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Abstract

The goal of any digital design is to maximize the performance while keeping
the cost down. In digital communication systems, high speed transmission
requires implementation of high speed digital circuits which include adaptive
equalizers, encoders and other signal processing algorithms. DSP algorithms
are described using mathematical formulations at a higher level. For
architectural design, these mathematical formulations need to be converted to
graphical representations which include block diagram, signal flow graph, data
flow graph and data graph. Examples of these algorithms are differential pulse
code modulation (DPCM), adaptive differential pulse code modulation
(ADPCM), decision feedback equalizers(DFE’s). If the recursive structures
are present in these algorithms high speed implementation is difficult, since
these structures contain nonlinear operations (such as the quantization
operation).This paper proposes different computation approaches for
quantization algorithms, which can be easily pipelined. These approaches are
suitable for real time high-speed implementation of quantizer loop operations.
The performance of the proposed systems is better by the use of tri-state
buffers and decoders in the implementation.

Introduction

Graphical representations are efficient for analyzing data flow properties of DSP
algorithms and are used to map DSP algorithms to hardware implementations. These
representations describe the algorithms at various levels of abstraction. Pipelining of
these structures is difficult because of the nonlinear nature.



84 D. Madhavi et al

There are different approaches to overcome the problem of pipelining. One
approach we use here is to transform the existing algorithms into equivalent forms
which possess greater concurrency. The transformations proposed by [1] are modified
by the use of tristate buffer and decoder circuits whose performance in terms of power
consumption and speed is better compared to the earlier approach. The transformation
approaches presented here can be applied either in the context of dedicated VLSI
implementations, or multiprocessor implementations. This paper proposes
transformation approaches to transform quantizer loop operations into equivalent
forms so that they can exploit look-ahead and can be pipelined at finer levels.

The organization of the paper is as follows. Section II studies transformation of
finite-level quantizer loops (first order two level ,first order four level and second
order two level) into equivalent forms containing no loop quantizers. Section III
proposes transformation of differential pulse code modulation encoders into
equivalent forms that can be pipelined at higher levels.

Transformation of First Order and Second Order Quantizer Loops
This section presents how to transform first order two level, first order four level and
second order two level quantizer loops into equivalent structures without quantizer
loop operation. This reformulation allows pipelining the equalizer algorithms, which
improves the speed of the processing.

First order two level Quantizer loop
Consider the first order loop update operation described by the equation

y (n+1) =Q [er (n) y(n) +x(n)] (1)

and it is shown in Fig.1.

a(n)
x(n) 5 Y@t y(n)
—Ta, "D >
Q. ]

Figure 1: First order two level quantizer loop.
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In equation (1), y (n) is the state which needs to be updated, x (n) is the input, ou(n)
is a time varying multiplier coefficient, and Q[.] is the Quantizer function. The
quantized output y (n) at any time can be either a, or a; since it is a two level
quantizer.

The minimum time required to update the loop in Fig.1 is equal to (T+Ta+T,),
where, Ty, , T, and Ty respectively, represent the computation times of a multiplier, an
adder, and the quantization operation.

The input sequence x (n) cannot be processed with a sampling period less than
(Tm+T,+Ty), since this time corresponds to the inherent iteration period bound
imposed by the loop operation [4]. To improve the sample rate of this system, we can
find the equivalent structure possessed with greater concurrency. In the equivalent
system, we encode the quantized state y(n) using a binary state y;(n), and the loop
update operation for y(n) is reformulated to update the binary state y;(n).

Define the binary state y;(n) as,

y(m)=0 ,if y(n)=aq,

=1,if y(n)= a, ()

Using the binary state, we can write

Yy =a, y,(n)+a,y,(n) 3)

Define another binary g-function as

g(@) =0, if Qlal=a
=1, if Qlal=a: 4

The loop update operation in equation (1) can now be reformulated in terms of the
binary state y;(n) and the binary function q;[.] as
y,(n+1) =y (n)g [a(n)a, + x(n)]

(&)

+y,(m) [er(n)a, + x(n)]

where + is a binary OR operation, and the multiply is a binary AND operation. The
equivalent reformulated quantizer loop is shown in fig.2.
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Figure 2: Equivalent transformed structure for first order two level quantizer loop.

The front and end computations in this structure are nonrecursive and can be
pipelined at any level. The actual increase in speed is achieved after placing
pipelining latches at appropriate locations.

First order four level Quantizer loop.

