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Abstract

This paper proposes a pipelined adaptive filter based
on affine projection algorithm with order 2. This
filter gives a better convergence performance than
that of LMS or NLMS pipeline algorithm and has
same latency with the pipeline algorithm based on
equivalent transformation. Compared to the criti-
cal path of the pipeline NLMS implementation, on-
ly 2 additions are increased in that of the proposed
implementation.

1 Introduction

An adaptive digital filter has become a key technol-
ogy for various fields like mobile equipment, hard-
disk controllers and others [1]. In implementation
of adaptive digital filters, the properties of high-
speed processing and low power consumption are
required. To achieve these requirements, pipeline
implementation is one of an important technique.
For example, the delayed least mean square (DLM-
S) algorithm which is a variation of LMS algorith-
m, has been applied to the pipeline implementation
[2]. However this algorithm has a slow convergence
property and increases the output latency [2]. E-
quivalent transformations for LMS or NLMS algo-
rithm are proposed to solve this problem [3],[4]. By
using this method, the same convergence property
with ordinary LMS or NLMS algorithm is obtained.

On the other hand, the convergence property for
colored inputs is also an essential factor in the adap-
tive algorithm. The equivalent transformation can-
not improve the slow convergence property of LMS
and NLMS algorithms for colored inputs.

In this paper, a pipeline architecture for an adap-
tive filter based on the affine projection algorithm
(APA) with order 2. The same latency with the
LMS or NLMS pipeline algorithm based on the e-
quivalent transformation is given and a better con-
vergence performance is also obtained. In the crit-
ical path of the proposed implementation, only 2
additions are increased compared to that of the
pipeline NLMS implementation.

2 Equivalent Transformation
of APA with Order 2

2.1 The APA with order 2

The update equation for adaptive filters by the affine
projection algorithm with order 2 is defined as fol-
lows:

w(n+ 1) = w(n) + —zﬁ,%—)—z(n) (1)
p(n) = u(n) - L= DuO) o
e(n) = d(n) — wT (n)u(n) (3

where w(n) and u(n) mean the tap coefficient vec-
tors and input vectors at time n, respectively. These
vectors are given by

w(n) = [wo(n), wi(n), -, wna(@)]",  (4)
u(n) = [u(n), u(n=1), -+, un =N+ 1" (5)
where N is the number of taps of adaptive filters.
e(n) and d(n) represent an error signal and a desired
signal at time n, respectively and the parameter o

satisfies 0 < o < 2. An output of adaptive filter
y(n) at time n, is given as

(6)

y(n) = w” (n)u(n) .

2.2 Look-ahead transformation

For the pipelining of the calculation of y(n), we in-
troduce look-ahead transformation [3]. From Eqgs.
(1) and (2), the following equations are obtained:

w(n) =wn— ae(n—l) rn-—
De=um_q =

where p(n) = ||[u(n)||? and ¢(n) = uT(n — u(n).
Substituting Egs.(7) and (8) to Eq. (6),
y(n) = w'(n - Lu(n)
ae(n — Dp(n — 2)uT (n — 1)u(n)
p(n—1)p(n —2) - q(n - 1)
_ae(n—1)g(n — DuT (n - 2)u(n)
p(n—1)p(n —2) —g(n —1)?

(9)
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is obtained. This operation is called as 1-step look- y(z)(n)
ahead transformation and the following equation is N-1

given by repeating 1-step look—ahead transforma- = [hgz)(n —i—1ju(n — i)
tion n times: i=0
y(n) +{rP(n—i=1)+ u(n - 20 - Qu(n — i)}
_ ae(0)uT (0)u(n) ) ae(n—i—1)g(n—i—1)
Ilu(0)]|2 pln—i—1)p (n—z—Q)—qn-—z—l)2
=2 ae(n - k)p(n — k — 1)uT (n — k)u(n) (14)
+> :
= o Rple =k =) =aln =k here h(O(n), K (), 1P (n) and rP(n), i= 0,1,
_Zaen_k)q k)u T(n—k— Yu(n) -+, N —1 are defined by
(n— —k—1)—g(n—k)? h{V (n)
(10) "2 ae(n — Ap(n—j—Du(n—i-—j)

where the initial conditions w(0) = 0 and ®(0) = - Z p(n—j)p(n—j—1) —q(n - j)?
u(0) are assumed. This operation is called as n-step | (5
look-ahead transformation. h;

