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Abstract—1In this paper, we derive a new infinite series
representation for the trivariate Non-central chi-squared distri-
bution when the underlying correlated Gaussian variables have
tridiagonal form of inverse covariance matrix. We make use of the
Miller’s approach and the Dougall’s identity to derive the joint
density function. Moreover, the trivariate cumulative distribution
function (cdf) and characteristic function (chf) are also derived.
Finally, bivariate noncentral chi-squared distribution and some
known forms are shown to be special cases of the more general
distribution. However, noncentral chi-squared distribution for an
arbitrary covariance matrix seems intractable with the Miller’s
approach.

I. INTRODUCTION

The x? and non-central x? distributions play a major role
in the performance analysis of communication systems [1]-[5].
The generalized chi-squared distribution is analyzed in detail
in [6]-[9]. Khaled and Williams [10] derive a relationship
between non-central x2 distribution and the distribution of
generalized Hermite quadratic form. It is well known that
the diagonal elements of a Wishart matrix has chi-squared
distribution [11]. Joint density of the diagonal elements of
a real central Wishart matrix (i.e., multivariate central x?
distribution) is analyzed in [12]-[14]. The multivariate gener-
alized Rayleigh density studied in [15] is also another form of
multivariate central X2 distribution. Nevertheless, the authors
in [15], [16] assumed a tridiagonal form of inverse correlation
matrix for the underlying Gaussian variables to derive a closed
form solution for the generalized Rayleigh density. However,
the trivariate generalized Rayleigh density for an arbitrary
correlation matrix is given in [16]. Recently Hagedorn et
al [11] derive a trivariate central chisquare distribution from
the diagonal elements of a complex Wishart matrix. Miller’s
assumption of tridiagonal form of inverse correlation matrix
is significant since it gives rise to a closed form solution for
the multivariate Rayleigh density. Karagiannadis er al [17],
[18] have extended the Millers result to n variate Nakagami-m
distribution, which is also a some form of multivariate central
x? density.

It is obvious that the Rice density is closely coupled with the
non-central y? distribution [19]. The multivariate noncentral
x? distribution can be thought of as a generalization of the
multivariate Rician distribution. The bivariate Rician density
is given in [20], [21]. In [22] propose an infinite series
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representation involving modified Bessel functions of the first
kind for the distribution of trivariate Rician distribution when
the underlying Gaussian components have a tridiagonal form
of inverse covariance matrix. Miller [16] propose an infinite
series representation involving modified Bessel function of the
first kind for the distribution of bivariate generalized Rician
distribution. A careful study of the previous work related to
the multivariate distributions reveals that there exists no joint
distribution for trivariate noncentral x? distribution.

Having motivated with that reason we propose a novel ex-
pressions for the trivariate noncentral chi-squared distribution,
cdf and chf when the underlying Gaussian components have
a tridiagonal form of inverse covariance matrix. Our main
derivation is inspired with the approach due to Miller [16]
and a theorem for a product of ultraspherical polynomials
due to Dougall [23]. However, the derivation of noncentral
trivariate distribution for an arbitrary covariance matrix seems
intractable with the millers approach.

This paper is organized as follows. Section II derives the
generalized Rician distribution and trivariate noncentral chi-
squared distribution. Some simplifications related to previously
known results are also discussed there. Section III deals with
the derivation of cfd and chf with some simplifications. Section
IV concludes the paper.

II. DERIVATION OF TRIVARIATE NONCENTRAL 2
DISTRIBUTION

Let {X;, X2, X3} be three nonzero mean Gaussian vectors
with E(X; =a) and X; = (@1; To; ... ... ;)" for all
1 <4i<3. Here a= (ajas ... an)T, E(-) represents the
mathematical expectation and (-)” denotes the transpose of a
matrix. Let V; = (21 252 x;3) , 1 < j < n be independent
four dimensional nonzero mean Gaussian vectors composed
of the jth components of X;.

In this display, the columns are the n-dimensional Gaussian
vectors

[ Xi Xy X3
Vi| 211 %2 13
Vo | x21  x22 a3 (D
Vn Tn1l Tn2 Tn,3
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and the rows V; are independent from each other and with
identical covariance matrix M3. The inverse covariance matrix
of V; is

w11 Wi2 W13
-1
W3 =M;" = [|wiz2 wia wa]. 2
w13z W23 W33

The derivation of the joint density function is analytically
tractable with the Miller’s approach if one or more off diagonal
elements of W3 are zero. The most general such realization is
the tridiagonal form of matrix or in other words wy3 = 0. It is
well known that the exponential type covariance matrix gives
a tridiagonal form of inverse matrix [24]. This assumption is
common for all the multivariate derivations given in [15], [17],
[18].