Consider the first order four level quantizer loop in Fig.3 .The quantized output y(n)
can take four possible values a;  a; a3, and a4 .We encode the state y(n) using two
binary states y;(n) and y»(n) .

()

e

a
X(Il) a1 I Y(Il+1 )
2 n
(= y(n)
_ a 5
a,

Figure 3: First order four level quantizer loop.

The state y;(n) is defined to be 1 if the output of the quantizer is a; or a,and is
zero otherwise. The state y,(n) is defined to be 1 if the output of the quantizer is a; , or
a3 ,and is zero otherwise. Using these binary states, we can write

Yy =a, y,(n) y,(n)+a, y,(n)y,(n)

(6)

v,y (n) y,(n) +ay,(n)y, (n)
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Define the binary g-functions
qla]=1,if Q[a] =a; or a
=0,1f Q [a] = azoras(7)

q,lal=1,1f Q [a] = a; or a3
=0,if Q[a] = azor as(8)

We can then transform the original system into an equivalent system which
updates the binary states y;(n) and y,(n) as

Y+ 1) = y,(0) y, (g [a(n)a, + x(n)]

£y, (), (M [a(ma, +x(n)] )
3,0y, (Mg [an)a, +x(n)]
+3, (0, (g [e(ma, + x()]

y,(n+1) = y () y, (W, [er(n)a, + x(n)]

+y,(m)y,(mMq,la(n)a, + x(n)] (10)

+y,(n) v, (m)q, [, +x(n)]
+y,(n)y, (M), [e(ma, + x(n)]

yi(n

[ > D
y,(n) Decoder

Ql]

-
\—777

a | ™ Nl] —
o @) % 1 i L

S Qo[ ]
x(n) aB{)g Ll
ﬁé—* %l]
$ — ] U > y(n)

ﬁé}_’ Qq[-] aa3 7

=

Figure 4: Equivalent transformed structure for first order four level quantizer loop.
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The reformulated system is implemented and shown in fig.4.This reformulated
system can operate at a very high speed.

Second order two level Quantizer loop
Consider the second order loop containing two level quantizer shown in fig.5

az(n)
(o)
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XQ—@)—» 4 y(nt1) o : Y
a4

Figure 5: Second order two level quantizer loop.

The loop update operation can be described by the equation

y(n+1) = Qlon(n) y(n) + a2(n) y(n = 1) + x(n)] (1)

Define the binary state y;(n) as,
y(m)=0 ,if y(n)=aq,
=1,if y(n)=a, (12)

Using the binary state, we can write
Y =a, y, () +a,y, () (13)

Define another binary g-function as
qi(a) =0, if Qla]l=a
=1,if Qlal=a (14)

The update operation of the binary state y;(n) in the reformulated system is
described by

y.(n+1) = y.(n) y,(n =Dl (n)a, + &, (n)a, + x(n)]

+y,(n)y, (n—Dg [ (a, +a, (n)a, +x(n)]
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+y,(n) y_. (n—1Dgq,le,(n)a, + a,(n)a, + x(n)]

+y, )y (n=Dgqle,(n)a, + a,(n)a, + x(n)] (15)

The reformulated system is implemented in fig.6.
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Figure 6: Equivalent transformed structure for second order two level quantizer loop.

The performance of this structure is improved by the use of tristate buffers and
decoders. The power consumption of the proposed system is less by the use of buffers
in the implementation. The propagation delay of the equivalent transformed structure
is greatly reduced by the use of decoder s and buffers in the implementation.

Transformation of DPCM Algorithms

In this section, we obtain the transformed structures for differential pulse code
modulation (DPCM) algorithms [2], [3]. The loop update equation in DPCM
algorithm is much more complicated than those in section 2.The transformed
structures obtained for DPCM loops contain multiplication operation. Look-ahead
computation technique can be applied to the transformed structures to pipeline these
operations at finer levels.

First order two level Quantizer DPCM Algorithm
Consider the first order prediction-based DPCM algorithm containing a two level
quantizer loop described by

y(n+1)=Q0[7r(n)+ x(n)] (16)
7(n) =alt(n—1)+ y(n)] (17)

and it is shown in fig.7.
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The quantized output y(n) can be either a, or a;. The system state y(n) is encoded
using the binary state y;(n) .

» D
KL\ a
f(n) \f/d + J—
+1
x(n) % — y(n . ) y(n)
T, " D >

Figure 7: DPCM loop containing two level quantizer and a first order predictor.

