetic element.,

Collectively  the channels provide the required

mathematical operation, auto or «¢ross correlation
functien eor structure function calculation. The
overall delay increase may be variable and geometric
althouah Iincreases between adjacent channels may he
approximations to a geometric inecrease,.

SCl.OS) HE INVENTIOL

It is an objective of this invention to provide
multiple simultaneous parallel correlations and to
thereby minimize the time required for identification
0T the reference sequence(s) in use and establish
synchronization.

The process of acquisition has been described
above. Once the data signal i5 acquired the correlator
must be applied to track the signal. Tracking 1is
necessary since without intervention the receoiver
Irequencies would eventually drift enough to cause a
loss of synchronization and require repeated
dcqulsition operation. TO obviate the need for
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reacqulsition the prior art has developed devices such
as the delay lock discriminator. This device generates
the reference sequence as determined by the acquisition
process at several delays hoth greater and smaller than
delay determined Dy the acqulsition ProCess,

Correlation results  for the greater delavs are

agarecated and subtracted from an aggregation of
smaller delays to form the output of the delay lock

discriminatoer. The output of the discriminator trend
pes1tive as the delay becomes too long and Negative as
the delay bhecomes too short. This result is used to

adjust the clock frequency of thoe receiver to maintain
svnchreonization.,

It 1s a further ohbhjective of this invention to
provide a means and a method for Acquliring the signal
which c¢an be converted electrically to a means and a

method for tracking several of the signals acquired.
This 1nvention provides improvements in the serial
correlateor of FIGURE 2a by adding the capability for
multiple, simultanecus, parallel correlations. At the
sam=  time the invention avoids the intractable
complexity of the fully matched filter correlator of
FIGURE 2b. In addition, this invention provides a

means by which the degree of parallelism may he

selected accerding to the application to provide a3
‘best value" solution for a particular application.
These and other objects and advantages of the

present invention will become apparent from the
subsequent detailed description of the preferred
embodiment and the appended claims taken in conjunction
with the accompanying drawings.
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1 15 a block diagram of a spread spectrum
ysed 1n the prior art.
23 15 4 block diagram of a serial correlator
the prior art.
b 15 a Dblock diagram ¢f a matched filter
as used in the prior art.
Ja 15 a block diagram o¢f an 1improved
wilth ALY and registers.
3 15 a Dblock diagram o¢f an 1mproved

having four qgquadrant multipliers and a RAM.
4 15 a Dblock diagram of the preferred
of the improved correlator.
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The 1nvention can best be understood by first
examlining FIGURE 2 which 1llustrates multiple delay

creoss-correlation processing, In FIGURE 3, the
elements of a data stream enter the serial port of a
four stage shift register 30. The four parallel

1J

outputs of the shift register are each connected to the
1nputs of a multiplexer 31. The multiplexer selects
crne 1nput and connects 1t to one data input of the ALU
2. The output from the ALU 15 distributed by
emultiplexer 33 to the 1nput of one of the registers

R

24 which serve 35 one word memories. Multiplexer 2315
splects the ocutput ¢f one of the registers and connects

1t to the second data 1nput of ALU 32. The multiplexer
and demultiplexer act quickly, sequentially connecting
each element of the shift register to the ALY and each

memory output to the ALU within the signal spreading
code (S5C) chip time. A5 1n FIGURE 2Za the ALU mode,
add or subtract 13 controlled by the Reference 55C
applied to the conftrol terminal, +/- of the ALU. The
multiplexed data elements are added or subtracted from
the existing wvalue 1n the selected register, The
result 1s restered to same register. The effect is to
multiply the current data element by the current SsC
element and add the result to the selected register.
Within the Reference SSC chip time, each of the four
data element wvalues stored in the shift register is
multiplied by the S55C chip and the result is added to
the value in the selected register.

