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ABSTRA CT

The correlation parameters of some binary sequences of lengths 31 and

63 for spread-spectrum multiple-access (S~ 4A) cocsnunication are evaluated.

The peak correlation parame ters are the key parame ters needed to determine

the worst interference at any of the correlation receivers in a S~ 4A

co~~ unicat ion s system due to the presence of other users and the mult ipath

signals. These peak corre lation parame ters are readily obtained from the

correlation data presented in this thesis. The performances of some new

and old cand idate sieves for optimal binary sequence phases are compared.

When t~~.• ~vim •:r of binary sequences required exceeds the nuasber in one set

of a given fsmtly , one option is to use two or more sets of sequences from

the family. This motivated the eva luation of the peak crosscorrelation

between two different sets of Gold sequences of length 31. Finally the

mean-square partia l eorre1~ tion parameters of some binary period ic

• sequences are computed .
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CHA PTE R 1

T.NTR(~)U CTION

The key correlation parameters for binary signature sequences in an

asynchronous direct-sequence spread-spectrum mult iple—access (S~~IA)

coamunication system were identified in ~ 1 .  In the model there are K

transmitters which are asynchronous in both time and phase. There is one

corre lation receiver for each t r ansmi t t e r .  The K asynchronous s ignals

share the same RI bandwidth.

The k-th user ’s data signa l bk(t) is a sequence of unit  amplitud e ,

positive and negat ive rectangular pulses of dura t ion  Cd

b k(t )  • Z b k i l’i (t 
- LTd~d

where bk, E ~+l,-i) and p)(-) — 1 for O� T X and p) ( r )  — 0, otherwise .

The k-th user is assigned a code waveform ak(t) that consists of a periodic

• sequence of uni t  amplitude , positive and negat ive rectangular pulses of

durat ion I
C

— E a~ ‘p~ 
(t - JT)

C

The sequence ~~~ has per iod N • Td /Tc so that there is one code period
( k )  ( k~ (ic ) (k)a
0 ,a 1 ,. ~~~~~~~ per data symbol. The sequence a is sometimes called

the k-tb user ’s signature sequence.

In [1 analysis of the model for an average (SNR) performance led to

parame ters on which signature sequence analysis , selection and evaluation

can be based . It is shown in t20] that one of the parameters , the average

interference parameter rk L  and hence the SNR~ depend solely on the

-u

___________________ -~~~ •~~~—~~~~ • - -~~~~~~~~~~ - • -~~ - - - -
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aperiodic autocorrelation function Ck, 1 < k ~ K, for the k-tb sequence.

is defined by

N-1-L k kZ ~~~~~ , O~~ L~~ N-i
J— O ~

• N-i +L k kz ~~ , l - N � L < 0
J— O ~~

0 , IL! � N.

In par t i cu lar , it is shown in :20) tha t

N-i 2 N-i N -I
— 

~ 
ck( L ) C 2 c .(L)+c i (z+ 1) 1 ZN +4 E C

k( l ) C 4(t)+ Z Ck(L )C 4 (L+l).
L—l-N i—I L”l—N

Notice that this can also be written as

N-i N -2
T
k i  

— 2N 2 
+ 4 C.~(L)C~(L ) + 

~ 
tC k(L)C i

(L+l)+Ck(L+l C
Lsfl) .L—1. L—O

The parameters for worst-case performance of the S~ IA coamun ication

model depend on the p eak corre la t ion  parameters which , as shown in [i ,

can be expressed in terms of the (discre te ) aperiodic crosscorrelation

function ~~~~ •f or a sequence pair 5(k) and ~~~~ C
k i  

[a defined by

N— l -L
z ~~~~~~~~ , O~~ i -  N- i

J•O i 3

~(L) — N—l+L k ‘1)
Z a~~~a

’ 
, l-N~~~L < O

3—0 .1 3
0 , !L I � N  . 3 ’ .

ii
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The peak periodic correlation parameters introduced in [i are defined

by

e (k , i)  — max 
~I8 k i ( t ) !:  0� I ~ N— I)

— max t~~(k , i) :  I ~ k j  
~~ K)

where 
~k i (L)  — Ck j (L) + C k i (L

~
N ) )  0 � L ~ N-I. The periodic or eve n

crosscorreiation function t
k i

(L)  is also g iven by

N-i
9 ,. ~(L) • E

—O ~

The odd croascorrelation introduced by Massey and Ubran 114 is g iven by

A
k i (z) — C k i ( L )  - C k L U_N), 0 � I � N-i. The peak odd correlation

parameters are given by

e(k,i) — max [le k 1(L)I 0<  1 � N—I)

— max [e(k , i) :  1< k < i � K)

When the two sequences in the above exp ressions are identical and

I • 0 is excluded we get the corresponding autocorrelation parameters .

Thus the periocH c or even autocorreletion function is defined by

N-i k k
Z
-0

The even autocorrelat ion function is also given by

— Ck ( L )  + C
k

(L
~~~

!t)

where Ck( l )  - Ck k (L). The odd autocorrela t ion function

• Ck(L) - Ck (L
~

N ) .  

--•~~-—--- --~~~~~
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The correspond ing peak parameters are as follows .

9 ( k )  • max t J 9 k ( 1 ) I  : 1 ~ I N — i )

9 max (~~( k ) :  i~~~ k � K J

— max 
~~~~~~~~ 

� I ~ N- i)

• max t ( k ) :  1 k K)

Another code parame ter of interest is the sidelobe energy of the k-tb

N-I 
2sequence , a mean- square autocorrelation parame ter S(k) • Z C
k(L ) .

I.’

If • k i  — max

K
— : ‘~ and /~ • max ~:. i � I K) then for worst-casek , t I

k— I

performance , Pursley 1 showed cha t the maximum error probability for

the i-rh user is

P
m,~~~~

( i )  — 1 — •(~ 1 — (
~‘~1fN)’i./Z fN0)

wher e is the two-sided power spectra l d e n s i t y  of the channe l noise

process , ~~~~~~~ is the standard Gaussian cumulative distribution function

and ~ • is the energy per data bit. If 
~vax — max (Pmax ( i ) :  i

the n 
~uiax • I - (I  — ( ‘/N) 1I~ 7W ).

~~i the other hand , the average (power) s ignal-to-noise ratio (SNR )

at  the i -th  user receive r outpu t is

K N
• SNR • (~~ 3 ) l Z + ~:;~ 

)
~I k#i

k— i 

~
.. 

~~~~
. •-..-

~ 
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CHA PTER 2

BINARY SEQUENCES

In practical co~~ .rnication systems such as the binary direct-sequence

S~~4A systems , use is made of periodic sequences ~~~ of elements of (-1 ,1)

wh ich .ire derive d fr ~~ b inary  sequences of elements of [0,1) by the

relation (k)

5(k )  
— ( _ l ) L 

, 0~~ L~~ N-i , l~~ k �  K

where N is the length (equal to or a mul t ip l e  of the p er iod) of the

p er i o d i c  binary sequence and K is th. number of binary sequences .

Hitherto , the maximal-length linear shift—register sequences (rn-sequences

for  shor t)  have played a key role , i nd i r ec t ly  as a convenient start ing

point for other sequences or d i r e c t l y  for some appl ica t ions .  The

rn-sequences are a natural sta r t ing  point wh ich leads to such sequences

as Go ld sequences , Kasami sequences , weakly-Barker sequences and others

considered in this thesis.

2 . 1  a- Sequences and Primitive Polynomj.als over CFL2)

n this section introductory notation of and terminology for

rn-sequences is reviewed . The conventions used here close ly paralle l those

in references [2: and 17]. rn-Sequences are a special class of period ic

l inear b inary  recursive sequences. In general , a l inear binary recursive

sequence 
~~~~~~~~~~~~ 

is a sequence [cr 1
’
~_ 1 wh ich satisfies a recursive

r e l a t i o n  of the form

~ n+i — E c
3 ~ n~ i -j ’ ~ —

3.1

where each 
~~~~

, C
3 

be long to GF (2) and 
~~~~~~~~~ ~~~~~ 

are preass igned . 

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



are often called the initia l state or loading and may be

specified in oc ta l notation . An octal representation of the binary vector

is the octal vector (b 0, b 1,. - . ,b1, ,1~ of L e lements

• 
b i [~~, l , . . .  , 7) ,  where L is the smallest integer greater than or equal

to n/3, as shown here :

~~o ~ i — 1 1 1 0 1 0 0 1 1 1 0 1 I 1647 — (b 0 b 1 b2 b 3 ) .

A linear b inary recursive sequence can be generated by an n-stage

l inear feedback shift-register (LFSR). Th. n-stage LFSR is represented by

the polynomial (over GF (2) )  of degree n:

h (x~~.h x
fl + h x 1

~~
l +... +h x + h

0 1 n-i n

where h0 • 1 • h and for 1 ~ i ~ n-i , h1 • 1 if there is a feedback tap

connection to the output of the i-th shift-register stage and hi 
- 0

otherwise. The polynomial h(x) is said to generate the sequence ~cr~).

As an examp le ~. 2 . the shift-register represented by h(x)  — x
6 

+ x + 1

is shown in Fig. 1. The initial loading used is (~~0,o’1. ci 1,~~ 3
’i . The

generat ing polynomial is also represented in octal form. The b inary

vector of its coefficients in descending degree order h • (h0,h 1 ,. ..,h0)

becomes the oc ta l vector H — (H 0, H1,.. - ,K.
L l~~ 

where L is the smallest

integer greate r than or equa l to (n+1)13. As an examp le h(x) — x
4 
~ x + 1

g ive s the bina ry vector 1 0 0 1 1 wh ich is 23 in octal.

The sequences generated by linear feedback shift-registers are

peri odic . The period N of a sequence C~ 3 is the sma l lest positive

• integer N such that • for all 3. With reference to the

generati ng polynomial h(x), the period N is the smallest positive integer

L
-

~

— • - - • —

~

— . • -

~

-- —• 
_ ___

~ _.a~i  -•--— , --~~~~~— --•~~~~~ ---.-~~~ .~~~~~ —~~~~~~~~ ---——------ .- - 
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Figure 1. Shift register for h(x) • X
4 + X + 1. example h (x )  • + X + I

gives the binary vector 10011 which is 23 in octal.

— - —--~~- --.- _ . . _ 
•__________

• ___________ 
_ _ _ _ _ _ _ _
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r1

such that h(x divides EN_i . When N — 2r~_ 1 , the polynomia l h(x) is said

to be primitive over GF(2). A polynomial over CF(2) of degree n is said

to be primitive if it divides ~
m_ 1 for m — 2~’-l but not for any

m < ?-i , where d iv i s ion  is carried out modulo-2. A binary periodic

sequence generated by a primitive polynomial is of period N - 2~~l and

is said to be a maximal-leng th sequer.ce (a-sequence).

A primitive po lynomial ( over GF(2) ) has a primitive e lement as a

zero. A primitive element ~ of GF(2”) (any prime number p could replace

2 here ) is defined as an element of GF(2~
’) which has order N — 2r~~1, i. e . ,

— I but # I for all t < There are ~(2
fl_l) primitive elements

in the finite extended field GF(2~ ) where ~~( ‘ )  is the Euler totient

(c’-) function . Correspondingly there are K — ~ ~~2
’
~-l) distinc t primitive

polynomials of degree n. Note that K is even for n > 2 and for n — 2,

K — 1, the polynomial of degree 2 over GF(2) is self-reciprocal. There

are K rn-sequences of period N —

The idea of a minimal polynomial is also useful here . The minimal

polynomial of an element ~ of GF(2n) is the polynomial of lowest degree ,

h(x), with coefficients in GT(2) such tha t h(Q ) • 0. h(x) is irreduc ible

and it divides x
2 -x if the degree of h (x) ~ n . If hk(x) denotes the

minimal polynomial of ~
k 
then hk(x) — (x-i 1 ) where C is a cose t

i E C
of integers sodulo Z~~l with smallest elemeRt s. hk

(x) is a pr imitive

polynomial of degree n iff it divides x5~ l for a • 2~~ l but for no

m < 2~~ l. 

—. .~~~~~ • - -~~~~~~~~~~ • •~~ • • ~~~ —~~~~~~~~. •  -.



The reciprocal polynomial h*(x) of a polynomial h(z) of degree n is

define d as x%(x~~). The degree of h*(x) is the same as tha t of h (x).

If h(x ) is irreducible (primitive ) then so is h*(x).