The reformulated system using the binary state y;(n) can be obtained to be

t(n)=art(n-1)+aa, y,(n) +aa,y,(n) (18)

y(n+D = y(m)g [ar(n-1)+ aa, + x(n)]
+ ;)] (n)q,[at(n—1)+ aa, + x(n)] (19)

The clock speed for this system is given by (Ty+ Tat+ Ty+ Tqg) ,where T4 represents
the time required for the decoder operation. The clock speed can actually be improved
using the technique of retiming, which involves redistribution of the latches in the
system [5],[6],[7]. The reformulated figure is shown in fig.8

E
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a, y(m)
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Figure 8: Equivalent transformed DPCM loop containing two level quantizer and a
first order predictor.
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For some applications, the throughput of this system may be inadequate. To meet
the real-time requirements of such systems, we need to create additional concurrency
and exploit this concurrency to pipeline the multiplier at finer levels.

First order four level Quantizer DPCM Algorithm
Consider the first order predictor based DPCM loop containing a four level quantizer
shown in fig 9. The state update operation T(n) is obtained as

T(n)=ar(n—-1)+ay(n)

=ar(n—1) +aa, ;)l(n) ;zz(n) +aa, ;zl(n)y2(n)

raayy, (n) y,(n) +ora,y, (n)y, (n) (20)
» D
“x
(n) o .
%‘1 - y(ntl)
x(n) 2 y(n)
o D >
_ 33
a,

Figure 9: DPCM loop containing four level quantizer and a first order predictor.

Here we encode the state y(n) using two binary states y;(n) and y»(n) as

W+ =y, (0, (1) gyl@r(n—1)+aa, +x(n)]
+ 3, () y,(n) g leT(n—1)+aa, +x(n)]

+ 3 )y, (1) gqlar(n—1)+aa; + x(n)]

+ ;)1 (n) ;/2 (n) ql[a‘[(n -D+aa, +x(n)]

Yy (n+1)=y (n)y,(n) 45 lat(n—1)+aa, + x(n)]
+ y,(n) ;)2 (n) 45 lat(n—1)+ aa, + x(n))

+ ;)](n)yz(n) qzlar(n—1)+aa3+x(n)]
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+ ;zl(n) ;12(71) gy loT(n—1)+aa, + x(n)] 21

The reformulated system is shown in Fig. 10 which operates at very high speed.
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Figure 10: Equivalent transformed DPCM loop containing four level quantizer and a
first order predictor.

The achievable sample rate of the system may still be inadequate for some
applications. To meet the speed requirements in such systems, we can create
concurrency by using look-ahead computation in these systems.

Second order two level Quantizer DPCM Algorithm
Consider the second order predictor based DPCM loop containing a two level
quantizer shown in fig 11.

2 5]

(n-1)

x(n) *

Hy(n)

Figure 11: DPCM loop containing two level quantizer and a second order predictor.
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The state update operations T(n) and y (n) are given by

T(n)=at(n—-1)+ay(n)

+o,7(n—-2)+ o, y(n—1) 22)

y(n+1) = 0[z(n) + x(n)]

=0lyt(n-D+a,T(n-2)
+ayy(n)+ o, y(n—1) + x(n)] (23)

The state y (n) can be encoded using a single binary state y;(n).The above state
equations can be reformulated in terms of binary state as
tn)=artn-D+a,r(n-2)+aa,y (n)
taa y,(n)+aay (n—1)+aa, y,(n—1) (24)
nn+h)=ymy -1 qlarn-D+a,r(n-2)

+aa, + a,a, + x(n)]

+y.(n) y.(n=1) qler(n~1)+e,z(n—2)
toa, + a,a + x(n)]
+ ;’1 )y n-1) glatn-1)+o,7(n-2)

+aa, +a,a, + x(n)]

+y,(n) y,(n=1) qlezn-1)+a,r(n-2)

+aa, +o,a; + x(n)] (25)

aya,t dyay

—b—fu] >

[
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Figure 12: Equivalent transformed DPCM loop containing two level quantizer and a
second order predictor.
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The reformulated structure is implemented as shown in fig.12.The speed of the
system may still be inadequate for some applications. To meet the speed requirements
in such systems, we can exploit look-ahead computation technique in these systems.

Conclusions

This paper presents different transformation techniques to pipeline the recursive loop
algorithms using decoders and three state buffers. These approaches are suitable for
real time high-speed implementation. Note that the proposed architectures improve
the performance of the algorithm in terms of propagation delay and power
consumption, even though it suffers from large amount of hardware circuitry.
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