DUALITY THEORY FOR SPACE-TIME CODES OVER FINITE
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ABSTRACT. We further the study of the duality theory of linear space-time
codes over finite fields by showing that the only finite linear temporal corre-
lated codes with a duality theory are the column distance codes and the rank
codes. We introduce weight enumerators for both these codes and show that
they have MacWilliams-type functional equations relating them to the weight
enumerators of their duals. We also show that the complete weight enumer-
ator for finite linear sum-of-ranks codes satisfies such a functional equation.
We produce an analogue of Gleason’s Theorem for linear finite rank codes.
Finally, we relate the duality matrices of n X n linear rank codes and length n
vector codes under the Hamming metric.

INTRODUCTION

A space-time code S is a finite subset of the M x T complex matrices Mat s 7 (C)
used to describe the amplitude-phase modulation of a radio frequency carrier signal
in a frame of T' symbols transmitted over each of the M antennas. We call the set
of entries of the matrices in S its alphabet.

The main design criterion in the construction of space-time codes is the error
correcting capability of the code, so one seeks to minimize the pair-error probability
of decoding one codeword C] into another C5. This probability will depend on how
the wireless channel is modeled, but one can typically bound this probability by
an asymptotic in the inverse of the signal-to-noise ratio v, whose lead term is a
multiple of (1/v)?¢ for some integer d. We call d = d(Cy,Cs) the diversity of the
pair (C1,Cs). The minimum value ds for d(Cy, Cs) over all C; # Cs,C1,Cs € S is
called the diversity order of S. Hence one seeks to maximize dg.

Channels for which space-time codes have been considered and diversity order
defined as above include:

EXAMPLE 1. Fast-fading Rayleigh channels with additive white Gaussian noise
(AWGN). Here the diversity order d(C1,Cs) is the number of non-zero columns of
Cy — Cs.

EXAMPLE 2. Quasi-static fading Rayleigh channels with AWGN. Here d(C1, Cs) =
I‘k(Cl — CQ), the rank of 01 — 02.

EXAMPLE 3. Channels which are a combination of those in Examples 1 and 2,
a multiple block fading channel with AWGN, which is quasi-static for each of ¢
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blocks. Here each codeword C consists of ¢ matrices {C;}¢_;, each of size M x p.
The diversity order d(Cy,Cy) is Y3r_, tk((C1); — (Ca)y).

EXAMPLE 4. Rayleigh fading channels with AWGN, where we allow for temporal
correlation [2]. We need some notation. Let 1;; denote the I x J matrix whose
entries are all 1. If D is an M x T matrix and B is of size T'x T, we let D4{B be the
MT x T matrix whose rows are indexed by the set {(7,j)|1 <i < M,1<j<T}
ordered lexicographically, and whose columns are indexed by 1 < k < T, and whose
(4, 7)k-th entry is D;;Bjj. In other words, DB = (D ® 171) © (1p1 ® B), where ©
and ® respectively denote the Hadamard and Kronecker products. (Recall that if
E is an M x T matrix and F is an M’ x T" matrix, and if the sets {(i,4')|1 <i <
M,1<i¢ <M'}and {(4,j))1 <j<T,1<j <T'} are ordered lexicographically,
then the (4,4')(j, j')-th entry of E ® F' is E;; Fyj.)

Let U denote the number of receive antennas. Suppose there is a U x M matrix
H (t) which describes the fading of the t"-column of a codeword, for 1 <t < T,
and that the elements of H(t) are i.i.d. zero-mean complex Gaussian variables,
but that the T-length vector of each of the entries of H(¢) for 1 < t < T has a
T x T temporal correlation matrix X. Write ¥ = B*B, where B* is the conjugate
transpose of B. Then in [11], using [2], it is shown that for codewords Cy, Cs,

d(Cl, CQ) =rk ((Cl — CQ)ﬁB) (1)

Then the diversity orders in Examples 1, 2, and 3 are all special cases of this formula
for different choices of B (respectively, B is the T' x T identity Ir; B = lpr; and
B is the block diagonal matrix with ¢ blocks each consisting of 1,,).

Note that all the diversity orders in Examples 1-4 make sense for matrices in
any ring. In a recent paper [11], the authors showed that there are appropriate
notions of approximation, equivalence, and lifting, such that each space-time code
above is arbitrarily well approximated by one lifted from an equivalent code over a
finite field. This adds impetus to the study of space-time codes over finite fields.

Let g be a power of a prime and F, denote the field with ¢ elements. We
call subsets of Matasx7(Fy), respectively endowed with the diversity orders from
Examples 1-4 above, finite column distance codes, finite rank codes, finite sum-of-
ranks codes, and finite temporal correlated codes, and denote their diversity orders
as deq, dik, dsor, and dyc.

Not only can such finite codes be used in essence to build all space-time codes
(see [12], [15], [18], [19], [20], and [21] for some constructions), they are interesting
mathematical objects in their own right, with a long pedigree. Gabidulin [10]
employed finite column distance and finite rank codes for studying crisscross errors
in data storage. There is a longer history of finite rank codes, also referred to as
g-codes. One of the crowning achievements in this area is the work of Delsarte, who
proved a “MacWilliams Identity” for finite rank codes, both from the points of view
of association schemes (see [3], [4]), and also from the point of view of character
theory (see [5], [6]). Earlier, Campion had considered rank as a weight for square
matrices [1].

The goal of this paper is to further the theory of duality for space-time codes
over finite fields. We do this in two ways.

I) For any fixed B of size T'x T, we get a diversity order dy., which we can use to
define a weight wic(C) = dic(C,0) on Matasx7(Fq). Recall that for a subspace C
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of Matysw7(F,), its dual Ct is the orthogonal space to C with respect to the inner
product A - B = Tr(AB?), where Tr denotes the trace and ¢ denotes the transpose.
For any subspace C € Mat s x7(F'), we can define its spectrum with respect to wty.
as the vector a = (a;) of length T'+ 1 where a; = #{C € C|wt..(C) = i}.

The minimum one needs for a “duality” theory is that a(C') is a function of a(C)
for every subspace C of Matsx7(F;). Our first result is, that up to some notions
of equivalence we will make precise, the only finite temporal correlated codes which
have a duality theory are those in Examples 1 and 2: the finite column distance
codes, and the finite rank codes. (Though we will show that the finite sum-of-ranks
codes of Example 3 satisfy a MacWilliams-type identity when the complete weight
spectrum is considered.) As noted by Gabidulin, column distance codes can be
interpreted as vector codes® of length T over F v under the Hamming metric. This
will enable us to interpret the duality theory of the former in terms of the duality
theory of the latter. This lets us focus our attention on finite rank codes.

IT) Although the “MacWilliams Identity” for linear finite rank codes was worked
out by Delsarte 30 years ago, there is more to be done. He gave an explicit matrix
(B such that

a(C*) = = Ba(0),
IC|
and proved that its entries were ¢-Krawtchouk polynomials [4], [5], [6]. This is
a direct analogue of the corresponding result for linear vector codes under the
Hamming metric, where there is a matrix « such that
1
1
CL(C ) - |C‘O£0J(C),
and the entries of a are values of Krawtchouk polynomials.

