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ABSTRACT. In this paper, area-efficient and ROM-free decimal-to-decimal antilogarith-
mic converters are proposed. By employing efficient non-uniform linear approzimation
with shift-and-add schemes, the total approrimation errors of our proposed decimal an-
tilogarithmic converters could achieve 0.049, 0.0194 and 0.0098 for 8-region, 16-region
and 28-region approximations respectively, where error analysis is simulated by MAT-
LAB. Meanwhile, our proposed decimal antilogarithmic converters are area-efficient and
simple enough so that they are suitable for real VLSI circuit implementations. Our pro-
posed decimal-to-decimal antilogarithmic converters can be applied to commercial appli-
cations and signal processing applications that can save computation efforts.
Keywords: Decimal antilogarithmic converter, Decimal computation arithmetic, VLSI
design, Digital circuits

1. Introduction. Image segmentation and digital signal processing have been widely
used in mobile calculations. These related technologies require many complex arithmetic
calculations such as multiplication, division, squaring and square-root. Among many
methods for simplifying the computation overhead, Logarithmic Number Systems (LNS)-
based operations can be used to transform multiplications/divisions to additions/subtrac-
tions, squaring and square root evaluation to left and right shifts, respectively, which can
simplify tremendous computation efforts and hardware cost. There are three conversion
parts required in LNS-based circuits, which include logarithmic converters that convert
inputs into logarithmic numbers, the corresponding simple calculation unit such as addi-
tions/subtractions and antilogarithmic converters to convert back to the original represen-
tations. Consequently, logarithmic converters and antilogarithmic converters will be the
important factors in designing LNS-based conversion system. Several previous LNS-based
works have been proposed for the base-2 logarithmic binary conversion system [1-3,5,10-
16]. Meanwhile, decimal logarithmic and antilogarithmic technologies [4,6-9,17,18] have
become very useful in many applications, such as Internet-based operation, e-commerce,
optics, the PH measurement in chemistry, tax calculation and financial analysis. Nowa-
days, more researchers pay more attention about the inclusion of decimal floating point
(DFP) operation in the latest IEEE754-2008. So far, to the best of our knowledge, only a
decimal antilogarithmic method [4] based on look-up-table is proposed previously in the
literature. However, this method will demand higher area costs as the bit-width of inputs
increases. To improve the complex hardware costs of look-up table method, in this pa-
per, we will propose area-efficient and ROM-free decimal antilogarithmic conversion using
straight-line approximation with multiple regions, including 8-, 16- and 28-regions, which
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can perform area-efficient approximations under tolerant error ranges. The corresponding
decimal antilogarithmic conversions are performed using simple shift-and-add operations
on a piecewise-linear approximation of the input data.

The remainder of this paper is organized as follows. In Section 2, we will review deci-
mal mathematic and previous decimal-to-decimal antilogarithmic conversion methods. In
Section 3, our proposed decimal-to-decimal antilogarithmic converters using shift-and-add
schemes are described. Error analysis, comparisons and VLSI hardware implementations
are given in Section 4. Finally, we will conclude this work in Section 5.

2. Decimal Mathematic and Previous Decimal-to-Decimal Antilogarithmic C-
onverters. In decimal mathematic and decimal antilogarithmic conversion, suppose X
is any decimal number which can be expressed in Equation (1). Take log;,(X) as decimal
logarithmic value of X, which can be represented by Equation (2), where k and m are
the integer part and fraction part, respectively. The decimal antilogarithmic of input Y
and the approximated decimal antilogarithmic conversion are shown in Equation (3) and
Equation (4), respectively. For example, letting Y = 1.5783, here we take 10(1-°783) —
10! x 100573) = 10! x (am + b), where, 0 =< m < 1, a is the value of corresponding
slope and b is the intercept, respectively. For linear-piecewise approximation, we can take
am + b to approximate the actual value of 10™. Since the value of m is decimal-based,
the values of a and b will be used in binary representations for circuit implementations.

k k
X =10z =10"> 10"*2, where z; =0 to 9, z is integer (1)
=] =]
k k
Y = log;o(X) = log,, (10’“ > 102'—’“,21-) =k + logy, (Z 10%'—’%1-) =k+m,0<m<1
=] =]
(2)
Antilog,,(Y) = 10¥ = 10*™ = 10*10™ (3)

Taking the linear approximations of 10"),

Antilog,,(Y) = 10¥ = 10#+™ = 10* - 10™ =~ 10* - (am + b), ()
0<am+b<1l,0<m<1

As for decimal-to-decimal antilogarithmic conversions, only one study can be found
in the literature. Chen’s [4] method uses look-up table proposed in 2008, using 45 seg-
mentations of linear approximation to approximate the 10 power of Y. The coefficients
of Chen’s linear approximation are all stored in the look-up-tables (i.e., ROM). Chen’s
method can achieve smaller errors but it will suffer from complex area consumptions due
to ROM-based methods. To achieve area-efficient and ROM-free under tolerable error
range of decimal antilogarithmic conversions, we will propose an area-efficient and ROM-
free decimal antilogarithmic converter using 8-, 16- and 28-region shift-and-add linear
approximations to approximate the actual values of 10™.

