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On Testing for Impropriety of Complex-Valued

Gaussian Vectors
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Abstract— We consider the problem of testing whether a
complex-valued random vector is proper, i.e., is uncorre-
lated with its complex conjugate. We formulate the testing
problem in terms of real-valued Gaussian random vectors,
so we can make use of some useful existing results which
enable us to study the null distributions of two test statis-
tics. The tests depend only on the sample-size, n, and the
dimensionality of the vector, p. The basic behaviours of the
distributions of the test statistics are derived and critical
values (thresholds) are calculated and presented for certain
(n,p) values. For one of these tests we derive a distributional
approximation for a transform of the statistic, potentially
very useful in practice for rapid and simple testing. We also
study the power (detection probability) of the tests. Our
results mean that testing for propriety can be a practical
and undaunting procedure.

Keywords— Detection probability, hypothesis test, im-
proper complex random vector, invariant statistic, threshold

I. INTRODUCTION

A complex-valued random vector may be categorized
as proper/improper, according to whether it is uncorre-
lated /correlated with its complex conjugate. A proper ran-
dom vector has second-order statistics which are invariant
to circular rotation, and the simpler statistical properties
have led to the assumption of propriety being made simply
for mathematical convenience.

Complex-valued signals occur naturally in areas such as
quadrature Doppler ultrasound [9], seismic signal analysis
[19], magnetic resonance imaging [14], and communications
(where improper signals arise in binary phase shift keying
and Gaussian minimum shift keying [18]).

Let Z = [Z1,...,Z,|T denote a complex-valued random
column vector with mean zero. The covariance matrix of
the complex-valued vector Z is defined as T' = E{ZZ},
and is a Hermitian positive definite matrix. Additionally,
Z has a relation matriz [11] or complementary covariance
matriz [16] given by R = E{Z Z"}, which is complex and
symmetric.

These two matrices both appear in the so-called aug-
mented covariance matriz G, [16], [20]. Suppose we form
the augmented vector Z by adjoining Z and Z*, i.e.,

Z=12Z".zM" =zy,....2,,Z5,..., Z:]",

p
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then letting G = E{ZZ"}, we obtain

o-s{(2)en ) [5 ]

G captures all the second-order structure of Z. A complex-
valued random vector for which R = 0, is called a proper
complez-valued random vector, [8]. When R # 0 it is called
an improper complez-valued random vector [16].

A test for propriety was developed independently by
Ollila and Koivunen [10] and by Schreier, Scharf and
Hanssen [17], [18], the hypothesis test being Hy : R = 0
versus Hi : R # 0, and was based on n independent and
identically distributed samples, Z1, ..., Z,, of the random
vector. In this paper we shall instead study propriety test-
ing via a real-valued representation of the problem, (Sec-
tion II). While one of our two test statistics is identical to
the one found in the references above, our approach links
readily to several important statistical inferential results
already available in the statistical literature, enabling us
to study the null distributions of the two test statistics,
and calculate critical values, (testing thresholds), for cer-
tain combinations of sample size n and dimensionality p.
For one of these tests we derive a Box approximation, po-
tentially very useful in practice for the rapid and simple
calculation of critical values. We study the power of the
tests (detection probabilities) to compare the two statis-
tics. Our results make testing for impropriety a practical
procedure.

Section IIT develops the ideas underlying the testing
problem in the real-valued Gaussian formulation, and
shows that the key components, the canonical correlations,
are the same as obtained in [18]. A test statistic Ty, which
emerges from our formulation, is also seen to provide a gen-
eralized likelihood ratio test. Another statistic, To, gives
a locally most powerful test, but it is pointed out in Sec-
tion IV that no uniformly most powerful test exists for
the problem for p > 2, answering a query posed in [18].
Section V shows that under the null hypothesis we can as-
sume the covariance matrix is the identity, thus enabling
the computation of quantiles of the distributions of the
test statistics. The basic behaviours of the distributions
of the test statistics as functions of (n,p) are derived in
Section VI. Critical values are calculated and presented in
Section VII for certain (n,p) values, and Box’s approxima-
tion method is used to derive a distribution for a trans-
formation of T7. It is shown that Box’s approximation de-
livers an acceptable level of accuracy for much smaller n
than Wilk’s asymptotic approximation. The powers of the
two tests are examined in Section VIII, where the distance

(1)
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of hypothesis alternatives from the null are measured in
terms of the norm of a certain eigenvalue vector. Our re-
sulting recommendations for practical testing are given in
Section IX.