The 1indicated product, f(t)e«g(t+7) 1s a four
guadrant function which can be implemented in a number
0T ways as a function of how f() i5 represented. Note
that f() and g() can be interchanged without changing
the functionality. In the simplest case, where f() is
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expressed as a binary number, the ExXMNOR function may be
used. In a more complex case a four quadrant digital
multiplication may be used. In the preferred
implementaticn the multiplication is implemented by
noting that g¢() 1s always a binary function even thouagh
£C) may be binary or a multi bit digital number. <Since
2() 15 eilther +1 or -1 the multiplication can bhe

implementead by using an Arithmetic Logic 1nit ALY, and

causing o() to cause either addition or subtraction.

Thls configuration 15 shown as the preferred embodiment

however the use of other multiplication means, EXNOR orT

Four Quadrant Multiplier does net change the nature of

the 1nventicn and should be considered to be within the
sCcope of the invention.
Th

2lements of the data sequence are multiplied by the

il

13

results are as follows: the four most recent

current value of the Reference sequence and added to
the ceorresponding memory output and stored hack in the
memory. The memories operate at twice the speed of the

multiplexers, first reading a wvalue from the current
location then writing the modified value into that same
location changing the address to that of the next
location.

The results can be further underztood with the aid
of the Tabhle VIII below. The data and 35&C elements
occur at the same rate as in the illustration of the
serial correlator above. Here, between each data and
S5C entry, the multiplexers, multipliers and memories
act four times. The result is shown in Table VIII.
Note that the result of Table VIII is obtained only
when the connections from the data shift register to
the multiplexer groups are suitably arranged.

In the end each of the memories accumulates a
correlation at a different delay. Since the correlator
15 intended to search through a number of delavs, the

method ¢of this invention provides the delav search at
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serial correlater and

1/72686th the speed of the matched filter correlator.
As the process continues the sums developed in the
memori=es are the correlations of the Referance S5C and

data series for four different delavs just as 1t 15

filter correlator

done in the exhaustive matched

described above.
It 15 1mportant to note that the ahove sequence of

product terms 15 not an obvious progression of the

correlater or a regression from the matched

serial

filter correlator. The 1mproved correlator occupies a

unlique position intermediate hetween the serial
correlator a slow and not easily enhanced and the
matched filter correlator, fast but complex and not

casilly scaled back.

Table VIII

Product Terms in this Improved Correlator
Data SSC

Product Accumulation
D(j+17)

R(i+2) |

Mem(4)=R(i+2)-0(j+17)+Hem(4d)
Mem(J3)=R(i+2)-D(j+16)+Hem(3)
Mem(Z2)=R(i+2)-0(j+15)+Hem(2)

R(1+3)

R(i+4)

RCi1+3)

0(j+18)

D(j+19)}

0(j+18)

Hem(1)=R(i+2)

Hem(4)=R(i+3)
Hem(J)=R(i+3)

Mem(4)=R(i+4)
Hem(J)=R(i+4)
Mem(2)=R(1+4)
Hem(1)=R(i+4)

Mem(4)=R(i+5)
Mem(3)=R(i+9)
Mem(2)=R(i+5)
Mem(1)=R(i+5)

‘0(j+14)+Mem(1)

00 j+18)+Hemn(4)
-0(j+17)+Memn(3)
Hem(<Z)=R(i+3)-
Mem(1l)=R(i+3)-

D(j+16)+Mem(2)
DCJ+15)+Hem(1)

D(j+19)+MHem(4)
-0(j+18)+Hem(3)
0(J+17)+Mem(2)
‘0(j+16)+Mem(1)

-0(J+20)+Hem(4)
-0(3+19)+Hem(3)
0(j+18)+Mem(2)
0(j+17)+Mem(1)
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FIGURE 23 1llustrates the i1dentical process to that
of FIGURE 3a. It 15 provided to 1llustrate a compact
implementation where the demultiplexer 22, registers 34
and second multiplexer 35 are replaced by random access
memory RAaM 2¢&. Those sKilled 1in the art will recognize
that the referenced demultliplexer register multiplexer
arrangement 135 essentially the structure of a RAM.

FIGUEE 3Ibh Tturther 1llustrates multiplication using
a four quadrant multiplier separate from the
accumulater RAM arrangement. FIGURES 2 and 2 then

illustrate multiplication by EXNOR, Four Quadrant
Multiplier and 55C controlled ALU,.