3. Proposed Area-Efficient and ROM-Free Decimal-to-Decimal Antilogarith-
mic Converters. Similar to Mitchell’s method proposed in [1], m is the input value of
antilogarithmic values. The curves of 10™ and y = m are shown in Figure 1, where the
differences between actual curve 10™ and y = m are the compensation values that are
needed for obtaining the approximations with low errors. The mathematical derivation of
proposed non-uniform piecewise-linear approximation is shown in the following Equation
(5) to Equation (8). In Equation (6), mamspits is denoted as the first d most significant
bits after the point of m.

Antilog(Y) = 10¥ = 10* - 10™ ~ 10" - (m + compensation value) (5)
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Antilog;o(Y) = 10¥ ~ 10* - (¢/'m + ') = 10* - (m + amanspis + b),

0<dm+b<1,0<m<1 (6)
compensation value = (amgpyspis +0), 0 <m < 1 (7)
Approzimation Error = 107 - [10™ — (m 4 amanrspiss + b)] (8)

Comparison between actual 10 power of m and y=m
10 I ) T T I
actual 10 power of m : : : :
y=m R e R

10 power of m

F1GURE 1. The comparison between actual curve 10 power of m and y = m

As for Equation (8), the key for obtaining the antilogarithmic conversion with lower
approximation errors is to use the values of a and b that can lead to smaller errors as
possible. Therefore, the concept of our method is to divide the entire range of input
into IV regions, and to find the values of a; and b; to make the approximation error for
region ¢, where 1 < ¢ < N. For each region, we can design the corresponding com-
pensation circuit which is to perform the corresponding shift-and-add operations for the
corresponding conversions. In our method, the value of m is between 0 and 1, which
can be also divided into N ranges and each of them denotes the range for decimal an-
tilogarithmic approximation in each region. Taking N = 8 for example, m is divided
into [0,0.203125), [0.203125,0.375), [0.375,0.515625), [0.515625, 0.625), [0.625,0.734375),
[0.734375,0.828125), [0.828125,0.921875) and [0.921875, 1.00), respectively.

The total error is defined as the sum of the maximum positive errors and the maxi-
mum absolute negative errors. The algorithm of obtaining optimal coefficients a and b in
the proposed non-uniform 8-, 16- and 28-region piecewise-linear decimal antilogarithmic
converter is shown in Figure 2. After obtaining the optimal values of a; and b; for each
region, the fine tune process will be manually adjusted to get the minimum total errors
to the entire range. All values of a; and b; in the proposed algorithm are obtained by
Matlab software. Considering the feasible implementation on digital circuits, the values
of a and b are set to be the combination of power of 2.

Using our proposed algorithm shown in Figure 2, the optimal values of a; and b; for
different regions of decimal antilogarithmic conversion can be easily obtained. Therefore,
8-, 16- and 28-region decimal antilogarithmic conversion can be expressed in Equation
(9) and Tables 1, 2 and 3, respectively, where mj1yspits is denoted as the first 11 most
significant bits after the point of m.

10" = Y, posea = ™ + @M11arsBbits + b 9)
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[Input] Given N sub-regions,
For each sub-region ¢ do
For a; = 0 to 20 step 1/128 do
For b; = —40 to 40 step 1/2048 do
Find the values of a; and b; which can produce the minimum approximation errors
End for
End for
End for
Set the values of a; and b; into the combination of power of 2.
[Output] N pairs for a; and b;.

FiGURE 2. The proposed algorithm for obtaining the corrected values for
each sub-region

TABLE 1. Parameters of proposed 8-region linear decimal antilogarithmic converter

Items | Partition Region a b Items | Partition Region a b

1 [0,0.203125) | 31/16 | 127/128 | 5 0.625,0.734375) | 161/16 | —347/128

2 [0.203125,0.375) | 15/4 9/16 [0.734375,0.828125) | 413/32 | —307/64

6
3 | [0.375,0.515625) | 175/32 | —17/256 | 7 | [0.828125,0.921875) | 521/32 | —243/32
4 | [0.515625,0.625) | 123/16 | —123/128 | 8 (0.921875,1) 1293/64 | —1435/128

TABLE 2. Parameters of proposed 16-region linear decimal antilogarithmic converter

