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ABSTRACT

The Bartlett algorithm results from a conventional (Fourier or beam-
forming) approach to power spectral estimation and the Capon al-
gorithm results from an adaptive approach. Both algorithms make
use of the data sample covariance matrix (SCM). The Bartlett al-
gorithm relies directly on the SCM, while the Capon approach re-
lies on the inverse of the SCM. Since both statistics depend on the
same data, they are not independent in general. While the marginal
distribution of each statistic is well-known, the joint dependence is
unknown. This paper presents a complete statistical summary of
the joint dependence of the Bartlett and Capon statistics, showing
that the dependence is expressible via a 2 X 2 complex Wishart
matrix where the coupling is determined by a single measure of
coherence defined herein. Interestingly, this measure of coherence
leads to a new two-dimensional algorithm capable of yielding bet-
ter resolution than the Capon algorithm.

Index Terms—Adaptive, Bartlett, beamforming, Capon, coher-
ence, conventional, cross-spectra, joint pdf, resolution, two-dimen-
sional.

1. INTRODUCTION

The Bartlett algorithm results from a conventional (Fourier or beam-
forming) approach to power spectral estimation and the Capon al-
gorithm results from an adaptive approach. Both algorithms make
use of the data sample covariance matrix (SCM). The Bartlett algo-
rithm relies directly on the SCM, while the Capon approach relies
on the inverse of the SCM. Since both statistics depend on the same
data, they are not independent in general. While the marginal dis-
tribution of each statistic is well-known [1], the joint dependence
is unknown. Techniques such as diagonal loading help in the low
sample support case [5], but likewise engage the trade-space be-
tween conventional and adaptive approaches. Can this trade-space
be characterized statistically? This is a difficult task in general, but
this paper provides a start. Herein a complete statistical summary
of the joint dependence of the Bartlett and Capon statistics is pre-
sented, showing that the dependence is expressible via a 2 x 2 com-
plex Wishart matrix where the coupling is determined by a single
measure of coherence defined herein. Interestingly, this measure
of coherence naturally suggests a new two-dimensional algorithm
yielding better resolution than the Capon algorithm.
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2. POWER SPECTRAL ESTIMATION

The Capon and Bartlett algorithms represent filterbank approaches
to spectral estimation [10]. Data is obtained from an array of N
sensors distributed in space. Each data observation taken across
the array (called a spatial snapshot) is modeled as an N X 1 zero
mean complex Gaussian vector' with representation x = Sv(6) +
n where the array response of the signal of interest associated with
direction-of-arrival (DOA) parameter 6 is given by v(6), and its
complex amplitude is Gaussian distributed such that S ~ CNy
(0,0%), and the colored noise is denoted by n having covariance
E{nn”} = Ry, where E{-} denotes the statistical expecta-
tion. Note that F{x} = 0 and that E{xx”"} = R = Ry +
o2v(0)v* (). A finite set of L array observations is accrued over
time and assembled in a data matrix: X = [x(1)|x(2)|--- |x(L)],
where x(I) ~ CN'n(0,R), ] = 1,2,..., L. The spatial snap-
shots are used to form the unnormalized data spatial covariance
estimate R = XX¥ , the unnormalized SCM, from which the
Capon and Bartlett algorithms generate spatial power spectral es-
timates. It shall be assumed herein that L > NN to guarantee SCM
invertibility.

3. THE BARTLETT AND CAPON ALGORITHMS

The Capon and Bartlett DOA angle estimates are obtained as the
arguments of the largest peaks of the estimated spatial power spec-
tra. If P(6) represents the estimated spectrum as a function of an-
gle, then the maximum output provides an estimate of the signal
power o2, and the signal DOA estimate is given by the scan value
of 0 that achieves this maximum; namely,

0= argmgaxP(G) (1)

(assuming a single signal is present). It shall be assumed that K
signals are present in the data, and that the Capon/Bartlett param-

eter estimates 0, k = 1,2, ..., K are obtained as the arguments
of the K largest peaks of P(6).

