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Abstract

Cross-correlation functions are determined for a large class of geometric sequences
based on m-sequences in characteristic two. These sequences are shown to have low
cross-correlation values in certain cases. They are also shown to have significantly
higher linear complexities than previously studied geometric sequences. These results
show that geometric sequences are candidates for use in spread-spectrum communica-
tions systems in which cryptographic security is a factor.
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1 Introduction

Easily generated pseudorandom sequences with high linear complexities and low correlation
function values are sought in many applications of modern communication systems. For
example, sequences with low cross-correlations are necessary in code division multiple access
(CDMA) communication systems to determine the sign of the signal being sent on each
channel. The smaller the pairwise cross-correlations, the higher the capacity of the system.
The sequence is more difficult for an adversary to determine if its linear complexity is high.
This lends a degree of security to CDMA systems.

*Parts of this work were presented at the International Symposium on Information Theory, Honolulu,
Hawaii, November, 1990.
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Linear feedback shift registers have long been studied as simple devices that generate
statistically random sequences. Particular interest has been given to m-sequences, the max-
imal period sequences generated by linear feedback shift registers. From a cryptographic
point of view, however, these sequences are highly vulnerable to attack, for example, by
the Berlekamp-Massey algorithm [11]. The linear complexity of a sequence is a measure of
its resistance to this attack. Thus there is a need for easily generated sequences with high
linear complexities and low cross-correlations. In particular, there is interest in sequences
generated by devices based on linear feedback shift registers, but with some nonlinearity to
increase the linear complexity. Notable early examples are GMW sequences [6] and bent
sequences [14]. More general sequences, in which a nonlinear feedforward function is applied
to an m-sequence over a finite field, have been studied in the past decade by a number of
authors, for example [1, 2, 3, 4, 7, 8]. We call these sequences geometric sequences. This is
a very general class of binary pseudorandom sequences which includes m-sequences, GMW
sequences, and bent sequences, and is closely related to No sequences [13].

One way to view geometric sequences is as a compromise between m-sequences and
general binary sequences. If r is a power of 2, then an arbitrary binary sequence of period
r — 1 can be produced as follows. Choose a function, h, from the field of r elements,
GF(r), to GF(2) = {0,1}. Let a be a primitive element of GF(r), so that the elements
1,a,02,---,a" % are distinct. Apply h term-by-term to this sequence. The difficulty with
this approach is that h tends to be very difficult to compute if the linear complexity is high.
Moreover, finding cross-correlations is difficult in the absence of any algebraic structure. The
higher the linear complexity, the more non-linear h must be, and the more non-linear / is, the
harder it is to compute cross-correlations. Geometric sequences are produced by restricting
h to be a composition: first apply a linear (or nearly linear) function, L, from GF(r) to an
intermediate field, GF(q), then apply a highly nonlinear function, f, from GF(q) to GF(2).
The function, f, called the feedforward function, is applied to a far smaller domain, so we
can, if necessary, apply brute force search to obtain f with desirable properties. On the other
hand, enough algebraic structure is retained to make the calculation of the cross-correlation
of the final sequence easier. The goal then is to do this while keeping the linear complexity
high.

The geometric sequences studied to date have m-sequences as their intermediate se-
quences over GF(q) (equivalently, T" is a trace function, as described below). These se-
quences can be designed to have low cross-correlations and higher linear complexities than
m-sequences. However, their cross-correlations are known in only a small number of cases,
and their linear complexities are far from the maximum possible for arbitrary sequences.
The author (with Chan and Goresky) has previously considered cross-correlation function
values of pairs of geometric sequences that are obtained from the same g-ary m-sequence but
different nonlinear feedforward functions [4] and of geometric sequences in characteristic two
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whose underlying m-sequences differ by a quadratic decimation [7]. (A quadratic decimation
is a k-fold decimation — every k-th element — where the sum of the coefficients of the base ¢
expansion of k equals two. We refer to this as a quadratic decimation because of the relation
to quadric hypersurfaces, as explained later).

In order to find sequences with higher linear complexities than previously studied geo-
metric sequences it is necessary to consider further modifications to m-sequences. In this
paper we study cross-correlation function values and linear complexities of geometric se-
quences whose underlying sequences over GF(q) are sums of pairs of linear feedback shift
register sequences, one of which is an m-sequence. Specifically, our main results are the
calculation of the cross-correlations of a geometric sequence based on an m-sequence over
GF(q), and a geometric sequence based on a sum of the same m-sequence and a quadratic
decimation of that m-sequence. The results allow the cross-correlations for particular feed-
forward functions to be computed inductively in terms of correlation-like functions of much
shorter sequences. These shorter sequences depend only on the feedforward functions, and
not on the underlying m-sequences. Careful choice of the feedfoward functions gives us
sequences with very low cross-correlations. We also describe the number of shifts of the
sequences for which each cross-correlation value occurs. Finally, we show that these gener-
alized geometric sequences can be constructed with significantly higher linear complexities
than ordinary geometric sequences. These linear complexities may be higher by as much as
a factor of ¢ for sequences based on m-sequences over GF(q).

The technique for computing cross-correlations is based on counting the points of in-
tersection of hyperplanes and quadric hypersurfaces over a finite field. To prove our main
theorems on cross-correlations, we first give a complete accounting of the cardinalities of
these intersections, based on a standard classification of quadratic forms. We next deter-
mine the ranks and types in this classification of the quadratic forms that occur in geometric
sequences. This allows us to compute the desired cross-correlation functions. These func-
tions may also be interpreted as generalized exponential sums of a type often considered in
algebraic geometry and related areas of coding theory [16], though we do not exploit this
point of view.

We assume a basic understanding of finite fields and the trace function, since this material
is very well explained in the excellent survey papers and books on the subject [5, 10, 12, 15].
Let g be a fixed power of 2 and let GF'(q) denote the Galois field with ¢ elements. For any
n > 1, we denote the trace function from GF(q") to GF(q) by Trd", defined by Tri" (z) =

n L2, Recall that T rd" is a GF(g)-linear function, that every GF(g)-linear function f
from GF(¢") to GF(q) can be written in the fi)flm f(x) = Tr?" (Az) for some A € GF(q"),
and that, for any m > 1, Tr"™ (z) = Tr?" (Tri. (z)). Also recall that every element z in a
finite field of characteristic two has a unique square root z'/2. (This is a consequence of the
fact that the function # — z? is a linear function with trivial kernel.)
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Let « be a primitive element of GF(q"). The sequence U whose ith element is U; =
Trgn (a') is a g-ary m-sequence. It is well known that the sequences of this form are precisely
the maximal period sequences that can be generated by linear feedback shift registers of
length n with entries and coefficients in GF(¢) [10]. In particular, they are easy to generate
by hardware. Let k = 1+ ¢/ (that is, k has g-adic weight two) and let v be any element of
GF(q"). The sequence whose ith element is Tre"(ya*) is called a quadratic decimation of
U, and is itself an m-sequence if k is relatively prime to ¢" — 1. Note that we could take
k = q¢' + ¢, but this gives rise to the same sequence as taking k = 1+ ¢’~*. More generally,
if § € GF(q"), we consider the sequence V whose ith term is V; = Trd" (ya* 4 da’). (This
amounts to adding a shift of U to V.) The case where k is relatively prime to ¢" — 1 and
d =0 (i.e., V is an m-sequence) has been treated previously by Klapper, Chan, and Goresky
[7]. Those results are a special case of the current results. Note that the condition that k
is relatively prime to ¢"™ — 1 is equivalent to the condition that n/ged(n,j — i) is odd, by
Lemma 2.1 below.

Let f and g be (nonlinear) functions from GF(q) to GF(2). The sequences S and T
whose ith elements are f(U;) and g(V;), respectively, are called geometric sequences, and it
is these sequences whose cross-correlation functions we determine. The results are expressed
in terms of statistical properties of f and g.

Definition 1.1 The cross-correlation function of two sequences with period L is

L

Os:2(r) = Y (~1)%+ (- )"

i=1

In the next subsections we state the main theorems and discuss some of their conse-
quences. In Section 2 some basic facts from number theory and the theory of quadratic
forms are recalled. These are useful in finding standard forms for the quadric hypersurfaces
that appear and in counting solutions to quadratic equations. Section 3 contains a complete
analysis of the numbers of points in the intersections of hyperplanes and quadric hypersur-
faces in characteristic two. The forms of the quadrics that appear in the cross-correlation
of geometric sequences are determined in Section 4. The proofs of the main theorems are
completed in Section 5. The linear complexities of generalized geometric sequences are
determined in Section 6.

