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BUILDING BLOCK FOR AN

ORTHONORMAL-LATTICE-FILTER ADAPTIVE NETWORK

INTRODUCTION

This report presents the modification of an old algorithm and its application to a new
algorithm in order to achieve a viable alternative to the conventional optimum-Weiner-filter
algorithm. The old algorithm is the conventional Howells-Applebaum adaptive-filter
algorithm [1], and it is modified by incorporating a dynamic time constant which is a
function of input-channel powel level. This modification, when applied to a one-stage
orthogonal filter, forms a building block with the following features: it can be implemented
in eith1.n, onln-r Ait+ol foat Aa+oa ofnra ;-s n+ vAreqirctd it isj uinnnrlitinnnllv stahle.
convergence speed is no longer a problem, steering-control input is permitted, the design is
simple, and it has great application flexibility.

The next two sections are devoted to a comprehensive description and analysis of the
one-stage orthogonal-filter building block. The discussion deliberately includes a consider-
able amount of review material because of preparation for its application to a complicated
filter network and also because the digital equivalents of the Howells-Applebaum algorithm
have received sparse treatment in the literature.

The new algorithm to which the building block is applied is the algorithm for a multi-
stage multichannel orthonormal lattice filter proposed by Alam [2]. He describes a unified
recursive technique to estimate the least-squares coefficients of a broad class of linear filter
models. In contrast with conventional algorithms, his algorithm does not require the
nonnt.v-inCe mat-ri 4n nompe +he fl+nr cen#Pcints. but instea-d directly filters the obsnrved
data samples. It incorporates a Gram-Schmidt orthonormalization procedure which is
similar to cascade adaptive processing networks described in earlier work by Lewis and
Kretschmer [3] and also by Brennan, Mallett, and Reed [4]. The fourth section reviews
Alam's algorithm briefly and develops the network transfer matrix, which is necessary to
show the equivalence to the optimum Weiner filter.

A Gram-Schmidt orthogonal lattice filter of just one error output is then selected as a
demonstration vehicle for the building block, and the fifth section illustrates its spacial-
filter performance characteristics for simulated example cases of zero, one, two, and three
strong incoherent signal sources spaced within a beamwidth of an eight-element linear-
array antenna. For comparison the transient performance of the familiar Howells-Applebaum
algorithm on the same data samples is included.

IdaIIscript subUimitted March 19, no80.
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GABRIEL

ONE-STAGE ORTHONORMAT, FTTITER

First a one-stage orthonormal filter [2] will be briefly reviewed to establish the
concepts of the optimum weight and its relationship to orthogonalization of outputs. This
also provides background for the filter networks which will be constructed from the one-
stage building block.

Consider the simplified sketch of a one-stage filter shown in Fig. 1. Let the vectors, VI
and V2 represent the sequences of discrete-time-sampled voltages from input channels 1
and 2, so that there are two i-dimensional observation vectors:

VI = V(1), VI (2), VI (3), ..., VI (i), ..., VI (m)]t

(1)
'V2 = [V2 (), 12(2), V 2V3) "-I V2 (i), ..., 2(M)

VI
INPUT

-V2

(ESTIMATE)

V2
INPUT

(ERROR)

aOu

OUTPUT

o U2
OUTPUT

Fig. 1 - One-stage orthonormal filter

One of these vectors, V2, is chosen to be the desired vector, and the remaining
vector V1 is defined as the only vector in the estimation subspace. The multiplication of
V1 by a weight coefficient W1I 2 then becomes the estimate vector, V2;

V 2 - W1 2 V¾ (2)

2
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Also, an error vector U2 is defined as the difference between the desired vector and the
estimate vector:

U2 = V2 - V2 . (3)

In linear estimation theory a measure of performance often used is a loss function consisting
fi t 1 _ _ e Jaw_ _ _ _ _ __- _ I- 1 _ - T __ _ _ __ L__ _ __S:~L__r _-Z :_ _D T T oI the sum of the squares oI tlne m error terms b, that is, the rerillianll vecUr lengthl of U ̀ 2:

L(U2 ) =U2 U2 = (V2 + W 12V 1 )*t * (V2 + W1 2 V1 }) (4)

The "best performance" or smallest estimation error then consists of minimizing Eq. (4) uy
taking the derivative of the loss function with respect to the single weight coefficient and
setting it equal to zero, whereupon the optimum or least-squares weight value is obtained:

m

23 VI(i) V2(i)

Vt___V i- I
"1 2 * = m M (5i)

VIat . V1 vK V_* fi Vli}

im 

Equation (5) shows that this is the same weight coefficient as obtained in the
familiar Gram-Schmidt orhogonanlization procedure [f5] wherein one wishes to ohtain
a vector U2 which is orthogonal to V1 . Thus the weight defined by Eq. (5) results in a
one-stage Gram-Schmidt orthogonal filter which also happens to be an optimal estimation
filter. This is in agreement with the orthogonal projection theorem used in optimization
theory [6], which states that the desired vector uniquely decomposes into two orthogonal
components: the error vector and the estimate vector, where the estimate vector is the
orthogonal projection of the desired vector onto the estimation subspace.

The consequent orthogonality of the error U2 and the estimate V2 is readily shown:

V2 U 2 2 V2) 2 V2)
* 2=(t. 2*( tV 

=W 2 (V1 * V2 ) + W12 (VTt V2 )

=0. (6)

In addition, the error vector is orthogonal to the input vector V1:

V, V t - VI V' - A \
V 1 * U = V V ) -t V + V 

w12 (v I ) + w12 ( V*t * V1)
= U. (7)

3
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To complete this one-stage filter, an output vector U1 is defined which is equal to V1 and
therefore orthogonal to the error output U2,

U1 = v 1 , (8)

such that now defined are orthogonal vector outputs with the matrix relationship

2] [ 12 ] V2]A
ithe outpUtJW aity te fLULrIthe tILULSL1U W Shave a NuaIs oAf uinit ii dLesirL, nut9 thiz 

not be necessary for the networks considered herein.