But the MacWilliams identities for linear vector codes embody more than just the
computation of the matrix . They give a functional equation relating a generating
function for the spectrum (the Hamming weight enumerator) to that of its dual.
That explicit functional equation is crucial in:

i) Gleason’s theorems for formally self-dual codes [22].

ii) The relationship between the MacWilliams identities and the functional equa-
tion of the Riemann theta function [9].

iii) Duursma’s conjectures [7], [8].

Our second main result is to introduce a rank enumerator (different from the
one considered by Delsarte [6]), which is a generating function for the spectrum
of a finite rank code, and which has a functional equation relating it to the rank
enumerator of the dual code. As a result, we can prove an analogue of Gleason’s
Theorem for formally self-dual finite rank codes. It should be possible to greatly
extend this result (see the recent [23] to see far reaching generalizations of Gleason’s
Theorem for linear vector codes), but we will not attempt to do so here. It would
also be wonderful to relate the functional equation of the rank enumerator to the
functional equation of the symplectic theta function.

The paper is organized as follows. In the preliminary section 1, we set notation
and give definitions, and discuss what we mean by “duality theory.” In section 2
we give a summary of results and present some examples. In section 3 we prove the

e employ the retronym “vector code” to describe a code with just one row, which before
the advent of finite space-time codes, was just known as a “code.”
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claim above that in essence the only finite temporal correlated codes with a duality
theory are the finite column distance codes and the finite rank codes. In section 4
we give a proof of the classical MacWilliams identity for linear vector codes that
serves as a template of the proof for finite rank codes, which we derive in section
6. In section 5 we use the MacWilliams identity for linear vector codes to derive
a similar identity for linear finite column distance codes. In section 7 we present
a MacWilliams-type identity for the complete weight enumerator for finite sum-of-
ranks codes. In section 8 we prove the analogue of Gleason’s theorem for formally
self-dual finite rank codes. In the final section 9 we explain how the matrices a and
0 are related, showing that the original MacWilliams identity can be considered a
special case of the one for finite rank codes.
Some of the results of the paper were announced in [13].

1. PRELIMINARIES

Let M,T > 1, and C C Matp <7 (F,y). We call C a finite matriz code over F,.
The elements of C are called its codewords. If in addition C is an F4-vector space,
we call it a linear finite matrix code. We define a code structure d(Cy,C3) on C to
be any function on Matysx7(Fq) X Matarx7(Fg) to the non-negative integers such
that d(C1 + Cg, Cy + 03) = d(Cl, 02) for all Cl, Cg, Cs e Mat]\/ij(Fq). Note that
each code structure defines a weight wt(Cy) = d(C1,0), and that a code structure
can be recovered from the weight via d(Ci,Cy) = wt(C; — C3). So we can also
think of a weight, which for our purposes is any function from Mat ;7 (F,) to the
non-negative integers, as a code structure. We let wtcq, Wtyk, Wtsor, and wty. be the
weights corresponding to the four coding structures deq, dix, dsor, and di. defined
in the introduction.

Remark. One can define the Hamming weight wty of a matrix to be the number
of its non-zero entries. Finite matrix codes also appear as the product of two vector
codes, and in the definitions of the joint weight enumerator of vector codes and the
multiple weight enumerator of a vector code.

Let wt be a code structure on Matyx7(Fy). If n is the maximal integer in the
image of wt, for any finite matrix code C we define its spectrum to be the row vector
a(C) = (a;(C)) of length n + 1, where

a;(C) = #{C € C|wt(C) = i},
for 0 < i < n. We define the minimal weight of C as

d= Aercr’urAlio(wt(A)).

We say two finite matrix codes C; and Cy are formally equivalent if they have the
same spectrum. We define C+ = {D € Mat <7 (F,)|C - D =0, VC € C}. If Cis a
linear finite matrix code of dimension k, we say that C has parameters [M, T, k, d].
If C is an [M, T, k,d] code, then (C1)t =C, and C+ is an [M, T, k', d’] code, where
k+ k"= MT. We say a linear code is formally self-dual if it is formally equivalent
to its dual.

Fix M and T. We say a weight on Matas«7(F4) has a duality theory if for every
finite linear matrix code C, a(C*) depends only on a(C). If in addition, there is an
integer matrix v such that for every finite linear code C,

Cla(C™) = a(C)v, v* = ¢" T Tns1, (2)
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then we say that wt satisfies a MacWilliams identity, and that ~ is the duality
matriz of wt. (If wt defines a metric association scheme on Matyrx7(Fy), v is the
eigenmatrix of the scheme.) We call a weight wt homogeneous if wt(C) = wt(eC)
for any non-zero e € F, and all C € Maty 7 (F,), and its image consists of all
integers between 0 and n. Akin to an argument in section 3, one can show that for
a homogeneous weight, the second condition in (2) follows from the first.

If F={fo,...,fn} is a set of Q-linearly independent functions in Q(¢), for ¢ an

indeterminate, we call

n n

¥ (C) = aw(C)fi =Y aifi,

i=0 i=0
the F-weight enumerator of C. If F is understood, and the weight has a name, like
the Hamming weight or rank, we will call it the Hamming weight enumerator or
rank enumerator, etc. An involutary automorphism * of Q(¢) is one of order 2. We
let F* ={f5,....fr}.

Suppose that wt satisfies a MacWilliams identity. We will say that it has a
MacWilliams functional equation if there is a set F' as above, an involutary auto-
morphism *, and a function ¥ € Q(¢), such that for every finite linear matrix code
C,

- %WE ©). (3)

Plugging C* in for C in (3) shows that ¢)* = ¢™7T. Indeed, if wt has a MacWilliams
functional equation with 1¢* = ¢™7T, then it is not hard to see that if wt is
homogeneous then it satisfies a MacWilliams identity.

F(Cc)

Remark: The philosophical reason for the requirement that the functional equa-
tion be of the form (3) is worthy of debate. In light of Duursma’s work relating
Hamming weight enumerators of Goppa codes to zeta functions of these codes,
a revisionist could say that the motivation is to emulate the functional equation
of zeta functions of varieties over finite fields. Or, in light of the work relating
Hamming weight enumerators of vector codes to modular forms, one could say in
hindsight that one wanted to mirror the functional equation of a theta function.
But in reality, we of course require this form because it is the one taken by the
historical MacWilliams functional equation for the Hamming weight enumerators
of linear vector codes.

2. SUMMARY OF RESULTS AND EXAMPLES

We define two weights, wt; (C) and wte(C'), on Mat <7 (Fy) to be equivalent if
one is a non-zero constant multiple of the other, or if wto(C') is the same as wtq (D),
where D is obtained from C by a sequence of operations that either transpose two
of its columns or multiplies a column by a non-zero constant. The weight that maps
every element of Matasx7(Fy) to 0 is called the trivial weight.

Theorem 1. Assume that the weight wty, on Matarwr(Fq) is non-trivial and has
a duality theory for some choice of B. Then up to equivalence:

i) Wtte = Whyi, or

i) Wty = Wteq, or

i) M =1, and T = pl, for some p and €, and wty.(C) of the vector C' =
(€1, ...y ¢p0) s the number of non-zero rows in the p x £ matriz C' whose j-th row
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i8 (Cjy Cigps s Cir(t—1)p)).  Thus wtie(C) = wtea((C')"), and Wty is a disguised
version of the column distance weight.