1.1 Statements of the Main Theorems

In this section we state the main theorems on cross-correlations of geometric sequences. Let
q be a power of 2 and f and g be functions from GF(q) to GF(2), 7,0 € GF(q), k=1+¢
and a primitive in GF(¢"). Then S is the sequence whose ith element is f(7r¢" (")) and T
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is the sequence whose ith element is g(Tr?" (va' + 6a*)). We let I(f) = ¥peqrg(—1)7,
the imbalance of f, F(u) = (—=1)/™, and G(u) = (=1)/™. We write d = ged(n,j), w =
(—=1)" @9 when n/d is even, and 7(s) = —1 if s # 0 and 1(0) = ¢ — 1.

For a given shift 7 of S, let H(x) = Tr?" (a"x), L(x) = Trd" (yx), and R(z) = Trd" (6z").
We often think of GF(¢") as an n-dimensional vector space over GF(q). When a basis
(set of coordinates) has been chosen for GF(¢") over GF(q), we replace the variable x by
z = (x1,--+,x,) and by abuse of notation write H(z), L(z), and R(z). H(z) and L(Z) are
linear functions and R(Z) is a quadratic form (this is proved in Theorem 4.1).

We state our results in three cases, differentiated by whether ¢ is a kth power and the
parity of n/d. As seen in Section 2, every quadratic form can be put into one of three
standard types by a change of coordinates. The breakdown into cases corresponds to this
classification, as determined by Theorem 4.1. Once coordinates have been chosen so that R
is expressed as one of the standard types, if L(Z) = 7, ¢;x;, then we let p = R(cy,-- -, ¢,)
and, if R has Type II, ¢ & ¢,,, where m is the rank of R (the smallest number of variables
that can be used to express R). These values are independent of the choice of coordinates
expressing R as a standard type (this fact can be seen, for example, as a consequence of our
theorems on the cross-correlation).

The breakdown of cases further depends on relations among three vector spaces. The
symmetric bilinear form, D, is defined by D(z,y) = R(z +7y) — R(Z) — R(y). The null space
of R, denoted by Null(R), is the set of w such that R(w) = 0 and for every z, D(w,z) = 0.
The null space of D, denoted by Null(D), is the set of w such that for every z, D(w,z) = 0.
The kernel of L, denoted by Ker(L), is the set of w such that L(w) = 0.

To simplify things, we express our results in terms of I's 7(7) = Og (1) —¢"2I(f)1(g)+
F(0)G(0). Each theorem includes a table of the number of occurrences of each value of
I'st(7), for varying 7. The tables are divided into categories depending on L and p. Within
each category a listing is given of number of occurrences of each case of the theorem, de-
pending on the parameters r, s, and ¢ used to described the values of I's (7). Note that in
some cases certain values of these parameters cannot occur.

Theorem 1.2 Let n/d be even and ¢ be a kth power in GF(q").
A. If Null(R) C Ker(L), then I'st(7) takes the values
1. wg"?*2I(f)(1(9) — qG(p))

)
2. wq" PR (1(g) — qG(p))
3. —wg" LY Lo Y (— )T F(u+ 1) G (v + p).

Y
I



’ Conditions on L, R \ Case \ Parameters Number of Occurences

L=0 1 — qn _ qn—Qd
3 |s#0,t=0 ¢ 4 g/2d
L#O;P:O 1 — qn_qn—Qd
2 t#0 22
2 t — 0 qn72d72 — w(q _ 1>qn/27d71 _ 1
3 s,t#0 g2
3 S 7& 07 t=20 qn—2d—2 + qu/Q—d—l
p 7£ O 1 — qTL _ qn72d
2 t#£0 g2 gn/2—d1
2 t=20 qn—Qd—Z 1
J SitA£0 | g2y (—1)Trales/t?) gn/2—d—1
3 S # 07 t = 0 qn—2d—2

B. If Null(R) € Ker(L), then I's (7) takes the values
1. 0;
2. wg" P I(f)1(g) — ¢34 F(u)G(su+1)).

’ Case ‘ Parameters ‘ Number of Occurences ‘

1 _ qn o qn72d+1 + qn72d -1
2 s 7& 0 qn—2d—1 _ wn(t)q"/Q_d_l

Theorem 1.3 If n/d is even and § is not a 1 + ¢’th power in GF(q"), then T'sx(7) takes
the values

1. w@* F(t)(¢Glp) — I(g));

2. wg" NS0 X (— )T P (w4 )G + p).



’ Conditions on L, R \ Case \ Parameters \ Number of Occurences

LZO 1 t:o qn_1+w(q_1)qn/2—l_1

2 S 7é 0,t=0 qnfl _ qu/271
L#0,p=0 1 t#£0 ¢"?

1 t:o qn_2+w(q_ 1)qn/2—1 o 1
2 s,t#0 g2
2 S 7é 0, t= 0 qn72 — qu/Qfl

P 7& 0 1 t 7§ 0 qn—z + qu/2—1
1 t=20 qTL—Q -1
2 s, t#0 q"2 + w(—1)Trales/) gn/2-1
2 |s#£0,t=0 72

Theorem 1.4 Let n/ged(n,j — i) be odd.
A. If Null(D) C Ker(L), then I's 1 (7) takes the values

1. 0;
2. —qUrIP2(I(f)I(g) — q X0 F(su)G(w? + 1))
3. qUrOR(I(f)I(g) — a3, F(su)G(u® + 1)),

’ Conditions on L, R ‘ Case ‘ Parameters ‘ Number of Occurences ‘

L=0 1 _ qn _ qnfdJrl + qnfd -1

2 |s#0,t=0 (q" 4 4 = D/2) /2

3 |s#0,t=0] (91 —q"2))
L#0 1 _ ¢ — g gl — 1

2 s,t#0 g2

2 |s#£0,t=0| (¢" 9 44q"D?2))2

3 s,t#£0 g2

3

s#0,t=0] (¢! —qn9/2))2

B. If Null(R) C Ker(L), but Null(D) € Ker(L), (i.e., 0 # 0) then I's t(7) takes the

values
1. q(n+d)/2—2[(f) ZU(_UTrg(v—i—l)G(UzU + P);
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2. 271 R (1) Zv(—l)T’“g(““)G(an +p);
3. (_1)T'rg((t+p)/cr2+1)q(n+d)/2—2(qZu F(TU+

s)G(u* +ou+t)—I(f)I(g)).

] Conditions on L, R \ Case \ Parameters \

Number of Occurences

L(z) =0z, 1 - gt — gndtt
p) t£0 g1 — g(n=d)/2-1
2 t=0 "+ (g = gD -
3 |r#0,s=0 ¢ p(BL 4 1)gn D2t
L(x) # oy, p=0 | 1 - U
2 ¢ 7& 0 qn—d—l _ (_1)Trg(p/02+l)q(n—d)/2—l
9 t—0 ¢ (_1)Tr§(p/02+1)(q _ 1)q(n—d)/2—1 _1
3 r,s#0 g2
3 |r#0,5=0 ¢+ (B2 + 1)glnm /2!
p=o’ 1 - ¢ — ¢
P t£0 gt — gn=d)/2-1
2 t=0 " 4 (g = DA -
3 r,s#0 ¢ (_1)Tr§‘(v-Q(p/02+1)<t+p+02)/s2)q(n—d)/2—1
3 |r#£0,s=0 gni?
p#o’ p#0 1 - ¢" — g™
2 ¢ 7& 0 qn—d—l _ (_1)Trg(p/o2+1)q(n—d)/2—1
2 t=0 qnqu + (_1)Trg(p/02+1)(q _ 1>q(n7d)/271 1
2 rs 0 g2 + (_1)Trg(r2(p/02+1)(t+p+02)/s2)q(n—d)/2—1
3 |r#40,s=0 gni?

C. If Null(R) € Ker(L), then I'sv(7) takes the

1. 0.
2. q(n+d)/2_2 Zu,v(_1)Trl21(ru+tv)F(u)G(U)'
3. =gt S, (1) E ()G (v).

’ Case \ Parameters \ Number of Occurences ‘
1 - ¢"—(g—1)%"" 1
2 rt#0 (" +q"?))2

5 | nt#0 (¢"= = "= D7) /2
8
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The first step in the proof of the main theorems is a reduction of the expression for the
cross-correlation of S and T.