This filter is a true linear prediction filter [7], because it is attempting to form an
estimate of the input signal V2 in Eq. (2) with its single degree of freedom represented by
the weight coefficient W1 2. The quality of that estimate will depend in part on whether or
not the data sequences of m samples represent adequate sampling of the input signal wave-
forms.

This one-stanr filter rnnatitutes a huildinu block for constructing multiple-input
optimal filters of greater complexity [2], and the one-stage filter can be implemented in
several ways. For example, in a digital system incorporating a computer of sufficient
capacity, one would compute the optimum weight directly per Eq. (5) from stored data
samples. This is sometimes referred to in the literature as open-loop processing [8] and is
generally preferred whenever it can be implemented. However, direct computation is not
always cost effective or even possible because of system considerations such as analog
component preference, hybrid analog/digital designs, or limited computer capacity. For
these cases one may consider implementation of the building block via closed-loop
processing, which involves an error-feedback technique. The most practical of these
techniques to date is the Howells-Applebaum adaptive algorithm [11, and that will form
the basis of the implementation to be described in this report.

NRhTr' OM A nt, tfnTIML TILTCUIN A nrnnnb A tIT- A T flC^nfTAMfl"IN ri-cl nXUJa rLIt L~ nil UOJUN4 Iw nV r jjArnnj~QAV %rnU"rsaiJ i. ni

The Howells-Applebaum adaptive algorithm is an ideal candidate for implementing
the one-stage orthogonal-filter building block described in the previous section, for the
following reasons:

It may be implemented in either analog or digital form;
Data storage is not required;
It is inherently stable and robust;
An nntinn is gtPerinc-rcnntrnl inniit;

It is simple and usually inexpensive;
Performance is usually adequate.

4
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Figure 2 illustrates schematic diagrams for both an analog and a digital recursive version.
The convergence speed of this algorithm is sometimes criticized as being too slow for some
applications, but a solution for this problem has been developed and will be described as a
modification to the basic algorithm.

(a) Analog form

(ERROR)

UI
OUTPUT

U2
OUTPUT

o Ul (n1
OUTPUT

0 U 2 (n)
OUTPUT

(b) Digital form

Fig. 2 - Onestage orthogonal filter based on the Howells-Applebaum
adaptive feedback algorithm
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Analog Implementation

A rather complete discussion of a single Howells-Applebaum analog control loop
similar to Fig. 2a is contained in Ref. 9, and it is shown there that this adaptive loop may
be represented by the simple first-order follower-servo schematic diagrams illustrated in
Fig. 3. That analysis will not be repeated here, but review of a few of the fundamentals is
necessary in order to introduce a new dynamic time constant and conversion to a stable
digital formulation.

-I

VI V

- C

IL

(a) Type-1 follower servo

S

-WO 0
(V1 I I 2)

S*

W12

CII .. A

lh) Equivalent circuit of a one-stage filter

Fig. 3 - Schematic diagrams of feedback servo loops

The differential equation for the RC-filter output voltage V may be written as

d- + V=- g (; U2 )a
dt2 I

6
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where r = RC is the filter time constant, g is a gain constant, and the remaining variables are
complex and functions of time. The product within parentheses is the input from the
correlator mixer, and it can fluctuate rapidly in accordance with the channel passband,
whereas V will fluctuate more slowly in accordance with the filter closed-loop passband. To
permit V to remain reasonably independent in a statistical sense from the rapid input signal
fluctuations, one generally imposes the restriction that the (two-sided) filter closed-loop
passband 2f3 must not exceed approximately 10% of the receiver channel passband B.:

27rB
restriction 2X3 • . (11)

The solution of Eq. (10) for the transient behavior of V then requires taking the
expected value and assuming a step-function input. The expected value of the correlator
input may be written

&(v u2 ) ( V 2) + W12 (iv ) (12)
and

W 1 2 =S V, (13)

where SF is the optional steering weight. Substitution of Eqs. (12) and (13) into Eq. (10)
then gives the servo-loop working equation:

dV
r+dtV-=(v 1 - V), (14)

where

vu = S - WO (equivalent input), (15)

P (v V2)
WO= k1 1 ) (optimum weight), (16)

I = ga( IV 12) (servo gain factor). (17)

The expected-value operators in Eqs. (16) and (17) define an average or mean taken
over infinite time, such that Wo is generally referred to as the least-mean-square (LMS)
optimum weight. It closely resembles Eq. (5), which represents a summation average
taken over a finite number of samples. Under steady-state conditions, under which the
first-derivative term in Eq. (14) vanishes, the controlled weight becomes,

*S p 1steady-state W. 2 = - + W_ - (18)
1 1 +g 1- +g UL

7
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The weight W1 2 approaches WO whenever the servo gain factor becomes large (» >> 1), thus
resulting in the desired orthogonal outputs.

The gain g is adjusted under conditions of quiescent channel receiver noise to result
in a minimum value of s, which is denoted as go and generally set equal to unity. By intro-
tAuc-ing a SIILDAI powCIer r.atLlo r PUfor Channe4l 1, Uone CanL c% Vc11e1nLtny expJrb Ms L fte11rs UA MA0
and Pr:

=A (19)

Under quiescent noise conditions such that Pr is unity and WO is zero (independent channel
receiver noise being assumed), Eq. (18) shows that the steady-state value of W12 approaches
Sa /(1 + go); that is, it is determined by the steering weight. Thus the controlled weight W1 2
transitions smoothly between the steering value and the optimum value in accordance with
the power level of the input signal.