2 . 2  Cyclotomic Cosets Modu lo ~4

For N — 2n _ 1 , the ~P (N) integers form a multiplicative group C

modulo N and the set H — [1 ,2,2
2
,... ,2

n_l
) forms a multiplicative subgroup

of C. The proper cyclotornic cosets C of H are formed by multiplying

every element of H by an element of C. There are exactly ~ p (2~ t) prope r

cyclotoeic coaets but t ~ (d)  2~~’d _ 1 cyclotomi c cosets modulo 2~~ i in
d/n

all. The cyclotoaic cosets that are not proper are called improper. The

latt er are formed by e lements g for which gcd (g ,2~
’-l) ~ 1, 1 < g c

The sma llest member s of a cyclotomic cose t is called the cyclotomic

coset leader and the coset is denoted C .  Table 1 shows the cyclocosic

cosets modulo N — 15, 31 and 63.

2.3 Maximal Connected $ t ~ and Preferred Pa irs of Primitive Polynomials

For certain co~ sunications applications rn-sequences with good

crosscorrelation properties are required . Gold and Kopi t z ke

experimentally determined sets of rn-sequences called maxima l connected

sets. These are the largest possible subsets of rn-sequences of period

N — 2~~l such that any pair of sequences in the same set has only the

thr ee crosscorrelation values of -1 , _ 1_ 2 t~~~2’)~’2J and ~~~~~~~~
(where ~xJ denot es the largest integer less or equa l to x).

-• • .~~ - • • . •  • • •  .~
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Table I

Cyclotomic cosets of integers mod N • 15 , 31 and 63.

N 1 5  0

1 2 4 8 7 14 13 11

3 6 12 9

5 10

N — 3 1  0

1 2 4 8 16 15 30 29 27 23

3 6 12 24 17 7 14 28 25 19

5 10 20 9 18 11 22 13 26 21

N - 6 3  0

1 2 4 8 16 32 31 62 61 59 55 47

3 6 12 24 48 33 15 30 60 57 51 39

5 10 20 40 17 34 2 3 46 29 58 53 43

7 14 28 56 49 35

9 18 36 27 54 45

ii  22 44 23 50 37 13 26 52 41 19 38

21 42

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Let H be the number of sequences in the maximal connected set ofn

rn-sequences of period N 2~
’-l. Cold and Kopitzke ~ l9 determined the

values of M~ f or n 13 as follows

H1 - H2 - H4 - H8 • H12 - 0

P 5— M 6 — M 9
.2

M5 — M 10 3

H7 — 6

H11 • K13 — 4

CLearly the known maximal connected sets of rn-sequences are too small for

most prac tical app lications . As a result , effort has been directed towards

obtaining alternative sequence sets. Gold L5 ,6: obtained particularly

attractive sequence sets. In [7 the small sets and large set s of Ka sami

sequences are also described . The Cold sequence sets and the maximal

connected sets of rn-sequences are based on the notion of preferred pairs

of primitive polynomials.

A pair of primitive polynomials , each of degree n , whose corresponding

rn-sequences have the three-leve l crosscor•relaeion function with values -1,

and _142..(n+2)/2J 
~ celled a preferred pair of primitive

polynomials. For values of ii and integer parameter k for which

(a )n i s odd and i—gcd (k ,n ) — l or

(b) n is even with n a 2 mod 4 and £ • gcd(k,n) • 2

the following theorem 18: gives preferred pairs of polynomials of

degree n (see ~~ for furthe r discussion). 

-~~~-~~ ~~~- •--~~~~~~~~~~ • —- ~~~~~~ • . -• - • ~~~~~~- . -- -
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Theorem : Let o, an element of GF(2”~, be a roo t of a primitive

polynomial h
1
(x ) of degree n. For 0 < k < n let t — 2 k~1 and h

~
(x) be

the minimal polynomial of o~ . Let e — gcd(n,k) ,  then if a 
~ odd , the

crosscorrelation function of the sequences generated by the pair

[h1(x),h~
(x)) takes on only three values with the following frequencies:

-l occurs for 2n_2
t~—e_ 1 different shifts

occurs for 2 1_2~~~
e
~
2)/2 different shifts

occurs for 2n-e-l~2(n-e-2)/2 different shifts.

In ‘ 4 Pursley shoved that for n — 5, four of the maxima l connected seti

are (h 1,h3,h5), (h1,
h3,h11), [h 1,h5,h7~ and (h1,h7, h113. This information

can be succinctly displayed on a double polygon (here a double equilateral

tr iangle ) for all n > 2 where the vertices represent the primitive

polynomials. It turns out that the~ three vertices of the two equilateral

triangles and any isosceles triangles in Fig. 2 correspond to a

maximal connected set. There are eight in all. This figure is also

helpful in the treatment of pairs of Gold sequence sets which is given in

S ot ion 6.3.

For n - 5 , N — — 2n_1 - 31, the primitive polynomials are:

h1(x) 
— l+x

2+x5 h (x)  • h15(x) — 1+x3+x5

V 2 3 4 5 * 2 3 5 V

h 3(x) — lix ix ix ix h
3
(x) • h7(x) — l+x#x ix

h5(x) I+x+x
2+x4+x5 h (x) • h11(x) • 14x+x

3
+~
4
4ic5

1
1

V _ _ _ _ _  _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~- -
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2.4 Gold Sequences

The above results give rise to construction of certain sets of

rn-sequences of the same period . Any two rn-sequences generated by a pair

of preferred pair of primitive polynomials have even crosscorre lation
V
fl~~~~))/ ~~~~I

upper bounded by 2 ~~+l provided that n is not a multiple of 4.

However , the size of such sets is at most equal to that of the maximal

connected set of sequences of the same period which contains no more than

six rn—sequences for n S 12 (N ~~
. 4095) . The first analytical results on

the construction of larger sequence sets with low even autocorrelation and

crosscorrelation va lues were obtained by severa l researchers includ ing 
V

Gold 5 ,6: and Kasami [162 . These give rise to important families of

periodic binary sequences , the Gold and the Kasarni aequences each of whose

sets contains many more sets than the corresponding maximal connected sets of V

rn-sequences. The sets , howver , no longer consist of only rn-sequences. This

means that  the excel lent  per iod ic  autocorrelat ion  properties of the rn-sequences

are sacr i f i ced  in exchange for larger card inality of the sequence sets .

Gold sequences have a terse characterization . Suppose h
1

(x)

and h
~
(x) are a pre ferred pair of primitive polyn omials each of degree n ,

where n is not a multiple of 4. Then the linear shift-regis ter with

h
i

(x )h
~
(x) as its characteristic polynomial gerer ates a set of

different sequences of comeon period N — 21~~l. The even cro sscorrela tion

function of any pair of sequences and the out-of-phase even autocorre la t ion

function of any sequence (except for the two rn-sequences) take on only the

three values: -1 , _ 1_ 2~.
(n+2)/2J and _1÷2~(n+2) /2~

-U

~

— -—-— .--

~

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ V~~~~~~~
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The 2rn+l sequences in a Gold sequence set are obtained by initially

loading the generating 2n-atage linear shift-register with ?+l different

2n-tuples. As stated in [4 ~ the initial loadings are inferred from

knowledge of the first 2n bits of either rn-sequence and an entire period

of the other rn-sequence. However , a more practical way to generate the

set of Gold sequences is to modulo-2 add the ?-l different shifts of

ei ther rn-sequence to a f ixed sh i f t  of the other rn—sequence. Thus if

n
a — (a

0
a 1,. .. ,a~~1

) where N • 2 — 1, def ine T a — ~~~~~~~~~~ ,a.~4 1 ,

as the j—th cyclic shift of sequence a J place s to the

left for 0~ - j S N-I. Then the Gold sequence set comprises two rn-sequences

u and v generated by h 1(x) and h~(x) respectively and the N

composi te sequences w - u T’v, 0 5 j ~ 2n_ 2~ The symbol ~‘ denote s

modulo-2 addition.

From the theory of cyclic codes it follows that a Cold sequence set

(and a Kasam i sequence set) when augmented by the all zeros codeword forms

a linear cyclic code . Each Gold sequence gives rise to P1-1 a 2~
’-2 others

of the form • T h u. Note that two sequences u and v are said to be

cyc lically equiva lent if v — ttu for some i in (0 ,N_ 1 and cycl ically

dis tinc t if v # Ttu for any i in 0,N-l]. Thus the Gold sequence set

consists of all the nonzero cycl ically distinc t codeword s of the

corresponding linear cyclic code .

2.5 Kasamt Sequences

Another class of binary sequences with good periodic (or even)

autocorrelation and crosseorrelation value s is the Ka sarn i sequences ~72 .

These sequence s have lengths N — 2n 1 where a is even. They provide

sequences of those lengths not given by Cold sequences (i.e., for 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V
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n 1 0 mod 4). For n even , the re are a small set of 2t
~~
2 sequences called

the small set of Kasarni sequences and its super set of

sequences called the large set of Kasami sequences.

For n even , ~ a primitive root of h1(x) let be a root of the

irreducible polyn omial h5(x ) over GF(2) where s • 2n/2~ 1 The linear

shift-r egister with the produc t h
1
(x)h (x) over GF(2) as its characteristic

polynomial generates a set (the sm all set of Ka sam i sequences) of 2~~
2

sequences of period p — 2~~l. The out—of-phase even autocorrelation func-

tion of any sequence and the even crosscorrelation function of any pair of

sequences in the set take on the values -I, -s and s-2.

If t ,(n+2) /2~ 1 then for h
~
(x) the irreducible polynomial with

root and for a as above the linear shift-register with h
1
(x)h (x)h

~
(x)

as characteristic polynomial generate s 2~~
’2(2 n+l) sequences called the large

set of Kasam i sequences. The even crosseorrelation and out-of-phase even

autocorrelation functions of these sequences assume the va lue s -1, -s ,

-t , s-2 and t -2 .  The Gold and small  set of Kasami sequence s are subsets

of the large set of Kasam i sequences.

For completeness , the case for n m 0 mod 4 is considered . Let n be

a multiple of 4 and h 1(x) and h
~
(x) be as defined above. Then the linear

shift-register with hi(x )h
~
(x) as characteristic polynomial generates

sequences whose even crosscorrelation and out-of-phase even

autocorrelation functions take on values -1 , -,, -t, (s-2) and (t-2).

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 .5.1 Generation of Kasami Sequences
V 

Consider first the small set of Kasami sequences. Fix a (even).

V n/2 n
Then the number of sequences, K — 2 , the sequence length , N — 2 -1,

— 2n/2~~ and p - 2
E~~’2 _ 1• The period of the sequence, u, genera ted by

h
1

(x ) is N while that of the sequence, v, generated by h (x) is p5. a

factor of N. The lat ter sequence is then repeated N/p5 t imes to get a

derive d sequence of length N. To get the K sequences the following derived

sequences are used :

u and u V~~~ r
L

V , O S  £ S p5-l.

When the initial loadings are known, th, prod uc t polynomial h
1(x)h (x) V

is used instead of the above method .

The large set of Kasam i sequences are generated in a similar way.

For fixed n (even), the number of sequences is K — 2n~
2(2a+l). N —

— 2n/2~ 1 and t 2(0+2)12+1

Let h1(x ) generate sequence u, h~
(x) generate sequence v and h,(x)

sequence v and let al l  the three periodic sequences have the same length

N — 2~
’
- l .  Then the large Kasam i sequence set consists of

U

v

la + T tw , O S  1 5

u + T~v , 0 5 ~ 2
n/2~2

ii + , 0 5 k � 2n/2 2

u + T~v + 1m~ , 0 ~~ < 2~~2 o ~ m ~ 2
n/2 2

V ~~~~~~~~~~~~~~~~~~~~~~~~
_ _ _ _ _ _ _ _ _
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As before this method is used ‘m en the initial loadings cannot easily be

obtained . For n ‘� 0 mod 4, the above large set of Kasam i sequences is

equivalent  to adding the 2~~
2 codewords (after repeating each cod eword

ni’ n/2
2 + tines to get i t s  length to N) O,v11 v21 . ~V 

~~
, p — 2 in the

cyclic code with check polynomial h8(x) to each of the 2~
’+l Gold sequences

generated by the characteristic polynomial ht
(x )h

~
(x).

2.5.2 Characteristic rn-Sequences

In generating the Gold and Kasami sequences a t  least one of the

polynomials used is a primitive polynomi .il. For the convenience of

checking by comparison , the rn-sequences are generated in their character-

istic form. A sequence u • u0u1
u,.. .u~~1... is said to be in its

characteristic form (or natura l orientation ) if Ui — u21 Y t .  Willet 9:

tabulated the characteristic form of the primitive polynomials of degree n

for 2 ~ n 168 which ire listed in ~ 132 . Willet used the following

algorithm to compute the characteristic s-sequence correspond ing to a

given primitive polynomial. By truncating the computation the

correspond ing initial loading is obtained . A suamary of the algorithm is:

Let it be the degree of the primitive polynomial. Find m — 2n-2.