Proposition 1.5 Let H, = {z : Tr? (a"z) = u} and Q, = {x : Trl" (yz* +dx) = v}. Then

Os1(T) = > |HuNQW|F(u)G(v) — F(0)G(0).

u,vEGF(q)

Proof: As i ranges from 1 to ¢" — 1, o' ranges through all nonzero elements of GF(¢"),
since « is primitive. Hence

Og,1(T) = Z F(Trgn(aTx))G(TTgn(’yxk +dz)) — F(0)G(0). (1)
z€GF(q™)

Suppose that elements z,y of GF(¢") satisfy Trd" (a”z) = Trd" (a”y) and Trl" (yaz* 4 o) =
T rgn (vy*+6y). Then x and y contribute the same value to the sum in equation 1. Gathering
all such terms together we get the expression for ©g r(7) in the statement of the proposition.

O

If we treat GF(¢") as an n-dimensional affine space over GF'(q), then H, is a hyperplane
and @, is a (possibly inhomogeneous) quadric hypersurface. We have reduced the problem
of computing cross-correlations of geometric sequences to that of finding intersections of
hyperplanes and quadric hypersurfaces. More generally, if £ has g-adic weight r (i.e., the
sum of the coefficients in its base ¢ representation equals r) then @, is a hypersurface of
degree 7.

1.2 Consequences of the Main Theorems

Consider the circumstance in which f(0) = ¢(0) = 0 and f and g are balanced, i.e., I(f) =
I(g) = 0. These conditions hold, for example, for m-sequences, GMW sequences, and the
more general cascaded GMW sequences [8]. They are desirable statistical properties in many
applications. Under the hypotheses of Theorem 1.2,

|©s,2(7) +1] < ¢"*(q — 1) = ¢/ (g — 1),
Under the hypotheses of Theorem 1.3,
©s(r) + 1] < ¢"2(¢ - 1).
Under the hypotheses of Theorem 1.4

©g1(7) + 1] < gt d/2 = g(nteed(ng))/2,
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The maximum cross-correlation for the sequences satisfying the hypotheses of Theorem 1.4
is minimized when d = 1.

We can improve these bounds by careful choice of f and g, still assuming f and g are
balanced. We further assume d = 1 in Theorems 1.2 and 1.4. In all cases, minimizing the
maximum of |Og 1 (7) + 1| is equivalent to minimizing the maximum of a set of correlation
functions or (in Theorem 1.3.2) of triple correlation functions of sequences of period ¢q. There
are three types of correlation functions which occur.

A. In Theorems 1.2.B.2, 1.4.A.2, 1.4.A.3, and 1.4.B.3 correlation functions of the form
> F(su)H(u + t) occur, with various restrictions on s, and t. H is a function defined in
terms of G. Keeping t fixed, and considering the sum over u # 0, we have the set of shifted
correlations of a pair of sequences of period ¢ — 1. Minimizing the maximum of these values
will minimize the maximum of |Og ¢ (7) + 1|. If we can achieve a value close to ¢/2, then in
Theorems 1.4.A.2, 1.4.A.3, and 1.4.B.3 the maximum of |Og r(7) + 1| will be close to ¢"/2.
In Theorem 1.2.B.2, |Os (1) + 1| will be close to ¢™*+1/2,

B. In Theorems 1.4.B.2 and 1.4.C.2 the Walsh transform 3, (—1)7"2(% H(u) occurs, for
various functions H. By Parseval’s identity, the smallest maximum value the transform can
achieve (subject to the restraint that H is balanced) is ¢/(¢ — 1)'/2. In Theorem 1.4.B.2 this
leads to the lower bound of ¢"*1/2/(q — 1)1/2 ~ ¢™/? for the maximum of |©gr(7) + 1|. In
Theorem 1.4.C.2 this leads to the lower bound of ¢®*1/2/(g—1) ~ ¢("~1/2 for the maximum
of |®s () + 1].

C. In Theorems 1.2.A.3 and 1.4.2 the sum Y, S (=) T30 By 4 )G (v 4 p) oceurs.
This can be thought of as a correlation of three sequences of period ¢, or as the correlation of
one sequence with the Walsh transform of another. Thus, it is plausible that we can achieve
a maximum value (as s and t vary) of ¢ for this double sum. If so, then in Theorem 1.2.A.3
we can achieve a maximum of ¢"/?*! for |©g r(7) + 1| and in Theorem 1.3.2 we can achieve
a maximum of ¢"/? for |Og () + 1.

Assuming these bounds, it follows that we have the following values for the minimum
maximum value of |Ogr(7) + 1|. We leave the question of whether these values can be
achieved (or even improved) to further study.

10



Theorem | min of max of |Og (1) + 1|
1.2.A iean
1.2.B g t/2
1.3 q"/?
1.4.A q"/?
1.4.B q"/?
1.4.C g2

2 Algebraic Tools

In this section we recall several useful facts from number theory and the theory of quadratic
forms over a finite field. These facts will be used in the proofs of the main theorems. More
complete treatments can be found in various standard texts such as [10, 12].

As a standard consequence of the division algorithm we have:

Lemma 2.1 Let b be an even integer and n, i, and j be non-negative integers and set

d = ged(n,j). Then

ged(d” — 1,09 —1) = b —1. (2)

. , B 1 if n/dis odd
ged(b* — LV +1) = { 1+0v¢ if n/d is even. (3)

Recall that a quadratic form over GF'(q)" is a homogeneous polynomial of degree two in
n variables with coefficients in GF(q). We are concerned with counting the number of times
certain quadratic forms over GF(q)" take on different values. To do so, it is convenient to
represent the quadratic forms by a small number of standard types, by changing coordinates
(a change of coordinates has no effect on the number of times a quadratic form takes on a
particular value). Such classifications are well known. We follow here the treatment given
by Lidl and Niederreiter [10].

Recall that the rank of a quadratic form is the smallest number of variables required to
represent the quadratic form, up to a change of coordinates. The co-rank of a quadratic
form in n variables is n minus the rank. A quadratic form is said to be nonsingular if it
has rank n. If R is a quadratic form, then we define the associated symmetric bilinear form
D(z,y) = R(z+ y) — R(z) — R(y), where & = (x1,---,2,) and § = (y1,- -, yn). Note that
R is not uniquely determined by D if ¢ is even, unlike the the case where ¢ is odd. D may
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even be zero for nonzero R. We also refer to the rank of D, the smallest m such that D can
be represented in terms of xq, -+, Ty, Y1, -+, Ym, after a change of coordinates. The rank of
D is at most the rank of R.

Associated with R are two important vector spaces. The null space of R, denoted by
Null(R), is the set of w such that R(w) = 0 and for every z, D(w,Z) = 0. The null space
of D, denoted by Null(D), is the set of w such that for every z, D(w,z) = 0. Associated
with the linear function L is the kernel of L, denoted by Ker(L), which consists of those w
such that L(w) = 0. We will use properties of these vector spaces to determine the ranks of
the quadratic forms that arise.

Lemma 2.2 The dimension of Null(R) is the co-rank of R. The dimension of Null(D) is
the co-rank of D.

Proof: Let m be the rank of R, and assume that coordinates x1,---,x, have been chosen
so that R is expressed in terms of xy, -, x,,. Let V = {(z, -+, 2,) 1 21 = -+ = 2, = 0}.
The first assertion will be proved by showing V' = Null(R) since the dimension of V' is
n — m, the co-rank of R. The inclusion V' C Null(R) is straightforward, so assume the
opposite inclusion is false, that is, that there is a w € Null(R) which is not in V. By
changing coordinates, we may assume that w consists of a 1 in the mth coordinate and 0s
elsewhere, and the description of V' remains unchanged. It follows that for some a € GF(q),
and polynomials b(zy,- -, Zy_1) and c(z1, -+, Ty,_1) over GF(q),

R(7) = ax?, + b(T)x,, + (7).
In this representation we have
D(z,9) = 202mYm + 0(T + §)(Zm + Ym) — b(T)2m — b(H)ym + (T +7) — ¢(T) — (7).

The fact that R(w) = 0 implies a = 0. The fact that, for every z, D(w,Z) = 0 implies
that, for every z, b(z)(1 + x,,) — b(Z)z,, = 0, so b(z) = 0. Thus R is written in terms of
x1,-+, Tm-1, contradicting the fact that the rank of R is m. Thus Null(R) C V and so
Null(R) =V.

The proof of the second assertion is similar. O

We first describe the classification of quadratic forms in two variables. We assume from
now on that ¢ is a power of 2.