II. THE REAL-VALUED FORMULATION

We can also write Z = X 1Y, where X = Re{Z},Y =
Im{Z}. Defining

X = [XTvYT]T = [Xla s aXpaYh e 'aYp]Ta
we have [11], X = M Z, where
I I I il
1|1 P -1_ |4p P
AJ“2[—M; 1LJ and - M [Lg —HJ'

Let Y denote the covariance matrix of the real-valued ran-
dom vector X and suppose we partition up the 2p x 2p
covariance matrix Y = cov{X} = E{X X"} into the four
constituent p X p matrices,

Y= [TXX TXY} . 2)

Yyx Yyy

Now let H™ denote the set of real 2p x 2p positive definite
symmetric matrices of “complex” form

A1 —A2
il @
where A; is symmetric, A is antisymmetric (A = —AY),

and therefore A; + 1A is Hermitian. Let us define R to

be the set of matrices of the form
E F

where E and F' are real p x p symmetric matrices. Then
Y in (2) can be written as

Y="+T7, (5)

where

o1 Yxx+YTyy YTxy—Yyx c Mt
2 Xyx —Yxy YTxx+Yyy ’

and

o1 |Yxx—Yyy Yxy+Yyx| _p
2| Yyx+YTxy Yyy—Yxx ’

Now
I'=F{ZZ"} = (Txx + Tyy) +i(Tyx — Txv),
and
R=F{ZZ"}) = (Txx — Yyy) +i(Yyx + Txv).

If R = O, then TXX = TYY = Re{I‘}/Q, and TXY =
—Yyx = —Im{T'}/2. So a test for propriety could be

based on the hypothesis test Hy : ¥ = 0 versus H; : Y #
0.
Under propriety, YT takes the special form
Re{I'} —Im{T'}
Y, -Y
_ 1 _ 1 2 +
T=3 _{TQ TJGH. (6)

Im{T'} Re{T'}

If we let ST denote the set of real 2p x 2p positive definite
symmetric matrices the test can be written in the alterna-
tive form

Hy: Y eH versus Hy: Y eST\H", (7)
exactly as studied in two technical papers by Andersson,
Brgns and Jensen [1] and Andersson and Perlman [2] where
the problem was called “testing the hypothesis that a co-
variance matrix has complex structure”.

III. INVARIANT STATISTICS
A. Transformation Groups

Let C denote the group of all nonsingular real 2p x 2p
matrices of the form

C:Fl

o . ®)

G

where C; and C; are p x p. Note that HT =St N C.
Now if H € H* and C € C then we can define a group
action

gc(H)=CHCT ¢ H. (9)
The group {g¢ : C € C} has identity gr. Likewise R and
ST are closed under the action of the group, so that if
R € R then

gc(R)=CRCT c R. (10)
and if § € ST then
gc(S)=CSCT e sT. (11)

Equations (9) and (11) imply [6, p. 213] that the test (7)
is invariant under the group action gc(+). The principle of
invariance [6, p. 11] then suggests restricting attention to
test statistics T' which satisfy

T(S) =T(g9c(8))-

Such a statistic is said to be invariant to the action of the
group: its value does not depend on whether S or go(S)
is observed. A statistic 1" is maximal invariant if every
other invariant statistic is a function of it, or equivalently
[6, p. 11], [21, p. 86]

T(S1) =T(S2) = Sz = gc(Sy) for some C € C. (12)
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B. Invariant Parameter

It is proved in [2] that every matrix ¥ € ST can be
represented in the form

L+A 0 ]
0 Ip—A]’ (13)

where C € C, I, is the p x p identity matrix, A =

Y =CDCT where D= [

diag(A1,...,Ap), 1> A1 >+ > X, >0, and £Aq,..., £,
are the eigenvalues of Y~!Y. Now
I, © A O
D= {0 IJ—'_[O —A}’
where A
I, 0 N 0
[0 Ip] € H" and [0 A} eR. (14)

Using (9) and (10) we see that if A is null then Y =
CCT € H* since CCT € C and CCT is positive definite;
if A is non-null then ¥ ¢ H*. The testing problem can
therefore be restated as

Hy:all A\, =0 versus Hj:not all A\, =0. (15)

The invariance of the test to the group action is to be
expected since go(Y) = CYCT is equivalent to trans-
forming X to CX which in turn is equivalent [8, p. 1296]
to transforming Z to (Cy 4 iC2)Z, which is just a linear
transform of Z, and proper complex random vectors are

still proper after such a transformation [8, p. 1295].