The amplitudes s; = |X;| (1 < i < 3), being the square root
of sum of squares of n nonzero mean independent Gaussian
random variables, are generalized Rician random variables.
Here | - | denotes the norm of a column vector. The joint pdf
of {X1,X5,X3} is clearly given by

f(X1,X2,X3) = H f(Vj) = Ws;
ot (2m)2
Xexp{—;Z(V a;13) W3 (V5 —a;ls) } 3)
j=1

where 13 = (11 1).
Expanding the quadratic form in (3) and interchanging V;’s
by X, (see the display in (1)), we find that

f(X17X27X3) = (W;Qn

+ w3383 + waQ) } exp {X7 (wia — w2Xs)}

1 2 2
exp{ 2 <w1151 + wa285

exp {Xg (wsa — w23X2)} exp (wQXQTa) ()

where a® = |a>,w; = wi1 + wig, we = wiz + wWwaz +

Woo, W3 = wWsg + w3z and w = wy + wg + ws. From this
pdf (4), we need to integrate out X;, 1 < ¢ < 3, subject

to the constraints s; = |X;|, which will yield the joint pdf of

correlated generalized Rician variables {s1, 2, s3} [16]. Now,

the joint density can be written as

W2
X1, X5, X3) = —3

f( 1,422, 3) (271‘) 377,

+ wggsg + wa2) } / exp {XlT (wia — wlgxg)} doy,
[X1]=s1

1 2 2
exp{—2 (wllsl + wo255

/ exp {X?,: (wsa — w23X2)} doy,
[X3|=s3

x/ exp (wQXQTa) dog, (5)
[X2|=s2

where do,,,1 <14 < 3 are the elements of surface area and
W3 denotes the determinant of the square matrix W3. The
first integral in (5) can be evaluated as [16, eq.2.2.9]

n

/ exp {X] (w1a — w12Xs)} dog, = (2751)2
1X1[|=s1

X |w1a — IUQXQ‘FTHI% (81|wla — w12X2) (6)

where I,, is the nth order modified Bessel function of the
first kind [25], and the second integral follows the same form.
Furthermore, the right side of (6) can be written using the
generalized Neumann addition formula [25] when n > 2 as

n 2—n
(27‘(’81) 2 \wla — U)12X2|TI% (51|w1a — w12X2) =

Crs) 25T (138 51 9y (5+%-1)
n—2 2

(wrwizase) 7 k=0

n-2
X Inip1 (aw;s1) Inip1 (wizs152) C, 2 (cos®) (7)

where I' () is the Gamma function [26], C)(x) denotes the
ultraspherical polynomials [26] and € is the angle between
the vectors a and X5. Following (7) we can write (5) as given
in (8). The product of two ultraspherical polynomials can be
written using the Dougall’s identity given in [23, eq.6.8.4] as

min(p,q)

C)(z)C Z A(m,p, q)Chpy_on(@) (9

W22n 2F2 S183
f (51782; 53) = ( _)2 n—2 exp{
(27T) (’ZU1U}12U)23’U.)3) 2 ((182)
oo 00
x> (-1
k=0 1=0

1
75 (wllsf + w225§ -+ wggsg —+ waz) }

n
k+l ( + k- 1) (5 +1— 1) I%-‘,—k—l (aw;81) Ig-‘,—k—l (w128182) Ig-&-l—l (awss3) Ig-',-l—l (awy382583)

/ exp (w2X7] a) C,:%Q (cos ) ClnT_g (cosf)doy, (8)
X2 |=s2

P+ag+A=2m)(N)m(A)p—

m()‘)q—m(Q)‘)p-i-q—m(p +q—2m)! (10)

A(m,p,q) =

(p+q+A—m)ml(p—

m)q — m)!(A)ptg—m(2X\)pq—2m
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where A(m,p,q) is given by (10) with (\), = F(I“A(Jz\r)n)

denotes the Pochhammer symbol [27] and min(p,q) selects
the minimum of p, g. We make use of the Dougall’s identity in
(8) to yield (11) given at the bottom of the page. The integral
in (11) can be solved using [16, eq.2.2.26] to give

n—2
/ exp (weX3a) C, 2 _,,, (cos) doy, =
|X2[=s2

o n—1(nt+k+l—2m—3
(2m) sy (T
n—2

(anSQ)T

Inipyiom—1 (awzsy) (12)

where (') = W Substituting (12) in (11) and after
some algebraic manipulations the joint density of trivariate
generalized Rician density for n > 2 can be written as given
in (13). The case when n = 2 is given in [22, eq.3].