Lemma 2.3 Given c,d,e € GF(q) (not all zero), define the quadratic form g(z,y) = cx® +
dry + ey?. Then g(x,y) is nonsingular if and only if d # 0. Let b be a fived element of
GF(q) satisfying Tri(b) = 1. Under a linear change of coordinates g is equivalent to the
quadratic form
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1. zy, if d # 0 and Tri(ec/d*) = 0;
2. ba? +xy+by?, if d # 0 and Tri(ec/d?) =
22, if d = 0.

Letv € GF(q). In case (1), g(x,y) = v has 2q — 1 solutions if v =0, and q — 1 solutions if
v # 0. In case (2), g(x,y) = v has only the zero solution if v =0, and has q + 1 solutions
if v#£0. In case (3), g(x,y) = v has q solutions for every v.

More generally, quadratic forms R(z1,...,z,) in n variables over GF(q) (with ¢ even)
have been classified [10, Theorem 6.30] as follows. Let B,,(Z) = x120+ 2324+ + Tp_1Tm-

Proposition 2.4 Every quadratic form R of rank m in n variables over GF(q), q even, is
equivalent under a change of coordinates one of the following three standard types:

Type I: B, (),
Type II: 1( ) + xm;
Type III: B,, (%) + bx2, | + & 12T + b2?,

(7
For any v € GF(q), let n(v) = =1 if v # 0 and n(0) = ¢ — 1. The number of solutions
to the equation R(ZT) = v is:
Type 1: qn—l + n(v)qn—m/2—l;

n—1

Type II: ¢";
Type III: ¢"~! — n(v)g"™/>71,

We say that a quadratic form is Type j if it is equivalent to a Type j standard form.
We are also concerned with the number of times certain inhomogeneous equations take on
different values.

Proposition 2.5 Let R(Z) be a quadratic form of rank m. The number of solutions to the
equation

R(z) + Z CiT; = U (4)
i=1
18
Type I ¢!+ (v + R(e))q™*;

Type II: 1. ¢" ! ifec,, =0;
13



9. qm—l 4 (_1)T7’g((v+Bm,1(barc))/c?n)q(m—l)/Q Zf Cm % 0;
Type III: ¢"' — n(v + R(¢))g™/>7".

Proof: The results for Type I and Type III forms follow from the previous proposition
after an affine change of coordinates which replaces x; by x; 4+ ¢o, 2 by x5 4 ¢, etc. This
eliminates the linear terms and replaces v by v + R(¢).

In the case of a Type II form, we can eliminate the first m — 1 linear terms by the same
change of basis, replacing v by v + B,,_1(¢), resulting in

R(Z) + ey, = v + Bp—1(T). (5)

Let w = v+ By,_1(¢). We cannot eliminate the remaining linear term ¢,,x,. If ¢,, = 0, then
we are done by the previous proposition. Thus we may assume ¢, # 0.

Let pim (¢m, w) denote the number of solutions to equation (5). By Lemma 2.3, (¢, w) =
2if Tri(w/c2) = 0, and py (¢, w) = 0 if Tré(w/c?,) = 1. In general, letting o,,(w) be the
number of solutions to B,,(Z) = w, we have

fin(Conyw) = D (G, U1 (U + w)
ueGF(q)

=2 Y opa(utw)

Tri(u/ct,)=0
= 2. > (" +n(utw)g™ )

Tri(u/ct,)=0
B 2-4(g gm=3/2) if Tri(w/c?) =1
T 25 (@ = M) 1 2(qm 4 (g — D™ i Tr(w/ ) =0

m—2 __

by Proposition 2.4. The proposition follows. a

3 Intersections of Quadric Hypersurfaces with Hyper-
planes

In this section we give a complete description of the cardinalities of the intersections of

quadric hypersurfaces with hyperplanes over a finite field of characteristic 2. These cardi-
nalities form the coefficients in Proposition 1.5.

We work in this section in affine n-space GF(q)" over GF(q), writing & for the n-tuple

of variables (x1,...,x,). We choose a fixed element b € GF(q) such that Tri(b) = 1.

Throughout this section H(z) = ¥, a;x; and L(Z) = > ]_, ¢;x; are linear polynomials and

R(Z) is a quadratic form in one of the three standard types. For any u,v € GF(q), we
14



think of H(Z) = w as defining a hyperplane, and Q(7) £ R(Z) + L(Z) = v as defining a
quadric hypersurface. The rank of R is denoted by m, and the number of solutions to the
simultaneous equations

H(z) = u (6)
Q) = v (7)
(i.e., the intersection of a hyperplane with a quadric hypersurface) is denoted by N (u,v).
The analysis of N(u,v) is carried out on a case by case basis. The first two cases apply
to arbitrary R, while the remaining cases depend on the type of R.
Proposition 3.1 Suppose that c;a; # cja; for some i,j > m. Then N(u,v) = ¢" >

Proof: By hypothesis, the linear polynomials >3 ., a,z, and > ., ¢z, are linearly

independent. Therefore, for any fixed values of x1, - - -, z,,, the equations
Z T, =u-+ Z arZy
r=m+1
and

Z ¢x. =v+ R(Z —i—Zcrxr

r=m+1
have ¢"~™~2 solutions over Z,,.1,---,Z,. The ¢™ possible values of xy,---,x,, give ¢" >
solutions in all. a
Proposition 3.2 Suppose that a1 = -+ = a, = 0 and some ¢; # 0, with i > m. Then
N(u,v) = ¢" 2
Proof: Choose 1, -, x,, so that 3", a;x; = 0. There are ¢™ ! choices for such z1, - - -, Z,,.

Then the equation
Z ¢x, =v+ R(Z —i—ZCT:L'T

r=m-+1

n—m—1

has ¢ solutions over 41, - -, T,, for ¢"? solutions in all. O

In the following we let ¢ = 1 if R has Type I and ¢ = —1 if R has Type III.

Proposition 3.3 Suppose that for somei > m, a; # 0, and (i1, Cn) = S(Ama1, -+ An)
for some s € GF(q). Let dy = ¢+ say, for 1 < { <n.

15



1. If R has Type I or Type III, then
N(u,v) = ¢+ en(v + su + R(J))qnfm/%z_

(Note that R(d) = R(¢) + sD(c,a) + s*R(a).)

2. If R has Type II, and A = Tri((v + su + By,—1(d))/d2,) when d,, # 0, then

n—2 )
[ q if dpyp =0
N(u,v) = { qn_z i (_1))\qn—m/2—3/2 if d,, # 0.

Proof: It follows from the hypotheses that N(u,v) is the number of solutions to the equa-
tions

é%% = (8)
R(z) + i diz; = v+ su. 9)

<.
Il
-

The variables z;, m + 1 < ¢ < n appear in equation (8) but not in equation (9), so we can
choose any values for zy,-- -, x,, satisfying equation (9), then find a complete solution by
solving

n m
Z AT :U—FZCL]’I]‘.
j=1

j=m+1
Thus N(u,v) is ¢""™ ! times the number of solutions to equation (9). The proposition
follows from Proposition 2.5. O
Proposition 3.4 Suppose that a1 = Apao = -+ = Gy = Cpa1 = Cpao--- = ¢, = 0, or
m=n.
1. Let R have Type I or Type III, and ¢ = Tri((v + R(¢))R(a)/(u® + D(a,c)?*)) when
u # D(a,c).
a. If R(a) # 0, then
n—2 _1\¢,n—m/2—-1 P —
_ a4 e(=1)%q if u# D(a,c)
N(u,v) = { qn? if u= D(a,c).
b. If R(a) =0, then
n—2 ; = =
_Jaq if u# D(a,c)
N(u,v) = { "2+ en(v+ R@)g"™?* 1 ifu= D(a,c).

16



2. Let R have Type II.

a. If ay, = ¢y =0, then N(u,v) = ¢" 2

b. If a,, = 0 and ¢, # 0, then N(u,v) = ¢" 2 when u # D(a,c) + cmR(é)1/2

and N(D(a,e) + cnR(@)V%,v) = ¢" 72 + (=1)#q"™/>12 where p = Tri((v +
~1(e)) /).

c. Otherwise N(u,v) = ¢" 2 + (=1)"™n(w)q""™?*=3/2 where 7 = Tri(B,-1(a)/a

and w = v+u?/a? + (¢ /an)u+ R(C)+ R(a)c?, /a?,+ D(a, c)cm/am—l—D( ¢)?/a

)

2
U
2
Ay -

Proof: Suppose first that R has Type I or Type III. After the affine change of coordinates
used in Proposition 2.5, we find that N(u,v) is the number of solutions to the equations

> air; =u+ D(a,c) (10)
i=1
and
R(Z) = v+ R(¢). (11)
The number of solutions over x4, - - -, x,, is ¢"~" times the number of solutions over x1, - - -, T,,.