Compare the pr imit ive polynomial wi th h ( x )  • + a
1
xn l + + 1

3nd thereby determine a1,a2
,. ..,a E GF(2).

Let the initial loadings (unknowns, to be solved for here ) be

uO, ul,... .ufl_ l .

_____________  
V~U
-4

—V __________—-  -V-V--V
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From the linear recursion relation associated with h(x)

— a 1u j.~~.1 + . . .  + a u ~ i a 0,1,2,...

f ind U ,U 1, . .  . in terms of (a linea r combination of rh,)

unknowns a 1, a 2 , . . .  ~~~

Fin~ l1y solve the system of equations u~ 
a u2~ , i — 0,1,. ..,n—l

f or the unknowns. The resulting nonaero solution is the initial load ing

for the characteristic form of the rn—sequence of h(x). Refer to Table 2.

V 2 .6 Weakly-Barker Seq~~nces

Barker sequences of +1 and -1 have extreme ly good autocorrelation

properties.  In part icular , the y have I C k (L ) I  ~ 1 and

rn ax t ma xC~~(fl ,~~(z)f l  — 2 for  any possibl, length N . Also
L

0 ,jo d d

C (L)•k 
(N-L)/2(- 1) , L even

N-I
Z C k i~~~

’ k i~~
+
~~ 

— 0,
1—1—N

N- I  2 2r k i
._ Z C

k I
( t ) . N + N - l ,

and Ck i (l• ) a (
~
l)1Ck i

(
~
L) .

However , the on ly known Bar ker sequences have lengths N — 1,2 ,3 ,4 ,5 ,7 , 11

and 13. Each of the Barke r sequences u — u0,u1,... P UN 1  g ives rise to

three others under the transformations

I

-V —~~~

_ _
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table 2

V Characteristic rn-sequences of length N — 7, 15 , 31 and 63. ij
Primitive Polynomial Loading Primitive Polynomial Loading

N — 7 013 1647 015 1646 1
N — 15 023 0115 031 0753

N — 31 045 1131 051 1025

075 1756 057 1114

067 1642 073 1663

N — 63 103 0020 141 0772

147 0772 163 0642

155 0662 133 0110

r

- f l

~

V ~~~~~~~~~~~~~~~~~ V VVVV.~~ V~~~~~~ - ~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

V_—
a

V--V --_ - ~_ V-VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V V~~~~V _

~~
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i
— (— 1)  u~

t+lb~ — (—1) u~

• -u~

Thus not only are the lengths of the Barke r seque nces too shor t , but for any

such lengths they are fa r  too few in number f or almost all applications .

seguin 10 construc ted what he called weakly—Barke r (WB ) sequences

each of which has either good or bad even and odd autocorrelation functions .

In fact he showed that Il ’~k ( L) l  - 
~~k

Ct )tt 2 , l~~ I S N — I .  This was the

motivation for examination of the correlation properties of a set of 12

“best WB-sequence s of leng th 31” . The set has extremely bad crosscorre la-

tion parameters but extreme ly good autocorrelation parameters Their

autocorrelation parameters are superior to those of the Gold sequences of

the same length N • 31. Incidentally Segu in [lo also showed that there

exist WB -sequences of length n for eve ry 11. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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CHAPTER 3

ALC )RIt }~4S FOR FiNDING SUBOPT INA L SEQUENCE PHASES

The maxima l connected sets for a-sequences , the Gold sequences and

t he Kasami sequences guarantee onl y good even c roascorrela t ion  and even

autocorre lat ion va lues .  Their odd corre la t ion parameters , wh ich ar e at

least as important  as the even correlat ion parameters  for  some applications ,

may be too Large . Moreover , whereas most of the r e su l t s  on the eve n

corre lation tunctions have been derived us ing  the theory of l inear cyclic

cod es , odd c o r r e l a t i o n  func t ions are not kn own to admit such analysis.

Consequent ly , the re are only scanty ana ly t i ca l  r e su l t s  on the odd corre-

la t ion par am e te r s .  We have eva lua ted  complete  corre la t ion  parameter tables

ior some phast~s ( s h i ft s )  of Gold , Kasa zsi , and rn-sequence sets among others.

The only analytical method kn own for constructing a set of sequences

wtth a known (designed) upper bound on the odd crosscorrelation function 
V

is due to Massey and Uhran f14J . They showed that for 1(x) not divisib le

by 1 + x if the sequences generated by h (x ) • (1 + x) 1(x) have max imum

even crosscorrelat ion b , then the set of sequences generated by f ( x ) have

correlation parameters e < b and ~ ~ + b + 4 ) / 2  where L is the LCM

of the period s of the sequences generated by f(x).

3.1 Old and New Algorithms for Finding ~ ,timal Sequence Phases

To obtain optima l sequence phases of a given sequence set , an

exhaustive search wou ld always suffice. However, the amount and t ime of

computation is so prohibitive even for the shortest sequence lengths of

practical interest that one must resort to suboptima l techniques. Some of

the methods that have been used are presented in what follows .

1
1

~ 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- V .



23

3.1.1 Auto-Optimal Sieve

The following algorithm is credited to Massey and Uhran . Choose

a fam i ly  of K cyc l i ca l ly  d i s t i nc t  sh i f t s  of sequences for which

— !
~
8x(

~
ek (L)I : 1 < L < N - l , 1 ~ k < K) is re la t ive ly small , for

examp le , the Gold or Kasam i sequences. This first step applies to all
V 

the sieve s considered herein . Then choose a best phase of each of

the K sequences in the sense of min imiz ing the maximum out-of-phase

magnitude of its odd autocorrelat ion funct ion and (when several shifts

of the sa~~ sequence have the same such maximum) the nuther of occurrences

of this maximum . Finally order the K auto-optimal sequences (those with

smal l er e~ preceding those with larger values). V

3 .l.~~ AO/ LSE Sie ve

This and the next sieves were introduced by Purstey and Roefs ( 2 ] .

The AO/LSE sieve is similar to the previou s sieve except that ties are

resolved by choosing the ( f i r s t )  sh i f t  which baa least side lobe energy , LSE,

N— I 2S(k) — z Ck ( L ) .
1—1

3. 1.3 LSE/AO Sieve

Choose a s h i f t  of each of the K sequences which correspond s to

the least sidelobe energy (LSE) and, in case of ties , select the (first)

LSE-opt ima l. shift which, further , is auto-optimal.

3.1.4 Mean-Square ~~d Autocorre l ation Sieve

This is th. first of the sieve s introduced here. For each of the K

sequences that phase with the least value of
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V p~j / V ) ~~

~ 2t (8(1))
L 1

is chosen. Ties are resolved by selecting the (first) optimal shift which

a l s o  has greatest  nunier  of occurrences of C.,~(L)  — 0 , 0 < I < N i .

3.1.5 A Term inal Autocorrelation Sieve

For a binary sequence u — u0 , u l , . . . ,uN _ l ~ 
the terminal sequence is

defined as

t
k 

‘

~~~~~~~~ 

U~~ UN..~~~~~i

For each of the K sequences choose the (first) phase for which

1—  t
kaO

is smallest .

3.1.6 partial Correlation Sieve

From the definition of the mean-squared partial correlation function

(l.~) for a fixed window length u (~ O(log2
N))

n-i
N
2v (n) • n+ 2 

~ 
(n—i)8 (i)8 (i)

x ,y i-I 
x y

for b inary sequences a sieve funct ion

n-I
S(n ) t (n_ I )  (9 k (L )) 2

1 I

is deduced . The f i r s t  pha se of each of the K sequences with least S(n )

is selected .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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3.1.7 Concave Exponential Sieves

In contrast to the L.SE/AO sieve which is convex, it was fe l t  that

a concave sieve which expl ic i t ly  emphasizes the zero value s of Ck (L) would

be better. The conjecture was arrived by consideration of the average

interference parameter

2 N— I N -2
— 2N + 4 t Ck(L)Ci(L) + t (Ck (L)C j (L+i) + C.

K
(L+l)C

j
(L)i

1 1  10

The first concave sieve used was S( L ) .A e xp ( - C ~ (L) / 2C2 ) where A is a constant

and • or ~~~~~~ This time it is that f i r s t  sh i f t  of a sequence which

N -I

maximizes ~ S ( L )  which is selected. Tie s are resolved by choosing the best
1—1

V phase which , in addition has the greatest occurrences of Ck
(L) — 0.

3.1.8 Concave Quadratic and Higher Order Sieves

Two concave quadratic sieves have been used. c~ e is S(L) •

For each sequence sh i f t  the sum
N -I

Z
1—0

is evaluated and that shift with largest value of this sum is chosen.

When more than one such shift occur , the first shift with the greatest

number of occurrences of Ck (L)  • 0 is chosen.

The second sieve uses a general quadratic form and , by including the

linear term , incorporates the negativeness of the Ck (L ) .  Here S(L ) •

N(N + 1) - Ca(~
L) - (Ck(L))

2. The rest of the algorithm is as in the preceding

sieve. A cubic sieve S(t) • 
~ICtK (L)t

3 
and a quart ic sieve S(t) —

were also tried. Ties are resolved as in the concave quadratic sieve .

_ _ _  _ _
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The quality of the sequence shifts obtained by the various sieves

was measured by the self interferenc e ‘parameter rk k . Results obtained

from application of the sieves on Gold sequence sets of L.SE/AO sequences

of length N • 31 generated by the characteristic polynomials hjh~ 
— 3013

and h ih~ 
a 3551 are given in Tables 4 and 5 where the following notation

is used :

A: LSE/A0

2B: E
I— I

14 k-i 
2

C: t Z U U N -lk’.0 j—0~~ ~

4
t (5_i) (

~k
(L))

2

i—i

exp( - (C
k(L))

2
/2423

F ;  242 exp~ - (Ck (L ) )
2 /242 1

C: 100 eXp~ - (Ck CL ) ) 2 / 100)

H:

I:  992 - C
k(I) 

- (Ck (Z ))
2

.3:

K:

The initial loadings of the LSE/A0 Cold sequences generated by hih~ 
• 3013

and h
i
h
~ 

— 3551. are given in Table 3. 

~~~~~~~ 
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Table 3

Initial loadings of the LSE /A0 Gold sequences generated by charac teristic V

polynomial h
l
h
t

• h ih
~ 

• 3551, N — 31 h
i
h
~ 

— 3013

1 1114 1476

2 1734 1416

3 1632 0364

4 0711 0713

5 1644 1366

6 1077 1266 V

7 1603 0705

8 1253 0271

9 0601 1105

10 1622 1610

11 0625 0204

12 0340 0051

13 1060 1020

14 0577 1273

15 0710 1150

16 1552 1110

17 1611 1732

18 1712 1227

19 1266 0420
• 20 1310 1003 V

• 21 1232 0216

22 0221 0067

23 1014 1243

24 0746 0640

-1 
-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 3

(Continued)

25 1570 1664

26 0610 1.547

27 0254 0650

28 0153 1475

29 1256 0061

30 0056 0647

31 161.6 0647

32 1742 1103

33 1600 1312

1.