The notational convention adopted is as follows: italics indicates a
scalar quantity, as in A; lower case boldface indicates a vector quantity, as
in a; upper case boldface indicates a matrix quantity, as in A. The n-th
row and m-th column of matrix A will be indicated by [A], m. Variables
will be assumed complex in general, but some will be real (obvious from
context). Re(A) is the real part of A and Im(A) is the imaginary part. The
complex conjugation of a quantity is indicated by a superscript * as in A*.
The matrix transpose is indicated by a superscript 7 as in A7, and the
complex conjugate plus matrix transpose is indicated by a superscript H
asin AH = (AT)*,
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3.1. The Bartlett Algorithm

Let the conventional beamforming weight steered to angle 6 for
an array with element spatial locations z,, n = 1,2,..., N be
given by v(9) = [ejkeTzl , ejkg”, R ejkgzI\’]T7 where ko =
(27 /X)a(0) is the wavenumber vector, a(6) is the 3 x 1 unit vec-
tor pointing in the assumed direction of field propagation, A = ¢/ f
is the wavelength at temporal frequency f, and c is the wave propa-
gation speed. Note that for a uniform linear array (ULA), this spa-
tial filter weight can be easily implemented with the Fast Fourier
Transform (FFT). The Bartlett spectral estimate evaluated at spa-
tial frequency (or angle) 6 is given by
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with ambiguity function defined as ¥ partiett(6) 2y (O)Rv(0).

3.2. The Capon Algorithm

Capon proposed the following constrained optimization problem
for the filterbank weight vector w

minw” Rw such that w"v () =1 3)

~ R7'v(9)
= WMVDR = 7VH(0)R_1V(0)’
that yields the well known minimum variance distortionless re-
sponse (MVDR) filter as its solution. Note that the optimal filter
weight depends on the data covariance matrix R. By construction,
this optimal filter will cancel all spatially coherent energy from
all directions other than the scan direction 6. The average output
power is given by

1
E{|Wﬁvm><|2} = VAR V(D) £ Ycapon (0) "
_ 2
T VIR vE) T 7°

where the Capon ambiguity function 1)cqpon (0) has been defined.
The last equality in (4) holds only when the signal array response
in R perfectly matches that used to form the weight vector, and
when R is perfectly known. Capon, therefore, reasoned that for
large enough sample support, an estimate of the covariance R
can be used with (4) to estimate the signal power o and the
corresponding signal parameter 6. Using the covariance estimate
R = XX” , Capon proposed the following power spectral esti-
mator

1 1
L-N+1 vH@R-v()

Peapon(0) ®)

Pcapon(0) can be further normalized to ensure that it is a true
power spectral density.

3.3. Properties of Estimators

The reader is referred to [10] for a detailed discussion of properties
and contrasts between conventional Bartlett and adaptive Capon
approach. It is noted briefly herein that the Bartlett estimator has
resolution capability limited by the aperture length (Fourier limit)

independent of signal-to-noise ratio (SNR), and due to its vulnera-
bility in the sidelobes various windows/tapers have been proposed
for sidelobe control. The Capon estimator, however, has superior
resolution ability that improves with SNR, and it adaptively nulls
any energy in the sidelobes while passing the direction of interest
undistorted.

Both the Bartlett and Capon statistics have marginal distribu-
tions that are complex chi-squared [1, 9].

4. CROSS COHERENCE AND JOINT PDF OF
SPECTRAL ESTIMATES

Define the filter weight steered to angle 6, for the Bartlett algo-
rithm as wp = v(6p) and its output from a single snapshot as
yB(0y). Define the clairvoyant filter weight steered to 6, for the
Capon algorithm as we = R™'v(0,) /v (. )R™'v(6,) and its
output based on the same spatial snapshot as yc (6,):

X — — wax = yc(0,)

(6)
X — — wlx =yg(6).
The cross coherence between these two filters is given by
2, & E{lys(0s) - y&(0a)1*}
cos“p = 5 5
E{lys(0:)"} - E {lyc(0a)["} -

wCapo’n (Ga) H
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As implied by the denotation this measure of cross coherence can
likewise be interpreted as a generalized cosine [2] between the op-
timal adaptive beamformer weight vector, i.e. any oc R™*v(6,),
and a non-adaptive conventional beamforming weight vector, i.e.
any « v(0y), where the metric space is defined by the true data
covariance R, allowing one to also define the generalized sine

sin?¢ 21 cos?¢. Because of the weighting by the data co-
variance, this cosine can be less than unity even when the array
responses are steered to the same direction, i.e. when 0, = 0y,
The statistical dependence between the SCM based Bartlett
and Capon spectral estimates is ultimately determined by this mea-
sure of cross coherence [7]. A summary is provided in the follow-
ing subsections using the related but equivalent statistics below:

ﬁCapon(aa) é (L - N + 1) . PCapo7L(0a)7

- A ®)
PBartlett(eb) = L - Partiett (eb)
4.1. Partially Coherent Spectral Estimates: 0 < cos?¢ < 1
Define the following 2 X 2 matrix
=2 [ Vicwn @) v G0 om0 ]
0 \/wBa'r'tlett(ob) . Sil’l2(],§

Let ® ~ CW (L — N + 1,1,), i.e. standardized central 2 x 2

complex Wishart distributed matrix. If A 2 gt OFE, then it fol-
lows that [4, 9]

A ~CW (L—N+1,EHE) where (10)
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1 v (0a)v(0)
H(eb)v(ea) wB(m"tletf( ) . (11)
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It can be shown [7] that an equivalent stochastic representation for
the Capon and Bartlett estimates when based on the same SCM is
given by?