Items | Partition Region a b Items | Partition Region a b

1 [0,0.125) 105/64 1 9 [0.6875,0.75) 357/32 | —447/128
2 [0.125,0.25) 41/16 | 227/256 10 [0.75,0.8125) 13 —625/128
3 [0.25,0.34375) | 115/32 5/8 11 [0.8125,0.84375) | 235/16 —25/4

4 [0.34375,0.4375) | 149/32 | 33/128 12 [0.84375,0.875) | 125/8 —451/64
5 [0.4375,0.5) 185/32 | —29/128 13 [0.875,0.90625) | 265/16 | —513/64
6 [0.5,0.5625) 219/32 | —97/128 14 | [0.90625,0.9375) | 295/16 | —1223/128
7 [0.5625,0.625) | 129/16 | —185/128 | 15 | [0.9375,0.96875) 20 —353/32
8 [0.625,0.6875) 19/2 | —601/256 | 16 [0.96875,1) 683/32 | —1579/128

TABLE 3. Parameter of proposed 28-region linear decimal antilogarithmic converter

Items| Partition Region a b Items| Partition Region a b
1 [0,0.09375) 101/64 255/256 15 [0.75,0.78125) 801/64 | —2311/512
2 [0.09375,0.1875) 35/16 965/1024 16 [0.78125,0.8125) | 435/32 —343/64
3 [0.1875,0.25) 45/16 211/256 17 | [0.8125,0.828125) | 231/16 —387/64
4 [0.25,0.3125) 55/16 171/256 18 |[0.828125,0.84375) | 471/32 —21/8
5 [0.3125,0.375) 263/64 29/64 19 [[0.84375,0.859375) | 485/32 | —851/128
6 [0.375,0.4375) 155/32 23/128 20 [0.859375,0.875) 65/4 —971/128
7 [0.4375,0.5) 185/32 —59/256 21 [0.875,0.890625) |1055/64| —499/64
8 [0.5,0.53125) 207/32 —73/128 22 [[0.890625,0.90625) | 545/32 —265/32
9 [[0.53125,0.578125)| 235/32 | —531/512 | 23 |[0.90625,0.921875) | 565/32 —283/32
10 [0.578125,0.625) | 523/64 |—3107/2048| 24 | [0.921875,0.9375) | 605/32 | —1279/128
11 [0.625,0.65625) 289/32 | —525/256 | 25 | [0.9375,0.953125) | 315/16 —687/64
12 [0.65625,0.6875) | 317/32 —21/8 26 [[0.953125,0.96875) | 321/16 |—11361/1024
13 [0.6875,0.71875) | 171/16 | —811/256 | 27 |[0.96875,0.984375)| 325/16 | —2901/256
14 [0.71875,0.75) |1463/128|—3787/1024| 28 [0.984375,1) 355/16 | —3373/256
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The values of a and b of each sub-region is given in Tables 1 to 3.

According to Tables 1 to 3, we can observe that all conversions are based on shift-and-
add operations, which are helpful for circuit implementations and can achieve more area
efficiency than Chen’s [4] look-up-table based methods.

4. Simulation Results and VLSI Implementation. The total errors of our proposed
decimal antilogarithmic converters to actual decimal antilogarithmic curve could achieve
0.049, 0.0194 and 0.0098 for 8-region, 16-region and 28-region antilogarithmic conversions,
respectively, where error analysis is simulated by MATLAB. VLSI implementations using
TSMC 0.18 pm CMOS technology and error analysis of our proposed 8-, 16- and 28-region
work are shown in Table 4. In Table 4, it can be shown that our proposed 8-, 16-, and
28-region decimal antilogarithmic conversion methods could attain the area-efficient and
ROM-free under tolerant errors compared with Chen’s [4]. It should be noted that in [4],
the authors did not provide any information of VLSI design implementations. The delays
of our proposed converters are short enough so that we can achieve high-speed conversions
with area-efficient implementations.

TABLE 4. VLSI implementations and error analysis of our proposed 8-, 16-
and 28-region method

Items Proposed
# of Regions 8 16 28
Area (um?) 55288 | 81970.80 | 160608.58
Minimum Delay (ns) 4.8 4.9 5.4
Mazimum Positive Error | 0.029 0.0114 0.005
Mazimum Negative Error | —0.02 | —0.008 —0.0048
Total Errors 0.049 0.0194 0.0098

5. Conclusions. In this paper, area-efficient and ROM-free decimal antilogarithmic con-
verters are proposed. The proposed converters can be applied in many real practical ap-
plications to ease tremendous computation overhead. Future direction is to observe the
entire performance incorporating our proposed antilogarithmic converters to the overall
LNS-based systems.
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