This leads us to the next two theorems:

Theorem 2. Let C be a linear M x T finite column distance code over F,. For
0<r <T, let a,. denote the number of codewords in C of column distance weight
r. Let F = {1,t,..,tT}, so the column distance weight enumerator of C is ¢S3(C) =
ZT:O art”. Lett — (1 —1)/(1+ (¢M — 1)t) induce an involutary automorphism *

r

of Q(t). Then

1
F(Cch) = ﬁ(l + (g = D)1 eF (C).
Theorem 3. Let C be a linear M x T finite rank code over Fy. For any 0 <
r < min (M, T), let a, be the number of codewords of C of rank r, and let f, =

H;;é(%) Let F = {fo, ...,fmin(Mj)}, so the rank enumerator of C is

¢X(C) = ZT;%(M’T) ar fr. Let t — ¢ M)/t induce an involutary automorphism

x of Q(t). Then
r 1 min r
() = Ik TG (C).
Although finite sum-of-ranks codes do not have a duality theory, there is a
MacWilliams-type identity for their complete weight enumerators.

Theorem 4. Let C be a linear M x pl finite sum-of-ranks code over Fy, consisting
of £ blocks of M x p matrices. For any 0 <r; <min(M,p), 1 <i </, let agy,,.. vy
be the number of codewords [Ni|---|N¢] of C with tk(N;) = r; for all 1 < i < ¢,
and let o, . vy = Hle fri(t;), where the f; are as in Theorem 3 and the t; are
independent indeterminants. Let F' = {f¢., . »,)0 < 7y < min(M,p),1 <0 < [}
Then the complete sum-of-ranks enumerator of C is

¢SFC')r(C) = Z a(’l‘l,‘..,’r‘z)f(’l‘l,...,’l‘g)?
(7150-72)
where the sum is over 0 < r; < min (M, p), and 1 <i < £. Let t; — @)/t
1 < i <Y, induce an involutary automorphism of Q(t1,...,te). Then

, 1 : ]
(0 = [yt O C),

Finally, we derive a close relationship between the duality matrices for vectors
codes of length n under the Hamming metric and finite rank codes of size n x n.
Let Uy ., denote the number of upper-triangular matrices of rank ¢ and size m x m
defined over IF,.

Theorem 5. Let [aye] denote the duality matriz for linear vector codes of length
n over Fy under the Hamming metric, and [Bys] the duality matriz for n x n finite
linear rank codes over Fy. Then if Vi, = q(g)’(ngk)UT_km_k_l, we have

[ake] = ¢~ ) Vi ] [Brs] [Vis] 7L

EXAMPLES.
I) Representing extension fields. Typically the best space-time codes are those
whose diversity order is maximal. The corresponding property for linear M x T
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finite rank codes is that their minimal weight be maximal, that is, equal to n =
min (M, T). For such codes, the Singleton bound constrains k to be at most n [10].
This leads one to consider [M, T, n,n] codes where n = min (M, T).

Let us consider the case M =T = 2. The following are representations of I
as 2 x 2 matrices over F,, considered in [10], [20].

i) ¢ is odd. Take e € F, to be a non-square. Then

a b
C:{(be a) la,b e F,},

is a [2,2,2,2]-code. Its dual is

c de
e ={( S ) leder),

which is also a [2,2,2,2]-code. Let a, and b, denote respectively the number of
elements of C and C*+ of rank . Thenag = by =1, a; = b; =0, and ag = by = ¢>—1,
so C and C* are formally self dual. We get
=1 2o t-1Dt—-q) _t*—(g+t+¢
-1 (> = 1)(¢* —q) @ —q '
One easily checks that t2¢'X. (C)/¢* = ¢'5(C1), where * is induced by t — ¢*/t.

ii) ¢ is even. Take e € F, such that 2% +z +e is an irreducible polynomial. Then

_fa b 1 fc c+de
C_{<be a+b>|a,be]E‘q},C _{<d . )|c,deIFq},

F(C)=¢F(Cr)=1+0-

are both [2,2,2,2]-codes. Again ¢'¥(C) = ¢'X(C*) = %.

IT) Some formally self-dual linear rank codes. Take T' > 2. Consider the 2 x T'
code C; where the top row of a codeword is any vector in (F,)?, but the bottom row
is all zeros. It is formally self dual, and its rank enumerator, which we will call g1,
is 14+ (¢7 —1)(t—1)/(¢¥ —1) = t. Now suppose T is odd, and let C3 consist of 2 x T
matrices which are (7" — 1)/2 concatenations of the 2 x 2 code in Example (I), and
whose last column has a top entry which is arbitrary and a bottom entry which is
zero. Then Cy is formally self-dual, ag(C2) = 1,a1(C2) = ¢— 1, and a2(Cs) = ¢T —q,
so its rank enumerator, which we will call go, is

L+ (q—1)t-1)/(¢" =)+ (" —q)t—1)(t—q)/(¢" —D(¢" —q) =

(t* =2t +4")/(¢" = D).

If T is even, let C3 by the 1 x T code consisting of codewords whose first T'/2
entries are arbitrary, and whose remaining entries are all 0. Then Cs is formally self-
dual, and its rank enumerator, which we will call g3, is 1+ (¢7/2=1)(t—1)/(¢" —1),
s0 g3 = (t+q"7?)/(¢"/? +1). We will return to gi, go and g3 in section 8.

ITT) Relations to upper-triangular matrices. Theorem 3 gives a nice recursive
relation for Uy ,,,. For example, let C be the vector space of all 3 x 3 lower-triangular
matrices with entries in Fy, whose diagonal entries are all 0, which is a [3,3, 3, 1]-
code. Then C* is the vector space of all 3 x 3 upper-triangular matrices with
entries in F,, which is a [3, 3,6, 1]-code. Then the rank enumerator ¢"%(C) = Up 2 +

Ur2 =y + U2,2%7 and ¢iF(Ch) = Uos + Urags=y + U2,3% +
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— — p— 2 . .
Us 3 (q‘S,if))(fJ@};)((tq;{;%. The fact that 3¢, (C)/¢® = ¢"X(C*), where * is induced

by t — ¢3/t, implies, for instance, that
Uiz = (§%(CH)li=g — Uo3)(@® + g+ 1) = (% (C)|s=g2 — Uo2)(¢* + ¢+ 1) =

2 2 2
2 ¢ —1 (¢ —1)(¢° —q)
(q +qul)(Ul,qu 1 + Uz (® —1)(¢® —q)

since U073 = Uo,g =1. Noting that U272 = (q — 1)2q gives ULQ = q3 — U072 — U272 =
(¢ —1)(2¢ + 1). Hence by the above, Uy 3 = (¢ — 1)(3¢* + 2q + 1).

IV) Column distance weight enumerators. Let us now consider the code C in
Example (I) as a column distance code. Then as before C is self-dual, and once
again ag = 1,a; = 0,a2 = ¢®> — 1, so C is [2,2,2,2]. However the column distance
weight enumerator is

) =Ui2(q+ 1)+ Usg,

#(C) = ¢%(CH) =1+ (¢* = 1),
and one easily checks that (14 (q2 — 1)t)2¢5L(C)/q? = ¢$1(C1), where x is induced
by t — (1 —t)/(1+ (¢* — 1)t).