Thus we may assume that n = m.
Now let R have Type I. By symmetry, we may assume that a,, # 0. We can solve for
T in equation (10):
1

Tm = —(u+ D(a,c) Z a;x;).
Thus equation (11) becomes
m—1 N
a; u—+ D(a,c _
Buo(Z)+ Y Tin1 + a<)xm1 = v+ R(¢). (12)
i=1 m m

N(u,v) is ¢"~™ times the number of solutions to this last equation. We next change coor-
dinates by

Toi—1 > Toi—1 + A2Tm—1, Toi > Toj + A2i—1Tm—1

for 1 <i<m/2—1, and

Tm—1 = OmTm—1-

Equation (12) becomes

Bpo(7) + R(a)zZ,_ + (u+ D(a,¢))zm_1 = v+ R(e).

17



If R(a) # 0, then the result follows from Proposition 2.5, while if R(a) = 0, the result
follows from Proposition 2.4. A similar analysis works if R has Type III, though extra care
is required if a; = -+ = a,,—o = 0. The details are left to the reader.

Finally, suppose R has Type II. We can change coordinates affinely to obtain equations

m
> ax; =u+ D(a,c) (13)
i=1
and
B 1(Z) + 22, + cpptyy = v + Bp_1 ().
Ifa; =+ = ay_q =0, then a,, # 0 and z,, = u/a,, (since D(a,¢) = 0). The result
follows in this case from Proposition 2.4. Otherwise, we may assume by symmetry that
am-1 # 0, solve for z,,_1 in equation (13), and change coordinates to arrive at the equation

Bp_3(Z) + B 1(@)22, 5 + QmTm—oTm + 22, + (u+ D(@, €))Tm_2 + Cpm = v + Bp1().

If a,, = 0, we can change coordinates by

1/2

Tm = T + Bm—l(&) Tm—2,

resulting in the equation

Bp_s(Z) 4 22, 4 (u+ D(@,8) + cpBm_1(@0)*)Tm_2 + CmTm = U + Bim_1().

If, moreover, c¢,, = 0, then we have ¢"~? solutions. Suppose c¢,, # 0. We have ¢" 2

solutions if u # D(a,¢) + cmBm_1(a)?. If w = D(a,¢) + cnBpm_1(a)'/?, then we have
¢+ (—1)“(]”*’”/2*1/2 solutions.
If a,, # 0, we can apply the change of coordinates
Cm u+ D(a,c)

Tm—2 7 Tm—2 + ) T = T +
Qm A,

to eliminate the linear terms. Proposition 2.4 can then be applied to give the stated value
for N(u,v). O

4 Analysis of Types and Ranks

We now begin the proof of Theorems 1.2, 1.3, and 1.4. We first determine the types of the

quadratic forms involved. We then use the results of Section 3 to evaluate the coefficients in

the expression for the cross-correlation in Proposition 1.5. Any choice of basis e, es, ... €,
18



for GF(q") as a vector space over GF(q) determines an identification GF(q)" — GF(¢")
by & = (x1,22,...,2,) — >; x;¢; = x. When such a basis has been chosen, we shall write Z
if the element z is to be thought of as a vector in GF(q)", and we shall write  when the
same vector is to be thought of as an element of the field GF(¢"). Fix § # 0 € GF(¢") and
define the function R : GF(q)" — GF(q) by R(z) = Tr?" (6x").

Theorem 4.1 Suppose k = 1+ ¢/ (so k has g-adic weight 2). Then R(Z) is a quadratic
form.

1. If n/ged(n,j) is even and 6 is not a (1 + ¢’)th power in GF(q"), then the rank of R
1s n, hence even. Moreover, if W 1s odd, then R is a Type III quadratic form,

n,j)
while if ﬁ(ni) i1s even, then R is a Type I quadratic form.

2. If n/ ged(n, j) is even and ¢ is a (1 + ¢?)th power in GF(q"), then the rank of R is
n —2gcd(n, j), hence even. Moreover, if %%(M) 15 odd, then R is a Type I quadratic
form, while if 2g+(nj) 1s even, then R is a Type I quadratic form.

3. If n/ ged(n, ) is odd, then the rank of R is n — ged(n, j) + 1, hence even. Moreover,
R is a Type II quadratic form.

Proof: If ey, ey,..., e, is a basis for GF(¢") over GF(q), then

R@) = Trz"w(,i“’heh)“qj)

= T8 (53 anen) (X (nel))
h=1 =1
= > > amnm
h=11=1

where ap; = Trg"(5ehe?]), and R(7) is a quadratic form.

The third case was handled by Klapper, Chan, and Goresky [7]. Hence we may assume
that n/ ged(n, j) is even. It follows that j # 0.

Consider the null space, W of R, defined by

W ={w e GF(q"): R(w) =0 and Yy € GF(q"), R(w +y) = R(y)}.

W is a GF(q)-vector subspace in GF(¢"), and, by Lemma 2.2, the dimension of W is the
co-rank of R, which we next determine. _
Let w € GF(q"). Expanding the expression (w + y)'*%', we see that w € W if and
only if Tr?" (dw'*?") = 0 and for every y € GF(¢"), Tr? (dwy?) = Trl" (dw?y). Since
19



Tr?"(x) = Trd"(z7), the right hand side of the latter equation is unchanged if we raise its
argument to the power ¢/, which gives

Trgn (Swy?') = Trgn (67wt y?'),

or
Trd" ((w + 67w )y ) = 0

for all y € GF(¢"). This implies that dw = 67 w1 _

Let z = dw't®. Then w € W if and only if Tr?"(z) = 0 and 27! =1, i.e., z € GF(¢).
This second condition is equivalent to z € GF(¢/) N GF(q") = GF(¢=4™7). Moreover, if
y € GF(q&°d™)), then

n cd(n,j) n
TT((]I (y) - TT:]Zg ’ (Trggcd(n,j) (y))

qeod(n.9) n
Tri (

———y) =0,
ged(n, j) )
since n/ ged(n, j) is even. Hence w € W if and only if 5w1+qj € GF(qeedm).

Suppose there is a w #£ 0 € W. Let u satisfy u?’ 4D -1 — 1. We have that n/ ged(n, j)
is even, so 2 ged(n, j) divides n, and thus ¢28°4™7) —1 divides ¢" — 1. Therefore u € GF(q").
We have

() oy <,

that is, uw € W. The cardinality of the set of such u in GF(g") is ¢78(™7) — 1. Conversely,

if v e W, then
(v/w) A+ I=0 — .

It follows that o
(,U//u))q2gC (”J)_l — 17

and so W has cardinality ¢?8°d™J) or has cardinality 1 (i.e., consists of only 0).

We next show that there is a w # 0 € W if and only if § is a (1 + ¢/)th power. If
6 = d"" then w = d~* € W. Conversely, suppose v = dw' " € GF(q#4™9)). Let u be
a primitive ¢28°d™7) — 1 root of 1 in GF(g"). Then u'*® is a primitive ¢&4(™7) — 1 root of
1, i.e., a primitive element of GF (ngd(”’?')). It follows that there is an integer m such that
v = w1 Therefore, § = (u™/w)'*%. This proves the assertions regarding the rank of
R.