Integration or averaging takes place in accordance with the reciprocal of the closed-
loop bandwidth 03, which is readily determined from Eq. (14) to be

___ r _ 1 (20)
WOg + jAt a

blltt ls tule CCCI4IVe avela dg c rnseass as ho 7ncOta. in 11nes vaTliaiu WitL1 Iuwcr Ml creales

a problem in selecting a fixed value for r, because it would have to be chosen with a magni-
tude large enough to avoid the condition commonly referred to as noisy weights. Substi+ut-
ing restriction (11) into Eq. (20) results in

10
T - (1 + Al), (21)

7rBc

whare A i t.ho prhannol hnnfdwidth Fqnufinn (921 shows tfhat r must ho qPalrtAd for thi
-C -_ **_ __ _ __ _ I -- - - - _ I - -_ --- __

largest power level to be encountered, and this generally causes it to be much larger than
desired at low power levels.

One solution to this problem is to implement a new dynamic time constant 'd which
varies with power level in accordance with the relationship

Td = (Vo + X (22)

where Tr is a fixed value selected solely for quiescent noise conditions. The averaging as
given by Eq. (20) now becomes

I-- = o t(23)
a B, 1(l

8
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which never violates the criterion of Eq. (21) and yet becomes no worse than approximately
7o/(1 + Mo) under quiescent noise conditions. This modification to the basic Howells-
Applebaum algorithm could be implemented via monitoring the power (square-law detector)
in the V1 channel and using the resultant current to drive an electronic RC low-pass filter
circuit.

Regarding stability, consider Fig. 3a and its differential equation (14). The Laplace
transform of an impulse response gives the transfer function for the servo:

a
H(s) =-S~~~ ' (24)

where

e= (25)
1 +p

and a is defined in Eq. (20). Since a is always a positive real number, the convergence condi-
tion for H(s) is always satisfied, and the follower servo is unconditionally stable. The system
impulse response will be the inverse Laplace transform of H(S):

I(t) aea t, (26)

which is the familiar decaying exponential associated with this type of circuit.

Digital Implementation

Consider next the representation of the continuous time signals of the analog circuit
with digital equivalents, which are really numerical sequences obtained via periodic sampling
as illustrated by the simple sketch in Fig. 4. The nth sample of the sequence of samples may
be denoted as y(n):

y(n) y(t) b(t - nT), (27)

{t-,
(n-PT nT (n+I)T

Fig. 4 - Periodic sampling of a continuous function y(t) at
instants nT, to obtain an equivalent numerical sequence

9
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where n is an integer, T is the sampling period, and 5 is the usual impulse function. The
conversion of Eq. (14) to digital form presents an option-choice problem in that there are at
least three ways of expressing the first derivative, none of which are precise. With use of
Fig. 4, the first derivative may be written

dy(t) j 1 Lyen1)- Y(n)] (forward difference)4

dyt) 1~n T 

d It) |T 2T[y(n + 1) - y(n - 1)] (central difference),

or

dCt InT [y(nT - y(n - 1)] (backward difference).

Obviously these approximations require that ytt) should not have frequency-spectrum
components exceeding about 10% of the sampling rate, and preferably much less. The
question is whether or not there is a preference in the difference equations, given that the
digital processing may involve wide swings in parameter values. Thus the three difference
equations were examined, of which the two most important are reported here.

Forward-Difference Digital Diagram

When the first derivative is written as a forward difference, Eq. (14) may be expressed
in the form

- V(n + 1) -1) V(n) + M vilnv - V(n)I , (28)T \T IL'J 
where the next value V(n + 1) is calculated on the basis of current values V(n) and vj(n).
This equation leads naturally to the diagram of a forward-difference digital follower servo
shown in Fig. 5a. The box labeled Z- 1 is a standard notation in Z transforms [10] to
denote a unit interval delay such that V(n + 1) is transformed to Vin) at its output. The
recirculation of V(n) through the delay constitutes integration. After Z transforms of Eq.
(28) are taken, the servo-system transfer function is found to be

a HM 4 ~~~~~~~~~~(29)
Z-B

where

T
a =

B = [1-

10
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-_

I t I ) V(n+l1

+ + I~ l _
v P IM

Cr-l)

-VW

(a) Forward-difference derivative

I
JTI

V.I -n) .

-I

( +IT)

'C V(n)

I m Z-'I I

VI-l}( l lQ~ _ 

(b) Backward-difference derivative

Fig. 5 - Digital-diagram representation
of an analog type-1 follower servo

and

Z = pW

When Ip I = 1, Z is constrained to the Z-plane unit circle, where H(Z) becomes H(0), and
there is a phuysical frequency response or Fourier tr-nasfowr corresponding to the impulse

11
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response of the system. Because of the periodic sampling, w is a normalized frequency which
imtUbut, b2x rLCsbsU ir1 tuliiii Ui 1 Uv efe Lquuvnoreu- CurIt I iLxqUeCI;y IC.

X = 2irfT = r f 30)
f,

Only under this condition is the analog Fourier transform equal to the discrete-time
Fourier transform [10], and it applies only to band-limited functions. The stability and
convergence conditions for H(Z) require that

iZi> iBi< 1. (31J

This restriction on the value of B is emphasized in the system impulse response derived from
the inverse transform of FE(Z):

h(n) = a B- 1u(n - 1), (32)

where uzn - 1) is the unit step sequence. Obviously, this exponential sequence will grow
unstable if the absolute value of B exceeds unity, so that one must be careful to observe the
restriction

S ~Tl
A: 11- (1 + P)-< I. (33)

In spite of this danger of instability, the forward-difference digital equivalent of the analog
loop has been the digital equivalent most frequently discussed in the literature for both
the LMS and the Howells-Applebaum algorithm [11] . The reason for this preference will be
discussed in the next main section.