V) Complete rank weight enumerators. Let ¢; = (é 8 } (1) 8) and co =

((1) (1) I 8 8) , thought of as partitioned matrices with 2 blocks of 2 x 2 matrices

over F,. Let C; and C; be respectively the vector spaces spanned by c; and ca. Then
the sum-of-ranks spectra of C; and Cy are identical (ag = 1,a; = 0,a3 = ¢ — 1),
but as we will see in the next section, the spectra of their duals are not. Theorem
4 implies that they must have different complete weight enumerators.

Indeed, the complete weight enumerator of C; is

$F(C1) =1+ (¢ = 1)(t1 = D(t2 — 1)/(¢* = 1),
whereas the complete weight enumerator of Cs is
$F (C2) =1+ (g = 1)(t1 = V)t — 0)/(¢* = 1)(¢* — 0

Note that these differ even when we set ty = ¢;.

3. ONLY TWO FINITE TEMPORAL CORRELATED CODES HAVE DUALITY THEORIES
For a fixed matrix B of size T x T, we have defined a weight on Mat s« (F,),
wtie(C) = rk(CtB),

where we recall that DB = (D ® 171) @ (1a1 ® B).
The following can be verified directly from the definition of §.

Lemma 1. Let A, B, and N be matrices of sizes M x T, T'x T, and r x T,
respectively. Then:

a) AtB = (A® IT)(IrtB).

b) (Ir ® N)(Ir4B) = Ir{NB.

Recall that we defined two weights, wt1(C) and wt(C), on Matas 7 (F,) to be
equivalent if one is a non-zero constant multiple of the other, or if wto(C') is the
same as wti(D), where D is obtained from C by a sequence of operations that
either transpose two of its columns or multiplies a column by a non-zero constant.
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Theorem 1. Assume that the weight wty, on Matas w1 (Fy) is non-trivial and has
a duality theory for some choice of B. Then up to equivalence:

i) Wty = Wy, or

i) Wtye = Wheq, or

iti) M = 1, and T = pl, for some p and €, and wti.(C) of the vector C =
(€15 ey pe) 15 the number of non-zero rows in the p x £ matriz C' whose j-th row
i8 (CjyCigpy s Cjr(t—1)p))-  Thus wtie(C) = wtea((C')"), and Wty is a disguised
version of the column distance weight.

Proof. Assume that wty. has a duality theory for some choice of B.
Step one: We can assume B is of the form [I,|B'] for some p <T.

For any invertible T' x T' matrix N, Ip; ® N is invertible, and by Lemma 1 (a)

and (b),
(Ins ® N)(AfB) = (In ® N)(A® I7)(Ir§B) = (A® N)(IriB) =
(A I7)(Ir @ N)(IrtB) = (A® IT)(IrtNB) = AN B,

so without loss of generality, we can assume that B is in row-reduced echelon form.

Now let p > 1 be the rank of B, and B the top p rows of B. Then we can
identify the non-zero rows of AfB with A%B, so we might as well extend our notion
of weight to include matrices B of size p x T, but then only consider B which are
row reduced of rank p. Also, transposing two columns of B and doing the same
to A acts in the same manner on A$B. Likewise multiplying a column of B by a

constant acts in the same manner on AfB. So we can assume up to equivalence
that B is of the form [I,|B’].

Step two: We can assume every column of B’ has one non-zero entry.

First we can assume B contains no zero columns. If not, as above, up to equiva-
lence we can assume the last column is 0. Then the code C; consisting of all M x T
matrices whose T-th column vanishes and the code Cs consisting of all M x T ma-
trices whose rows sum to zero, would have the same spectrum. Yet C% consists
only of vectors of weight 0, whereas C5 contains at least one element of non-zero
weight.

The result is now trivial if p =1 or p =T, so we take 1 < p < T. Now let b
be any column of B’ which has more than one entry that does not vanish. Up to
equivalence, we might as well assume it is the first column of B’. Let C; be the
code consisting of all M x T matrices whose first p columns are identical and all
of whose other columns vanish, and Cy the code consisting of all M x T matrices
whose first p+ 1 columns are identical and all of whose other columns vanish. Both
codes have size ¢, contain only one matrix of weight 0, and the assumed shape of
B guarantees that all other codewords have weight p. So the spectra of C; and Cy
are identical. Now let us consider how many elements of Ci- and C3- have weight 1.
Note that the dual of C; is the set of matrices of the form [D|E] where the sum of
the rows in D is 0 and F is any matrix of size M x (T' — p). To have weight 1, we
must have D = 0. Therefore the elements of weight 1 in Ci- are all the elements of
the form [0|E] with wt([0|E]) = 1. This contains the subset of all such [0| E] where
the first column of F vanishes, and a similar analysis shows that since b has more
than one non-zero entry, this subset is precisely the set of elements of C3 of weight
1. So we get a contradiction if we can show that there is some E whose first column
does not vanish such that [0|E] has weight 1. Taking the last T'— p — 1 columns of
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FE to be 0, and taking any entry of the first column of E to be non-zero does the
trick. Multiplying b by a non-zero constant, we can assume up to equivalence that
it consists of one entry which is 1, and that all the other entries vanish. If the 1 is
in the ¢-th row we will denote the column as e;.

Step three: We can assume B = [I,|---|1,].

If p = 1, this is clear. Assume p > 1. For 1 < k < T, suppose that B
contains dj > 1 columns of the form e;. Suppose for some i # j that d; < d;.
Let C; be the code consisting of all M x T matrices which vanish except on the
d; columns corresponding to the columns of B which are e;, and let C; denote
the code consisting of all M x T matrices which vanish except on a chosen d;
columns corresponding to columns of B which are e;. Then C; and C; have the
same spectrum. Now the number of elements in C;- of weight 1 is:

(@™ =1)/(g=1)> (g™ —1).

k#i

However, the number of matrices in the dual of C5- of weight 1 is:

(@™ =1)/(g=1)((g% % = 1)+ (g% — 1))

=y

Since ¢% —1 # (¢% — 1) + (¢%~% — 1), these numbers differ. Hence we have d; = ¢
for all 4 and some ¢. Up to equivalence we can exchange columns, which gives us
the claim. Note that T = pl.

Step four: If p>1 and £ > 1, then M =1

Note that exchanging columns of B = [I,|---|I,] to put the columns which are
e1 leftmost, and then es next leftmost, etc., then we have wty. = wtgor, SO what we
are showing in this step is that there is no duality theory for sum-of-ranks codes if
M, p, £ are all at least 2.

Assume that p > 2, £ > 2, and that M > 2. We will think of every codeword
as ¢ blocks of size M X p, and the weight of a codeword as the sum of the ranks of
these blocks.

