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ABSTRACT

This paper describes PSEUDEC, a dedicated co-proces-
sor and the rationale behind it’s design.

The final goal of our work is to present a single chip
solution with low power consumption for an advanced digi-
tal hearing aid based on a parameterized transformation of
speech (PARTRAN).

Characterization of the constituent parts of the PAR-
TRAN algorithm shows, that it is well suited for implemen-
tation on a heterogeneous architecture. The design strategy
used identifies a subset suited for implementation on ded-
icated hardware, with computational complexity roughly
equivalent to the performance of a standard 10 MIPS DSP.

The subset of PARTRAN implemented by PSEUDEC
performs PSEUdo DEComposition of a 12th order LPC
polynomial. An adapted algorithm displays improved dy-
namic range compared to a conventional solution suited for
DSP’s, calculating the amplitude spectrum rather than the
power spectrum.

Highly pipelined CORDIC-units optimized for the ap-
plication replaces complex multiplication, trigonometric op-
erations (for ¢’*) and square root (for |a| = \/a2 + a?),
exploiting the power of CORDIC operations in advanced
DSP algorithms.

PSEUDEC uses redundant data representation and bit-
serial arithmetic, most significant digit first (ON-LINE arith-
metic) for efficient implementation of operators and for effi-
cient (inter-operator) communication. The inherent nature
of ON-LINE arithmetic and the operators used allows for
fast and efficient implementation even when using ordinary
standard cells.

1. INTRODUCTION

Demanding DSP applications has requested solutions of
constantly increasing complexity, an increase in computa-
tional capabilities in terms of basic operations available and
in the number of operations performed. Further, modern
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DSP systems involve a wide spectrum of DSP algorithms,
each of which is most efficiently implemented on different
architectures. This has driven the evolution of implemen-
tation tools and strategies from soft-coded single processor
solutions to heterogeneous architectural solutions, where a
complete DSP system is inplemented on a mixture of pro-
grammable signal processors as well as on application spe-
cific data paths and array architectures.

In the design strategy exemplified in this article by the
design of the PSEUDEC co-processor, the overall research
effort comprises:

1. Application and algorithm development and charac-
terization. This includes identifying and describing
the constituent part(s) of the algorithm.

2. Selecting relevant parts of the algorithin for hardware
implementation based on their characteristics regard-
ing computational complexity (isolating bottlenecks),
regularity and operator constraints.

3. Selecting a suitable data representation. Bit serial
and redundant arithmetic are interesting candidates
for many algorithm parts, due to their virtues with
respect to high throughput and local communication.

4. Implementing the algorithin(s). For many regular al-
gorithms, a direct mapping into an architecture leaves
a high degree of control to the designer, often yield-
ing better results than high level synthesis. Using
structural hierarchical net-list descriptions in for in-
stance VHDL or C++ as in the implementation of
PSEUDEC, enables compact description of parame-
terized basic blocks. Reusing basic blocks and em-
ploying standard cell place and route tools results in
a fast - and to a large degree process independent -
implementation, leaving more time for refinements of
the algorithm, architecture and arithmetic.

2. APPLICATION

In the PARTRAN (PARametric speech TRANsformation
[1] [2]) application, a speech signal X (z) is split into an LPC
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Figure 1 : The heterogeneous PARTRAN architecture con-
sists of a core-DSP and the PSEUDEC co-processor.

model 1/A(z) of the speech organs and a residual signal
E(z):
1
——FE(z)=X
5B = X )

The 12th order LPC model 1/A(z) is decomposed into
a set of parallel second order bandpass filter sections. Each
second order section can then be subjected to arbitrary
transformations based on its center frequency, bandwidth
and power - resulting in a transformed model A'(z). Fi-
nally a transformed speech signal X'(z) is re-synthesized:

1

X'(z) = T

E(z)

The decomposition into second order sections involves
finding the roots of the transfer function 1/A(z), corre-
sponding to the formant frequencies of the speech signal
X (z). Due to numerical problems of traditional root-finding
algorithms, a complete inverse spectrum A(e’“) is calcu-
lated instead, and the complex root pairs of the polynomial
are identified as the minima. This approach is not only
numerically stable in fixed point arithmetic, but also sorts
out ”insignificant” roots [1]. The major drawback is how-
ever an increase in computational complexity, making the
decomposition account for half the complexity of the to-
tal PARTRAN algorithm [3]. The pseudo decomposition is
very regular, which suggests an implementation as a sepa-
rate dedicated co-processor, and the remaining parts of the
PARTRAN algorithm on a standard/core DSP, thus creat-
ing the heterogeneous architecture outlined in figure 1.