C. Canonical Correlations

The idea of a test for impropriety being invariant under
linear (but not widely linear) transformations underpinned
the approach in Schreier et al. [18] based on complex-
valued representations. They showed that the canonical
correlations between Z and Z* are the nonnegative square-
roots of the eigenvalues of I' "' RT'™* R*; the corresponding
empirical or sample canonical correlations are maximal in-
variant and any test statistic must be a function of them.

It is straightforward to show that Ai,...,\, are canon-
ical correlations. ¥ € ST can be represented in the form
CDCT for some C € C, where D is given in (13). By [2,
p. 36] this can be rewritten as

_ vl Ip A T
T—COV{X}—B|:A IP}B,
where )
_ I, I,
B_\/QC[IP Ip}ec.
So,

cov{B7'X} = [f{’ 2] = P,

say, so that P = B™'YB~H . Let T = M~'. A straight-
forward matrix manipulation then shows that

cov{TB'T~' 2} = TPT" =2 [—If}\ lIﬂ .

Let B be the (i, j)th p x p block of B~! € C. Then

(B! +iB*! 0 B 0
—1p—1 _ _ 0
TB T = 0 B! —iB2l} - [0 ng} ’

say. Hence TB~!T~! is block diagonal and we see that

(2712~ 1"/AByZ |\ [I, A
T A L]

cov { 271/2 eiﬂ/4Bgz*
which means that A,..., )\, are the canonical correlations
between Z and Z*, (e.g., [4, p. 371]).

We note that,

u I, A
det(D) = J](1 = A) = det [1{ I},
k=1 p

S0, interestingly, the determinant of the representation ma-
trix D is identical to the determinant of the covariance ma-
trix of the variables in canonical form. The sample version
of this determinant will later provide a test statistic.

We now verify that the canonical correlations, Aq, ..., Ap,
are identical to those in [18], by writing them in the same
form. The eigenvalues of Y'Y are the solutions of the
generalized eigenproblem

det(Y — AY) = 0. (16)

Then the roots of

det(TYTH - ATYTH) =0 (17)

are the same as those of (16) since

det(TYTH — AXTYTH) = det(T[YX — AY|TH)
= det(T) - det(Y — AY) - det(T*),

and det(T),det(TH) £0.
Hence the eigenvalues of YT are also the eigenvalues
of (TYTH)='TYTH. Now,

rt o

v Hy\—1 __
ayrn= F R 0

} and TYTH:{O R}

The non-negative eigenvalues of

0 'R
T*R* 0 )

are the non-negative square-roots of the eigenvalues of
I'"'!RT*R*, and so are identical to the canonical cor-
relations derived in [18].

D. Test Statistics

Let X1,...,X, be n independent 2p-dimensional ran-
dom vectors from a normal distribution with mean 0 and
covariance matrix Y. If n > 2p the maximum likelihood
estimator of Y is given by

n—1
YT =(1/n)) Xp X[
k=0
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and W = nY has the real Wishart distribution on ST and
using (5) can be written W = W+ W with W € HT, W €
R.

Note we require n > 2p. This should not be a problem
in practice as we expect the dimension of the vector, p, to
be small, and the sample size, n, could range from at least
2p up to very large, in which case results are ‘asymptotic’
in nature; see Sections VI-VIII.

Every matrix W € ST can be represented in the form

— NCT H_ |+ L 0 .
W =CDC" where D= [ 0 I,-L| (18)
where C € C, L = diag(l1,...,4,), 1 > 41 > - > £, >

0, and *4;,...,+f, are the eigenvalues of WlW. The
statistic (W) = (41, ...,¥,) is comprised of empirical or
sample canonical correlations and is thus maximal invari-
ant.

From (13) and (15) we see that, under Hy, det(D) = 1.
An invariant test follows as: accept Hy iff

p
H 1—03)> ¢,

where c; is a constant. So if det(f)) does not depart ‘too
much’ from unity, we accept Hp; note that Ti(n,p) is a
function of the maximal invariant.

The size of the test (false alarm probability), «, finds ¢;
such that Pr [ ba=-6)> cl\'-r} =1-oa.

The power of a test is generally considered the gold-
standard by which the quality of a test is assessed. In our
notation it is defined as the probability that Hy is rejected
given the true matrix parameter Y. Ideally a power func-
tion would be zero for those Y corresponding to the null hy-
pothesis (¥ = T) and unity for the alternative. The power
of the test (19) could be written Pr [[Ty_,(1 — £2) < 1| Y],
and was shown in [2] to increase with non-zero values of
the Ag. Given a small enough value of « (and consequently
small ¢1) for the power of the test to approach the ideal
value of unity it is sufficient (and necessary) that the largest
eigenvalue approaches unity, i.e., Ay — 1.