Let C; be the linear M x pf code consisting of the codewords whose last £ — 2
blocks are arbitrary, and whose first block vanishes in every entry except the one in
the first row and first column, which is arbitrary, and whose second block consists
of matrices whose last row and last column vanish, but whose entries are otherwise
arbitrary. Let Cs be the linear M x pf code consisting of the codewords whose
last £ — 2 blocks are arbitrary, whose second block vanishes, and whose first block
consists of matrices whose first row and first column vanish, except that the entry
in the first row and first column can be arbitrary, as can all the entries not in the
first row or column. Then C; and C; have the same spectrum. Now let us count the
number of codewords in Ci- and C3- whose weight is 1, that is, a1 (C{-) and a1 (C5").
Note that the last £—2 blocks of Ci- and Cj vanish. Let e, , denote the number of
m x n matrices with entries in F, which have rank 1. Then a;(Ci") is the number of
codewords whose first block has rank 1 and whose second block vanishes, call it o1,
plus the number whose second block has rank 1 and whose first block vanishes, call
it 001. For a matrix in Cj- to have a first block of rank 1, the first row or first column
of the block must vanish, so 01,0 = ex—1,, + €m,p—1 — €M —1,p—1, t0 avoid double-
counting those blocks whose first row and first column both vanish. Likewise, for
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a matrix in C{- to have a second block of rank 1, the last row or last column of
the block must vanish (except for their last elements). So 091 = en,1+e1,, —e11.
Hence

CL1((31L) =010+ 001 =€mM-1pt€Mp-1—€M-1,p-1+€EM1ITEL,—€E11.
A similar (but simpler) analysis shows that
a1(Cy) = em—1,1+ €1,p-1 + €np.
Now ey = (g™ —1)(¢" —1)/(qg—1). So for a1 (Ci) to equal az(Ci), we must have
@ =@ =)+ (@ =D =) = (@ =D - D)+
@ =)@-D+ @ -Dg-1)—(¢g—1)°
= (@™ =D+ (" =Dg-D+ (" -1 -1).
This simplifies to
@' =D 1) =0,
giving us our contradiction.
Step five: Conclusion.

We conclude that if wty. has a duality theory, then either:

1) p =1, so wtye = Whyk, Or

2) £ =1, 80 Wty = Wteq, OF

3) M =1, and T = p{, for some p and ¢, and wt.(C) of the vector C' =
(€1, ..., ¢pe) is the number of non-zero rows in the p x £ matrix C’ whose j-th row is

(€53 it s Ci(e-1)p))- -

Remark. We show in sections 5 and 6 that wt, and wt.q do have duality
theories, satisfy MacWilliams Identities, and have weight enumerators that satisfy
MacWilliams functional equations.

4. THE CLASSICAL MACWILLIAMS IDENTITY AND FUNCTIONAL EQUATION

To motivate the definition of rank enumerators for finite rank codes, we will
present a proof of the MacWilliams identity and functional equation for Hamming
weight enumerators of linear vector codes over Fy. The proof is hardly the most
direct, but it is subject to generalization. We will also partake in an exercise in
revisionist history: we will start off by pretending to not know precisely how we
want to define the Hamming weight enumerator, and then let the desired shape of
its functional equation (3) guide us to its definition.

Let C, be the collection of linear vector codes of length n over F,, and a, =
a-(C) be the number of codewords of some C € C, of Hamming weight r. Let
F = {fi]0 < i < n} be elements of Q(¢) which are linearly independent over Q,
which are to be determined later. Then we have the Hamming weight enumerator
of C, 61(C) = X7y ar .

Let b, = a,(Ct). Using character theory or Delsarte’s work on association
schemes [3], one gets that there is an (n + 1) X (n 4+ 1) integer matrix o = [a;-4],
such that for every C € C,,

|C|bs = Zarars, (4)
r=0
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for all 0 < s < n. Let w, = (1,...,1,0,...,0), the vector with r ones followed by
n — T Zeros.

Considering for each 0 < r < n the linear code generated by w, shows that the
set of all (ag(C), ..., an(C)), for C € C,, spans Q""1. Hence applying (4) to every
C and its dual shows that [a,s] is an invertible matrix, whose square is ¢"I,41.
The matrix « is the Hamming weight duality matrix, but we will pretend for the
moment that we do not know what it is, and present the following method for
finding it.

We call a sequence of codes Cy, € Cp,, 0 < k < n, a dualizing sequence if it satisfies:

i) The dimension of Cj, is k.

ii) Cé‘ is equivalent to C,,_.

iil) If prr = a,(Cx), 0 < 7,k < n, then [p,] is invertible.

We now claim that the matrix [a,s] is completely determined by a dualizing
sequence. Indeed, applying (4) to every Cy in a dualizing sequence, we have

qkpn—k,s = |Ck‘as(cn—k) = |Ck|a€(cli_) = |Ck|b€ = Zpkrars~
r=0
So as matrices,
a‘ntidiag(la q, ..., qn)[pk's] = [pk'r'][a'r's],

where antidiag(yo, ..., vn) denotes the (n + 1) x (n 4+ 1) matrix N whose rows and
columns are indexed by {0, ...,n}, and such N; ,_; =~; for 0 < ¢ <n, and N;; =0
for j #£n —1i.

Hence

[rs] = [pre] antidiag(1, q, ..., ¢")[prs)- (5)

Our goal is to show that the Hamming weight has a MacWilliams functional
equation. To proceed, we have several tasks ahead of us: choosing a dualizing
sequence, and choosing a set F', an involutary automorphism *, and a function
such that ¥y* = ¢, and such that (3) holds. We will take % to be the involu-
tary automorphism induced by the map ¢t — ¢/t, and » = t". Now again, since
(ao(C), ..., a,(C)) for C € C, spans Q"1 multiplying (4) by fs and summing on s
shows that (3) holds if and only if

n
tnf: = Z Qs fs-
s=0

By (5), this holds if and only if

g5 = q"gn—r, (6)

where g, = Y_oprrfr for 0 < k < n. We note that (6) has the rather lovely
solution g, = t*, which in turn means that if we find some dualizing sequence, and
then define [pr,] in terms of it, and then define [f.] = [prs]"'[t*], then ¢% will
satisfy the functional equation,

oH(Ct) = %t"af;*(c» (7)

for every C € C,,. Let us now compute [py,] for some dualizing sequence. Let

Cr = {(:L'l, ey Tge, 0, ,O)|1’z € Fq}
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Then it is clear that C, satisfies conditions (i) and (ii) of being a dualizing sequence,
and that

per = (Mg -1y

for k > r, and otherwise is 0. If s,; = (—1)"~ 3( )/(g—1)" for r > j and is otherwise
0, then Zfzopk,«srj =0ifk<j,and if k > j,

Zp o= =S TRy
krSrj = J r:jrij k—j
EE k—3j ik N N
(2o - = () 1) = (s =B

where dy; is the Kronecker delta. So Cj, is a dualizing sequence, and following the
prescription above, we set f, = Z?:o spit? = (1 —t)/(1 — q))". With this choice
of F, (7) holds, and we get:

Theorem (MacWilliams). Let C be a linear finite vector code of length n over
Fq. For 0 < r < n, let a, be the number of codewords of C of rank r, and let
fr=((Q=t)/(1—=4q))". Let F = {fo,..., fn} so the Hamming weight enumerator
oB(C) = >n_yarfr. Let t — g/t induce an involutary automorphism * of Q(t).
Then
¢p(CT) = *tnﬁbw( )
C|

Now letting u = (1 —¢)/(1 —¢), so t = 1 + (¢ — 1)u, the map * : t — ¢/t
corresponds to u — (1 —u)/(1 + (¢ — 1)u). So (3) holds with f, =", 0 < r < n,
v = (14 (¢g—1)t)", and * induced by t — (1 —¢)/(1 + (¢ — 1)t), which gives the
typical statement of the MacWilliams functional equation for linear finite vector
codes [22].