Backward-Difference Digital Diagram

When the first derivative is written as a backward difference, Eq. (14) may be
expressed in the form

(I + 1 ) V(n) T V(n - 1) + p [v,(n) - V(nfl, (34)
T ~T

where the current value Van) is calculated on the basis of the previous value V(n - 1) and
the current input vu(n). This equation leads naturally to the diagram of a backward-
difference digital follower-servo shown in Fig. Sb. The recirculation integrator cannot now
become growing and unstable. It can only become decaying for finite values of the time
constant. After Z transforms of Eq. (34) are taken, the servo-system transfer function is
found to be

aB
H(Z) = (35)I 1- B1-1

12
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where

B-
T

1 +a +-
1r

and a is the same as in Eq. (29). The stability or convergence condition is again given by
Eq. (31), but this time B cannot become negative or exceed unity. It cannot even equal
unity except for the trivial condition of zero gain. Thus the servo is unconditionally stable
for all values of the parameters. This stability is further reflected in the system impulse
response derive from the inverse transform of H(Z):

h(n) = aBn + 1 u(n), (36)

where u(n) is the unit step sequence.

Therefore, the backward-difference digital recursive simulation is the best choice for
processing in the digital domain, since it is the only digital simulation option which
provides the same unconditional stability as the analog servo circuit. This favorable stability
characteristic was recognized by Kretschmer and Lewis [12], who arrived at a backward-
difference recursive relationship via an indexing approach. The final digital form represented
in Fig. 2b is based on the backward-difference servo diagram of Fig. 5b.

Substituting vi = (S* - WO) into Eq. (34) results in

{1 +y + T) V(n) = TV(n - 1) + j(St WO), (37)
T T

and a further substitution for V from Eq. (13) results in the backward-difference controlled-
weight relationship

(l+ + -:y) W1 2(n) = W 12 (n- 1) +S* +pW0 . (38)

It is of interest to compute W1 2 (n) under quiescent noise conditions wherein WO averages
to zero and p becomes pg per Eq. (19):

T W1 2(n - 1) 8

quiescent W11 2(n= + (39)

+Po+ I 1+Po+ T

13
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and convergenlce JG i-WrCatchiv When- I7 - =1) - '* MOP . 11110 iCDUsl 10 IUsAI ILUlI to hatL
in the analog case. Furthermore, under high-level signal conditions wherein p >> 1,

f W 2(n-1) 13 Aw
W 2(n) =+ - (40)

)A>> 1 M+ +_
T T

and convergence is reached when W1 2 (n - 1) = WO. Again this result is identical to the
analog case.

The closed-loop bandwidth a may be computed from the system transfer function
H(Z) in Eq. (35) on the Z-plane unit circle.

aB
H(C)=

1. Be~h'

-p- (41)
1+11+ -(1I- cosC)+j -sin O

If we operate sufficiently below the sampling rate such that sin w w, then the 3-dB
point occurs approximately at

QO13 dB 1+ ' (42)

T

which is similar to Eq. (20) in the analog case. The noisy-weight criterion then gives an
expression similar to Eq. (21) in the analog case,

r10
-> (1 +M), (43)
T i

because the IF bandwidth Bc is also the sampling rate for the digital video. This leads to the
same requirement for a time constant which varies with power level as in Eq. (22) in the
analog case, and the equivalent digital expression becomes

Trd 10

r-T + - A. (44)

14



NRL REPORT 8409

The final recursive equation set is obtained simnlv by substituting for u and Wt, their
current sequential data values. Although this step may seem abrupt, the reader can verify
its basis by going back to Eq. (10) and writing the equivalent digital equation for Fig. 2b per
the backward difference,

r(n) [V(n) - V(n- 1)] + V(n) = g [V(n) U2(n)] (45)

which introduces the current data update of the correlator. A few substitutions then result
-A the basOic backJlv.f d Y .44erVr~ce %..*5*LV *=..t~recursive *U.o1s..JS kflA~lC to . t'/.

The complete recursive set of equations is

1 + p(n) + T.)] W12 (n n =-- W1 2(n- 1)+8 +p~n)W0 (n), (46)

where

- Vn) 11
2(n) S_

wotn) eI
VI(n) V 1(n)

p(n) =g [V n V(n)] ' (48)

and

(n) t + Tfj(n)4

in which Tf > 10/i (high-power fast time constant). The heretofore fixed factor 10/s in
Eq. (49) has been replaced with the selectable variable Tf, which really represents the
high-power fast time constant. This increases the flexibility in r(n), and an example will be
illustrated later in which it was necessary to increase Tf above the minimum value of 10/ir.
The reader must appreciate the difference in the variables listed in Eqs. (46) through (48);
that is, whereas the previous quantities p and WO were steady-state expected values or means
which were used to derive and discuss the transient characteristics of the first-order servo
Irop, the newn quranftiies a(ui and . (n\ ai e sequential values ,rbinl channe .. h ach na;..

k' - .. Uk- __ -2- --t~..t V Wl~1V tAU~,

set of incoming data samples V 1 (n) and V2(n).

A recursive relationship like Eq. (46) does not require storage of any incoming data
samples. Instead it uses the data samples to compute a weight update increment consisting
of the term

p~n)W~(n> S g7:$ forgMn)»>>1, 0
1(n) WO(n) 1 + TT 

. ~~1 + ,IA(n) + -T (n) ,-W for ,ufn) ;:: I, (50)

15
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where the expression is shown evaluated for the two extremes of p(n). The update gives
equal weighting to incoming data samples if the magnitudes of the samples VI (n) remain
relatively constant. This update increment is added to the previous value of the weight
W, 2(n - 1), which is multiplied by a decay factor:

Tr(n)

T
1: ) + r(n) W12(n- 1) =

1 + gin) + T,

Tf4 1 +T W12(n -1), forp(n)>>1,

I Tf 12

2 + Tt+ To WI 2(n - 1), for gAin) -- 1. (61)

Thus, the contributions of all previous data samples are summed (stored) in the weight
value W1 2 (n - 1), but they decay or fade away at the familiar exponential rate of 1/e
per the equivalent-time-constant period. From Eqs. (23), (42), and (49) the equivalent
t.rie const- Lb

To + T ff-(n 3 ' 0 rv~ f I

1 + p(n) 0 7 f

2

for p(n) >> 1

for p(n) 1.(52)

The full range of values for 1/a versus SNR power ratio Pr (Eq. (19)) is plotted in Fig. 6
for typical values of T= 10/Ir and To = 200. The digital integration loop circuit of Fig. 2b
behaves in a manner aLmost identical to the analog RC filter circuit of Fig. 2a under the
conditions assumed herein.