A second invariant test statistic, T>(n,p), derived from
the maximal invariant provides another invariant test. We
accept Hy if

det(D

Ti(n,p) = (19)

p
Ty(n,p) = Str(W ' WW W) =) " <y, (20)

where co is a constant; this is the locally most powerful
(LMP) invariant test for (7) [2, Theorem 9.1]. Simply put
this means that the test has as high a power as possible for
alternatives H; that are close to the null hypothesis, i.e.,
those for which all the A\, are small. For the LMP test of
(20), the power function is Pr [Y-}_; €2 > ¢y, | Y], and for
small enough « (large ¢3) this need not approach 1 as A\; —
1; it may need more than one eigenvalue close to 1. As an
LMP test, it may perform poorly for alternatives far from
the null. These questions are examined in Section VIII.

Since the geometric mean of (1 —¢3),..., (1 —£2) is less
than or equal to the arithmetic mean of the same, then, in
terms of the test statistics,

Tf(’mp) <1l- %T2(n’p)-

Often we shall abbreviate T7(n,p) and T3(n,p) to just
T1 and T5, respectively.
E. Generalized Likelihood Ratio

Now W = nY has the real Wishart distribution on S+
and hence has probability density function,
(det{X})""/*(det{W}){n—2p=1)/2
exp(—tr{ Y 'W}/2), (21)

fWin,X) = &
X

with
2p
C =27rrCr= U2 TIT((n+1-14)/2),
i=1
where I'(-) denotes the gamma function, tr{-} denotes the

trace of a matrix, and n > 2p. Direct calculation shows

that tr{X'W} = tr{Y~'W}, [1, p. 396], so also,
fWin,X) = L(det{Y})""/?(det{W})(n—2p—1)/2
x exp(—tr{ Y TW}/2). (22)

The maximum likelihood estimator of Y is W /n, so from
(21),
sup f(W;n,X) = &(det{W /n})""/>(det{W})(»=2r=D/2
T

x exp(—tr{nlsy}/2),

Under Hy the maximum likelihood estimator of Y is W /n,
[2, p. 38], so from (22)

sup f(W;n, X) = &(det{W /n})~"/?(det{W})(n—2p=1)/2
Y

x exp(—tr{nlap}/2).

So the generalized likelihood ratio (e.g., [7, p. 419]), Lg

say, is

_supy f(Win,X)  [det{W} n/2
“riownn L]
Then

det{W}

det{W}
= det{W~'}det{W}
= det{fW '} det{W + W}
= det{I, + W~ 'W}

p

- 1l

2/n
LG"

P
(1—) TT (1 + )
k=1

=~
Il
-

(1 _Eﬁ)a

Il
i~

E
Il
—
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Fig. 1. The mean of the null distribution of 77 for p = 2,4,6 in

plots (a) — (c), respectively, and the standard deviation of the same
in plots (d) — (f), respectively. The z-axis is on a log;, scale and
2p < n < 1000.

since +/1,...,+f, are the eigenvalues of W-IW and if
Al,...,Agp are eigenvalues of V' then det{Iy, + V} =
T124 (1 + X

So we see that the test (19) — which arose via the repre-
sentation in (13) and (14) — is also a GLR test (the power
2/n is merely a monotone transformation). The statistic
(24) was also derived in [18] via a complex-valued GLR
approach.

IV. UNIFORMLY MOST POWERFUL TEST?

The question of the uniformly most powerful (UMP) in-
variant test for impropriety was raised in [18]. In fact no
UMP invariant test exists for the problem for p > 2 [2].
The test (20) is the LMP invariant test, hence is admissi-
ble among invariant tests. But for n > 2p it can be shown
that (19) is admissible among all tests. Since these tests
are different when p > 2, no UMP invariant test exists in
this case.

When p = 1 the tests are the same and can be simplified:
accept Hy if 1 < cg; this is the UMP invariant test for
testing for bivariate sphericity, i.e., Y o Is, a problem
with a long history of research [13].

V. A KEY RESULT FOR NULL DISTRIBUTIONS OF TEST
STATISTICS

If the distributions of T} and 75 under the null hypoth-
esis, (for which ¥ = ), were different for each known
parameter pair (n,p) and unknown covariance matrix T,
then a lack of knowledge of the latter would be a major
stumbling block for construction of significance levels via
simulation.