11~

_____________ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

V 
~~~~~~~~~~~~~~~~~~~~~
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Table 4

Selfinterference parameter of optimal sequences generated by various sieve s,
h h • 3551.
I t

A B C D B F G H I J K

1 2182 2382 2182 2182 2182 2182 2182 2182 2182 2382 2382

2 2206 2206 2206 2206 2206 2206 2206 2206 2206 2206 2206

3 2590 2814 2590 3814 2590 2662 2590 2590 2590 2814 2814

4 3598 3726 3598 3942 3598 3942 3702 3598 3598 3598 3598

5 2982 2982 3150 2982 2982 2982 2982 2982 2982 3262 3262
• 6 3494 3494 3862 3646 3494 3646 3494 3494 3494 3614 3614

7 3662 3774 3662 3958 3790 3958 3790 3662 3662 3766 3766

8 246 2 246 2 2462 2462 246 2 2462 2462 2462 2462 2606 2606

9 3646 3646 4134 4102 3646 4102 3646 3646 3646 3646 3646

10 2974 3382 2974 3366 2974 3366 2976 2974 2974 2902 2902

11 3006 3006 3006 3006 3006 3006 3006 3006 3006 3006 3006

12 3670 3670 4070 3110 3670 3110 3670 3670 3670 3670 3670

V 13 3102 3102 3654 3342 3102 3342 3102 3102 3102 3222 3222
14 2782 2782 2782 2902 2782 2902 2838 2782 2782 2782 2782

15 2966 2966 2918 3374 2966 3374 2966 2966 2966 2886 2886

16 2494 2494 2494 2646 2494 2646 2494 2494 2494 2494 2494

17 3206 3198 3102 4030 3206 4030 3230 3206 3206 3206 3206

18 6102 4054 4022 4302 3950 4302 3950 4102 4102 3950 3950

19 2606 2606 2870 2838 2606 2838 2510 2606 2606 2606 2606

20 3118 3134 3494 4862 3118 3486 3118 3118 3118 3134 3134

2 1 3118 3278 3398 3566 3150 3566 3150 3118 3118 3118 3118

22 3222 3286 3134 3678 3222 3678 3254 3222 3222 3110 3110

23 4238 4246 4358 4862 4238 4862 4238 4238 4238 4246 4246

24 3190 31.90 3478 3646 3190 3646 31.90 3190 3190 3190 3390
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Tab le 4

(Continued)

25 3406 3406 4358 4358 3406 4358 3406 3406 3406 3326 3326

26 3126 3078 3126 3910 3126 3910 31.26 31.26 31.26 3126 3126

7 2910 2950 31.02 3886 2910 3150 2910 2910 291.0 2950 2950

28 3054 3030 3182 3966 3030 3183 3183 3054 3054 3054 3054

29 2638 2814 3798 2838 2638 2638 2638 2638 2638 2638 2814

30 3662 3822 3662 4574 3662 3790 3662 3662 3662 3662 3814

31 4462 4486 4462 5022 4462 4486 4486 446 2 4462 4462 4462

32 4486 4486 4486 5270 4486 4702 4486 4486 4486 4486 4558 V

33 4622 4590 4622 5310 4622 5166 4590 4622 4622 4622 4622

S

~~ V . 
V —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——V 

~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~ 
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Table 5

Self in te r fe r ing  parameter of optima l sequences genera ted by various sieves,
hjh~ 

3013.

A B C D E F G H I J K

1 2382 2382 2382 2502 2182 2182 2182 2182 2382 2382 2382

2 24 14 2414 2414 2550 2414 2414 2414 2414 2414 2318 2318

3 2838 2838 2838 2942 2838 2838 2838 2838 2838 2958 2958

4 3070 3070 3070 3070 3070 3070 3070 3070 3070 2950 3006

5 2918 3166 2918 3166 2918 2918 2918 2918 2918 3198 3198

6 2750 2710 2750 3222 2710 2710 2710 2710 2710 27~0 2710 
V

7 3662 3662 3662 3886 3662 3662 3662 3662 3662 3662 3662

8 3510 3534 3510 4606 3510 3534 3534 3510 3510 3510 3510 
V

9 2870 2870 2870 3198 2870 2870 2870 2870 2870 2870 2806

V 10 3078 2998 3078 3294 3078 3078 3038 3078 3078 3078 2998

11 2478 2478 2758 2478 2478 2478 2478 2478 2478 2478 2478 V

12 3238 3238 3238 3550 3258 3258 31.82 3238 3238 3238 3238
13 3582 3694 3582 3846 3582 3582 3582 3582 3582 3582 3654 V

14 3030 3030 3030 3238 3030 3030 3030 3030 3030 3030 3030
15 2966 3006 2966 3238 2966 2966 2966 2966 2966 3006 3006

16 3422 3422 3422 3854 3422 3422 3422 3422 3422 3422 3422

17 3726 3726 3726 4114 3726 3726 3742 3726 3726 3806 3806

18 3142 3198 3142 3142 3142 3142 3142 3142 3142 306 2 3214

19 3214 3214 3214 4814 3214 3214 3214 3214 3214 3214 3214
20 4350 4390 4350 4334 4390 4390 4390 4390 4390 4238 4238

21 4150 4150 4150 4950 4150 4150 4150 4150 41.50 4150 4126

22 4430 4430 4430 4934 4430 4430 4382 4430 4430 4430 4430

23 2494 2494 2494 2742 2494 2494 2494 2494 2494 2494 2494

24 3302 3302 3302 3442 3302 3302 3302 3302 3302 3302 3302

~ IV

.

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 5
(Continued)

—

A B C D E F C H 1 .3 K

25 2734 294 2 2734 3070 2670 2670 2670 2670 2670 2734 2734

26 41.10 4110 4110 4542 4110 4110 4110 4110 4110 4110 4110 V

27 2758 2678 2758 2758 2678 2678 2678 2678 2678 2678 2678

28 4182 4182 4 182 5118 4054 4054 4054 4054 4054 4182 4 182

29 4010 4014 4014 4222 4046 4046 4066 4014 4016 4038 4014

30 2678 267~’ 2678 2702 2678 2678 2646 2678 2678 2678 2678

31 3398 3398 3398 4406 3398 3398 3398 3398 3398 3398 3398

32 2838 28 14 2838 3134 28 14 2838 2838 2814 2814 2886 2886
33 3310 3462 3310 3598 3358 3358 3358 3310 3310 3310 3310

ii

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—~~—~~~~ 
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3.2 A Binary Even- (kld Corre1ati~n Parameter Transformation

V . Define “randomizing” sequences of odd Length N as r — 0101.. .010

and ~ — 1010.. .101. For a given sequence set X of K seque nces , a~~. each

V of length N form the set

Y — (b
i a~ • s , a~ in X and s — r or

where here • denotes the term—by-term modulo-2 addition . If set X

has good even autocorrelation and/or crosscorrelation parameters , then Y

will have good odd correlation parameters and conversely. This is due to

a property of  the aperiodic correlation function as shown in [17).

As an examp le , it is pointed out that this transformation can be

app lied t~~ exchange the odd crosscorrelation functions for the even cross-

cortelation functions of the L.SE-optima l rn-sequences of length N — 255 (13 )

where 39 < ~(k) < 79 and 31 < 0(k) ‘z 95.



CHAPTER 4

SalE NUMERICA L RESULT S

Several numerical resul ts have been obtained via digita l computation.

Some of these rt~su1t s  and , where possible , their analyses are presented.

The peak t~ven and odd auto- and cros~ -eorrelation parameters are the main

V 
focus. Even more important perhaps is the aforement ioned transformation

whose significance is with respect to these correlation properti ts . In

the ma in , sets of 33 Cold sequences of length 31 have been examined but the

following sequence ‘amilies are some of the other cases also considered~

the S X.a~.zmi sequences of length 63 , the 12 weakly Barker sequences of

Length 31 , the 6 rn-sequences of length 31 , the 6 rn-sequences ot length 63,

the 6 cross-optimal Gold sequences (of Sywyk 1 11) )  and some “transformed”

Gold sequences of length 31. Becauae of space limitations , in general ,

only peak cor re lat~ on parameter tables will be included . In these tables ,

the peak even and odd cross co rrel at ion parameters are respective ly below

and above the main diagona l and the peak odd autoc orrel a tion parameters

are on the main diagonal .

Where the sequence set is generated by rnodu1o-~ addition of a f ixed

sequenc e , u , and successive shifts of another sequence , v, the following

V convention regarding sequence orde ring is adopted throughout : u, v , —

u • T L v , 0 £ < N -I where N is the co~~on sequence length .

V~~~~ [ Correlat ion Par~~~ters of m-Sequences (in C~ at~cteristtc For)~~

The correlat ion parameters of the 6 rn-sequence s shown in Tables 6 , 7 ,

and 8 for lengths 31 and 63 respecti ve l y are an a lyzed in this section .

For N • 31 the corretath ’n function s are:

IN , 1 1 0  mod N
0~ ( 1) •<

L~~~O mod N

_______________

-Il
— V~~ ~~~~~~~~~~~~~~~ ~~~~ — — V~~ -- —- — —-—- - -



35

V for a~.1 the 6 rn-sequences. The in-phase odd autocorre latlon function

has a constant value of N while the out-of-phase odd aut ocorrelat ion

function take s on the values 1 , 3 , 5 , 7, 9, 11 and their negatives. The

even crosscorrelacion function

r -9 , 11 L E C Q

- -1 , 3, 7 , -9 1 ~ C1 U C3 U C5

L -L ,3,-5,7 ,-9 1 E C15 C
7 

U C11

for all  1 < k < i 6. Moreover , for any fixed pair (k,i), °k L ~
1
~ 

is

constant for all values I in any cyclotomic coset mod N. The in-phase odd

crosscorrelation function also take s on only values -9 and 11. The out-of-

phase va lue s are 1 ,3,5 7 ,9,11 ,13 ,15 and their negatives as well as -17.

From Tab le 7 of the peak correla tion parameters we have 9 — 11 and e — 17.

The correlation parame ters of the 6 rn-sequences of length N • 63 in

their characteristic form are analyzed next .

I N  , L~~ 0 mod N

•

L ~~ L~~~0 mod N

for all 6 rn-sequences. The in-phase odd autocorrelation takes on the value

of N while th e out-of-phase values are l ,3,5 ,7 ,9,11 ,13 ,15 ,17 ,l9 and their

negatives. The even crosscor relation function

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Correlation paramete rs of 6 rn—sequences in charac teristic form . N — 31.
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Table 7

Peak correlation parame ters of 6 rn-sequences in the ir characteristic form,
N • 31.

9 Li LI ii 15 11

11 9 15 15 15 13

9 9 7 13 9 1].

9 9 11 7 11 13

9 9 9 9 11 13

9 9 9 9 11 11

Table 8

Peak correlatio n parameters of 6 rn-sequences in characteris tic form,
N — 63.

11 19 15 17 19 19

15 11 19 19 19 19

17 23 19 23 15 17

23 17 15 15 17 19

23 17 17 23 ii 25

17 23 23 17 15 11

• 
_ _ _ _
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V - 9,15 1 E C0

-l , -5 , -9 , -13 ,-17 , 7 , I E c1
• -1 , -93 , £ € C3 

VJ C
15

.1,—3 ,— 9 ,-17 ,7 ,15 , .~ E C5
• -I I t C

7

•) -1 ,-9,7, 15 , I E C9 U C27 V

-1 ,— 9 ,— 17 ,7,11,15 , E C11

I E C13
-1 ,11,23 , I E C23 V

-1 ,-5 ,-9 ,— 17 ,7,11 ,15 , I E C23 
Vj

for  a ll I. < k < i <- 6. The greatest nu~~er of distinc t values assumed by V

the even crosscorrelation function of any two rn-sequences of co~~ on

pe r iod N • 63 is 7 here. For any fixed pair (k ,i), 8k L ~
1
~ ~~ constan t fo r

V 
al l ,  va lues of I in any cyc lotornic coset.

is -9 or 15 for I < k , i < 6. The ,out-of-phase values for

• the odd crosscorrelat ion function are 1, 3 , 5 , 7 ,9 , 11, 13 , 15 , 17 , 19 , 21 , their

• negatives . -23 and 25. 8 • 23 and e — 25. Table 8 shows the corresponding

peak correlat ion parameters.

4.2 Correlation Parameters of the Gold Sequence Family of Length N 31
Generated by h

~
h
t 

— 3551 
V

The correlation function s of the fami ly of 33 Gold sequences in a

special form and in some of their suboptimal phases/shifts are tabulted

and , where possible , analyzed . A convenient notation for the sequences is

as follows. The two generating rn-sequences will be denoted u and v and the

other sequences by where - u • T~v , 0 < J < 30.
V •

~1

1
________________________________________ _ _ _  _ _ _ _  -~~~~
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4.2.1 The Two Generat ing rn-Sequences in Their tharacteristic Form V
From Tab le 28 of the correlat ion parameters the following analysis V

V 

is made.

V 8~~(O) • (0) — N for any of the sequences ,

r ~~ 
i u ,v

8(i) •
~

{ 7 , i .v
0

L 9  . i — w 1. 1 <j < 3 0

, i — u ,v ,w
max(8~~CL): I ~ £ ~- 30) ~ 0

L ~~~~~‘ ~~~~~~ 1 < j < 3 0

For any fixed 1, 1 < I ~ 30,

-1 for 17 sequences

9~~(I) “i 7 for 10 sequences

‘— -9 for 6 sequences

8(i) takes values in the set (7 ,9,11,13,15)

[ -9 . L t C
0

V..IC
5

-i , L K C
1 
U C

3 
U C15

L i , £ E C7 U C11

1~ 
-

~~ 1 E C
3

8
U V ~~~~ 

“4~ -1 ~ K C0 U C5 U C7 U C11

L i 1 E C 1 U C 15 
V

r -
~~ , , L E C

15 
V

~v ,w0
(t )  ~ . I E C0 U C3 U C5 U C11

L L K C 1 U C 7

- —I

-
~

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~ --



- ~~~V V  
V V~~~~~VVV ~ !V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V

40

K (-9 ,-1 ,7) where ~ and ~ are any sequences as shown in Table 28.