The integration action upon the summed weight is tantamount to increasing its
system SNR by an amount approximately equal to the ratio of the channel bandwidth to
the (two-sided) RC filter bandwidth, From Eqs. (20) and (23) the ratio of those bandwidths
is

: f B, 7rr, + 10p
. .f = 

10, for»>>,

WT° + 1 forp11
2 fo -1

Anneataina here is the lnw -r-liit factor of 1 (1 nriainall i-nnosed as a ban.dwidth o+iicn
tion (Eq. (11)) to avoid noisy weights, and the system SNR gain then increases to approxi-
mately in-o/2 as input power ratio Pr decreases. The equivalent digital expression simply
requires replacement of p with p(n).
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100

-30

4-
2

POWER RATIO (dB)

Fig. 6 -Plot of the dynamic equivalent time constant as a function of the
power ratio, for typical values T, = 3.2 and ro = 200

MULTICHANNEL FILTERS USING THE BUILDING BLOCK

The one-stage orthogonal-filter building block described in the previous sections may
be used in constructing multichannel multistage adaptive filters. Alam [21 stresses the
building-block approach, and he proposes a clever vehicle in the form of an orthonormal-
lattice-filter algorithm which is a unified recursive technique to estimate the least-squares
coefficients of a broad class of linear models. It consists of a sequence of two recursions.
First, the G~ram-Schmidt orthonormalization procedure estimates a set of inner products
from multiple signal vectors, such as multichannel sampled observations. A lattice-type net-
work structure, suitable for adaptive applications, implements the Gram-Schmidt procedure.
Second, a recursion is introduced to transform the inner products into model coefficients.
In contrast with conventional algorithms, this algorithm does not require the covariance
matrix to design the filters but directly filters the observations. He discusses a number of
special cases of the multichannel model which appropriately simplify the general structure
of the orthonormal-lattice-filter network.

A simplification of Alam's general algorithm lattice network has been chosen as a
vehicle for demonstrating the application of our building block. Also, to provide a more
familiar multichannel adaptive filter for base line performance comparison, the building

17
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block has been applied to the conventional Howells-Applebaum algorithm, which, like
Alam's algorithm, does not require the covariance matrix and directly filters the observa-
tions.

Howells-Applebaum Algorithm Filter

The application of our building block to this well-known adaptive algorithm requires
that the feedback error signal must now consist of the summation of many adaptively
weighted channel signals (the entire array output) instead of just two. The analog form of
the algorithm has received such extensive coverage in the literature that it is considered
unnecessary to elaborate further herein. For the digital forms, we can derive from Fig. 5
by inspection the two recursive equations for the kth weight of the multichannel filter.
The backward-difference form is

(1 + r) W.k(n) = r Wk(n - 1) + k - g4E(n) YO(n), (54)

and the forward-difference form is

W(n + 1) =(r - 1) W.(n) + - g E(n) YOun), (55)

where

K
YO(n) =E Ek(n) Wk(n) (array output). (56)

k=1

The backward-difference form (Eq. (54)) is unconditionally stable like its analog counter-
part, but it shares the same difficulty in solving the simultaneous equations; that is, it
requires an orthonormal-mode solution, which becomes a prohibitive computation burden
for multiple inputs. The forward-difference form (Eq. (55)), on the other hand, is a set of
independent equations which do not require any additional computation burden. Hence
the forward-difference form is much preferred for multiple inputs and is the form generally
found in the literature [11] . Its instability restrictions are a small price for the convenience
of the simpler independent set.

The backward-difference form can also be made independent simply by inserting an
additional delay as illustrated in Fig. 7. Equation (54) remains the same for this modifica-
tion, but the array output changes to

K

YO(n) = E (n) Wk(n - 1), (57)
k=1

which causes the feedback error update to become independent of W*(n). This modification
has instability restrictions slightly better than the forward-difference form.

18
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T ETen, "1Vfl 1l T EIn|En IT E7jnt |fEl)n

Fig. 7 - Multichannel Howells-Applebaum adaptive algorithm in
backward-difference digital recursive form

The new dynamic time constant r(n)/T given by Eq. (49) can be used with either
form simply by substituting for p(n) as follows:

p(n) =g [E *t(n) E E(n)], (58)

where g can be replaced by the quotient of McO divided by the mean channel quiescent noise
power as discussed in connection with Eq. (19). The new time constant is valuable for
speeding up the convergence rate in comparison to a fixed time constant, but it cannot
circumvent the basic eigenvalue transient behavior of a multiple-input Howells-Applebaum-
algorithm adaptive filter [9];

The modified backward-difference form is the form used for all reference comparisons
of performance in this report and shall be referred to as the baseline Howells-Applebaum
algorithm. Its stability restriction is covered by the restriction placed on Tf in Eq. (49): if
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the bandwidth criteria for avoiding noisy weights is satisfied, then the system stability
criteria is also satisfied.

Orthogonal Lattice Filter of One Error Output

The orthonormal-lattice-filter network of Alam is illustrated in Fig. 8 for the case of
two stages or three input channels. It is a complete network in that it transforms K inputs
into K orthonormal error outputs where the kth error output is associated with the original
kth input. Its transformation action makes it an ideal processing mate for a multiple-beam-
antenna spacial-filter system such as a Butler matrix, where one could then obtain an error
output for each beam. A desirable feature of Alam's network is that the symmetry causes a
large percentage of the coefficients to be identical, thus reducing computation burden. It is
instructive to analyze the network associated with just one of these error outputs, because it
clearly illustrates implementation of the Gram-Schmidt procedure and formation of the
transfer matrix between inputs and outputs. In addition, such a network provides an
orthogonal transformation of its own which, though limited and not eigenvector in charac-
ter, is useful for some adaptive processing situations.