A very important and useful result when considering the
null distribution of both test statistics T and T5 is [1] that

15
@ 3 (b)
10
2
5 L 1
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0 0.5 1 0 0.5 1
15
4 © G)
3 10
2
5
;
0 0 =
0 0.5 1 0 0.5 1

Fig. 2. Empirical histograms for the null distribution of 77 when
p =4 for (a) n =10, (b) n =25, (¢c) n =50, and (d) n = 400.

there exists a C € C such that CHCT = I, for H e H.
Under the null hypothesis (7), T = Y € Ht, and so there
exists a C € C such that CYCT = I, and thus we can

take ¥ = I,, when studying the properties of the test
statistics under the null hypothesis. This means that we
can calculate quantiles of the null distributions of 77 and
T5 by simulation using Y = I,, and the calculated values

will be invariant for all other Y for the same (n, p).
VI. DISTRIBUTIONAL PROPERTIES OF STATISTICS

A. Statistic T}

Under the null hypothesis the statistic 77 in (19) has
known moments [2]. After some reduction the rth moment
E{T]} may be written as

52rp [ T(n—j+ DI T(2r +n -5 +1)/2)
20—+ D)/ I T@r +n—j+1)

(25)

where I'(+) is the gamma function. We notice that the rth
moment depends only on (n,p), as would follow from the
discussion in Section V.

Fig. 1 shows the mean and standard deviation of T} for
p =2,4,6 and 2p < n < 1000. We see that for all p val-
ues the mean monotonically increases with n from 0 to
1, but the standard deviation firstly increases with n and
then decreases. This suggests that the probability density
function of T3 is firstly squashed tightly close to zero for
small values of n, spreads out and moves along the axis
as n increases, and then finally is squashed tightly close
to 1 for large values of n. This can be readily verified by
simulation. With ¥ = ¥ = I,,, 1000 independent values
of T1 were generated for p = 4 for n values of 10, 25, 50
and 400. The resulting empirical histograms are given in
Fig. 2, verifying the postulated behaviour.
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Fig. 3. Empirical histograms for the null distribution of 7% when
p =4 for (a) n =10, (b) n =25, (¢c) n =50, and (d) n = 100.

B. Statistic Ts

An analytic form for the moments of T5 is not known.
1000 independent values of Ty were generated for p = 4
for n values of 10, 25, 50 and 100. The resulting empirical
histograms are given in Fig. 3, which shows that the proba-
bility density function of 75 is firstly spread out away from
zero, and moves along the axis towards zero, with decreas-
ing spread, as m increases, finally being squashed tightly
close to 0 for large values of n. (7% is upper-bounded by
p since each contributing eigenvalue is upper-bounded by
unity.) So T behaves in a more traditional way, having a
decreasing variance with increasing number of samples n.
This was verified for p = 2 and 6 also.

VII. CRITICAL REGIONS FOR TESTS
A. Simulation

Given a specified size of the test a we need to find critical
regions [0, ¢1.,p,a) for Ti(n,p) and [ca.np.a,p] for To(n,p)
such that the null hypothesis is rejected if the sample value
of the statistic falls in the critical region. So we need to
find the critical values ¢ pp,o and canp.a-

The critical values were found as follows. For a given
(n,p) combination, n independent 2p-dimensional random
vectors from a normal distribution with mean 0 and co-
variance matrix ¥ = Iy,, were generated. Then W,
W and W = W — W were calculated, and Ti(n,p) =

P_ (1—£3) calculated from det{W}/ det{W} as in (23),
and To(n,p) = S0_, £? from Str(W'WW W) as in
(20). This was repeated 30000 times to produce smooth
empirical cumulative distribution functions, Pr(77 < 1),
for T1, and Pr(Ty < t9), for T5. From these, the critical
values ¢, p,o a0d €2y p,a, respectively, were “looked-up.”
Results for some (n,p) combinations are given in Table 1.