~ (0) — -I , 0 < i <. 30
u 1W~ — —

i E c 1
ev w (o) i K C5 U C7 U C11

i t r

I
8 (0) - -1 , 0 < i < j < 3 0

r -9 ,
8 (0) —~ V

• w~, 0 < i < 30

1-~ 
i E c 1

8
~ 1~~~

°) •~ -i i E C5 U C7 U C11

L 7  , i E C 3 c J C 15

~ 
(0) • -1 , 0 < i < j < 30vi, i

It is shown in Table 9 of the peak correlation parameters that the max imum V

magnitude of the odd crosscorrelation func t ion is six-valued , it takes on

values 7 , 9 , 11 , 13 , 15 and 17. The max imum magnitude even crosscorrelation

function is two-valued whereas the maximum magnitude odd autocorre lat ion V

function takes on the five values: 7,9,11,13 and 15.

4.2.2 The Gold Sequences Shifted Into Their LSE/A0 Phases

V The Gold sequence. of length 31. and generated by h
i
h
~ 

— 3551 are

each ahif ted into its LSE/AO phase and the correlation parameters are

evaluated . The even autocor relation function of the sequence set has the

values: -l ,-9 ,7,31 and V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VV V. V V ~~~~~~~ V~~~~~~~V~~~~~~ V V VVV ~~~~~
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The associa ted peak corre la t ion parameters are shown in Table 10.

4.2.3 The Go ld Sequences Shifted Into Their A0/L.SE Phases

The Gold sequences of length 31 and generated by h
i
h
~ 

— 3551 are

each shifted into its A0/LSE phase (Table 11) and the correlation parameters V

of the resulting sequences are found. For any fixed 1, i S  I � 30 ,

r -
~~ for 17 sequences

8
~~(0) •~~ 7 for 10 sequences

1. -
~~ for 6 sequences

r
9(i) — 7 , i — w

0 
V

V L 9 
~ 

i *W k )  1 < k < 3 0

Table 12 shows the peak correlation parameters for the A0/LSE phases (shown

in Table 11). The max imum magnitude odd crosscorrelation value is still 21.
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Table 11
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355L , N — 31.
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A .2.4 The Gold Sequences Shifted into Certain Other Optimal Phases

The correlation parameters of the optima l sequences obtained from the

same Gold sequence family of length 31. and generated by h
i
h
~ 

- 3551 using

the terminal aperiodic corre lation , the concave exponential and the partial

correlation sieves do not admit the same statistical regularity as the

V preceding optima l. sequences. Here only tables of the corresponding peak

V V correlat ion parameters are presented .

V Tables 13 , 14 and 15 show the peak correlation parameters of the

V opt ima l sequences generated by the concave exponential , the partial corre lation

and the terminal  aperiodic correlation sie~,e respective ly. Also see Table 16.

.
~.3 Peak Crosseorrelation Parameters Between Some Pairs  of Gold Sequence

Sets 1 N • 31

In some applicat ions it may be necessary to maintain  a sequence length

N but require more than K — N + 2 Cold sequences. Selection is then made

amon g groups of Gold sequences. Of course , the requirement that the

correlation parameters have to be minimized is still in force. Following

are s~~~ resu l t s  on the peak crosscorrelat ion parameters obtained between

pairs of Gold sequences.

Let (~ ,8) represent the Cold sequence set generated by the characteristic

polynomial h~h8 
and Xi represent the pair of Gold sequence sets generated

by characteristic polynomials X and Y (the two generating rn-sequences are

in their characteristic loris). Then if A — (1,3), 3 — (1,5), C • (3 ,5) ,

D - (1,11), E - (3,11) F • (1,7), C a (5,7) and H • (7 , 11) Table 11

shows the values of the peak croascorrelatton parameters of the indicated

sequence set pairs .
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Table 16 V

Comparison of the peak correlation values for various optimal sequences
derived from sequences generated by h

i
h
~ 

— 3551, N — 31. V

“Sieve” ~(i) ~(i) 
e(k,t~ 9(k ,i)

V Generating rn-sequences
V in charac teristic form 1,7,9 7 .9,11,13,15 7 ,9 7 ,9,11,13,15,17

A0/LSE 1,7,9 5,7,9 7 ,9 9,11,13,15,17,1.9,21

LSE/A0 1,7,9 5 ,7,9 7 ,9 9,11,13 ,15 ,19,21

Termina l aperiodic
correlation sieve 1,7,9 5,7,9 7,9 9 , 11, 13 , 15 , 17 ,19 ,21

Concave experimental
sieve 1,7,9 5 ,7,9,11 7 ,9 9,11,13,13,17,19 ,21

Partial correlation
sieve 1,7,9 5,7.9,11,13,15 ,17 7 ,9 7 ,9,11,13,15,17,19 V

r

_  

p

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ V V ~~~~~ V V~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~ V
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Table 17

Value s of the peak crosscorrelation parameters of pairs of Gold seqnence sets.

xy spectra of Peak Crosscor-relation Parameters

Even Odd
AB 9 ,13,17 9,11,13,15,17 ,19,21
Ac 9 ,15, 11 9 , 11,13,15 , 17 ,19 ,21

9,15,11 9,11,13,15,17 ,19,21,23
AE 9,15,11 9 ,11,13,15,17,19,21
AF 7,9,11,13,15,21 7,9,1.1,13,15,17,19,21

BC 9, 15 , 17 9 ,11,13, 15 , 17 ,19

31 9 ,13,17 9 ,11,13,15 , 17 ,19 ,21

BC 9 ,13,17 9 , 11, 13,1547 ,19 , 21

DE 9,15,17 9,11,13,15,17,19,21

DF 9 ,15, 17 9 ,11,13,15,17 , 19,21

DR 9,15,11 9,11,13,15,17
CR 7 ,9 , 11,13 ,15,21 7 ,9 , 13, 15,17 , 19 ,21 , 23

CF 9 ,15, 17 9 ,11,13 ,15,17 , 19

-‘4

_ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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From the dat a it is conc luded that the peak even crosacorrelation

function between two Cold sequence tarnilies whose generating polynomials

are products of polynomials belonging to the same maximal connected set

takes on only the three values: 9, 15 and 17 for N • 31 while the peak odd

crosscorrelat ton function takes values in the set [9,11 ,13 ,1.5,17,19,21,233

provided the sequence pair is expurgated of repeated sequences. When the

two Gold sequence sets do not belong to the same max ima l connec ted set ,

the peak even and odd crosscorrelation function take values in the sets

,7,9, 11 ,13 ,15 ,21,31) and ~.7,9,l3 ,l5 ,l7 ,19,2l ,23 ,31) respective ly. Thus

it is apparent that , provided that peak even crosscorrelation parameters

as high as 17 are tolerated , the nu~~ er of Gold sequences can be sub-

stantially increased beyond K - N + 2. The full peak even and odd cross-

correlation parameters for the pair DH are presented in Tables 18-20.

4... ~~an-Sguare Partial Correlation Parameters of S~~~ Sequence Familiesof Lengths N • 31 and N • 63

The acquisition of the epoch of a long sequence involve s correlation

ove r a re la t ive ly short window of the sequence since acquisition time is

V relative ly short. In (12] Putaley showed that one of the key correlation V

partial correlation parameters is a mean-squared partial correlation v (w) 
V

for window length w • 0(log 2 N) .

w-1
(w) — (w - !iI) 9 (j)Ø*(j)

i—i-u X )‘

which for binary sequences of length N reduces to

2 v-I
(w) • wN + 2 ~ (w-i)e (i) 9 ( i )

i—0 * y

-~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __a —_- -- ~~~~~~~ ~~~~~~~~ V V ~V_~~ V
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1’ Table 18

V Initia l loadings for sequences in the pair DR.

D H 
V

V 1 1131 1114
2 1663 1663
3 0752 0777
4 0476 0453

5 0227 0202
6 1705 1720 

V

7 0541 0564

8 0051 0074

9 1270 1255

10 1632 1617

11 0737 0712 V

12 0524 0501

1 
13 0103 0126

V 14 1154 1171
V 15 106 3 1046

16 1215 1230
V 

17 1760 1745

18 0413 0436
19 0375 0350

V 

20 1421 1404

21 0310 0335
22 1573 1536
23 0034 0011
24 1322 1307

I
-I I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •V V~~~ V VV



Table 18

(Continued )

25 1516 1533
26 0166 0143
27 1006 1023
28 1.347 1362

29 1444 1461 V

30 0242 0267
31 1657 1672
32 0665 0640
33 0600 0625

-~~~ -— V V V V ~~~~~~ V ~ V V~~ - _~~V V V~~~~V ~~~~~~~~~~~~~~~~ 
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The window lengths used for N — 31 are 4,5,6 and 7. The parameters were

normalized to

2 2 w—l
N “ (w) — w + 2N ~ (w-i)8 (i) e (i)

x ,y i•0 y

called the mean-squared partial correlation for window length w. The

value s are given in Tables 34 to 37 from which it is clear that N ’2 v (w) ~ v

for Co ld sequences. Partial correlation values were computed for some

sequence fami l ies of lengths 31 and 63 and are shown in Tab les 38 to 40 and

the corresponding extrema l values in Tables 21-24, 26 ~.nd 27.

For Gold sequences , the partial corre lation for the LSE/A0 phases are

identical to those for AO/LSE phases. However , those for the Gold sequence

set for which the two generating rn-sequences are in their characteristic

form are d i f fe r e n t  as shown in Table 22.

The partial correlation parameters of the set of Gold sequences

obtained by modulo-2 adding the sequence r • 0101.. .01 of the same length

31 to each sequence of the AG’LSE G~ Id sequence set are shown in Table 23.

V 

Thus, s ince it is desirable that the partial correlation function

be as small as possibl e , it is advantageous to “randomize” the

sequences - the peak partial correlation values are decreased but al so the

least values are increased slightly .

For the 12 best weakly-Barker sequences of length 31 obtained in (10)

and shown in Tab le 25 , the partial correlation par ~~~~ters are given in

Tab le 24.

For length , N — 63 partial correlation par ameters were computed for

Sywyk ’ s 6 cros~ -optima I Gold sequences and for the S Kasa isi sequences.

L~~~~~~~~~~~ V V VV V
~~~~~~~~~~~~~~~ V~~~~~~~ V - - 
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Table 21

Extended partial correlation parameters: A0/LSE Gold sequences: h
ih~ 

3551,
N — 31.

Window length , w Maximum , ~ Minimum , B x 100%

4 4.9 3.4 37
V 

5 6,4 4.2 44

6 8.1 4.8 55

7 9.9 5.5 62.9

Table 22

Extended partial correlation parameters: Gold sequences generated by
hl

h
t 

• 3551 , the two generating rn-sequences in characteristic form , N — 31.

Window length, w Maximum , o Minimum , ~ x 100%

4 4.9 3.3 40
V 

5 6.4 4.1 46

V 6 8.1 4.8 55

7 9.9 5.6 61.4

- _ _ _ _  _ _ _

_ _ _ _ _ _ _ _ _ _ _ _ _ _  V ~V~~VV~ 
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Table 23

Extremal par t ia l  correlation parameters: “rand omized” A0/LSE Gold
sequences: h

1
h
~ 

• 3551, N — 31.

Window length, w Maximum, ~ Minimum , B x 100%

4 4.7 3.6 27.5

5 6.1 4.4 34.0

6 7.5 5.5 33.3

7 8.9 6.2 38.6

Table 24

Extrema l partial correlation parameters of the 12 best WE-sequences, N • 31.

Window length , w Maximum , ~ Minimum, B ~~~~
- x 100%

V 4 4.2 3.9 7.5

5 5.4 4.9 10

6 6.5 5.9 10

7 7.7 6.8 12.9

____ _-  ~~~~~~~~~~ V V V ~~~~~~~~ V V  V V V VV V V~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~~~~~~~~~~~~~~
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Table 25

Beat WE-sequences of langth N • 31.

I I ~“fl~~I ~~~~~~~~~~~ ~~~
V a 2 I I I 131.41 11 ~~~~~~~~~~~~~~~~~~ I~it~~l~V 

C S 341 WI 1 I~.’ $ ‘~ I I ~~~~ ~ •)~
4C1~ ~~~~~~~~~~ I I I I I I

C ~ I ~‘I~.II4 t 1(3 1 A~~1 I 1~~t 1 1 4 1 3  I I I  ~~~~~~
a 5 ~~~~~~~ 1 1 1 3  1 ”~1 I L~’1 I 1~~~ !~~ 1 I~~I~1 I l
S ~‘ 3 1 1 1 1 1  ~~~~~~~~~~ I .3c ’ r~ I ‘Mt ~~~ l 14  ‘~ I ~~~ i 1,’I ~‘
S 7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I L t ~~”1’ I I
S
• 

•) 
~~~~~~~~~~~ I I I I b.)I* 

~ (“ I’ 111 ~~ I ~ 1~ ~ I ‘~~ I ~ I51’ ) 1 1 1 1 1 1  1~~~
34M L 1 ~I 1~4I~~I ‘ I~~.i1~~1~~1~4I I I  ~~I ~‘ I ‘II “~‘ 1 W I I ~II (~ 11 ~ I I ~~~~~~ I 111 1 11

• 1 2  1~’iI~3 I  311341 ( 1( 1 1 ~ t % I L 1 t ~~~~~~~~~
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V Table 26

V Extrema l partial correlation parameters for Sywyk’ s 6 crossoptimal sequences.