Thus, consider the single-error-output orthogonal-lattice-filter network shown in Fig, 9,
which derives directly from Alamn's diagram in Fig. 8. Figure 9 also illustrates the earlier
Gram-Schmidt cascade processing networks described by Lewis and Kretschmer [3] and
Brennan et al. 14]. Although the diagram is drawn to obtain the Kth channel error output,
it could just as easily be arranged to obtain the error output from any of the other channels;
that is, it is immaterial as to which channel becomes the error output channel. The K
channel-input vectors may be represented as a single stacked input vector:

V = [V 1 V2 V3 "I VK] t (59)

Likewise, even though only one unique error output channel has been used, ali outputs are
represented as the stacked output vector

U = [Ul Us Us3 - UK (60)

and the transfer matrix T is sought such that

U=TV. (61)
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WI2

W23

V3
INPUT

ERROR

ER2
ER ROR

a 3

ERROR

Fig. 8 - Two-stage orthonormallattice-filter network of Alam
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V2 V3 * * Y

INPUT INPUT INPUT

W2

U2

0*@~ > 

U3

* S

UK..I

UK
ERROR

Fig. 9 - K-Channel orthogonal-lattice-filter
network for single-error output
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The transfer matrix will derive from the upper triangular matrix which corresponds to
the natural arrangement of weight coefficients in the network. This upper triangular matrix
can be defined as

F

W 1 2 W13 W1 4 W1 5

0 0 W20 W2 4 W 25

o 0 0 W3 4 W3 5

o o 0 O W45

0 0 0 0 0

0 0 0 0 0

... W1K

2K

... W3K

... W4K

... W5K

0

(62)

wxrhere erach weaight vaxilue w k renresents the coefficiint. ohtaind from the one-stage-filter
building block as described in the two preceding main sections. The weight coefficient
either may be computed directly in accordance with Eq. (5) for vector inputs of m data
samples or may be estimated in real time via the analog/digital network of Fig. 2.

The first two stages in the process are illustrated by the network diagram in Fig. 10,
which shows the zero stage and the first stage. The stage will be indicated by an additional
subscript on the channel vector such that VOk represents the zero-stage output vector for
the kth channel, VI,, represents the first-stage output vector, V2 , represents the second-
staged ou-tput vector, eac. Starting writh fht zner of sag fkp mnfri- ranfinvmidin is

VO = AO V, (63)

a * .

. . .

VK
INPUT

FIRST
STAGE

I

VIK

Fig. 10 -First stage of a multistage K -channel orthogonal-
lattice-filter network for single-error output
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where AO = I and I is the identity matrix. Although the transfer matrix AO is trivial in
this instance, it begins the process. It follows from Fig. 10 and Eq. (9) that the stacked
output vector after the first stage may be written

VI A1 Vol7

or

Vil

V1 2

via

VIK

i1

W1 2

WI3

WlK

0 0
1 0

... 0

0

0

1

0 1

0 0

Voll

V02

V03

VOK

I th f+ wcaita+ a franofar mnaft-hr af .e Ac defineid as A and f e total trnnnr ,natr i
from the original input is defined as T1 , then

. . . .. . . . . . . . _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~....... .

T1 Al AO (66)

When the procedure is followed in this same manner for the second stage, the stacked
output vector may be written

F V 2 1 1 [l
V2 2

V2 3

...

V2K

0 0 0

0 1 0

W2 3

0

0

1 0

10

V 1l

V1 2

V1 3

VIK

(67)

If the second-stage transfer matrix of (67) is defined as A2 , and the total transfer matrix
from the original input is defined as T2 , then

T2 = A9 Al An- (68)

This pattern makes it evident that the kth-stage transfer matrix consists of an identity
matrix plus the transpose of the kth row of weights taken from the upper triangular matrix
of lattice-network weights given in (62). Furthermore the total transfer matrix from the
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original input to the output of the kth stage will be the product of all intervening transfer
matrices:

Th = Ak vAk-i Ak-2 A1 OAO (69)

For K input channels, there will be K stages, such that the final transfer matrix from the
original input to the final output will consist of a lower triangular matrix equal to

T=AK- 1 AK- 2 AK- 3.. A1 AO' (70)

thereby satisfying the requirement of Eq. (61). Since each stage produces one additional
orthogonal output, the final transfer matrix is an orthogonal transformation matrix for
the set of input vectors.

The availability of orthogonal outputs from this lattice filter gives the option of easily
computed optimum weights, since the sample covariance matrix would be diagonal:

M = U* U' = T' V* Vt Tt = T* M Tt, (71)

where M is the sample covariance matrix of the original inputs. Thus

optimum weight WO - MUJ U: (72)

Tn illiutrnte the enqivIalnce of nuitniit nnrl innpt pntinmizntionn onn neids onlyr to nnmniit
the optimum output, which must be identical for both:

output = UtWO = Vt Tt M1 8*
£4 U

= Vt Tt (T* MTt) T' S'

= Vt M-1 S

Vt W.. (721

which assumes that the transfer matrix is nonsingular.

Equation (73) shows that if the optimum output weights WQ are known, then the
optimum input weights WO may be determined via the relationsnip

Wo Tt *0. (74)

Equation (74) will apply to the transformation of any input/output weight sets, not just
the optimum, provided that T is known and nonsingular.

The preceding description illustrates Alam's claim, that his algorithm arrives at the
optimum filter weights via direct filtering of the observation data and does not require the
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covariance matrix or its inverse. The equivalence of his solution to the conventional
Weiner filter was shown in Eq. (73). The signal input vector VK will be estimated from
the entire remaining basis set of signal inputs V1 through VK-1 and therefore should be an
excellent estimate with little output residual error UK.