3. ALGORITHM

The pseudo decomposition (PSEUDEC) algorithm is subdi-
vided into two specific tasks: Calculating the inverse LPC-
spectrum A(e’*), and detecting the minima.

Taking the LPC coefficients {ao,---,a12} as wnput, the
polynomium A(e’*) is calculated directly using Horner’s
scheme:

N-~1

E ai-e

=0

= ((ave™ +an—1)e™ + -+ ar)e™? + ao

A(?Y) =

This results in a better dynamic range compared to the
original programmed version, which calculated the power

# Calculate Spectrum P(k) in 200 points
For k=0 to 199
# Complex spectrum A(k) =)
A(k,13) =0
For i =12 downto 0
Ak, 1) = A(k,i + 1)e?™/200 g,
# Calculate magnitude
P(k) = |A(k, 0)|

12

. pdWit
j=o %1 €

# Detect minima

P'(k) = P(k) - P(k-1)

P'(k=1)=P(k—1)—P(k—2)

If P'(k—~1)<0 and P'(k) >0
Output (P(k), P(k — 2), k)

Algorithm 1 : The PSEUDEC algorithm calculates a spec-
trum and detects minima.

spectrum A(e’“) x A*(e’*) for better computational effi-
ciency on a DSP [1].

The minima are detected by numerical differentiation
of the amplitude spectrum P(e’*) =|A(e’*)|. A minima is
reached, where the slope P’(e’“) changes sign from negative
to positive. The minima and the corresponding spectrum
values are then output from PSEUDEC.

4. ARITHMETIC

The design rationale for algorithm rewriting was the use of
ON-LINE arithmetic, which is the term used for digit serial
calculations performed most significant digit first (MSDF)
(4] [3] [6].

ON-LINE arithmetic requires a redundant data repre-
sentation [7] [8]. PSEUDEC uses the signed binary rep-
resentation [9] - radix 2, digit set z, € {-1,0,1}, z, =
(zpn — zny), where zpn,znn € {0,1}. Using two bits per
digit leaves a "spare” digit representation, which is used as
a "space-digit” to separate consecutive digit serial words.
This enables an efficient distributed control scheme to be
used (time is running from left to right):

SSSror1rx2....IZN=2IN-1SSS
A data-word X = ZN;Ol z,27 " is separated from other
data-words by inserting “space-digits” (sp = sn = 1) in be-
tween, thus disallowing two one’s to represent arithmetical
zero. This makes the interfacing of arithmetic operators
simple and efficient.

Ongoing research show, that ON-LINE arithmetic can
implement a larger set of the operations used in advanced
DSP algorithms than found in commercial DSP’s or feasible
in traditional digit serial LSDF arithmetic [10]. CORDIC
operations [11] [12] [13] are especially interesting for PSEU-
DEC, since complex multiplication by ¢’“ and magnitude
|A(e’“)| can be calculated efficiently using ON-LINE COR-
DIC rotation and vectoring respectively.

CORDIC operations are performed as a series of “micro-
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Figure 2 : Architecture of the spectrum calculator part of

PSEUDEC

rotations” of a vector (z,y) by an angle &, (k)-atan(2™("~Y),
én(k) € {—1,1} each consisting of shift/add operations
only. In digit serial mode, the number of clock cycles (ie.
time) decides the precision of the vector (z,y), while the
precision of the angle w(k) = > &a(k) - atan(2-("1Y js
decided by the number of rotations performed (ie. area).

5. ARCHITECTURE

Figure 2 shows the architecture for the spectrum calcula-
tion derived from the PSEUDEC algorithm. All the neces-
sary rotations are mapped onto a single CORDIC rotation
unit, which is then optimized to reduce area and latency {3].
While latency at the digit level is not an important issue for
a PSEUDEC application, reducing latency to allow only a
single word to circulate in the CORDIC rotation, will result
in the simplest control scheme.

“Truncating” the rotation sacrifices some precision on
the rotation angle, but reduces the number of micro-rotations
from 24 at full precision to 8 necessary for 200 point res-
olution. This results in a major reduction in area, while
maintaining full functionality and precision of the original
algorithm.