Since we are interested in the trivariate noncentral 2
distribution, the following variable transformations are in-
troduced in (13), r1 = s2,79 = s3,73 = s2. Now it is
clear that {ry,r,73} represent the noncentral x? variables.
After some algebraic manipulation the trivariate non-central
x? distribution can be written as given in (14) at the bottom
of the page. To the best of the authors’ knowledge (14) is
a novel result. Even though (14) is not valid for n = 2 the
degenerated cases of (14) valid for all n > 2 as shown below.
Moreover, if a given covariance matrix does not match with
the criteria mentioned above, we can use the Green’s matrix

approach given in [18] to approximate the given covariance
matrix with a matrix having tridiagonal form of inverse. Next
some simplifications of (14) are given.

A. Independent noncentral x? distributions

It is obvious that W is a diagonal matrix with the elements
{w11, w22, w33} under this scenario. Since all off diagonal
elements are zero, we can obtain the following two important
limits involving the Bessel functions

a_
Ingp—q1 (wigy/m17 ( 2 )
im 2 I(Llf ) _ ORI
wi2— 11)122 5
A T2T, %7
. Ty (wasy/rars) < 3 3)
lim — = (16)
w23 —0 waZ F
23

which are valid if k£ = 0,1 = 0. Substituting (15), (16) in (14)
and after some rearrangements with little algebra we get

exp{—w; (’I“i +a2)}
X I%,1 (aw“—\/ﬁ-) .

extension for central x? distribution follows from (17).

n72

w?'l

s (@)

g T17T27T3

':]u

i=1

a7

W on— 21’\2(

5183
[ (s1,52,83) = )
‘2

p)
(2m)% (w1w12w23w3)

o oo min(k,l)

DD I

k=01=0 m=0

Y ENT (aw238283)/

1
( )n_2 exp{—2 (wllsf + wggsg + w335§ + wa2> }

n
k-‘rl ( + k- 1) (5 +1— 1) A(m, k, Z)I%+k,1 (awlsl) I%Jrk,l (’LU128182) I%Jrl,l ((l’u)383)

n—2
exp (IUQXQTa) Crii_om (cosB) dog, (11)
[X2|=s2

W2 2n= 2F2 ( ) S§18283

n—2

f(51,52,83) = T
(wiwpwswiowazasz) 2 (a)

k+l<n—|—k—|—l—2m—3

oo min(k, l)
1=

1
exp{ 2 (wnsl + w2252 + w3353 + wa ) }

)A(mkl)( +k—1>< +l—1)Ig+k1aw151)

n—3

=0 m=0

X In g1 (wi28182) [z 41-1 (awsssy) In 11 (awe3s2s3) Iz kri—2m—1 (awasz) (13)

W%2n75]_'\2 n—2 1
glrnrar) = 3 2 ( il n—2 eXp{_2 (qu% + wao 85 + w33 + wa2) }
(wiwawgwizws) = (a) 2 7° (/i) 7
oo oo min(k,l)
1)kt n+k+1—2m-—3 n n
" Olz% 7nZO < n—3 Alm k1) (§+k71) (5+l*1)1%+k—1(aw1\/ﬁ)
X In -1 (wizy/T172) L2 111 (aws/13) T2 411 (aw23/T273) L2 4 kt1—2m—1 (away/T2)  (14)
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B. Bivariate noncentral x? distribution

If {ry,ro} are independent from r3, then we can write
the trivariate density as a product of bivariate and univariate
densities. Equating w3 to zero and using the limit (15) with
I = 0 followed by some manipulations we get the bivariate
density as given in (18). Here W> denotes the determinant
of 2 x 2 inverse covariance matrix Wsy. Equation (18) is
equivalent to the previously published result by Miller [16,
eq.2.2.18].