Note that (5) gives us the entries of the duality matrix:

n n .
Qrs = Z Srjqun—j,s = q - 1 s Z s )qjv
=0 =0

which is easily recognized as the value at s of the r** Krawtchouk polynomial.
Indeed, for an indeterminate z,

Dozt = (1= Y ()0 Z(” erg-1y =

A+(g=D2)" §~ry =0 5
1—qr jz:;](j)(lﬂq—l)z) N

(14 (g—1)2)" (1 - 2)" ZZ "1 g1

50]0

So a,s = Z;:O(;)(Z:;)(—l)j (¢ —1)*=9, which is the expression on line 53 of page
151 of [22].
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5. DUALITY FOR COLUMN DISTANCE CODES

Let us recall Gabidulin’s method for considering an M x T finite column distance
code over F, as a vector code of length T" over F » under the Hamming metric.

Take N € Mat s «1(F,), and let vq, ..., var be the rows of N. If we choose a basis
B = {b1,...,bar} for Fyar over g, then we can consider op(N) = Z£1 b;v; as a
vector of length T' over F . This gives a bijection o : Matarxr(Fq) — (Fy)7,
whose inverse we denote by 75. Furthermore, wtcq(N) = wtg(op(V)).

So o induces a 1 — 1 correspondence from finite M x T column distance codes
over F, to vector codes of length T" over F,» under the Hamming metric. Note,
however, that if C is linear over F,, then 05(C) is not necessarily linear over IF .
For example, for any basis B of 2 over F,, the column distance code C in Example
(IV) of section 2 is F-linear, but o5(C) is not F2-linear. Hence linear finite column
distance codes need separate study.

In particular, a MacWilliams identity and functional equation for finite linear
column distance codes do not follow directly from those for linear vector codes.
However, we will see that they do follow not that indirectly.

Since the trace TrFq u /F, rom Foa to Fy is surjective, for every non-trivial ad-
ditive character x : F, — C* the induced character x’ = x o Trg \ /p, : Fgu — C*
is non-trivial.

Also note that if B’ = {b, ..., b, } is the dual basis to B, i.e., Trp o1 /Fq (bib}) = dij,
then for A, D € Matarx7(Fy), A- D coincides with the trace from Foa to Fy of the
standard dot product - of the vectors oz(A4) and o/ (D).

Now let C be a finite linear M x T column distance code over F,. For 0 <
r < T, let a, = a,(C) denote the number of codewords in C of column weight r.
Following the standard character theoretic proof of MacWilliams identities, consider
the double sum

S= > MDY y4.D)= > |C|twtuﬂ<D>—|C|Za chr

DeMatMXT(]F ) AeC Dect
On the other hand, exchanging the order of summation,

S=>" > x(A-Dpa®

AeC DEMatMXT(]Fq)

=> > X' (08(A) - o (D))t (s (D))
AEC DeMat 1 (Fy)
ST ety B
A€C EE(F )T
If wtn(op(A)) = r, there is a non-singular 7' x T matrix U with entries in F » such
that o(A)U = w,. Since 05(A) - E = op(A)U - E(U Y, and E — E(U Y is a
permutation of (]FqIVI)T, this last inner sum depends only on r. Hence it is of the
form Z:{:o erst® for some algebraic integers €,5. Since all conjugates of x'(o5(A)-F)
are of the form x/'(op(A) - E)™ = x'(c5(mA) - E) for some m prime to g, the €.,
are rational integers.
Therefore

|C|Za7 (CcHr Z €rsar(C)t7,

r,s=0
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SO

|C| Zar )ers-

Since the Hamming weight spectra of the IFqM—hnear vector codes of length T' span
QT+, applying this to C = 75(C’) for every [F,a-linear code C’ in (FqM)T shows
that the duality matrix [e,s] is the same as the one for linear vector codes of length
T over F,u under the Hamming metric. Hence as in section 4, letting f,. = ((1 —
t)/(1—¢M)", 0<r<T, we get
FCH) = 1o ©),
C|

a, (1 —1t)/(1 —¢™))", and * is induced by t — ¢™ /t. Now
g, s0t =1+ (¢™ —1)u, the map * : t — ¢™ /t corresponds
M _ 1)u). Hence we get:

where ¢5(C) = ST,
letting u = (1— t)/(l
tou— (1-u)/(1+(q

Theorem 2. Let C be a linear M x T finite column distance code over Fy. For
0<r <T, let a, denote the number of codewords in C of column distance weight
r. Let F = {1,t,..,tT}, so the column distance weight enumerator of C is ¢S3(C) =
ZTZO a-t". Lett — (1 —1)/(1+ (¢™ — 1)t) induce an involutary automorphism x

T

of Q(t). Then

F(Ch) = |C|(1 + (" = 1)t)T i ().

6. A MACWILLIAMS FUNCTIONAL EQUATION FOR RANK ENUMERATORS

Let n = min (M, T), and let Cpsx7 denote the set of linear M x T finite rank
codes over Fy. For any C € Cyrxr and 0 < r <, let a, = a,(C) denote the number
of codewords in C of rank r. Then we define a : Cprwr — Q" by a = (ag, ..., an).
For 0 < r < mn, let W,. denote the matrix which is I, for its first r rows and columns
and whose other entries all vanish. For any A € Mat w1 (Fy), let {A} be the linear
code generated by A. Considering {W,.} for 0 < r < n shows:

Lemma 2. a(Cyrx7) is a spanning set of Q"+ as a Q-vector space.

Let F = {f;|0 < r < n} be elements of Q(¢) which are linearly independent
over Q. Fix a C € Cprxr and let a, = a,-(C). Then as before we define an F-rank
enumerator ¢'¥(C) = 3" a, fr.

By either character theory or using association schemes, Delsarte [4], [6] showed
that there is an integer (n + 1) x (n + 1) matrix § = [(,s] such that for every
C € Cprxt, We have

‘C|bs = Zarﬂrsa (8)
r=0

for all 0 < s < n, where by = a,(C+). Note that applying (8) to every C and its
dual, Lemma 2 shows that [3,,] is an invertible matrix, whose square is ¢™71,, .

Following the template of section 4, we now define a dualizing sequence Cy, €
Crvxtr, 0 <k <n to be one such that:

i) Cit is formally equivalent to Cy, .
ii) If pr, = a,-(Ck), then [pg,] is invertible.
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We will call [pg,] the associated matriz of the dualizing sequence. Suppose that
the dimension of Cy is ex. We will call {ex}, 0 < k < n, the associated dimensions
of the dualizing sequence.