Because of the particular form of the moments for 77 we

n
Pl o 20 50 100 1000
2| .01 |c |0.3892 0.7004 0.8434 0.9833
ce | 0.6806 0.3111 0.1596 0.0168

05| ¢ | 04939 0.7664 0.8797 0.9874
cp | 0.5477 0.2392 0.1220 0.0125

1 |c | 0.5507 0.7998 0.8968 0.9894

ce | 0.4802 0.2048 0.1042 0.0106

41 .01 | ¢ |0.0859 0.4355 0.6737 0.9627
cp | 1.5260 0.6891 0.3587 0.0373

05| ¢ | 01282 04990 0.7191 0.9689
ce | 1.3510 0.5903 0.3046 0.0313

1 ¢ |0.1559 0.5339 0.7422 0.9719

co | 1.2546 0.5416 0.2771 0.0284

6 .01|c |0.0061 0.2135 0.4897 0.9351
c2 | 2.7021 1.2086 0.6323 0.0659

.05 | ¢ | 0.0113 0.2576 0.5342 0.9429
co | 2.4962 1.0893 0.5636 0.0582

1 | |0.0154 0.2834 0.5579 0.9469

c2 | 2.3875 1.0256 0.5263 0.0541

TABLE 1

CRITICAL VALUES C1,n,p,a AND €2.n,p,as FOR T1 AND T5,
RESPECTIVELY, FOR o = 0.01,0.05 AND 0.1.

can use an approximation method due to Box [3, eqn. 70]
to much more easily derive the critical values for a simple
transformation of T for (n, p) combinations. In the follow-
ing we derive Box’s approximation for 77 and examine its
accuracy by reference to exact (simulated) critical values.

B. Boz’s x2 Approach For Ty

Box [3, eqn. 70] considers a statistic which has its rth
moment of the form

Co lnzﬁ:l ygjlr [T, D[l + 7]+ &)

15, Ty [1+ 7] +ny)

7 ; (26)
[[Z, =

where Y7 | z; = Z§=1 y;, and the constant Cj is obtained
by putting » = 0 and taking the reciprocal. We can make
(25) equal to (26) if we set m = 2p,k = p,x; = 1,y; =
2,6 =mn—-1—-1)/2,n;, =n—j—1, with

?:1 F(n—j+1)

2, T((n—j+1)/2)

k yil"
Hjﬂ y;’
=T N =92 and ¢y =
| JEE

We note 1" x; = Z?Zl y;j = 2p. The degrees of freedom

f associated with the y? approximation are given by [3,
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eqn. 73]
[ m k
f==2|> 6= n—3m—k)
i=1 j=1
:210 p
= 2| S i 1)2- S - 1) - b —p)
i=1 j=1
— 1) (27)

A matrix in ST is 2p x 2p symmetric, and therefore has
%(4}72 —2p) + 2p = 2p® + p free parameters. A matrix in
H* of form (3) has %(p2 —-p)+p= %pQ + %p free parameters
for the symmetric matrix A; and %(p2 —p) free parameters
for the skew-symmetric matrix As (since the diagonal must
be zeros), a total of p? free parameters. The difference is
thus 2p? + p — p? = p(p + 1). Hence f is the difference
between the number of free parameters under Hy and Hy,
as would be expected.

Box approximates 7] = —2logT}/cp as X?, where cp is
a constant determined as follows. We compute a1 = 2w,/ f
and ag = 4wq/ f where

NI+l %
o = SUE[Y Bl —i- /2
%ZBIH(” —J- 1)}7 (28)

=1

where Bj(z) is the Bernoulli polynomial of degree ! and
order unity, with

By(z) =2? — 2 + & Bs(z) = z? — 327 4+ ia.
For our problem we find ay > a% for all combinations of
(n,p) so we set cg = 1/(1 — a1), as determined by [3,
p. 328].

Some tedious algebra shows that w; in (28) can be rewrit-
ten in the much simpler form

wi = ¢[p* — (n = 3)p* — (n — 2)p).
Then with f = p(p + 1), as in (27),
f 2

BT 2w np

so that Box’s X?p approximation takes the form

ie., —(n — p)logTi has the distribution of a chi-square
random variable with f degrees of freedom. So the test
may be carried out simply as: accept Hy iff

—(n—p)logTh < X?‘(l —a), (30)
where x?(l — a) is the 100(1 — )% point of the chi-square
distribution with f degrees of freedom.
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Fig. 4.
a logn versus log 100P scale, where P is either Pp (Box), shown as
solid line, or Py, (Wilks), shown as dashed line. (a)-(c) are for p = 2
and o = 0.01, 0.05 and 0.1, respectively. (d)-(f) are likewise for p = 4,
and plots (g)-(i) are for p = 6. The horizontal dotted line delineates
a +20% error on the nominal level (the latter corresponding to the
z-axis).

Comparison of X? approximations for transformed 77, on

Returning to (24) we see that Lg = T0"? so that
—2log Lg = —nlogT;. Now Wilk’s theorem [21, p. 132]
says that under Hy, as n — oo,

—2log Lg = —nlogT 4 X?c (31)
i.e., —nlog T} tends in distribution to Xfc.