2.3 Pipelining of the calculation of

J=1
y(n) r®(n)
In this section, a technique for the pipelining of the ¢ N—i—2
calculation of y(n) is shown. Z u(n —i—j—1)un—j),
Eq. (10) can be rewritten as = j=0 (17)
© & @ (6=0,1,---,N ~2)
y(n) =y (n) + ¥y (n) —y'¥(n) (11) L o, (i=N-1)
where rfz)(n)
T ( N—i-2
SOy = 20T O)u(n) o
™= "o 3 uln i - Duln ),
(1) = { j=0 , (18)
y(n) (i=0,1,---,N—2)
Z ae(n ~k)p(n—k — l)uT(n — k)u(n) (0, (i=N- 1)
p(n—k)p(n— k ~ 1) — ¢(n — k)? respectively.
y(z)( ) In the following, we show the possibility of the

-~ pipeline implementation of this adaptive filter.
— Z ae(n — k)g(n — kF)uT(n — k — 1)u(n) ) c,(l)(n) and c(z)(n) are defined as
p(n—k)p(n— k1) = q(n — F)?

First, noted that «(0) = [»(0), 0, ---, 0],
y{9(n) can be expressed by

k=t cM(n) = B (n = 1)u(n)

+H{P = 1) +un—i - Du(w)}
ae(n — 1)p(n — 2)

yOn) = ae(O)u(gogu(n) _ ae(O):(n) ' (12) g P Y o O (19)
Next, y(1) ufi )(2) bU( ) itt ¢?(n) = h{? (n — 1u(n)

((i;(t, y (n) and y'#’(n) can be rewritten as +{ @) m—1)4u(n—i— 2)u(n)}
v ae(n —1)g(n—1)

= ]E—:l [hfl)(n —7— ]_)u(n - z) 'p(n — l)p(n — 2) — q(n — 1)2 , (20)

respectively. From these equations, Eqs. (13) and
+ {r,(l)(n —i=1)+u(n—2i—-1u(n— i)} (14) can be represented as

Z c(l)(n — 1), ¥ (n) Z c(z)(n

ae(n —i— 1)p(n —i—2) ] W (o
pln—i—1pn—i-2)—g(n-i-1)2] Y
(13)
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Therefore, y(l)(n) and y( )( ) are rewritten by

o yth(n=1) + (),
Y; (n): (220,1, 7N_1) ’ (21)
0, (i=N)
0 whn 1) + ¥ (n),
% (n) = (i=0,1,---,N—-1) , (22
0, (i= N)
respectively. From the definition of y,(l)(n) and
3 (n), we obtain y()(n) = y{")(n) and y*)(n) =
v (n).
Egs. (21) and (22) mean that each calculation

part of y( )( n) is considered as a processing module
whose input is y,(:_)l(n — 1), respectively. By con-
necting N modules in series and inserting a delay
between each module, we can implement the calcu-
lation of y( )( ) and y( )( ) in a pipelined manner.

The coefficients, hgl)( ), h 52)(11), r,(l)(n), rfz)(n),
p(n) and ¢(n) in each module can be recursively
calculated in the following:

B (m) = b (n - 1)
ae(n — p(n —2)u(n—i-1)

p(n—1)p(n —2) —q(n - 1)
rP(n) = ) (n - 1)

ae(n —1)g(n — Nu(n —i—2)

p(n—1)p(n —2) — q(n - 1)?