We suppose lastly that § is not a 1+ ¢/th power and determine the type of R. The case
where § is a 1 4 ¢/th power is similar. Let b # 0 € GF(q). Suppose that R is a Type I
quadratic form. Then the equation R(z) = b has ¢"~! — ¢V?t = ¢¥/?71(¢™? — 1) solutions
by Proposition 2.4. Also, if R(x) = b, and u'*%" = 1, then R(ux) = b. There are ¢&(™J) 41
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such v in GF(q"), so ¢#4(™7) + 1 divides ¢"/?2 — 1. By Lemma 2.1, this is only possible if
n/(2ged(n, j)) is even. Similarly, it can be shown that if R is a Type III quadratic form,
then n/(2ged(n,j)) is odd. If R had Type II, then the number of solutions to R(z) = b
would be ¢"', which cannot be divisible by ¢#°d(™7) 4 1. so Type II is impossible. The
assertions regarding the type of R in this case follow. O

5 Proofs of the Main Theorems

Completing the proofs of the main theorems is now a matter of combining the results of
Section 3 with Theorem 4.1. In each case we have a fixed quadratic form R(z), whose type
is established by Theorem 4.1, a linear function L(Zz), and a linear function H(Z) whose
coefficients are determined by the shift 7 (R, L, and H are defined over GF(q)). As 7
ranges through all possible shifts, H ranges through all possible nonzero linear functions.
Thus, in determining the distribution of values of ©g 1 (7) for fixed geometric sequences S
and T, we keep R and L fixed and let H vary through all nonzero linear functions. For
any fixed R, L, and H, one of the propositions of Section 3 applies. The results of that
proposition are then used in Proposition 1.5 to determine a value for Og (7). The counts
of the number of shifts 7 giving rise to each value of ©gr(7) are also determined by the
propositions of Section 3.

Assume we have chosen coordinates so that R(Z) is in one of the three standard types,
with rank m. We write L(z) = ¥, ¢;x;, H(Z) = Y1, a;x;, and p = R(¢). The condition
Null(R) C Ker(L) is equivalent to ¢;,1 = -+ - = ¢, = 0. The condition Null(D) C Ker(L)
is equivalent to ¢,, = -+ = ¢, = 0 when R is a Type II quadratic form. We let ¢ = 1 if R
has Type I, e = —1 if R has Type I, and o = ¢, if R has Type II. Thus by Theorem 4.1,
w = € if 0 is not a kth power (i.e., in Theorem 1.3), and w = —e¢ if § is a kth power (i.e., in
Theorem 1.2). In order to compute the coefficients N (u,v), we must count the simultaneous
solutions to

H(z)=wu (14)

and

R(z) + L(Z) = v, (15)

for arbitrary u,v € GF(q). The proofs are handled in several cases depending on the
parameters ¢; that determine the shift 7.

A. Suppose that (¢pi1,--,¢n) = S(ami1, -+, a,) for some s, and there is an ¢ > m such
that a; # 0. Then we can apply Proposition 3.3. This condition is satisfied by ¢" — ¢ shifts
if ¢ppp1 =+ =c, =0, and ¢ — ¢ shifts otherwise. This gives
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. Case A.1 of Theorem 1.2, when s = 0. Here
N(u,0) = "7 + enlv + p)g"/*+2,

Isx(T) = wg"* 2 1(f)(I(g) — aG(p)).

This value occurs for ¢" — ¢"2¢ shifts.

. Case B.2 of Theorem 1.2, where
N(u,v) = ¢ 2 + en(v + su+ R(¢) + sD(¢,a) + s*R(a))qV/*F42,
S0
Lsx(r) = wg"*"2(I(f)I(9) — ¢ > F(w)G(su+ p+ sD(c,a) + s’R(a)))
= wg" P E(I(f)1(g) — un(U)G(Su +1)),

where t = p + sD(¢,a) + s*R(a). For a given t, the number of shifts for which this
value occurs is the number of ay, - - -, a,, such that t = p+ sD(¢, a) + s*R(a), which is
given by Proposition 2.5 as ¢" 24 + en(t)qV/?~4 1.

. Case A.1 of Theorem 1.4, when ¢,, = s = 0. Here N(u,v) = ¢"2, so I'sp(7) = 0.
This value occurs for ¢" — ¢"~4+! shifts.

. Case B.1 of Theorem 1.4, when s = 0 and ¢,, # 0. Here

N(U, U) _ qn72 + (_1)Trg((v+Bm_1(E))/c,zn)q(n+d)/272

qn—2 + (_1)TTg((U+p)/02+1)q(n+d)/2—2’

SO
Tsx(r) = g™ 221(f) Y (1) DG (0% + p),

v

after substituting o?v + p for v. This value occurs for ¢ — ¢"~ %+ shifts.

. Case C.1 of Theorem 1.4, when ¢, = sa,, # 0. Here N(u,v) = ¢""2, so I'sx(7) = 0.
This value occurs for ¢" =4+ — ¢"~? shifts.

. Cases C.2 and C.3 of Theorem 1.4, when ¢, # sa,,. Here
N(u,v) = q¢" 2 + (_1)Trg((u+su+Bm,1(J))/dgn)q(n+d)/2_2
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(recall d = ¢ + sa), so
I's T(T) _ n+d )/2—2 Z Tr2 ((v+su+Bp—1(d))/d2, )F(u)G(v)

— (_1)TT2(Bm71( 1)/d7,) Z(—1)Trg((”+s“)/d%1)F(u)G(v).

U,V

We have Tr§(B,,_1(d)/d?,) = 1 whenever there is a z € GF(q) such that Tr3(z) = 1
and B,,_1(d)/ dfn = z. There are ¢/2 values of z for which Tri(z) = 1, all nonzero,
and for each of these, B, i(d)/d? = z for ¢"~%' — ¢"=D/271 values of dy, -+, dp_1
for each fixed nonzero d,,. Therefore, (—1)7"3(Bn-1(D/d) = 1 for (¢"~¢ — ¢"=9/2)/2
values of ay,-- -, am_1 and (—1)72Bmad/dn) — 1 for (=4 4 ¢n=) /2)/2 values of
ai, -, an_1 for each a,, # ¢, /s. Letting r = s/( + s%a?)), and t=1/(c2 + sa?),

we find that Ds (1) = 3, (—1)20H) P(4)G(v ) for ("% 4 ¢"~ d>/2)/2 shifts and
Ts1(7) = = Yo (=120 ) F(0)G(v) for (¢"¢ — ¢=D/2) /2 shifts for each r # 0
and t # 0 in GF(q).

B. Suppose there is an ¢ > m such that ¢; # 0, and a,,11 = ---a, = 0. Equivalently,
Null(R) € Ker(L), and Null(R) C Ker(H). In this case N(u,v) = ¢"~2 for all u and v by
Proposition 3.2, so I's v(7) = 0. This contributes ¢" — 1 shifts to case B.1 of Theorem 1.2,
and case C.1 of Theorem 1.4.

C. Suppose (¢pi1,- -, ¢) and (apq1,- -+, a,) are linearly independent. Then N(u,v) =
q" % by Proposition 3.1, so I'sp(7) = 0. This contributes ¢" — ¢™"! shifts to case B.1 of
Theorem 1.2 and case C.1 of Theorem 1.4.

In the remaining cases we may assume that ¢, 1 =+ =¢, = Gypyi1 =+ =a, = 0 and
apply Proposition 3.4 to compute N (u,v).

D. Suppose R has Type I or III and R(a) # 0. Then

n—2 _1\¢,n—m/2—1 S
{1 it u # D@0
N(u,v) = { g2 if u= D(a,c).

where ¢ = Tri((v + R(¢))R(a)/(u* + D(a,c)?)) if u # D(a,c). Consequently

Tsx(r) = ¢ D> Y (=1)%%" "> F(u)G(v)

u;éD(a c) v
= eq" Y ()OI F (4t D(a,e)Glv + R(e))
u#0 v
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where we have substituted u + D(a, ¢) for u, and v + R(¢) for v. We next let
t=D(a,¢c) and s= R(a). (16)

Thus

Tsr(7) = eq" ™/~ 1;2 Tr3(sv/u?) F(u+t)G(v+ R(c)).

This gives case A.3 of Theorem 1.2 and case 2 of Theorem 1.3. To count the number of
shifts for which these values occur, we apply Proposition 3.4.1 to equation (16).

E. Suppose R has Type I or III and R(a) = 0. Then

-2 3 a c
[ if u# D(a,c)
N(’Z,L, U) - { qn—2 + €n<v + R(E))qn_m/Q_l 1f u = D(a,’ E)

Consequently,
s(r) = eq" "> F(D(a, ) (qG(R(0) — 1(g))-
Letting t = D(a,c¢) and R(a) = 0, we have

so(r) = eq" ™ F(t)(aG(R(e)) — 1(9)).

This gives case A.2 of Theorem 1.2 and case 1 of Theorem 1.3. We can again count the
number of shifts giving rise to these values by applying Proposition 3.4.1.

F. Suppose R has Type II and ¢,, = 0 (i.e., Null(D) C Ker(L). Note that in this case
p = Bps(0)).
1. If a,, = 0, then N(u,v) = ¢"~2 by Proposition 3.4. Hence I'st(7) = 0. This con-
tributes ¢"~¢ — 1 shifts to case A.1 of Theorem 1.4.