The preferred embodiment ¢of this 1nvention 1s shown
in FIGURE 4. The embodiment ¢of FIGURE 4 multiples using
the contrelled ALU and accumulation 1n multiplexed
reglisters. It should be understocd that the other
multiplication methods described above or the RAM
storage described above could be used equally well 1in
this embodiment.

The primary i1importance of FIGURE 4 1s Tflexibility
of the concept, 1ts abhility to provide a capabillity
intermediate between the serial correlator and matched

filter of the prior art. This capability 1s not
rresent i1n the pricer art from those concepts. The user
who wishes Lo expand capability of Lhe serial

correlater or the matched filter has only one option,
that is to add more circulits of the same kind. Neither
can take advantage of the increased speed capability of
modern circuit elements since they are tied to chip
rate of the data. The preferred embodiment o¢f this
invention allows that flexibility.

This flexibility <c¢an best be understood with

reference to FIGURE 4. The data enters the data shift
reagister 40, continuously at 1its clock rate. shift

reagister 40 13 of arbhitrary length, here indicated as M
X N, where M 1s the number of partitions and N is the
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number of data elements in each rartition. (Note that
FIGURE 4 does not show all elements in detail and only
the components corresponding to the lpft most

processing  element are  shown. M such processing
elements are indicated and correspending components of
all processing element are identical). connected to
the register are M processing circuite each consisting
of an input multiplexer 41, ALl 47, acting as
multiplication means, demultiplexer 43, an W word
memory 44, consisting of N registers and an output
multiplexer 45. h

Fach Input multiplexer 41 has accese to a partition
M stages of the data shift reaister, The multiplexers

and demultiplexers are driven at N times the chip rate
and avery element in the processing circuits 15 cAapable
of cperating at N times during each chip of the s&C.
The reference =3¢ is connected to the control port, +/-
of each ALU 42Z. This element of the ssC¢ multiplies
2ach of the M X N elements of the data stored in the
Input shift register 40 during the ccc chip time. The
accumulations of 2dach multiplication appear
sequentially at the outputs of the m multiplexers 45,
and re labe2led the 1st through the Mth Muxed sum.

The multiplexed sums are multiplexed onto a single
conduit hy multiplexer 46, This conduit contains a
sequential sampling of each of the M X N multiplexed
SUMS . These multiplexed sums are in fact the cross
correlaticon products for delays 1 through M x . The
zequance 1s completed during a single chip time of the
53C, and therefore operates at an effective rate equal
to the 55C chip rate x M x N.

FIGURE 1 1ndicates that the correlator operates on
1 data word comparing I and Q@ heterodyne products. The
output conduit of multiplexer 46 contains the I and @
correlation products. These preducts are transformed
to magnitude and phase by the macgnitude computation 47,
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the phase term may be made available hut 1is not

commonly used. The compute statistics function 48,
monitors the magnitude function and indicates for which

delay 1f any of 1t exceeds the correlation threshold
(by also selecting the largest magnitude over the

delays). A magnitude greater than threshold signal
1ndicates that the trial S$5C has been found in the data
and 1ts relative delay. This completes the acquisition
runctien for one SSC. Another of the 55C which mav be
present 15 selected and the process is repeated.

Failure to reach thresh'old after an appropriate

Cime, indicates that either that the trial £s5¢ is not

present or that the proper delay has not been found.
Th2 number of possihle delays corresponds to the number
¢t chips 1n the 55C, the embodiment of FIGURE 4 tests
cnly M X N Of these delays. The trial 55C is5 displaced
by M X N chipsz and the process is repeated until a
Chreshold 1s reached or until the number of delays has
been exhauvsted.

Each precessing block, made up of components 42-45,

15 similar t£o the processing block of FIGURE 3bh. FIGURE
4 15 then made up of N such processing blocks according
to FIGURE 3b, each such block is connected to the data
shift register 40, by the input multiplexers 41 with
output formed by multiplexers 45; each bheing identified
as a Muxed Sum.