Now suppose we have a dualizing sequence. Applying (8) to every Cy we have

4 Pr—i,s = |Cklas(Cor) = |Cklas(Ci) = |Cklbs =Y Brabir-

r=1
So as matrices
antidiag(qeov ceey qen ) [pks} = [pkr} [Brs]y

hence,

[ﬂ'r's] = [pkr]ilantidiag(qeov () qen)[pks]- (9)
Take * to be any involutary automorphism of Q(¢) and 4 any function such that
Yp* = ¢MT. Then as in (3), we want a * and ¢ such that the MacWilliams
functional equation,

CloF (CT) = v (C), (10)
holds for every C € Cprxr. Again by Lemma 2, multiplying (8) by fs and summing
on s shows that (10) holds if and only if,

I =" Brafs

s=0
so by (9), if and only if
Vg5 = 4% Gn—k; (11)
where g, = > prfr for 0 < k < n. Hence if we find some dualizing sequence,
with associated matrix [pg,] and dimensions ey, and an involutary automorphism
* and a function 1 such that 1¢* = ¢™7, and g, satisfying (11), and then define
[f+] = [prr] " tgk], then ¢™% will satisfy (10).

If M > T, n =T, and we let C; be the collection of partitioned matrices
(N|Ops,7—k), where N € Matpyxg. If M < T, n = M, and we let Cj be the
collection of the transposes of the partitioned matrices (N|Opar—r) where N €
Matryi. Then it is clear that Ckl is formally equivalent to C,,_x. To see that
Cy. forms a dualizing sequence, we use a classical calculation [17] that shows that
phr = 1™ (—1)74(3), if 7 < K, where:

pe= (1= 0)- (=), [¥] = el e, (12)

and m = max (M,T). If r > k, pg = 0. Here [f] is the classical generalized
binomial coefficient or g-binomial coefficient. For any N > 0 it satisfies the Newton
identity [14],

N—1 N

[T+aw) =1 Ta%a" (13)
i=0 i=0
Let s,; = (—1)T_j[§]q(r?)/ﬁ(—l)rq(;) for j <r, and s,; = 0if j > r. Then
by (12) and (13), Yr_ o Prrsr; = 0if k < j, and if k > 7,
n k k .
k. r. ,r—j . k—] k r—j .
_ (") (1yri = (") (1 =
PkrSrj = g 2 1 = . gt 2 1 =
Z% . ggﬂﬂ (-1) Z}_ﬂ%_ﬂ (-1)
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LA Y S i k
- e . ,

IS0 a0y = 0] [T (' 0) = [0 = aiy.
Jer = i j

J i3

So [pkr] is invertible, and [s,;] is its inverse, and Cy, is a dualizing sequence with
associated matrix [pg,] and associated exponents e, = km. Let * : ¢ — ¢/t be
an involutary automorphism of Q(¢), ¢ = ", and g = t* for 0 < k < n. Then
Pp* = q™ = ¢MT | and ¥g; = ¢""g,—1. Hence if in the manner prescribed above

we set [f’r] = [pk'r]_lgkv then by (13)a fr =

n m T r ) 7 r—1 r—1 ¢ qj

] — J _ . _ s —
> seit! ==Y a3 (=g Y = = [ - a7 ) = [[ (=),
= pm = Pm i A’

and we have shown with our choices of x, ¢, and F, (10) holds:

Theorem 3. Let C be a linear M x T finite rank code over Fy. For any 0 <

r < min (M, T), let a, be the number of codewords of C of rank r, and let f,
H;;é(%) Let F' = {fo, .., fmin (m,17)}, 80 the rank enumerator of C is
¢x(C) = ZT;%(M’T) ar fr. Let t — ¢@>* M)/t induce an involutary automorphism

x of Q(t). Then

T 1 min T
E‘(CL):@t DG (C).

The entries 3,5 are values of g-Krawtchouk polynomials, whose formulation is
due to Delsarte [4]. Delsarte computed the s in two different ways [4], [6], and
Stanton [24] gave a different method of computing them (which he traces back to
work of Carlitz and Hodges [16].) We do not see how to immediately reduce our
formula (9) for 3, to any previously known formulas for ¢-Krawtchouk polynomials.

Remark: For use in the next section, there is a consequence of Theorem 4 we
would like to note. Let x be any non-trivial additive character on F,, and f, as in
Theorem 3. Fix an A € Matyxr(Fy), and let S =3 peyrae,,, r(r,) X(A B) frcs)-
Using the standard character theoretic argument akin to that in section 5, for any
finite rank code C we get that

CcleEE) =2 > x(A B)fus).
A€C BeMat s x 1 (Fy)
Applying this to C = {A} and C = {0} gives,
@F{AM) = (@-DS+ Y fam = (a- DS+ E{0H).
BEMatwij(Fq)
Hence by Theorem 3,

_ adr({AF) — oiF({0}h) I Dgs ({A}) — e DG ({0})
qg—1 q—1

S

$min (M,T)

p— (L4 (g = 1) fegay — 1) =t OED 2.
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7. AN IDENTITY FOR FINITE SUM-OF-RANKS CODES

As we saw in the remark of section 3, unless M = 1, or p = 1, or £ = 1, finite
sum-of-ranks codes do not have a duality theory. As a consolation, we do get a nice
duality relationship for the complete sum-of-ranks enumerator of a linear T x pf
code over F,, i.e., where if each N; is of size M X p, the weight wt of [N7]|...|IN(] is
the vector wt([Ny]...|N¢]) = (rk(N7), ..., tk(Ny)).

Indeed, let C be a linear M x pf finite sum-of-ranks code over Iy, each codeword
consisting of ¢ blocks of M x p matrices. For any 0 < r; < min (M, p), 1 <i < /¢, let
a(r,,...,r;) De the number of codewords [Ny|---|Ny] of C with tk(N;) = r; for all 1 <

i < L. Let tq, ..., t; be independent indeterminants, and f,.(t) = H;;é(qf,;q; ), m =
max (M, p), as for finite rank codes, and define fyi(n,|..|n) = Hle Jre(nva) ().
Let n = min (M, p), and let F' = {f,, . ,»[0 < r; <n,1 <i <L}, Define the

complete sum-of-ranks enumerator of C to be

¢SFC')r(C) = Z a(’l‘l,‘..,’r‘g)f(’l‘l,.‘.ﬂ‘g)?