SIMULATION PERFORMANCE CHARACTERISTICS

Some typical performance characteristics for Alam's network of Fig. 9, implemented
with the building block of Fig. 2b, have been obtained by simulating its use in a spacial-
domain linear prediction. filter consisting of a weighted linear array of eight spacial sensor
elements, equally spaced. The concept of the filter is illustrated in Fig. 11, where the.
aim is to estimate the signal arriving at the right-hand unweighted element by subtracting
the remaining weighted-element signals and minimizing the output error power. More
background on this type of filter is given in Refs. 7 and 13.

* -\ I _ ~~~~I r ' 

*~~~~~~~~~~- - __ e -

'I
Y.-6 ~-Yn-5 Y.-4$ Yn-3 Yn-2 Yn-1 ~ 

K en Y y A Yn-k Yn(2Yn YOYn

Fig. 11 -Model of the array-aperture linear-prediction
spacial filter

The element signal samples are correlated in both space and time, but this is converted
to the spacial domain only by the assumption that narrowband filtering precedes the
spacial-domain processing.
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The nth "snapshot" signal sample at the kth element will consist of independent
Gaussian receiver noise 7 h n plus I incoherent source voltages:

I

E = ~~+ j(ku. in<KE n = fan k J. e i , 1 •kK, (75)
i= 1

where ui = 27r(d/X) sin Oi,
d = element spacing, assumed near X/2,
X = wavelength,
f3i = spacial location angle of the ith source,
Ji = amplitude of the ith source,*l

= random phase of the nth sample of the ith source,
k = element index.
n = snapshot sample index,

A snapshot is defined as one simultaneous sampling of the aperture signals at all array
elements, and it is assumed that N snapshots of data are available.

The quiescent spacial pattern for this type of filter is intended to be a wide-beamwidth
function, so that the steering vector S& is selected to inject a zero weight on every element
except the end element:

s*t= [0, 0,0, 0,0,0,0,1.] (76)

Thus, the quiescent pattern is nominally that of the single end element and will adequately
cover the spacial domain between ±900. In applying this steering vector to Fig. 9, one
simply chooses St (n) = 0 for each building block (Fig. 2b) and notes that the end channel is
of unity weight by network construction. Figure 12a illustrates typical quiescent spacial
pattern plots for the case in which there are no external sources and the element signals
consist only of the independent receiver channel noise. These patterns were computed from
weight sets (given by (62)) corresponding to snapshots 200, 400, 500, 600, 700, 800, 900,
and 1000. These filter-function patterns always fluctuate with time, and the quiescent
fluctuation tolerance is what determines the value of To in the dynamic time constant of
Eq. (49). To directly illustrate the effect of Tr, Fig. 12b shows the patterns computed from
the same snapshot data run as Fig. 12a except that the value of To was reduced by a factor
of 10. The fluctuations of Fig. 12b are considerably greater and would be unacceptable for
the present purposes.

Although not shown here, the quiescent pattern fluctuations for the baseline Howells-
Applebaum algorithm are similar to Fig. 12a when the same steering vector (Eq. (76)) and
same dynamic time constants (Eq. (49)) are used.

*J has a constant rather than random amplitude because of a concurrent measurement program involving
CW sources sampled at random times.
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SPACIAL ANGLE IN DEGREES

(a) Quiescent time constant To = 200

SPACIAL ANGLE I" DEREES

(b) Quiescent time constant To = 20

Fig. 12 - Typical examples of quiescent patterns for a single-element illumination
mainbeam, an eight-element linear array, and no external spacial sources
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Single Strong Source

The convergence performance of the orthogonal lattice filter against a single 30-dB
source at 210 is shown in Fig. 13a, where the error output power in decibels above receiver
noise level is plotted against time measured in snapshot counts. Two symbols are used to
plot the error output for each snapshot data sample:

+ = current weights W1l (n) applied to the current input snapshot,
* = previous weights Wik (n - 1) applied to the current input snapshot.

This option is available because the building block of Fig. 2b permits application of the
current updated weight to the data sample of the current input snapshot. Thus, on the
first snapshot the asterisk plots at 30 dB, corresponding to the 30-dB source and quiescent
element weights (Eq. (76)), whereas the plus symbol involves the first weight update
Wik(l) and is already partially nulling out the source down to 17 dB at the output. Con-
vergence to receiver noise level occurs by the third snanshot, corresnondina roughly to the
dynamic time constant of Fig. 6 for a 30-dB power ratio. There is not much difference
between the two symbol plots after convergence.

For comparison, the convergence performance of the baseline Howells-Applebaum
algorithmn against the data samples of the same source is shown in Fig. Jib. T he option of
the plus-symbol plot is not available with this algorithm because the updated weights
cannot be applied to the current snapshot data sample. Instead a continuous-line plot of the
rms eigenvalue transient solution has been included based on the averaged sample covariance
matrix, with a fixed time constant of 23,600 being used. The asterisks cluster reasonably
close to the rms curve for this particular case, as would be expected, and about 20 snap-
shots are required for this simple algorithm to converge to receiver noise level. After con-
vergence, the asterisks have almost identical plot locations for the two algorithms,
indicating that the same optimum-weight solution has been reached.

Figure 14 illustrates a few typical adapted spacial-filter patterns computed from the
orthogonal-lattice filter weight sets corresponding to snapshots 3, 10, 30, 90, and 120.
The deep null on the single strong source position remains stable, whereas the spacial
"passband ripple" will fluctuate like the quiescent patterns of Fig. 12a.

Two Incoherent Strong Sources Closely Spaced

Convergence performance of the orthogonal lattice filter against two incoherent 30-dB
sources at 180 and 22° is shown in Fig. 15a. The first snapshot asterisk was at about 35 dB
and did not plot here. Convergence to receiver noise level required about seven snapshots
for this case.