III. CDF AND CHF OF TRIVARIATE DENSITY
A. Cumulative Distribution Function

The trivariate cdf is by definition [28]

T1 T2 T3
G (r1,r2,73) =/ / / 9 (Y1, y2,y3) dyr1dyadys.
o Jo Jo

(19)
Substituting (14) in (19), followed by expansion of the Bessel
function term with its infinite series representation and sub-
sequent term by term integration, we get the cdf of trivariate
noncentral x? distribution as given in (20) with A\; = 2i; + k,
)\2 = 2i5+k+l—2m, )\3 = 2i3+l, )\4 = 2i2+k, )\5 = 2’L'4+l,
0p = i1 +ia+k+ 5, 00 =i +ig+is+k+ 5 —m,
03 =iz +is+ 1+ % and y(a,x) = [ t* ' exp(—t)dt is the
incomplete gamma function [27]. Moreover if n > 2 is an

even integer then we would have used an alternative closed
form expression given in [19] instead of incomplete gamma
function. Simplification for special cases are straightforward
with (20).

B. Characteristic Function
The joint chf is defined as [28]

1/)(”170271)3) (21)

where j = v/—1. Following the same line of arguments as for
the cdf derivation, we encounter integrals of the form

/ 2"~ texp (=[p + jqlz) da
0

which can be solved using [26, eq.3.381.5] to yield the chf as
given in (22). The bivariate generalization is straightforward
with (22). If all {rq,r2,73} are independent then the joint chf
can be written as a product of individual chfs. The chf of
univariate X2 distribution has a well known closed form [19,
eq.2.1.117]. We end up with a product of three infinite series
of the form

e}
v =2,

= E{exp (v171]J + varej + vsrsj)}

211+ 2 221

i1+
0221t34, l( wi —|—U%)

% e{j(il—&-g)arctan(ilill)}

g(ri,m) = =
(w1w2w12) 2 (a)

1
- exp{2 (wns% + wopsa + [wy + wy] az) }

k(n+k 3> +k71)

X Iz -1 (aw1y/11) I%-i—k—l (wi2v/T172) T2 11 (away/T2)  (18)
n n—29 oo min(k,l) A(m k l) (n+k+l72m73)
G rorar) =W (152 ) ex ( = 0 e P A
’ 2 k;o mz:o 11,12 z; i5=0 2%()\1+A2+)\3)21!22!13!24!25!
x (5 +k—1) (3 +1—1)a™ Pt u?w®wiwys (51 w1y 1)
D(ii+5+k) (it 5+k)TD(i+5+)T (ia+5+1)T (i5+5 +k+l—2m)wnwg; 5\ T
Xy (62a ) (537 T3> (20)

oo min(k,l)

- (e 2

(3+-

D) (3+1-

X

A(m, k?, l) (n+k+l72m73)

n—3
(A1 +A2+A3Xa+As5) —

)k+l
3n . . . . .
2 41)i9)ig1i405!

1) a/\l+>‘2+)‘3w)‘1w§\2w3’\3wi‘§w§‘§F (61) T (62) T (d3)

51

T (is+24+k) T (a+2+k)T(is+ 2+ 0T (ig+2+1)T (is+ 2 +k+1— 2m) (“’Tflﬂff

1 201 209 2
X — exp {j(Sl arctan < ) + jdo arctan ( ) + jd3 arctan < s ) } (22)
CITIHNEES : v 2z a3
2 4

m‘@

- T +1}3)
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oo 2i5+%

U(va) =) 22

it - w2 9 i5+
is=0 225+ 7 4| (% + UQ)

% 6{j(i5+%) arctan( 3;;22 ) }

a2i5

n
2

[ee) 213+%

,(/} ('Ug) _ Z W33

. 2 i3+5
i3=0 22134‘713! (% + 1)32))

% e{j(i3+%) arctan(%) }

a2i3

if we assume wis = woz = 0 (ie., 9 =14 = k =1 =0) in
(22) and the closed form solution for chf is not immediately
obvious. Nevertheless, it is easy to see that the individual
infinite summations are in the form of exponential series and
by using little algebra one can show that the individual chf
series reduces to [19, eq.2.1.117].

IV. CONCLUSION

A new infinite series representation for the trivariate non-
central x? distribution has been derived when the underlying
Gaussian components have tridiagonal form of inverse covari-
ance matrix. An identity for a product of two ultrspherical
polynomials due to Dougall and Miller’s approach are used
in the derivation. Moreover, the chf and cdf series are also
derived. Some special case of the joint density function
are also discussed. However, the derivation for an arbitrary
covariance matrix seems intractable with this approach.
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