Wind ow length. w Maximum, ~ Minimum, B x 1007, 
V

5 5.2 5.0 4
V 

6 6.7 5.9 13.3

7 7.9 6.9 14.3

- 8 9.1 7.9 15

V Table 27
V 

Extrema l partial correlation parameters for 8 LSE/A0 small Kasarni sequences
h
1 

— 103, h
~ 

— 015, h
l
h
t 

— 1527 , N — 63.

V Wind ow length , w Maxi .~~, o’ Minia , E z LOOt

V 5 5 3  4 7  12

6 6.6 5.6 16.7

7 7.8 6.4 20

8 9.0 7.3 21.3

L
V V V

~~~
V V

~~~~~~~~~ VVV V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~JIV V V V~~~
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CHA PTER 5

COlIC L.US IONS

Full period ic correlation parameters of some special binary sequence

families including the Gold sequences of length 31 have been computed .

The associated peak correlation parameters were al.o readily f ound .

Sieves for cyc lically shifting a given set of bin ary sequences into

desired phases were examined. Performances of old and new cand idate

sieve s for optima l sequence phases were compared . No sieve examined was

V found to be op t ima l in the sense of being uniformly better than any

V other.

The peak crosscorrelation parameters of some pairs of Gold sequence

sets of leng th 31 were evaluated . They exhibited a set membership pattern .

A binary transformation which exchanges the peak even and odd period ic

correlation parameters of any binary sequence set was exhibited . Finally

the mean-square partial correlation param.’ters of some binary sequences

were computed .



63

REFERENCES

1. H. B. Pursley, “Performance evaluation for  phase-coded spread-spectrum
multiple-access co~~ inications--Part I: System analysis,” ~g
Transac t ions on Co~~~ nicat ion,~~ vol. Cc~(-25 , pp. 795—799, August 1977.

2. H. B. Pursley and H. F. A. Roefs, “Numerical evaluation of correlation
parameters for optimal phases of binary shift-register sequences ,”

V to  be published .

V 3. F. J. MacWilliams and N. J . A. Sloane , Tha Theory of Error-Correcttn&
Code~ I. North-Holland , 1977.

V 
4. 34. B. Pursl.y , “The role of coding in multiple-access satellite

cosmunication systems ” Report R-724, Coordinated Science Laboratory ,
University of Illinois , Apr il 1976.

5. IL Gold , “Optimal binary sequences for spread spectrum multiplexing,”
V IEEE Transactions on Information Theory, vol. IT-U , pp. 619—621 ,
V Octobe r 1967.

6. R. Gold , “Maximal recursive sequences with 3-valued recursive cross-
V correlation functions,” IZEE traniac t tons on Informs t ion Theory,

vol. IT-l4 , pp. 154-156 , January 1968 .

7. D. V . Sarwats and M. 8. Pursley , “Applications of cod ing theory to
spread-spectrum multiple-access satellite co~~~ani cat tons , ” Proceed ingi
of~~the 2EE~ C~anadi~s~ co~~u~ Lcati9ns Ppweç ç9j~iference, pp. 72-75,
October 1976.

8. H. F. A. Roefa , “Binary sequences for spread-spectrum multiple-access
cosmunicat  ion ,” Report R-78 5 , Coordinated Science Laboratory ,
University of Illinois , August 1977.

9. M. Willett , “Characteristic rn-sequences,” Mithernatics of Computation, V

vol. 30, pp. 306-311, Apr il 1976.

10. G. Seguin , “Binary sequences with specified correlation properties,”
Technical Repor t No. 7103 , Department of Electrical Engineering ,

V University of Notre D ame , August 1971.

11. H. R.  Sywy k , “Sub-bind codes for code m u l t i p l e x in g ,” D.par~~~ nt of
Electrical Engineering , Royal Military College of Canada , May 1975.

12 . H. B. Pursley , “On the mean-square partial correlation of periodic
sequences .” Proceedings of the 1979 Conferenc e on Information Sciences
and Systems, Johns Hop kins Un ive r s i t y ,  March 1979.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

______________________ 
V 

V 
VA



V V~~~ V~~V V~VV V V ~~ V ~~~~~~ - r ~ V-V V V V V ~,-~ VV . ~~~~~ r V V V ~~V V~~:~~~~~~~~~~~ i ~V~ : 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V

V 
13. H. F . A.  Roefs , unpublished notes , 1977.

14. J. L. Massey and J. S. Uhran, J r . ,  “Sub-band Coding,” 
~~~~~~~~~~~of the Thirteenth Annual Allerton Conference on Circuits and System

V Theory, pp. 539-547 , October 1975.

15. V. Stahnke , “Pr imitive binary polynomials ,” Mathematics of
Computation, vol. 27, pp. 977-980, October 1973.

V 

16. T. Kasami , “Weight distribution formula for s~~~ c lass of cyc lic
V codes ,” Report R-285, Coordinated Science Laboratory , University of

Ill inois , Apr il 1966.

17. D. V. Sarwate end H. B. Pursley, “Cros.correlation properties of
V pseudorandom and related sequences ,” Proceed ings of the IEEE,

to appear.

V 18. Y. Niho, “Multi-valued croascorrelation funct ions  between two maximal 
V

l inear recursive sequences ,” University of Southern California , 
V

USCEE Report 409, January 1972.

19. R. Gold and E . Kopt izk e , “Stud y of correlation properties of binary
sequences , ” Interim Technical Repor t Number 1, (AD 470696),
Magnavox Research Laboratorie s , Torrance , California , August 1965.

V 20. H. B. Pur sley and D. V . Sarwa te , “Performance evaluation for phase-
coded spread-spectrum multiple-access co~mnuntcattons - Part II: Code
sequence ana lysis ,” IEEE Transactions on Coeinuntcations, vol. CON-25,
pp. 800-803, August 1977. V

L _ _ _ _ _



~ _~ V V V V V~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

65 

V

APPENDIX A

1. 
CORRELATIcV PARAMETERS CF GOLD SEQUENCES, h ih

~ 
— 3551

I )

V
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Table 28

Correlation parameters of the Gold sequence set genera ted by h lht — 3551 with
the two generating rn-sequences (#1 and #2) in their cbaract.ristic form , N • 31.
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Peak correlation paza~~ ters
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Table 30

(Continued)

Peak correlation parameters.
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Table 31

(Continued)

I! Peak correlation parameters.

11 21 21 15 21 19 17 21

: ‘~~ ~~~ ~~~

9 9 9 11 19 19 17 17

9 9 9 9 11 17 23 21

9 9 9 9 9 13 21 21

9 9 9 9 9 9 11 21

9 9 9 9 9 9 9 11

1;

I— 

— -- ‘-I-—- -



98

4’ —
• I S I I I I I I • I S I I I I I p

— WI — — WI 5 4’ — — — P IV P P WI IV

• I S — I S I S I I I I

• — — — .5 — 5’ dl — 5 — p p WI p

• I P I I — I 5 5 I S I

P — — WI WI dl — 4’ 51 — 5 p s P P
WI I P — S — I 05 I I I I

5 4’ 4’ — 4’ 5 — 5. — 5 — p p — — a. p _
a I 

7 
I a’ ‘ P S I

WI — WI — a’ 41 51 — WI — 51 5 5 WI 5 IV 51
4’ I — S I 4’ I P 5
4 5. 4’ — 4% SI — 4 — WI — ~ P 51 P

SW P — I P — a’ S S i p

• 41 — — — 4’ WI 5 dl IV 45
4’ I I 5 5 5 4’ 5 5 I I I S I I

Id S P 55 — — WI — SI WI 5 — p — — I — p

154 
4’ I I — I I a’ I S I S

4’ 4’ 4’ — IV 5 P IV WI — 4’ — P IV 51 P IV

U 4’ I V I I S — dl 5 I S S

I-
WI IV — P dl dl — WI 4’ P4 — IV 1 51 5. — p

WI — — I — I I I a’ I 5 I 5— — VI P VI 5’ — Cl — — a. P P - IV — p
Is 4’ — — — S WI I I V s
V s
WI 5 dl 4’ — 5 5 4’ IV 5. 5 — IV 51 p p

U 4’ I 5 4’ 5 I I I

S US P VI — — 4’ — WI WI P — P IV S — P — P
SW — S I I SW I I I

.0 5 — — — 4’ 4’ — 5
U SW I I S SW S S I I I S S I

C 51 VS — s — IV — S 51 IV p p

— IV I IV S — — SW P 5 5 5
I I

.4 — — IV — 05 4’ P — 4 P — p
SW — I I I I SW I I I

U 55 4’ 4’ — a’ p — 4’ — p p - - p ~~
C IV S S — S S • Sv I I I I

5 WI — 4’ 4’ 41 WI — WI S — IV P S p P —
CI IV I I — IV S I S I

V WI — — — 5. — dl VI — 4’ — p P 5. IV IV 51
• SW I — — *4 I I S I
S I
B *4 a’ — WI P — 4’ IV — P — P P IV

(‘9 ‘15 I — I SW S I S I

41

• ——— ~~~ .$~~~s—  SW IV I I I I I S S I
— — — a. , ..

—I *4 _
~~~5~~~

_ _ _ _  S  WI P — WI 4’ P 55 5 — P 5. P p
.0 * •.. ~  • 5 • S *4 5 5 I I
S Is — 5 5 5 5 $ ——
fl 

~~ 
— 5 * 5 5 5 5—  p p p — — P — WI a’ p — p p  p

C  — S I — I S I I
— — S S

— $ — 5 —* ~~~~$ 4 I S I S  I I S W I  4 1 I  I I  ( I I I

•~~~~S~~~~ S — ‘  WI 5 5 W I a’ a ’ 5 ’ p 5~~~.P d l W I P  P t 5 . P P W I P I V S .  I p
44 * S — 5 5 4 I I I  — —  I I S I  — . 5 5 5  S I  I I  I
_ p 5
5 $ P~~~~ — — 5 — j  .5 W I 5% WI V I W I S . W I 4 1 — P— — 55 4 5 — .. . . . p P W I P P P U S . .S ..