H

—
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—
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I

where x%_; is a complex chi-squared statistic of N — 1 degrees
of freedom [9] independent of A. This statistical summary shows
that the adaptive and conventional spectral estimates are coupled
via a 2 X 2 complex Wishart matrix. It also represents a general-
ization of the Capon-Goodman result in [1], since it also conveys
joint dependence and not just the marginal distributions of each
statistic.

As an example of the utility of (12), note that the correlation
coefficient of the SCM based spectral estimates, i.e.

é cov [PCn,pon(aa)7 PBartlett (ab)}
pPCB =
\/VaI' [PCapon (ea)] - var [PBa'rtlett (eb)]

is obtainable using known moments of complex Wishart matrices
[3] and given exactly by

L-N+1
PCB = | L £ costo. (14)

4.2. Perfectly Coherent Spectral Estimates: cos’¢ = 1

(13)

By the Schwartz inequality it follows that cos>¢ = 1, and there-
fore sin?¢ = 0, if and only if Rv(6,) o< v(#.). Note that = will
not be full rank in this case. It can be shown [7] that in this case
the stochastic representation in (12) simplifies to

F’Capon (ea)
PBa'rtlett (eb)

2
EXL—N+1 ’ ¢Capon(9a

[eXE-nt1+ XR-1] X (15)
T wBartlett(eb)

e lls

where X7 _n41 and x7 are independent complex chi-squared
statistics. The left subscript c on ¢ X% _ 11 1s a tag to indicate that
the same random variable is being referenced, and 7 is real scalar
related to the constant of proportionality for the general case of
Rv(0y) x v(0a).

4.3. Perfectly Incoherent Spectral Estimates: cos”¢ = 0

Note that if v (0,)v(6,) = 0, i.e. the steering vectors are mu-
tually orthogonal, then cos?¢) = 0 from which it follows [7] that
=" = is diagonal and the Capon and Bartlett spectral estimates are

2If random variable A has the same probability density function as ran-
dom variable B, then they are said to be equal in distribution and this is

denoted by A ZpB.

not only uncorrelated, but are also statistically independent even
though based on the same SCM. The statistical summary becomes

PCapon (ea)

~ X%—N+1 "()bCapon(ea) (16)
PBa'rtlett (eb)

X% - Y Bartlett (Qb)

([EIES

where x? _ N1 and X2 are independent complex chi-squared statis-
tics. Clearly, the correlation in the sidelobe structure of the beam-
pattern is the major determinant of the level of coherence between
the Capon and Bartlett estimates.

4.4. A New 2-D Algorithm: A Cross Spectral Estimate

Since the cross coherence defined in (7) clearly plays a critical
role in the describing the dependence between these two spectral
estimates, it is reasonable to consider what can be learned or in-
ferred from a SCM based estimate of this measure. Define the
SCM based estimate of the cross-spectra of the Capon and Bartlett
algorithms as

(L/(L - N+ 1)]
v (0a) - v (05)Rv(0s)

‘VH 9}) |2

17
vH(ea) (a7

Pcp(0a,00) =

The distribution of this new statistics can be determined from (12)
(see [7]). In the next section, its use in resolving signals is demon-
strated.

5. NUMERICAL EXAMPLES

Consider a Direction of Arrival (DOA) estimation scenario involv-
ing two equal power planewave sources and a set of signal bearing
snapshots

2
x(I) ~ CN 0,1+ 08, v(0k)v (61) (18)

k=1

Il = 1,2,...,L foran N = 18 element uniform linear array
(ULA) with slightly less than A/2 element spacing, and L = 3N
snapshots. The array has a 3dB beamwidth of 7.2 degrees and
the desired target signals are placed at §; = 90 degrees (array
broadside), 02 = 93 degrees (less than half a beamwidth separa-
tion). Figure 1 illustrates the cross spectrum estimate Pc g (0q, 65)
shown by the gray color scale. Plotted on top of this image are nor-
malized versions of the Capon and MUSIC algorithm 1-D spectra
for comparison. This is an example for which the MUSIC algo-
rithm was able to resolve two signals at a?;k = 1dB, but the Capon
algorithm has failed. The cross spectrum, however, shows two dis-
tinct peaks located at the same angles as the two peaks of the MU-
SIC algorithm, but obtained without knowledge of the rank of the
signal subspace. This is clearly a single realization in which the
true probability of resolution for the Capon algorithm is a little less
than 10 percent. Averaging over several realizations, an emprically
based estimate of the probability of resolution can be obtained for
all three algorithms. Using same parameters, the results are illus-
trated in Figure 2 and based on 150 Monte Carlo simulations for
each SNR point. Included for comparison is the theoretical two-
point probability of resolution derived for the Capon algorithm
(black circles) [6]. The two signals were declared resolved for the
Capon and MUSIC algorithm if two peakes appeared in the spec-
trum within the range of 88 to 95 degrees. For the cross-spectrum
the two signals were declared resolved if two peaks appeared in
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the slanted slither of a =7 degree band of Bartlett angles about the
diagonl of the spectrum, but within the Capon angle range of 88
to 95 degrees. This figure shows significant improvement of res-
olution by the cross spectrum over both the Capon algorithm and
MUSIC for this particular example.