T OIS OERSCIRFOIFURFOLFORLORF )

Figure 3 : The CORDIC rotation A(k,i+1) =
e Jw(k)

A(k)- K
, is performed by single p-rotation (left) and double
p-rotation (right)

Figure 3 shows the implementation of the CORDIC Ro
tation algorithm:

Arc(n+1) = Are(n) +&n- 2—(71—1) : Airn(n)

Aim(n-{-l) = Aim(n) - Eﬂ - 2—("—1) -A

re(n)
To minimize latency, the micro-rotations are look-ahead

transformed two-by-two so that iteration 3-8 consists of

Pn) . rpinel)

mim) on REC mine1)
AN =1
[
A
. 0A =
ipn) ipn+1)
inin) — ABS N ﬁc.h e )

Figure 4 : The CORDIC Vectoring algorithm implemen-
tation computing the 2-norm P(k) = (Ar.(k)? +A.‘m(k)2)%

“double micro-rotations”. Further, latency 1s reduced by
using some of the standard On-Line latency (6) in the 8-
2 addition instead of delay elements in the delay lines to
right-shift the operands. Or in other terms using ON-LINE
delays instead of physical ones.

Finally, multiplication by the inverse scaling factor K
[11] [14] which normally is performed after every CORDIC
operation is “retimed” outside the feedback-loop, so that
the a;’s are pre-multiplied by K ™ before entering the cal-
culation loop.

These optimization steps has reduced latency from more
than 150 to 29 clock cycles, allowing one 24 digit word sep-
arated by 5 “space-digits” to circulate in the rotation unit.
The specifications concerning clock-frequency shown in ta-
ble 1 is satisfied by:

SxRxD

felock = T = 175.4 MHz where:

S = 200 points/spectrum
R = 13 rotations/point
D = 29 digits/rotation

T =1 ms/spectrum

The critical path of the spectrum unit consists of two full-

adders and a register, making 75 MHz operation feasible.
Figure 4 shows the implementation of CORDIC vector-

ing algorithm calculating the 2-norm (length of vector):

Are(n+1) = Are(n) + 2_("_1) . ,Aim(n)l

Aim(nt1) = [Aimemy] — 2714

re(n)

This block is not fully utilized, as it performs only one
calculation for each 13 rotations. This could have been mul-
tiplexed onto a single p-vectoring unit, reducing the area of
the vectoring unit from 5.1 mm? to approximately 2 mm?.
However, as the real part of the result contains the 2-norm
output, the result is not changed after the 5 "th p-vectoring
iteration, meaning that the CORDIC vectoring can be ter-
minated (“truncated”) after 12 iterations as well.

Figure 5 shows the architecture for the minima detec-
tion. It should be noted, that at 1.2 mm? this circuit uses
only 10 % of the hardware resources of the spectrum calcu-
lation. The corresponding software implementations show
roughly equal computational complexity, illustrating how
poorly decision making utilize a standard DSP.
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Figure 5 . Architecture of minima detection part of

PSEUDEC

6. CONCLUSION

This article has described the implementation of a com-
putation intensive DSP functionality targeted for a single
chip solution in a heterogeneous architecture. PSEUDEC
constitutes a practical implementation of a DSP algorithm
using ON-LINE arithmetic throughout, delivering compu-
tational complexity equal to a state of the art DSP using
a core area of 20 mm? 1 p CMOS. Exploiting multiplexing
of the CORDIC vectoring unit and replacing large static
flip-flops with smaller dynamic ones has shown to reduce
the area to 12 mm?>.

The chip is implemented based on a fully synchronous
design philosophy, using C++ as a hardware description
language. A full functional simulation is performed in C++,
before a netlist for final place and route is extracted. The
chip was implemented using the Mentor GDT tools during
one 5 month project [3]. The requirements of the PAR-
TRAN application and primary specifications are shown in
table 1.

The key to efficient implementation of a DSP appli-
cation is a combination of algorithm rewriting and archi-
tecture transformations. ON-LINE makes the computa-
tion word-length independent of the computation precision.
Precision can be optimized in individual parts of an archi-
tecture, e.g “8 bit” rotation angle precision has been com-
bined with 12 vectoring iterations at 24 bit dynamic range.

PSEUDEC has been fabricated through EUROCHIP in
a1 g CMOS process. The core area is 20 mm?, reducible
to 12 mm?® by fairly straightforward optimizations. The
chosen critical path simulates to a clock frequency in excess
of the 75 MHz required by the specifications.

Detailed information {3] on PSEUDEC and additional
papers [6] [10] describing applications of ON-LINE is avail-
able at WWW, at http://vwww-i8.auc.dk/KOM/DSP/.

External precision 16  bits
Internal precision 24  Dbits
Spectrum resolution (P) 200 points
Calculation time (T) 1 ms
Required clock frequency 75 MHz
Core area 4.51 x 4.35 = 19.6  mm?
Chip area 5.40 x 5.40 = 29.1 mm?®
# of Transistors 70830

Table 1
processor

Main specifications of the PSEUDEC Co-
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