(71,4570)

where the sum is over 0 < 7; <n, and 1 <i < /.
Then as in section 4, for any non-trivial additive character x on F, we get,

Cclegrchy = > | > X(A- B) fuup)) =

A=[A1]...|AdeC  B=[By|...|Be]€Mat ps x ¢ (Fy)

¢
Z H Z X(Ai - Bi) frx(By)s

A:[Al‘...lA[]GC i=1 BiGMat]uXp(]Fq)

by the homomorphic property of y, since A- B = Zle A; - B;. We can now use
the remark of the last section to rewrite this as:

¢
IClor(ct) = Z Htinfrk(Ai)(qm/ti) =

A=[A4]...|Aj]eC i=1

(b= te)™ Y faweay = (b1~ te)"dRE(C),
AeC
where * is the involutary automorphism of F'(¢1, ..., t,) which sends each ¢; to ¢™ /t;.
Hence we get:

Theorem 4. Let C be a linear M x pl finite sum-of-ranks code over F,, each
codeword consisting of £ blocks of M x p matrices. For any 0 < r; < min (M, p),
1 <i<U, letag,,.. r, be the number of codewords [N1|---|Ny] of C with tk(N;) = r;
for all 1 <i < {, and let f,, . r) = Hle fr: (ti), where the f; are as in Theorem
3. Let F'={fer, .. r»0 <r; <min(M,p),1 <i< L}, Then the complete sum-of-
ranks enumerator of C is

SFC) = Y e S
(P1,00572)
where the sum is over 0 < r; < min (M, p), and 1 <i <. Let t; — ¢m* (M’p)/ti,
1 <4 <Y, induce an involutary automorphism of Q(t1,...,ts). Then
1

(€)= gt G ),
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8. AN ANALOGUE OF GLEASON’S THEOREM

Because of the functional equation of the rank enumerator, there is an analogue
of Gleason’s Theorem for linear finite rank codes [22]. First let us introduce the
homogeneous version of the rank enumerator for M x T codes. Without loss of
generality, we take M < T'. It is

X Y) =Y MO li=x) v
where we always take the choice of F' as in Theorem 3. Using this, we can now
rewrite the MacWilliams functional equation for rank enumerators as
1
fEXY) = I & (q"Y, X).

For example, if we call G1, G4, and G35 respectively the homogeneous versions of
g1, 92, and g3 from Example (II) of section 2, for the codes C, Ca, and Cj, then
they are:

Gy = fEN(X,Y) = XY,
Ga = fE(X,Y) = (X* = 2XY +¢"Y?)/(¢" - 1),
Gy = fey(X,Y) = (X +¢"?Y)/(¢"% + 1).

Suppose now that C is formally self-dual. Then |C| = ¢™7/?

even. We get

, and MT is necessarily

F(XY) = " TPX)),

so f2¥(X,Y) is invariant under the involution (X,Y) — (¢7/2Y, ¢~ 7/2X). Tt follow
from a calculation in Chapter 19, Section 2 of [22], that the ring of homogeneous
polynomials invariant under this transformation has a generator of degree 1 and
a generator of degree 2. Suppose T is even. One candidate for the former is G3,
and G will work for the latter. Since they are algebraically independent, they
generate the full ring of homogeneous polynomials invariant under this involution.
If T is odd, then M is necessarily even, so ék(X ,Y) is also invariant under the
involution (X,Y) — (—X,—Y). Another calculation in Chapter 19, Section 2 of
[22], shows that now the ring of homogeneous polynomials invariant under both
these involutions is generated by two polynomials of degree 2. Note that G; and
(5 are invariant under both these involutions, and algebraically independent, so
generate the full ring of invariants.

So in both cases we have come up with M x T codes whose homogeneous rank
enumerators generate the full ring of invariant homogeneous polynomials, but that
does not imply that every monomial in the generators occurs as a rank enumerator.
Unlike the case of vector codes under the Hamming metric, one cannot relate the
rank enumerator of a direct sum of two finite rank codes to the product of their rank
enumerators. Also, since the involutions, and hence their invariants, depend on T,
they only apply to formally self-dual M x T codes for fixed T" and with M < T.

9. RELATIONSHIP BETWEEN THE DUALITY RELATIONS FOR LINEAR VECTOR
CODES AND LINEAR FINITE RANK CODES.

We will now compare the duality matrices for linear vector codes of length n
under the Hamming metric and for finite linear M x T rank codes. We will show
that taking M = T = n, one duality matrix is similar to a constant multiple of the
other. As in sections 4 and 6, let C,, denote the collection of all linear vector codes
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of length n over F,, and C,, «,, the collection of all linear n x n finite space-time codes
over F;. We define a map A : C,, — Cp,x» by defining A(C) for C € C,, to be the set up
all upper-triangular matrices whose vector of diagonal entries consists of codewords
in C. We will let C denote A(C). It is not hard to see that if the dimension of C is
k, then the dimension of C is k + (7). It is also clear that C+ C ((C)*). Since they
both have dimension n—k+ () = n? — (k+ (%)), we have that C+ = ((C)*)*. Now
for any C € Cy, let a, = a,(C), b, = a,(C*), & = a,(C), b, = a,(C*) = a,(CL),
where for D € C,,, a,.(D) denotes the number of codewords of D of Hamming weight

r, and for D € Cpxp, a-(D) denotes the number of codewords of rank r. Then from
(4) and (18) we have

|C|[b07 abn] = [0'07'--70'71][&7‘8]’ |C~‘[50775n] = [d0>--~7&n][ﬁrs]7 (14)

where [a,.s] and [(3,s] are respectively the duality matrices for C,, under the Ham-
ming weight and for C,, «,, under the rank weight. Let U ,, denote the number of
upper-triangular matrices of rank ¢ and size m x m defined over F, (which can be
calculated recursively, as in Example (III) of section 2).

Let M be an n xn upper-triangular matrix which has v non-zero diagonal entries
dj, jys -y dj, j.- Let M’ denote the (n—u) x (n—u) upper-triangular matrix gotten
by removing the ji, ..., j&* rows and columns of M. Note that all the diagonal
entries of M’ are 0, so its rank is the same as that of the (n—u—1)x (n—u—1) upper-
triangular matrix M" gotten by removing the diagonal and principal subdiagonal
of M'. Then the rank of M is u plus the rank of M"”. Note that the rank of M is
independent of its (1) — ("3") non-diagonal entries that lie in its j{’, ..., j&" rows
and columns. Hence

" n n—k
ar = Z akq(Q)_( 2 )Urfk,nfkfb
k=0
Now let Vi, = q(g)*(ngk)Ur,k,n,k,l. Then we have that
(@0, ey Gn) = [@0; -y @n][Vir], and [bo, .., bp] = [b0, - bn] [Vier]- (15)
Putting (14) and (15) together we have
[a0> ceey an] [Vk’r] [/87‘8] = [do, ceey an][ﬂrs] = |é|[607 ceey En] =

1C1q 2 [bo, ovy ba] [Vis] = ¢ 2 [0, -.ey an][ovke] [Vis)- (16)

As in section 4, let w, = (1,...,1,0,...,0), the vector with r ones followed by n —r
zeros. Considering A\({w,}) for each 0 < r < n, shows that [ao,...,a,] forms a
spanning set of Q"' as C varies. Hence from (16) we have that

Vir][Brs] = a2 [oke] [Vas),
and from (15) that [Vi,] is invertible. Therefore we have shown:

Theorem 5. Let [ays] denote the duality matriz for linear vector codes of length
n over Fy under the Hamming metric, and [3,s| the duality matriz for n x n finite

linear rank codes over Fy. Then if Vi, = q(g)’(n;k)UT_km_k_l, we have

[ake) = ¢~ [V ] [Brs] [Ves]
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Remarks. 1) This implies that the classical MacWilliams identity for linear vector
codes can be derived from the MacWilliams identity for finite linear rank codes, so
the latter can be considered a generalization of the former.

2) Rewriting Theorem 5 as [Brs] = ¢(2)[Vir] ' [ore][Vis], gives another formula
for values of ¢g-Krawtchouk polynomials attached to square matrices.
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