— — S 5 — — 4 ’ —  _ 4  5 P 1 I I  I — 4 5 5  I I  S I l l
— 5 S — — 5 5 —  I S
• a _ _ p p . _ _ V I p W I P 5 . 4’ W I P 4 1a ’4 ’ — p — V  5 ’ P —~~~~I V W I P P 4’ P . . . W I S S~~~- p p

‘0 ~~~~~~~~~~~~~~~~~~~ 4 ’ I  S S I — I — V I I I  I S I S  5 5
• S

.0 — $ - * 1 —  • • W I 4 a~~.W I .. W I P W I 4 1 W I 4 ’5. • 5 _ p ~~~~p — s ~~~~s — . 5~~~~~~~~~~...
44 $ S — — 5 — ~~~ 4I I — I S I~~~~ — P 1 I S  I I S I I  I I I I I

_ _ • — — — , _  I 0
— t t — ~~~~: t —  WI~~~~~~~WI 5 ’ 4 ’ P p 4’ 5 ’ 5 5 5 4 1— 4 ’ V S~~~~~~~WI~~~~~~~p W I W IP 5 4  -
0 — — 5 — — —  — 5’ I I I I I 4 1 1 1 1  S I l l
— I I I ~P4 $ — c — T f — 5  S . 4 5 ’ S 4 1 V . V S5 ’ —4’~~~~~~~~~~~~~~~~~~ Z *4 e  P — s — P s . — _
t — — $ 1 5 —  4’ I 1 1 1 1 1 1  — 5 I~~~~~~~5 5 I  5 5 5 5 5  1 1 1 1 1  5

555 — 5 2 — t — —  S S
0 * 5 1 5 —$  P 5’~~~~p P d14’ 4 ’ 4 1  — # ~~~~ — p 5 1 a . U S I PPP s . .

~~~~~~— % — — S —  dl 5 5 1  S V . S l  I S S I I I
I I  0

V — t ~~~~ s — — s — : — v  S I  I l l — I — — I  ~~~— 5 ’ S S  I S I I I
U ~~~— s a c — — ~~~~—

• S~~~~~~~S — — — 4 ’ s j  51 I I  — — S I S I a  V I I I  S S I P  I 5
S I S

. . $ — ~~~~~~~~~~s 4 S — — 1 1 1 1 1 1  I I  S~~~ P S I  I S I  S I I

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
4 S ~~~ dl 1 I 5 I I   4 ’ I I  5 I 5 5 5  1 1 1 1 1

.54 
~~~~~~~~~~~~~~~~~~~~~~~~

S — —  S — ~~~~~~ 41 I I II (  4 1 5 5  S I  I I  S p
• 5 —  — _ . 3• ~~~ I 44 

r a ’ v - — — — e — —~~— p — — ~~~~— 5 1  ~~~
_ _

~~ 
?~~— 3 — 1~~~~~~~* z  • I S I S  I~~~~~ I S I I I  S~~~ 

5 1 1 1 1 1 1  I I S l ~~~ 5

P4 —~~~~— — — : ~~~~•~~
j . I — I  i — S  — S  1 h Z  P S I  1 1 1 1  I I

— — — — $ $ ~~~~ — :~~~ I —5
• S 5 — : S — —~~~~t — a 0 W I p 4’ — — 5 P ?  S W I p~~~~ r p — . s

~~~~~~~~~~~~~~~~~~~~~ a I I I I P S I  I I  ~~~I S  I
1~~~~~5 ,~~~~

__
~~ %~~~~~~~~~~— — ? V I p p — — : % 4 p r s — p P ?~~~~ . 5 s . .

— — * ~~~~~~~ : — — ~~~ V I I l — — I l l  ~~~4 P S I  I I  I l l s
‘ P  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5
% — — _ $ _ _ _  P 5 5 5  1 1 5 1 SW V I I  I I I  I S  5

— q a•  ~~~~~~~~~~~~~~~~~~~~~ 
_ a 5 • S~~~~~~~

. * e s S e 4 ’ _ p
5 4 I 4 S 4 3 1 4 1 5 1 1  J 5 5 1 4 1 4  4 4 £ 5 4  ~~~l

* 4 5  5 I 5 * 5  I I I
5 . 4 5 5 5 5 5 5  ‘ . . ‘ 5 ~ .

~

-‘• -

~

--- -~~~~ 
---- I ’ -  I - - - - -  -~~



~~~~ • .

VI P — p p — — p p 1 —
P

— P — S

4

* P P  — 1 1 ¶ — — I — 

P p P p

S
— I ~ ~ —  p ¶ P   p ¶ P P — — 7 — p — —

— P P — S II P — P

S 
p p — p — p

P

• I ~ — — I — ~ P P — — — — — ~ ~

S
• p — — p p — S 

I   p  p p  P P S P p p p  p p

C 
s I I 1 1 1 1 1 1  5 I I I I I I

0 ~ S — — P — S P P P — P

P4 5 
I I I I I I I I I I 

~ 

~

C
~~ 0 I 0 I I 0 1 1 1 1 1  I I I I I

(54 ..
~ ._4 • p  p — ~ —

4$ WI P 1

S
V C —I .. I

— .~.4 5 . . . .p p p .t  P_ _ e S  ~~~~~~~~~~~~ 
.0 ~ Is — —  

1 1 1 1 1 1 1 I I 1 1 1 1 1 1 5  I I I  I I I

S C Is ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘— o 0 I

U •~~~se  p.~~~~p p p • _ _•

•-_- S r.

• ~~~~~
‘ I 1 I~~~~~~~~~~~~~~II 51

~~ 

2 — I S 1 1 p p . p S . P1 7~~~717S .. ~~~~I p  ~~~— I
U :— 

~~~~~~~~~~~~~~~~~~~ 
C
V 

P p _  p 

-IS 

— 0  p p _ P s _ p  5 5 . 5 . .  

P.
I _ p.  P P  S P P P — — —  

‘— p  

~

_ _

~

_

~

_ 
~~~_

4 .  

¶ 1
“P

S.   

P • P — P • p p p . •e p

54
V P  I * 1. 1 5 . p  p.. a~~~~.

— p

~

I1’I ’S

.: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— S P • • p P P — S P P

5 _  • • • — 
I I I — — —

• 
I 

* — — I_ I~~~ I • • —

____________  ~--•‘ - --~~~~ -~~~~~~ - - •  —••-— -•- rn

.

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



- ° I ~~~~~~~~~~ 7 1 7 — : 1 7 1 7 17 1 1 7 1 7
— _ — P 0 — P P — P

P -
.1 P 51 P P 51

P P Z _ . : _ P P 7 I 7 I 7 ~~~~~~~~~ _ P 1 7 7_

;



1 ~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _

101

Table 32

• (Continued )

Peak correlacion parameters

11 21 19 21 23 19 21 25

9 21 19 15 17 21 23 23

9 9 19 15 19 19 21 25

9 9 9 19 17 21 15 15

9 9 9 9 15 17 21 23

9 9 9 9 9 15 23 15

9 9 9 9 9 9 15 19

9 9 9 9 9 9 9 21

- - -- -_ _ _
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Table 33

(Continued )

Peak correlation paraaeters

13 17 17 19 17 17
I 

17 19 17 17 17 19

17 15 13 17 17 21

17 17 17 15 15 17
17 17 17 17 9 19

17 15 15 17 17 15
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APPEND IX C

PARTIAL CORRE lATION PARAME TERS (V SOME SEQUENCE FAMILIE S
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4 4 4 0 . 4 5 4 5 .  4 4 4 5 .:

5 1 5 5 5 5 1 50 . 4 5  SI 5 5 5 55 4 1  —

5 0 . 5 1  —. 4~~~~4 5 5 . 5 .  4 5 1  4 5.

4 5 5 15 5  51 P 5 .- 5 1 5~~~~41 4 5 5 5

I.—’ 
. 5 5 %  IV 4 4 4151. 55 44 4 0 .  5 4

p 55 1  4 5 1  5 4 S 5 5 5 1  3 1 5

4 4 5.0. 4 40 . 0 . 5 1  3 5 1.4  4 P1 4

.~~ 
.~~ p 5 5 5 14 $ 5 5 5 5 5 5 45 1 .

5 4 5 5 1  4 3 5 5 54 4  4 5. 5.5 . 0 . 0 .

0 5 14 5 5 . S SW I J 4 1 4 5 1W I 5 55 s w 5 1 1 . -

— 4 4 5 1 4 45 . 5 1 0 . 5 .4 0 . 34 40 1. 4 4 0 .

— 4  5 0 . 4  4445 5 4 W I5 5 5 5 . P  4 5 1

51 4 4 4 4 5 3 4 5 .  — IV 4 S o  3 5 1 0 .  4 4 5 3

WI 5 55 51 a’ s 5 5* 5 5 1 0 1 5 5  44 5 5 4’ . -  .0 

5.10.5. 4 4  IV 4 0 . 0 .  4 40 .  IV 4 44  4 4 5 - .

W S P5  S~~ 5 5 1 * s 5 5 5 5 S S  5 9  5 5 1 14 1

•4 J 4 jI V  4 4 4 5 1 5 4 5 5 3 4 0 . 0 1 4

.-Sd~ P. 5 5 5 5 4 1 5 5 4 5 5 . 4 1 5 5 0 .  W I 5  4 d l5  — .
• 0. 5101 4 ~ 4 4 . 5  4 5 1  51 . • :.. ~ ~~

* • 4 4 4 5 .4 5 5 5 5 0 .  4 4 5 .  4 4 S0 4  4 0 .

* 55 51 4 .4 4 .5 .4 45 .  IV 4

I I 

55 0 5 4 5 4 55 0 .4 5 4 5 4 44 5 1 4 4 4 4 4s 5 14 5 1. . I V

S 4 4 5 55 1  4 * WI 45 .  5 5 5 5 . 5 5 1  ~~ S *~~~ 4 0 . 5 1 4 1 5 . . -
I

. 5 . —* ? P C 4* *~~~ ..51.:05 • . - 4 . - $ 5 5 - .$ .-
• S I I S S I S I S S.  5 

4 0 .  4 4  4 0 .4 5  45 .  4 4  4 5.  4 4  45.  1I V . I V 01

.4 I S S S .  
51 5 14 5 5  .5 • 9 • 5 4 4 4 5 1  . 445  4 4 4 4 4 44 s  —

15 W I • 0 1~~~~~ 5 . 5 1 5 l p 5 . 5 . $ 5 . .~~~~~~~ 55 5 1 5 5 9  5 5 5 1 5 5 — - .  
~~~~~~~~~~~• S I l l  I I

s 4  4 5 5 . 0 .  •0. 1 4 4 5 . 5 1 4 4 4 4  451 45.5.5.5.5 .4

5 . 43 .  • 5 1 1 5 155 . . 5 5 5 5 1 $ 5 5 5S 4 5 5 55 1 ? 4 4 5 . 5

5 — 4 4 0.5. 4 4 .5 
I

41 • — 4 
I

4 1 5 1 $
dl I S  I I S I I l l  — I I I I

* 0 . 0 . 0 .4 0 .  • l 4 24 ~~~ 54 4 0 .  . 5 5 10 .4 4 4 40 14 0 . 0 14 5 1 0 1 5 .4

3 2.-  . . 5 1  $ 5 5 P P P  — 5 * 9  551 5 5 1  5
5 . . . I I I . I I I I S  I 1 5 5 1 1 1 1 . 1 . 1  I

5 . I V I V I V  •IV 5 4 4 4 5 1 5 1 5 .4 0 .  4 0 . 4. 5 0 .  45.

• . 5 i e~~~~ - . W IW I W I? . - i I P 5 1 P~~~~~5 1 5 5 5 - .01 $ 5 1 51 .-5~~~~~I W I2~~~~~*
S I S I I II S I I S I I S

4 1 4 4 4 0 1 I V4 4 4 40 1 1  45. S I V S . ( l P .Ilb-

I ~~~~~~~~~ ~~~~~~ ~~~~ _5_ _S_5~~~~_ _ ._ _ _ _ _  1—~~ ~~~~~~ - -~~~
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Table 38 123

12 Best W B/sequences , N — 31.

CJ~~~~t’.L A’ L ’~~ ~~~~~ L~~’ l T ~4 .~~I 3

~~~~~~~~ 
.a~~~~

3,~ 5,3 4 ,~
.~~.9 3, 4 4 .1 ‘~.1
.5 ,9 3 ,9 ~‘.1 ‘4 ,1 4 ,1
3 9  3 9  14~~~~~~ ~~~~ 4 ,1 ‘1,1
~~~~ ~~,a 3, 3,9 3,4 3,1 1 ,,2
3 .2 ~~~ 3 q  3,4 3,4 3,9 .1,2 4,2
4 ,j  ..,~~ ~~~~~ ~ ,A 4 ,~ !4 ,;~ ~ ,t 

4 ,1 4 ,~~
-: 4 .1 •~,1 4 , -i ‘1,~.I 4~~~ ) 3 ,~) ‘1,1 4 ,1 ~~~~ ~~~~

~ ,1 ~ ,1 4 ,J 4 ,’~ i4~~~) 4 .;, 4 ,1 4 ,1 3 ,~~ ~~~ ~ .0
4,1 ~,1 

4 ,1 4 ,1 4 ,d .& ,?~1 4 ,1 4 ,1 4 ,~ 4 ,11 4 ,~) 4 ,~
CO € L -~TI’

)N 4L ’s ~) ) • 4  LE”GT~~.’~
.S 5

5, 3

5 , 4 5.4
.4 .; 4 ,9 ~~~~~

I ~ 5 .2 5,2
4 , 4 ,9 5 ,2 5,2  5.2
£ ,9 4 ,~~ 5,2 ~,2 5,~ 5,2
S,~ 5,~ 4 ,9 4 ,9 .,9 4 ,4 5,~
5 ,4 5 4  . 3 1  4 ,9 1,9 1 c  