Comparing (29) and (31) we see that both agree as n —
oo with p fixed. However, our derived result (29) should
give better results for smaller n than the purely asymptotic
result (31).

The smooth empirical cumulative distribution function,
Pr(Ty < t1), produced as described in Section VII-A, was
used to “look-up” P = Pr(—(n — p)logT; > X?c(l —a)),
for (29) and Py = Pr(—nlogT) > X%(l — a)), for (31);
the desired result is of course a. The results are given in
Fig. 4. For clarity, all plots are presented on a logn versus
log 100P scale, where P is either P or Py . Plots (a)-(c)
are for p = 2 and o = 0.01,0.05 and 0.1, respectively.
Plots (d)-(f) are likewise for p = 4, and plots (g)-(i) are
for p = 6. In each plot Pg is the solid line, and Py the
dashed line. While the ideal result is the horizontal z-axis,
the horizontal dotted line in each plot delineates a +20%
error on the nominal level. (For example, if the size of
the test was 1.2% instead of 1%, or 6% instead of 5%, we
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would probably find this quite acceptable for most practical
purposes.)

We can see immediately that an acceptable level of accu-
racy is reached for Box’s approximation (29) for an n about
1/10 as large as required for Wilk’s asymptotic formula
(31). As p increases both approaches need larger samples
for the same accuracy. For Box’s method, for good accu-
racy, the required n increases from about 10 to 50 to 100
as p increases from 2 to 4 to 6. With reference to Fig. 1
we note that the required n seems to be on the “decreasing
with n” side of the standard deviation curves.

Simulations for (n,p) combinations for n > 100,p > 4
were very time consuming, so Box’s approximation would
seem very useful in these cases. It does not work so well for
small n’s as p increases, but, fortunately, for these cases the
critical values can be obtained by simulation in the order
of minutes.

VIII. POWER

To address the questions raised at the end of Section III-
D regarding power of the tests, we need to be able to gener-
ate improper complex signals such that the positive eigen-
values A1,..., A\, of Y1Y can be controlled so that we
can change not only the “distance of alternatives from the
null,” but also the relative sizes of the eigenvalues.

Consider the simulation of a vector [Z1,...,Z,]T with
the same second-order structure (covariance and relation
matrix) as a sample of length p from the complex second-
order stationary autoregressive process {Z;} of order p, de-
noted CAR(p),

P

Zy = Z%‘thj + G, (32)
j=1

where the {¢;} are complex-valued parameters and {¢;} is

doubly white noise, [12]

cov{Cesrs Gt} = E{G4-(} = 0257,0
rel {Ciir, Gt} = E{Ct1+Ce} = 1¢0r 0,
d;.% denotes the Kronecker delta, and rel{-} denotes the re-
lation between (i, and ;. The roots of the z-polynomial

O(z) = 1 — ¢p12 — -+ — ¢p2P are outside the unit cir-
cle, the minimum-phase case, and values of Ug and 7¢,

Yer =

e =

must satisfy |r¢| < of, [12]. Let vr = cov{Z;y,, Z;} and
ry =rel{Ziy,, Z:}. Given the roots of ®(z) we firstly find
[15], Y0, - - - s ¥p—1, Proportional to a?, and rg, ...,Tp_1, Pro-
portional to r¢. Then

* * * T
Yo 71 Y2 VTp—1
* *
Y1 Yo Y1 Tp—2
r=1 . : .
Yp—1 Vp—2 Vp-3 Y |
and -
To (& T2 Tp—1
™ To ™ Tp—2
R = . . )
Tp—1 Tp—2 Tp-3 To |

so G follows from (1).

The covariance matrix of X is given by ¥ = MGM*".
We can calculate a Cholesky decomposition of Y such that
Y = VVE If we let U = [Uy,...,U,]T where the Uy’s
are independent standard normal random variables, then
if @ = VU, we know that the covariance matrix of @Q is
given by Y and so to obtain Zi,...,Z, with the correct
second-order (covariance and relation) structure we simply
compute M~1Q, and take the first p entries.

With (15) in mind we can measure the “distance of al-
ternatives from the null” by the Euclidean norm |[|Allz =
(3P AH)1/2 of the vector [A1, ..., \] of positive eigenval-
ues of Y17,

Consider the case p = 2. Let 81 and (> be the roots of
®(z) = 1 — ¢p12 — ¢z Then ¢1 = (1/61) + (1/32) and
¢2 = —1/(B152). Let B and B be B = |B1]exp(imy),
B2 = |B2| exp(—inh:), and let r¢ = |r¢|exp(—imbs). (We
took #; =1/5 and 6, = 1/3.)