Detailed theoretical analysis of this algorithm is ongoing [7],
however, these initial results are encouraging. Additional analysis
and further examples will be presented at the conference.

6. CONCLUSIONS

This paper provides a complete statistical summary of the joint de-
pendence of the Bartlett and Capon power spectral statistics, show-
ing that the coupling is expressible via a 2 x 2 complex Wishart
matrix where the degree coupling is determined by a single mea-
sure of cross coherence defined herein. This measure of coher-
ence leads to a new two-dimensional algorithm capable of yielding
signficantly better resolution than the Capon algorithm, often com-
mensurate wit but at times exceeding finite sample based MUSIC.
Initial numerical results are encouraging and theoretical analysis
is ongoing.

7. REFERENCES

[1] J. Capon, N.R. Goodman, “Probability Distributions for Es-
timators of Frequency Wavenumber Spectrum,” Proceedings
of the IEEE, Vol. 58, No. 10, 1785-1786 (1970).

H. Cox, “Resolving Power and Sensitivity to Mismatch of
Optimum Array Processors,” Journal of the Acoustical Soci-
ety of America, Vol. 54, No. 3, pp. 771-785, 1973.

D. Maiwald, D. Kraus, “Calculation of Moments of Complex
Wishart and Complex Inverse Wishart Distributed Matrices,”
IEE Proc.-Radar, Sonar, Navig., Vol. 147, No. 4, pp. 162—
168, August 2000.

R. J. Muirhead, Aspects of Multivariate Statistical Theory,
John Wiley & Sons, Inc. 1982.

C. D. Richmond, R. Rao Nadakuditi, A. Edelman, “Asymp-
totic Mean Squared Error Performance of Diagonally Loaded
Capon-MVDR Algorithm,” Proceedings of the Thirty-Ninth
Asilomar Conference on Signals, Systems & Computers, pp.
1711-1716, October 28—November 1, 2005.

C. D. Richmond, “Capon Algorithm Mean Squared Error
Threshold SNR Prediction and Probability of Resolution,”
IEEE Transactions on Signal Processing, Vol. 53, No. 8, pp.

(2]

SNR = 1.0067 dB; ASNR = 29.1225

(9]

[10]

2748-2764, August 2005.

C. D. Richmond, “The Cross Spectra of the Capon and
Bartlett Algorithms and A Generalization of the Capon-
Goodman Result,” to be submitted to the IEEE Transactions
on Signal Processing.

C. D. Richmond, The Bartlett and Capon Cross Spectral An-
alyzer, Patent Pending, January 2007.

A. O. Steinhardt, “Adaptive Multisensor Detection and Esti-
mation,” Chapter 3 of Adaptive Radar Detection and Estima-
tion, Edited by S. Haykin and A. O. Steinhardt, John Wiley
& Sons, Inc., 1992.

P. Stoica, R. Moses, Spectral Analysis of Signals, Pearson
Prentice—Hall, Upper Saddle River, New Jersey, 2005.

IT - 904

‘_-no

0 5 10
Element Level SNR (dB)

120 = -14.5
—MUSIC
1 ——Capon _ F
110} Note separation of lobes T 15 %
. of cross spectrum ‘q—;
e 4 -15.5 o
o 100+ [
T )
o -16 =
= 7]
2 90 <
< ]
= -16.5 O
K] #
g 80 g
K4 A7 &
70+ E
-17.5 3
1T]
60 ‘ : -18
60 70 80 90 100 110 120
Capon Angle (degs)
Fig. 1. Single realization Demonstrating Resolution of Cross-
Spectrum
Ll R 5
c e
G 0.8
- o
= 4
2
@ 0.6/ s ]
[+ 0.6 s
s §
2
= 041 1
o]
[ -
o e
So2 oo/ T
ater ST e -Cross Spectra
) o Capon Two-Point Pres
————— ‘ \

15
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