~~~~~
5,1 5,1 5,.~ 5,i S.d 5.~ ~ .t 5,1 3 ,1
5,1 ~ ,1 5 ,~i 5 ,~.1 5,~d S .d 5 ,1 5 .1 5.t 5, 1
5 .1 5,1 5 ,~ 5.~’ ~~,v) ~~~,‘ 5,1 5,1 5 ,1 5,1 5 .1
5. 1 5 ,1 5,3 5 ,.) 5 • 5.’ 5.1  5,1 ,,t 5 ,1 5 .1 5,1

CO~~I~~ LA T 1 Or 4  4 1~~~CJI5 L~~
4t ; T~~.-’4 s ~

6. 5 b ,5
5,4 5 ,9 6,3

5 9  
~~,3 ~~,3

5, 4 5,9 
~~,3 o.3 6 .3

5 ,~~ 5 .9 
~~,3 6 ,3 o,3 6,3

5 ,3 b~~5 5,; 5.~ ~~.3 5 ,~ ~.5
5 ,5 ~ ,5 5 .-i 5 ,3 5 ,9 5 ,9 b ,S ~ ,S
5,1 ‘1,1 D , t D , J ~~, 3 “ , ) ~ ,t  5 .1 ~,2
6 ,1 6 ,1 8 ,’ e ,.~ ~~,4 •~~• l1 SIt  b,1 8,2 8.2

~ ,t o , 1 ~ , i ~ ,.t ,,•1 8 ,1 ‘,,l ~~,t * ,J ~~.2 e ,2
~~,1 ,, 1 ,, t i~~,s.! is , ’ ~~~~~~~ 8 ,1 a ,1 o .2 s . -2 ~ ,2 ,,~~~

C r q ~~t_ A T I W4 •~I l O r j . ~ LF.P~
(
~T~ ,11 7

7.7
1,7 7 ,7
6 ,8 b,8 7 ,3

b ,6 e ,8 7 ,3 1,3
8,~ ~~~ 7 .~~ 1,3 7. 3

~~~ ~,â 7,3 7,3 1,3 7,3
7 ,7 7 .7 ,.~~ ,.4 ~~~~~~~ 8,~ r,i
1,’ 7 • 7 e, 4  o ,S ~,,1 ~~~~ 7 ,7 7 ,7
1. 1 7 ,1 7 ’  7 ,) 7 ,1 7 ,1 ‘.1 ~ .1 7 ,3

I ~ 7 ,1 7 ,1 1, 7 ,d 7 , ~~,j  ‘.~t 1,1 7 ,3 7 ,3
7 , 1 ~~~ 7, 7~~~4 7 ,~~ 7 ,s~ 1.1 7 ,;. 7 ,5 1,3 7 ,3

51 
1,1 7 ,t 1, ’ 7 ,.i 7 ,’ 7 ,.i ~ .t 7,1 7 ,3 7 ,3 1,3 7 • 3

(1

—---- -~~~ ---- - - - . - -  ~—-----•- - - - - - -~~~~~~~ - ---— — - --- —-~~~~~- -~~ - ------——--—-----— —
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Table 39

Sywy k ’ s 6 crossopti~a1 Gold sequences of length N — 63.

~ I 1t~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
•~ ~ I ~ 1 1 1 1 1  ..) 4 1 1 1 1 ’ ; ’  11 1’)l 4 1 1 4 1 1 1  I j .h 14 4 1 3131 ~

$
~~1~~1 

.311 111 1•~1~~t~~t 130010
.4 .3 1 t 1~~.’1 “1~4 1 v ~1 1 t 1 1 1 ~.1 ’ 4 1 t l t  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• .3 1s’~l11$t ,~ 1s4 ’l(l~~J.1 L t t 1 1~3 t 1 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘
~ . ‘lt ’l 11 t . ’ i ” ; i t i i ’ * .~1 11’. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

* o 4 ) 1 1 )  t ) J t t t v 1 ,)t~i 1 tJ~ 11 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j
.,[~ 4 I LJw ~~~~~~~~~~~ ~j

5, .~ 5 ,,

5 • •~ 5 ,..~ 5..5, ) 5, .4 
~~
,.I 5~~J

S~~~ -
~~~~~ j ~~~.‘-‘ 5,?

S , i, 5 , 5 ,;i 5 ,~ 5 ,?
C. - QW E L A T : ’ r .  * I• .~

j 1j
~~ ~~~~~4~~~?~~~~ 5~ $ 8

II ,)

~,.J e l i

5. ~~, ‘ b,~~
~~~. ~~~

,.‘ 5,~~I b.~~,,,.‘ j .~~ • , D,~~ 
p, , 3

.~~
•

. cj~~~ ~ •I~~~~ ) S  6 5

~ J-’~~~L A T t L ~4 “ 4 ’ J ’~~ L~~ ” 
F . ,A~s 7

o,~~~ 
7,~~

7 ~ 
5) 7 

•
7I J ~~~~~~~ 7 , ) 7 , .)

F ,’ ~,,9 7 , - ’ 7 ,~ 1,5
7 ,) •~~,C) 7 • ~~•~~‘ ~~~~~~~ 

7 ,~_ IJ
L.

A r:~~~~~ 4 4  ~i)* ~ w L~~~
;T

~~.~~’ ~

7 .9 1,1
4 ,:’ ~~~~~~ ~~,1
II
,~~~ f ,’5 ~,i 8 ,.~’

, . - ~ ,.
,
~ ,1 ~~~ ~ ,7

1,~~ 7 4  7~~~ 7~~~ 
~~~~~~,

r



- - --

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

-. --

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

- _

Table 40

8 LSE/A0 sash Ka sami sequences of length 
~~ 

— 103, h
~ 

— 015 of length N — 63.

a ~ o~~o~~i~~øooti ~iot o o t t i t o i ~~ cu 11o0 1~ a1~it 101 t1~~t I~ 0I  13 10101 1  1j 1 1( ~
$ 2 0 1111 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~$ 3 ~0 11 1 1I 11’0 11t111311 t a 3 1a 1~~1 1 0 l t0 t 2 1 t 1 t 0P 10 1 t 3 0 ~~~~0e ’1113 11~~1133
1 ~ 13 P L 3 t 0 0 0 I 1 ~’ 1 1 1 L 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 131
1 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

• 6 io02e1oo1~~ t~~ t o 1 a 1  103011 10 1 1 10 0 1111 00 t 1 0~~01101~~~~~ 1 10?10~~~~1
a 7 ~ t 112100 191 t 0 0 3 0 0 1 O 1 1 1 t 3 t 3 1 1 3 13 I ø 3 0 3 1 0 0 P j 0 1 1 9 1 l  111o~~1aeø 1~~11
a 8
C0~~~EL A 7I~J P~ i’~~’~QOw LE’3~~’.

.. 5
5.0
5,3 5 ,2
S ,0 5,2 5,3
5.0 5. 3 5.3 5.3
5 ,0 5,0 4 .9 4 ,7 5 ,3
5 ,3 1,7 ~,7 5 .0 5,1 5 ,’5.3 5 .~ 5 .3 5. 3 4 ,7 5,0 5 .3
5 •~ 1,9 5,~ 

4 ,7 5,3 5,2 a~ 8 5 ,3 -

C0R ~~E L A 7 I 0 N  .~~~N Q~~ W LEP~G1M ,P4I S 1 1 •

‘.3
a,; 6.1
b ,3 a ,2 b ,4

~,0 5,1 5,9 6, 5
b,~~ 5 ,4 5 ,9 5,6 6 ,5
a ,~ 5 ,6 5 ,a 6 .~ b,2 6 ,6
6 ,0 5,9 8 .1 8,3 5,6 5 ,9 8,3
~~~~~~~ 5 ,9 a ,-~ 5 ,o a ,3 8 ,0 5.7 6 ,5

C0~~~E L A T I 0 N  i~~’~UOW 15
~4 ,P4s 7

0
b,~ 1,6
7 ,0 7 ,2 7 ,~ 

-

7 3  7 2  5.6 7
7 ,0 ~,9 b ,e 5 ,6 ~T ,77 ,3 6 ,6 o

,
a 7 ,~ 7 ,3 7 ,0

7 ,0 6,0 ~ ,2 7 ,3 5,4 5 ,9 7 ,7
7 ,0 b .& 7 ,,~ a ,S 7 ,3 7 ,0 b,b  7 ,6

C~~~~~LA ’X0~
4 ~~ P 4 U0 W LE ’4G 1P4, ’1. 6

6. 0
7 ,9 8 ,7

• 8 ,0 6,2 8 ,8
6, 0 6 ,3 7 .6 6, 8
6 ,0 7,9 7 ,7 7 ,5 a ,e
8 ,1 7 ,5 7 ,3 8,~ 6 ,1 9,0 -
8 ,~ 7 ,6 8 ,a 8 ,3 7 ,3 7,6 8,9
6 ,1 7 ,6 8 ,0 7 ,a 8 ,3 . ,Q -7 ,o 9,0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPEND IX D

INTERF ERE NCE PARAMETER FOR BEST 10 SEQUENCES

AMCI4G ALL THE SIEVE S USED 
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Table 41

Interference parame ters rk ~ 
of best 10 Gold sequences for all the sieves

used , h
i
h
~ 

— 3013.

1 2182 1826 1546 1742 1794 1702 1774 1686 1626 1802

2 2318 1622 1594 1766 1714 1906 1762 1966 1982

3 2478 1658 1662 1370 1906 1658 1870 1934

4 2494 1554 1622 1622 1446 1778 1842

2646 1810 1482 1602 1678 1646

6 2670 1534 1558 1258 1714

7 2710 1670 2050 1786

8 2678 1330 1586

9 2838 1846

10 2918

The correspo nd ing worst-case total interference , r — 16138

- - --- -

~ 

~~~~--~~~~~~~~•-- -~~~ 
— - 

~~~~~~~~~~--~~~~~~~~---
~~
---
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Table 42

Interference parameters rk ~ 
of b.st 10 Gold sequence. for all the sieves

used, hih~ — 3551.

1 2182 1890 1538 1850 1598 1634 1762 1794 1866 1778

2 2206 1590 1742 1586 1702 1750 1878 1782 1814

3 2462 1590 1714 1822 1542 1710 1622 1590

4 2494 1314 1518 1718 1510 1798 1750

5 2510 2.850 1530 2018 1546 1498

6 2 590 1438 1734 1646 1542

7 2638 1686 1566 1598

8 2782 1886 1494

9 2902 1702

10 2910

The correspond ing worst-case total interference , r 15734

•1

_ _ _ _ _ _ _ _ _ _ _ _ _
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Table 43

• The initial loadings for best 10 sequences for all the sieves used.
— 3551 hih~ 

— 3013

1 1174 1174

2 1734 0163

3 1253 0204

4 1552 1243

5 0455 1316

6 1632 1321

7 1259 1335
8 0577 1213
9 0065 0364

10 0254 1366

_ _ _ _ _ _  - , - - - — - .
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APPENDIX E

EFFECT Ct4 SELF- INTERFERENCE ~~ RAND(141Z INC A (GOLD ) SEQUENCE SET

- 4

1’

(1

1]
~~~~

I

_ _ _ _ _  ~~~~~~~~~~~~-- -~~~ ~~~~----~~~~~~~~~~~~~~— -—~~~~~~~~ - --••- -~~~ 
-
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Table 44

AO/LSE Cold sequences , hih~ 
— 3551

rk k (u) r k k (u+c ) — rk k (u+s)

1 2382 2318
2 2206 2366
3 2590 2878
4 3598 2830
5 3262 3296

6 3494 2518
7 3662 25 10
8 2606 4078
9 34.46 2526

10 2974 3294

11 3006 3390

12 3670 2662
13 3310 3566
14 2782 3198
15 2966 3110
16 2494 3614

17 3206 3190

18 3950 2734
19 2614 4422
20 3134 3710
21 3118 3758
22 3094 3622

23 4238 2798
24 3190 3558

--- - -  •--
~~~~~~ 

-
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Table 44

(Continued )

25 3406 3086

26 3126 3302
27 2910 4286

28 3054 4622

29 2638 5006

30 3822 3790

31 4462 2894
32 4486 2742

33 4622 2734

F
r

-

~~~~~ - - - ~~~~~~~~~~~ - ~:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~