For rnmnpriscn the nperformnnce of 1ho hncalino -l'elxrnls Applbaml is -shw --- in I

Fig. 15b, which shows that about 60 snapshots are required for convergence. The transient
solution for the rms eigenvalue used a fixed time constant of 43,600 and results in a
longer convergence time than the new dynamic time constant, The reason for this divergence
is that the dynamic time constant takes advantage of instantaneous opposing source signal
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(b) Baseline Howells-Applebaum-filter algorithm

Fig. 13 - Time-sequence-snapshot filter error output in decibels above the receiver
noise level for a single 30-dB spacial source at 210
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(a) Orthogonal-lattice-filter algorithm
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Fig. 15 - Time-sequence-snapshot filter error output in decibels above the receiver
noise level for two 30-dB spacial sources at 180 and 220
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vectors which cause low snapshot power and thus permit a bigger weight update bite. The
convergence time has increased so much for this algorithm that it was necessary to increase
the time scale.

Figure 16 illustrates a few typical adapted spacial-filter patterns for this case, computed
from the orthogonal-lattice-filter weight sets corresponding to snapshots 7, 10, 30, 90, and
121. Two characteristics typical of multiple-source adaptive filtering begin to show here.
First, the spacial passband-ripple fluctuations increase in magnitude as the number of degrees
of freedom (polynomial zeros) devoted to them decreases. This case has only five out of
seven available, whereas the case shown in Fig. 14 has six. Second, the deep nulls on the
strong sources require a longer time to become stable, and their fluctuations increase, as
the number of captured degrees of freedom increases [91.

ur- ' ' ' * I''. I , ,~ , ~ W~ T A m-I '!'g | 'l |

Por 

p

E .4 p 

E I e

L ----------------------------I- .- …--… IN DECREES

Three Incoherent~~~~~~~I ston Sore lseySae

S -496 --- - -- - --- -- - --- -- -- - - - - - -- - -- - - -- - -

SPACIAL ANGLE IN DEGREES

Fig. 16 -Typical examples of spacial-filter patterns computed from orthogonal-lattice-

filter weight sets after convergence, for two 30-dB spacial sources at 180 and 220

Three Incoherent Strong Sources Closely Spaced

Convergence performance of the orthogonal lattice filter against three incoherent
30-dB sources at 140, 180, and 22° is shown in Fig. 17a, which shows that about 20
snapshots are required for getting down into the receiver noise level. For comparison,
Fig. 17b shows the performance of the baseline Howells-Applebaum algorithm for the
same snapshot data samples, and it is obvious that convergence will require thousands of
snapshots. One must conclude that the Howells-Applebaurn algorithm is unacceptable for
cases like this.
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A

TIRE IN SNAPOT COUNTS

(a) Orthogonal-lattice-filter algorithm

TIRE IN SNAPSHOT COUNTS

(b) Baseline Howells-Applebaum-filter algorithm

Fig. 17 - Time-sequence-snapshot filter error output in decibels above the receiver
noise level for three 30-dB spacial sources at 140, 18S, and 220
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Figure 18 illustrates a few typical adapted spacial filter patterns for this case, computed
from the orthogonal-lattice-filter weight sets corresponding to snapshots 10, 30, 60, 90, and
121. The deterioration in passband-ripple fluctuations and the deep-null fluctuations
addressed earlier has become unacceptable for locating spacial filter sources even though
convergence to the receiver noise level has been satisfactorily achieved.

P
-6d. . . . I , , , , I ,~~~~~~~~~ I I --i ------

E1

CI

E4
L 

S -6 5 - '- ---------- - L ~ -- - - -- - - -- - - -- - - -J -- - - -- - - - -- - - -

-. ~~-so -30 6 36 so 9

SPACIAL ANGLE IN DECREES

Fig. 18 - Typical examples of spacial-filter patterns computed from orthogonal-lattice-
filter weight sets after convergence, for three 30-dB spacial sources at 140, 18i, and 220

Fortunately the major problem here is simply one of insufficient integration; that is,
the value of Tf = 3.2 in the dynamic time constant is too fast and does not provide a
sufficient number of data samples for the complicated array-aperture signal waveforms
produced by the three simultaneous sources. To directly illustrate this point, Fig. 19 shows
a few typical adapted spacial-filter patterns for this same case except that T> has been
increased by a factor of 10 to the value 32. These patterns were computed from the
orthogonal-lattice-filter weight sets corresponding to snapshots 200, 300, 400, 500, 700,
and 900. Here both the passband-ripple and the deep-null fluctuations have settled down
satisfactorily. Of course, the increased value for T will result in a slower transient con-
vergence time for the filter amounting to about 76 snapshots for this example. Thus the
spacial-filter resolution of multiple sources closely spaced requires a tradeoff between speed
of response and pattern stability.
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Fig. 19 - Typical examples of spacial-filter patterns computed from orthogonal-lattice-
filter weight sets after convergence, with a fast time constant T2 = 32, for three 30-dB
spacial sources at 140, 180, and 22°
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CONCLUSIONS

A building block for adaptive filter processors has been described which consists of
the Howells-Applebaum algorithm modified to incorporate a dynamic time constant.
It can be implemented in either analog or digital form, data storage is not required, it is
unconditionally stable, and the dynamic time constant gives it great application flexibility.
It offers a viable alternative to direct computation of the optimum weight.

The building block is designed for use in multichannel multistage adaptive filters,
and a particular example was chosen from the orthonormal-lattice-filter algorithm proposed
by Alam. Performance characteristics for this Gram-Schmidt processor network were
simulated in a spacial-domain linear prediction filter using a linear array of eight spacial
sensor elements. The transient responses and adaptive spacial filter patterns were computed
for one, two, and three strong incoherent sources closely spaced. These simulations
demonstrated that the building block has sufficient transient response speed to permit
full use of the inherent processing capabilities of such networks.

With this type of network, there is no limitation on convergence speed per se, and
convergence time is dominated by other considerations such as the number of degrees of
freedom available [11], the number of data samples required by a given signal operating
environment, and quiescent system operating requirements. Several examples of these
factors were included in the simulations.
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