The preferred embodiment provides flexibility to
the user in beth the number of stages N x M, the number
0f processing blocks or partitions N and the width of
2ach block M. It 1s 1important to realize that the
number of stages 1in the data shift register is not
limited but can be extended indefinitely to suit the
speed requirements and complexity limitations of a
particular application. The acquisition tim2 in such a
configuration 1is reduced by a nominal factor M X N
relative to a serial c¢ross correlator found in the
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pPrior art.

B

one possible configuration, capable o©of performing

N simultan=ous correlations would employ 12 processing
hlocks epach with a span of 5 data elements. The result

is a 40 fold decrease 1in processing time. The 41
seconds estimated for the single serial correlator 1is

roduced to 0,70 seconds. INn addition 1t provides the

advantage of examining 60 delays simultaneously. Note
the distinction bhetween this and the nossiple
modification of the basic parallel correlator of the

nrior art FIGURE 2 to a length of &0, That

modification would provide the same 60 fold decrease 1n

overall processing time but with more processing

hardware snid more complex interconnectivity. Both
provide the unique advantage of scanning 40 adjacent

delays. The results from these correlations, even
though partial, may provide sufficient information to
allow selecting a new reference sequence early 1in the
sparch process. Also note that the reference sequence
is not stored in a shift register so that an alternate
spquence may he substituted very quickly.
Tracking Application |

Refer again to Table VIII and to FIGURE 4. FIGURE
4 is provided to illustrate that by a minor
modification the structure of FIGURE 4 provides a means
of simultaneously tracking several 55C5. This
transition between acquisition and tracking 15
appropriately made immediately after the presence OTU
absence of all possible s§5Cs, timing and doppler has
been made and identified. At that time the identified
s5Cs are generated with appropriate delays as
determined in the acquisition process, The properly
delaved codes are applied, one to each processing block
at the control terminal of the ALU, +/-. In FIGURE 4
these 55C inputs were driven by a single trial 55C, a

configuration to minimize the time acquisition, In
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tracking, these individual 55Cs replace the single
trial 55C which was applied to all processing bhlock
ALUs during the acquisition process.

In the tracking application the outputs from each
0T the processing blocks, identified in FIGURE 4 as the
17€ through the M mMuxed sum provide tracking data for
the S5C applied to that block. These multiplexed sums
5can out correlation result for N delays covered by the
assoclated input shift register partition. They are
the cross correlation result of data and identified
reference SsC over a span of delays from less than to
greater than the acquired delay. The nominal rTesult is
that the cross correlation result increases as the

delay error magnitude decreases, reaching a maximum at
tha correct delay. This behavior is Indicated in Table
IX below for a case where the correct delavs 1is

properly centered in the span of a 7 delay processor
block.

Table IX

Crgss-Correlation Result, Acquisition Mode

ODelay Error

Differential Cross-Correlation Result, Tracking Hode

-1 V0 +] bV +2 1V 3
Delay Error

-3 V. -Z
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IfT the cress correlation results for positive delay

L]

Orrors 15 subtracted from the cross correlation results

for negative delay errors, a delay error detector 1is

Implemented. The magnitude and sign of this resylt
corresponds to the magnitude and sign of the delay
CTTOTr. The delay 2orror thus detected can be uytilized

to track and correct slow changes in delay error for
the individual Ss5C and maintain synchronism. Improved
delav resolution, sometimes requlred 1N tracking

operation, may pbe obtained by increasing the clock

frequency used.

The architecture presented herein can be extended
1N obvious mannher to correlate arbitrary digital

wavetorm references to like waveforms that can be found

1IN the received signals. The oxXtension amounts to
inserting four quadrant multiples at the control inputs
of the ALU's and feeding a sample and digitized
reference waveform samples to one input of the
multiplier 1nstead of the binary code sequence. (In
the Dbinary case multiplication by one renders the
multipliers redundant).

In effect, an efficient arbitrary waveform matched
filter 15 then mechanized.
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Product Terms in this Improved Correlator

Data SSC Product Accumulation

D(J) R(L.J)

Mem(d)=R(1.
Mem(Jd)=R(1.
Mem(Z)=R(].