We set 02 = 1 and as |r¢| — o2, from zero, the norm
[[All2 increases. Furthermore, if we take |31| ~ |G2] (both
greater than unity), then \; &~ Ao, while if we take, say,
|B2] >> |B1], then Ay >> Ay, where as usual A; is the
largest eigenvalue. So we are able to control not only the
“distance of alternatives from the null” by changing |r¢/,
but also examine whether disparately-sized eigenvalues af-
fect the behaviour of the LMP test, by changing |52]/|01].
Model A has |81| = 1.1 and |B2| = 1.2, so the eigenvalues
are nearly equal, and model B has |1] = 1.1 and | 32| = 20,
for which A; &~ 6Xs. For |r¢| = 0 we know the power is sim-
ply a, so we looked at |r¢| = 0.1,0.2,...,1.0. n was set to
50.

Each choice of |B1],|02],|r¢| corresponds to a dif-
ferent Y. We estimated Pr [[[7_,(1 —¢3) < c1|Y], and
Pr [ P_1 03 > ca,| X, from 5000 independent repetitions.

The results for p = 2 are shown in Fig. 5, where the
power for 77 is shown by the solid line, and 75 by the
dotted line. Results for model A are given for 100« of 1,
and 5, in Figs. 5(a) and (b), respectively, and for model B
likewise in Figs. 5(c) and (d). For model A the LMP test
marginally outperforms the GLR test over all alternatives
(as measured by the norm ||Al|2 as |r¢| ranges from 0 to
1). For model B the LMP test is slightly superior only for
small alternative distances, but for larger ones it is slightly
inferior. We also looked at sample sizes of n = 1000; here
the power plots reach unity for a norm as small as 0.2, but
again the two tests are barely distinguishable in terms of
power.

Finally we considered p = 6. Roots were found for a
model C giving a range of positive eigenvalues with the
smallest two being 1/5th and 1/200th of the magnitude of
the largest. Again the norm ||A||2 was found as |r¢| ranged
from 0 to 1. Power results are given in Fig. 6 for 100« of 1
and 5 in Figs. 6(a) and (b), respectively, when n = 50, and
likewise in Figs. 6(c) and (d), when n = 1000. When n = 50
the LMP test outperforms the GLR test, but the difference
is again small, while when n = 1000 the difference in power
of the two tests is negligible.
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Fig. 5. Power of the test (19) shown as solid line, and (20) shown as
dotted line, for n = 50 and p = 2. (The two are barely distinguish-
able.) (a) and (b) are for & = 0.01 and 0.05, respectively, for model
A. (c) and (d) are likewise for model B.

IX. CoNCLUDING COMMENTS

We have carried out a thorough study of two statis-
tics for testing whether a complex vector Z is proper
by using results based on the 2p x 2p covariance matrix
Y = cov{X} = E{XXT} of the real-valued random vec-
tor X = [XT, YT = [X4,... X, Y1, .., YT, where
X =Re{Z},Y =Im{Z}. The test statistics are functions
of the sample canonical correlations between Z and Z*; it
has been shown that the true canonical correlations are the
same as those derived in [18].

We have been able to draw on a number of useful re-
sults in [1] and [2] enabling us to empirically study the null
distributions of the test statistics, and obtain critical val-
ues. Further we were able to derive a Box approximation,
namely that the distribution of —(n—p) logT; can be taken
to be a X?c distribution, for many (n,p) combinations.

Evidence provided by a power study leads us to conclude
that T7 and Ty behave very similarly in terms of quality. In
practice a good strategy seems to be to use (19) combined
with the Box approximation, (for suitable (n,p) combina-
tions as discussed in Section VII-B), enabling rapid and
simple calculation of critical values. For combinations of
(n,p) unsuitable for Box’s approximation, the patterns of
critical values in Table I may enable a conclusion to be
drawn, but failing that a simulation study, along the lines
described in Section VII-A will be necessary to determine
critical values. In any event, the results in this paper mean
that testing for propriety can be a practical and undaunt-
ing procedure.
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Fig. 6. Power of the test (19) shown as solid line, and (20) shown

as dotted line, for p = 6 and model C. (a) and (b) are for a = 0.01
and 0.05, respectively, for n = 50 and (c) and (d) are likewise for
n = 1000.
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