M)

r,(l)(n) =r;'(n-1)+u(n—i—1u(n)

—u(n—-N)u(n—N+i+1)
r§2)(n) = r§2)(n — D+ u(n—1i—2)u(n)
—u(n—=N-Du(n—N+i+1)
p(n) = p(n — 1) + u(n)’ — u(n - N)?
g(n) = ¢(n — 1) + u(n — 1)u(n)

~u(n— N —1)u(n — N)

We can considerably reduce the amount of compu-
tation by using these formulas.

3 Proposed structure

In this section, a pipeline structure based on the
formulas in the previous section is proposed. Fig.
1 shows the proposed pipeline structure. In this
figure, the Unit B calculates y(®)(n), the calcula-
tion of y(l)(n) and y(z)(n) are implemented by the
cascade connection of N modules which compute

(1)(11) and y(z)(n) and the outputs of each 0-th
module become y(!)(n) and y(®)(n). The Unit A
computes py = ap(n — 1)/{p(n)p(n — 1) — q(n)?}
and gy = ag(n)/{p(n)p(n — 1) — ¢(n)?}, simultane-
ously.

-— u(n-i-1)
Yisj@-1) yi(m)
ALY e
. S, s—éfj
+ r A
ri(n-l)

u(n-N)

u(n-N+i+1)
l ( U e(n-1)

Figure 2: Structure of each module.
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Figure 3: Structure of Unit A.

The structure of each module in Fig. 1 is shown
in Fig. 2 and the Unit A and Unit B are shown in
Figs. 3 and 4, respectively.

The output latency and the critical path of the
proposed structure are as follows. In proposed struc-
ture, no delay exists between u(n) and y(n) from
Figs. 1 and 2. As a result, the output latency al-
ways becomes 0.

Noted that Figs. 1, 2 and 3, the critical path ¢,
is obtained as

. _{ 2ttt + Staad
cp —

taiv + 2muit + 2tadd
where tgiy, tmurt and tgq4 mean the times required
one division, multiplication and addition, respec-
tively.

We compare the proposed structure with the oth-
er pipelined architecture based on DLMS [2], LMS
[3], NLMS [4] and non-pipelined architecture based
on the affine projection algorithm with order 2 in
view of the critical path (CP), the output latency
(OL) and the number of required operations. This
comparison is summarized in Table 1. In this ta-
ble, we assume that the number of taps is N and
that t4;y < 3t444. From the comparison, the CP is

(tdiu S 3tadd)
(3tada < taiv)
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Figure 1: Pipeline structure.
Table 1: Comparison with other implementations
. Number of operators
Architecture cp OL "Multiplier | Divider | Adder | Delay
DLMS tmute + 2tg44 N 2N +1 0 2N +1 8N -2
LMS 3tmuit + 3laad 0 5N —2 0 SN —2 5N -2
NLMS 2tmute + 3tada 0 5N +2 1 6N 5N
non-pipelined AP | 2taiy + (2N + 3)tnure 0 4N +5 2 4N +3 3N +4
with order 2 +(2N + 1)taaa
proposed 2tmuir + Stagd 0 10N + 10 2 12N +2 | ION +2
proposed implementation is almost same as that of
e(0)/u(0) o the pipeline implementation based on the LMS or
the NLMS algorithms and the output latency of the
proposed architecture is also 0. In view of the con-
u(n) y(O)(n) vergence property for colored inputs, the proposed

Figure 4: Structure of Unit B.

slightly longer than that of the other pipeline imple-
mentation, but it is independent on N. The OL is
not increased. From this facts, it is known that the
proposed architecture is effective compared to the
non-pipelined one. From the point of the number of
the operations, more number of operations for this
architecture are required than the other implemen-
tations, because of the equivalent transformation
and more complicated algorithm.

4 Conclusion

This paper has proposed the pipeline implemen-
tation of the adaptive filters based on the affine
projection algorithm with order 2. In this tech-
nique, the equivalent transformation is used for the
pipeline implementation. The critical path of the

one is superior than the other algorithm.
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