2. If a,, # 0, N(u,v) = ¢"2 + (—1)™n(w)q" ™23/ where 7 = Trd(B,,_1(a)/a?,) and
w=v+u?/a® + p+ D(a,c)?/a,, by Proposition 3.4. Thus,

Lax(r) = (~17g™ 922 Y FwG( + o+ 25D 1(p)1(9)

, @
= U PGl + o+ 25D — 1)),

Letting a,, = s # 0, Bp,_1(a) = da%r, and p + D(a,c)*/a?, = t, ie., D(a,c) =
am(t + p)'/%, we have

sm(r) = (=1)" g 272(g 37 F(su)G(u® + 1) = 1()1(9)).
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Counting shifts is now a bit more complicated since we would like to determine which
sign occurs, thus eliminating 7.

Ife; =+ =c¢u1 =0, thent =p = 0. For a fixed s, there are ¢/2 values of r for
which Tr3(r) = 0, including 7 = 0. Thus there are (¢"~% + ¢"~%/2)/2 shifts with a
positive sign, and (¢"~% — ¢»=9/2) /2 shifts with a negative sign.

If the ¢; are not all zero, we may apply Proposition 3.4 again for fixed r, s, t. If p =0,
then this value occurs for ¢" =92 shifts if ¢ # 0, and for ¢"~%2 4 n(r)q™~ /2= shifts
if t = 0. To eliminate r, we collect terms for which T rd(r) = 0. We have a plus sign
for ¢q"~971/2 shifts when t # 0, and for (¢"~97! 4 ¢("=9/2) /2 shifts when t = 0. We
have a minus sign for ¢"~971/2 shifts when t # 0, and for (¢"~%~! — ¢(=9/2) /2 shifts
when ¢t = 0.

If p # 0, this value occurs for ¢"~ 42 4 (—1)772(er/(t+0) g(n=d)/2=1 ghifts if ¢ # p, and for
q" 972 shifts if t = p. If t = p, then each sign occurs for ¢"~971/2 shifts, so let t # p
be fixed. Then the number of shifts giving a plus sign is given by

p d ) /o
[ Trdr) = 0} 0 {r s Trd(fr) = O}lg" = 27

I Trd) = 0h 0 {r s Tr(r) = (a2 = g2

n—d—1

= 5 + ¢ D2 QU Tri(r) = 0} N {r Trg(t_{p_

q
=0} =)

If ¢ # 0, then the intersection is an intersection of two non-parallel hyperplanes (over
GF(2)), which has cardinality q/4, so this reduces to ¢"~971/2. If t = 0, then the
two hyperplanes coincide, so we have (¢"~ %! + ¢"=9/2)/2 shifts Similarly, we have
q"~%1/2 shifts giving a minus sign if ¢ # 0, and (¢" 97! — ¢"=9/2) /2 shifts giving a

minus sign if ¢ = 0.

G. Finally, suppose R has Type II and ¢, # 0 (i.e., Null(R) C Ker(L), but Null(D) £
Ker(L)). We have, according to Proposition 3.4, two cases to consider.

1. If a,, = 0, then N(u,v) = ¢"2 when u # D(a,é) + ¢, R(a)"/?, and N(D(a,c) +
cmR(@)Y? v) = "2 + (=1)#q"™/27Y2 where p = Tr3((v + Bp_1(¢))/c2,). Thus

Tsx(t) = ¢ 2 F(D(@,¢e) + e, R(@)"?) D (-1)*G(v)

v

_ q(”+d)/2_1F(D(a,E) + 0R(d)1/2) Z(_l)Trg(v—i-l)G(Ojv + P),

v
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where we have substituted o?v + p = ¢2,v 4+ B,,_1(¢) + ¢, for v. Letting s = D(a, c)
and r? = R(a) = B,,_1(a), we see that

Tsx(r) = "7 F(s + or) > (1) G(0%0 + p).

For fixed s and r, the number, K, of shifts that give this value is, according to Propo-
sitions 2.4 and 3.4, given by one of the following.

(a) If L(Z) = oz, then s = 0 and

K qn—d—l _ q(n—d)/2—1 if r ?é 0
¢ (gD 1 ifr =0,

(b) If L(z) # oz, but B,,_1(¢) =0 (i.e., p = ¢?), then

g2 if s#0
K ={ &2 _gn-d/2-1 ifs=0,7#0
¢+ (q—1)gn DR -1 ifs=r=0.

(c) If B,,_1(¢) # 0 (i.e., p # ¢?), then

q’nfd72 _I_ (_l)TT(QZ(Banl(E)TQ/SQ)q(nid)/Zil lf S % 0
K=1{ ¢ fs=0r70
| if s =r=0.

Lett =s+or, so

Lsr(r) = ¢" 27 F(t) Y (-1)™0 G (0% + p).

(2

To count the number of shifts giving this value we must sum over all s and r such that
t = s+ or. Suppose first that L(Z) = ox,,. Then s =0, and t = or, so the number of
shifts giving this value is ¢" %! — ¢"=9/271if t £ 0 and ¢ %1 + (¢ — 1)g"=9/>71 —1
if t =0.

Suppose next that L(Z) # ox,,, but B,,—1(¢) = 0. If t = 0, then the number of shifts
giving this value is (¢ — 1)g" 92 + ¢" 92 4+ (¢ — 1)g" D271 — 1 = g"=41 4 (¢ —

1)g"=/2=1 — 1. If t # 0, then the number of shifts giving this value is (¢ —1)g" 42 +
qn—d—Q _ q(n—d)/Q—l — qn—d—l _ q(n—d)/2—1.

Suppose last that B,,_1(¢) # 0. If t = 0, then s = or, so the number of shifts giving
this value is (q _ 1)(qn—d—2 + (_1)Trg(Bmfl(E)/Uz)q(n—d)/2—1) + qn—d—2 —1 = qn—d—l +
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(=1)T3Brna@/7%) (g — 1)g("=D/2=1 _ 1 If t # 0, then the number of shifts giving this
value is

_ 52+t2 n—
Z(qn—d—2 + (_1)T7’121(Bm71(c) g )qu—l) + qn—d—2
s#0
By —1(2) n—
_ qn—d—l + (_1)Trg(T)qu—l Z(_
s#£0
Bm—l(c)

Note that R(¢) = B,,_1(¢c) + o2

CIf ap # 0, then N(u,v) = ¢" 2 4 (=1)73Bna@/aidp(v + u?/a, + ou/am + p +
R(a)o?/a?, + D(a,¢)o/an, + D(a,c)?/a?,)q" ™32, Thus
FS,T(T) ==
(_1)TTS(Bmfl(d)/afn)q(n+d)/2—2(qZF<U)G
D(a,é)c  D(a,c)?
L2 POy yi)1g))

A, az,

u?  ou R(a)o?
P
U m m

R(a)o?

)

= (=1)T3Bma@/ai) (D224 N P(a,,u 4 D(a, e)G(u? + ou+ p +

—1(f)1(9)),

where we have substituted a,,u + D(a,¢) for u. To count shifts, we let r = a,,,
s = D(a,c), and t = p+ R(a)o?/a?, = p+ 0® + B,_1(a)o?/a?,. Then

2
m

Tsm(r) = (—1)72HA/ DG DR 37 Pru + )G (u® + ou+ 1) — 1(f)1(g)).

If L(Z) = 02y, then s = 0 and this value occurs for ¢" 4! + (2L +1)¢"=/271 shifts
for each r # 0 and t in GF(q). If L(Z) # oa,,, but p = 0, this value occurs for ¢" 42
shifts for each r # 0, s # 0, and t in GF(q) and for ¢"~472 + n(t;%p + 1)gn=d/2-1
shifts for s = 0 and each r # 0 and t in GF(q). If p # 0, this value occurs for
¢ (—1) TR e/ ) (o) [57) o (n=d)/2-1 ghifts for each r # 0, s # 0, and t in
GF(q) and for ¢"~972 shifts for s = 0 and each r # 0 and ¢ in GF(q).