(1.

Mem(4)=R(2.
Mem(Jd)=R(2.
Mem(2)=R(2.
Mem( 1)=R(2.

Hem(1)=
D(j+d) R(1.J)

h—

DCg+CH-1IN+1) RCq.J)

0Cj+(M-2IN+1) R(r.,J)

Mem(4)=R(r,
Mem(3)=R(r,
HMem(Z)=R(r,
Mem(1)=R(r,

. q= »

detail and pilictorially shown

Mem(d4)=R(q,
Hem(3)=R(q.
Hem(Z2)~R(q. )
Mem(1)=R(q.

C—J-C—-oca—-d.-L-l.
e N Nt S

P SRR SN <
T

DCi+17)+Hem(4)
01 +16)+H4em( 3)
DC1+15)y+MHem(2)
0Cr+14)+Hem( 1)

D1+ 18)+Hem(
DCi+17)+Mem(
D1 +16 ) +Mem(
D1 +15)+Hem(

OCi+19)+Hem(4)
-0C1+18)+Mem(3)
-0Ci1+1/7)+Hem(2)
-DCi+16)+Mem(]1)

0(1+20)+Mem(4)
0(i+]19)+Mem(3)
-DCi+18)+Hem(2)
DCi+17)+MHem(1)

[ ]

While the 1nvention has been described 1n complete

1n the accompanvying

drawings 1t 13 not to he limited to such details, since

manvy c¢hanges and modifications

may bhbe made 1n the

invention without departing from the spirit and scope

thereot. Hence, 1L 15 describhed to cover any and all

modifications and forms which

may come within the

language and scope of the appended claims.
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1. A correlator for correlating a spread spectrum
si1gnal against a trial reference signal spreading code,
sald correlator comprises: '

5 a) a data shift register (40) comprises MxN
registers for storing a digital incoming
input data stream, and shifting the data
through, one register at a time for each
one clock of the data stream signal, and

10 2ach o¢f the registers has a conduilt
output where the total conduit outputs of
Che registers are grouped Iin M sequential
aroups of N sequential registers and each
parallel condult output is indexed m for

15 group 1 to M, and within the group
indexed n tor 1 to N;

p)y a plurality of M multiplexers (41) each
ftor routing each of the N register's
parallel conduit outputs to a single

20 cutput of each multiplexer (41), one
conduit at time, within one data stream
clock;

c) a plurality of M arithmetic logic units
(42) for multiplying, within one data

25 stream clock, each of the N single

conduit outputs of the multiplexer (41)

Wwith the trial reference signal spreading
code, that 1s provided simultaneously to
all the M arithmetic logic units for the
30 duration of the clock of the data stream

s1gnal, and adding the result to a total
accumulation digital word to create a new

total accumulation digital output word
for the n indexed conduit:
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1)

CA 02387697 2002-04-12
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a plurality of M word demultiplexers
(43), each operating simultaneously with
multiplexers (41), for routing each of

the N new total accumulation digital word
output of the arithmetic leogic unit to N
WwoTd memory unit:

a plurality of M N word memory units (44)

Ior storing the new total accumulation
digital output word of each one of the N
condults;

a plurality of M multiplexers (45), each
operating simultaneously Wwilth
multiplexers (41), for routing, within
o2 data stream clock, cach of the N now
total accumulation digital output worde
to the arithmetic logic unit as the total
accumulation digital word:

a2 multiplexer (46) for routing the N
total accumulation digital output words

from each of the M multiplexers (45) to a
magnitude computation unit (47);

4 magnitud2 computation wunit (47) for
storing all the MxW total accumulation
d1gital word for each of the MxN conduits
and calculating a magnitude for each one:
and

a compute statistics unit (48) for
finding the indexes m and n, and value of
the largest magnitude conduit from all
Che MxXN calculated magnitudes.
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2. The correlater according to claim 1 wherein
sald ccrrelator is  applicable for use in Glohal
Positioning System (GP5) receivers or spread spectTum
telecommunications for fast acquisition and tracking

5 the spectrum spreading codes.
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