This concludes the proofs of the three main theorems.
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6 Linear Complexity

In this section we compute the linear complexity of the geometric sequences considered in the
previous section. Our results are based on the work of Zierler and Mills [17] on the linear
complexity of algebraic combinations of sequences. Zierler and Mills considered general
recurrent sequences over a field F'. These are sequences of elements of F' (or sequences over
F) which satisfy linear recurrences whose coefficients are in F. Let S be a sequence over F.
A recurrence,

n—1
Vk>0: Sk, = Z aiSiir, (17)
i=0

is said to have length n. The smallest n such that S satisfies a recurrence of length n is the
linear complezity of S, denoted by Ap(S). We will write A\, for Agp(q). It is well known that
if 2Ap(S) consecutive elements of S are known, then S can be (efficiently) determined by
the Berlekamp-Massey algorithm [11]. Thus sequences that are used in cryptographically
sensitive applications must have large linear complexities.

If equation (17) is the (necessarily unique) minimal length recurrence satisfied by S, then
the connection polynomial of S is the polynomial

n—1
fs(t) =t" = > at'.
1=0

If we think of ¢ as the shift operator on sequences, then fg(t) is the unique monic generator
of the ideal of annihilators of S in the ring F[t]. If fs(t) has roots ay,---,a, (over an
algebraic closure F' of F'), then S can be written uniquely as

n

Si = ZC]'CY;, (18)

Jj=1

for some ¢; # 0 € F. In particular, the number of terms in a representation of S such as in
equation (18) equals the linear complexity.

Zierler and Mills studied these notions from the point of view of the set of sequences
annihilated by a polynomial f(¢), and considered what polynomials annihilate sums and
products of such sets of sequences. Their results can be used to describe the connection
polynomials of term-by-term sums and products of pairs of sequences. If fi(t) and fo(t) are
polynomials, then (f; V f2)(t) is the polynomial whose roots are the distinct products af,
where « is a root of fi(t) and [ is a root of fy(t). Note that if f; and f; have coefficients in
F, then f; V fy does as well, by Galois theory.

Proposition 6.1 Let S and T be linearly recurrent sequences over F'. Then
28



1. fsyt divides the least common multiple of fs and fr, and
Ar(S+T) < Ap(S) + Ap(T). (19)

If, moreover, fs and fr have no roots in common, then fs.t = fsfr and we have
equality in equation (19).

2. fst divides fsV fr and

Ar(ST) < Ap(S)Ar(T)
= the number of distinct root products vd, v a root of fs, 6 a root of fr.

If, moreover, all the root products from fs and fr are distinct, then fst = fsV fr and
Ar(ST) = Ar(S)Ar(T).

Details of the proofs of this proposition can be found in [9].
In our situation we have two sequences U and V over GF(q), defined by

n—1 S
U; =Tr] (ya') = Z v
5=0

and

n—1 ) o
V,; = Trgn (5aF) = > 57 o
=0

where « is a primitive element of GF(¢") v # 0 € GF(¢"), § € GF(¢"), and k # 0. We also
have a function g : GF(q) — GF(2), and define S; = g(U;+V;). We can, however, think of g
as having range GF'(q) and therefore express it as a polynomial, g(z) = 3973 a;z*. The image
of g is in GF(2) if and only if ag,a,-1 € GF(2), and for i <i < q—2, a = g mod q-1):
It is straightforward, however, to see that \2(S) = A,(S), so from now on we will put no
restriction on g. In case § = 0, the linear complexity of S has been computed as

A(8) = > n,

a;#0

where wt(7) is the number of ones in the binary expansion of i [2, 9]. We will therefore
assume that § # 0. S can be built from U and V by a series of algebraic operations, and we
will keep track of what happens to the linear complexity as we do so. For any k£ < ¢" —1, we
denote by x(k) the number of distinct elements of the form o*? | i.e., the size of the Galois
coset of a*. (k) can be computed as the least r such that ¢" — 1 divides (¢" — 1)k. In
particular, y(k) = n if ged(k,¢" — 1) = 1.
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1. fu(t) has roots {a, a4, --,a%" '} and )\, (U) = n.
2. fy(t) has roots {a¥ ... o'} and A\, (U) = x(k).

3. Suppose k is not a power of g. Then fy and fy have distinct roots, so fuiv = fufv,
which has roots {a, a?,--- a9 Yu{a¥, o, - """} Thus A\ (U+V) = n+ (k).

4. Suppose g(z) = 2%, and k is not a power of ¢. Then the roots of fg are the 2'th
powers of the roots of fusv, {02, a®?, -, a¥" YU {a®* a2k ... o¥F"7') and
A(S) =n+ x(k).

5. Suppose g(z) = 2%, 1 <b < g —1, and k is a sum of at least two distinct powers of g.
Let b = Z;;(l) b;27, b; € {0,1}, ¢ = 2°. Then S is a product of sequences of the form
considered in the preceding paragraph, one for each b; = 1. The set of roots of fs(t)
is thus a subset of

C={[ a®¥0" = a2 e {0,13,0 <my < - 1),
bi=1

In fact, if @ # 7, then 2'k"i¢g™ and 27k g™ have no terms in common in their binary
expansions. Therefore 2°k"ig™ # 27/k"¢™  (mod ¢" — 1), so by Proposition 6.1, C' is
precisely the set of roots of fs(t). Similarly, all the root products in C' are distinct, so
A(S) =10 = (n+ x (k).

6. A similar argument shows that the sets of root products that arise for distinct bs are
disjoint. We have proved

Theorem 6.2 Let g : GF(q) — GF(q), g(x) = Y925 ax’. Let k < ¢" be a sum of at least
two distinct powers of q, and let v # 0, 6 # 0 be elements of GF(q"). Then the sequence
whose ith term is g(Trd" (yo + 6a*")) has linear complexity

A(S) = (n+ x(k)).
a;7#0

Thus the linear complexity of these sequences is higher than that of previously studied
geometric sequences. x (k) can be as large as n, so the largest possible linear complexity we
can achieve here is

5@ = 3 (180 oy

aﬁéO r=0
= (2n+1)°8,
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which is approximately ¢(n+1)1°8, i.e., ¢ times greater than the maximum linear complexity
achievable with previously studied geometric sequences.

More generally, let {k1,---,kq} be a set of integers such that each k; < ¢™ is a sum of
distinct powers of ¢, and for ¢ # j, there is no r such that k; = ¢"k; (mod ¢™ — 1) (this
holds, for example, if wt(k;) # wt(k;)). Let

d
S; = g(Trl" (3 v0™")),
j=1
where 23;(} a;z" and each ~; is nonzero. Then S has linear complexity

Ao(8) = D= (3 X)),

ai#0 j=1

7 Conclusions

In this paper we introduce a general class of easily generated binary sequences based on
combinations of shift register sequences over a finite field with nonlinear feedforward func-
tions. We have exhibited formulas for the cross-correlation of these sequences with standard
geometric sequences in terms of the feedforward functions. The cross-correlations can be
minimized either by exhaustive search or by further analysis. It may be possible, for exam-
ple, to apply these formulas recursively.

We have also expressed the linear complexity of these generalized geometric sequences
in terms of algebraic expressions for the feedforward functions. These sequences are seen to
have higher linear complexities than standard geometric sequences by a factor of as much
as q.

Several questions remain. First, it is as yet unclear whether feedforward functions can
be chosen to minimize the cross-correlation values while simultaneously making the linear
complexity close to maximal. Second, we have not computed the cross-correlation of a pair of
generalized geometric sequences, or even their autocorrelation functions. Using the approach
taken here, this problem leads to the computation of the number of points in the intersection
of pairs of degree two hypersurfaces. In general this is a hard problem, but in this case there
is some hope that the special form of the equations will make it tractable. Finally, much
more general geometric sequences can be considered, say by applying a feedforward function
to an arbitrary linear combination of decimations of m-sequences. It is unlikely that much
can be said in general about the cross-correlations of such sequences, but there may be other
special cases (e.g., particular decimations) in which inductive formulas can be found. This
would likely lead to sequences with higher linear complexity, since the linear complexity
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tends to go up both with the number of m-sequences in the linear combination, and with
the degree of the decimation.

The geometric sequences studied here are closely related to No sequences [13]. Let n = 2,
T =q+1 (so ol is a primitive element of GF(q)), ged(r,q — 1) = 1, g(x) = Tri(z"), and
§ € GF(¢q™). Then the sequence V whose ith element is V; = g(Tr? (o + §a’?)) is a No
sequence (No and Kumar described their sequences slightly differently, but this description
is equivalent). This is not quite the form of sequences studied here due to the squaring of
« in the first term. However, it is likely that the cross-correlation of an m-sequence with
a No sequence or even more general sequences can be computed using similar techniques.
The hope is that we can find large families of sequences with low cross-correlations and high
linear complexities.
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