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Abstract— Nonlinear activation function is one of the main
building blocks of artificial neural networks., Hyperbolic tangent
and sigmoid are the most used nonlinear activation functions.
Accurate implementation of these transfer functions in digital
networks faces certain challenges, In this paper, an efficient
approximation scheme for hyperbolic tangent function is pro-
posed. The approximation is based on a mathematical analysis
considering the maximum allowable error as design parameter.
Hardware implementation of the proposed approximation scheme
is presented, which shows that the proposed structure compares
favorably with previous architectures in terms of area and delay.
The proposed structure requires less output bits for the same
maximum allowable error when compared to the state-of-the-art.
The number of output bits of the activation function determines
the bit width of multipliers and adders in the network. Therefore,
the proposed activation function results in reduction in area,
delay, and power in VLSI implementation of artificial neural
networks with hyperbolic tangent activation function,

Index Terms— Hyperbolic tangent, neural networks, nonlinear
activation function, VLSI implementation.

[. INTRODUCTION
EURAL networks have a wide range of applications
in analog and digital signal processing. Hardware
implementation of neural networks has been used in appli-
cations such as pattern recognition [1], optical character
recognition [2], test of analog circuits [3], real-time surface

discrimination [4], smart sensing [5], and identification of

heavy ions [6].

The main building blocks needed for hardware implemen-
tation of neural networks are multiplier, adder, and nonlinear
activation function. A lot of research has been done in digital
implementation of multipliers and adders, which can be readily
used leaving the nonlinear activation function as the most
complex building block.

To implement the neuron, various nonlinear activation func-
tions, such as threshold, sigmoid, and hyperbolic tangent can
be used. Hyperbolic tangent and sigmoid are mostly used
because their differentiable nature makes them compatible
with back propagation algorithm. Both activation functions
have an s-shaped curve while their output range is different,
Because of the exponentiation and division terms present in
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sigmoid and hyperbolic tangent activation function, it is hard
o realize the hardware implementation of these functions
directly.

To solve the implementation problem, approximation
methods are generally applied. These methods are based on
piecewise linear approximation (PWL), piecewise nonlincar
approximation, lookup table (LUT), bit-level mapping, and
hybrid methods, Generally, in PWL approximation methods,
the function is divided into segments and linear approximation
is used in ecach segment. This method is used in [7]-]9]
for the hyperbolic tangent and sigmoid function implemen-
tation. Another PWL approximation method is introduced in
[107], [11]. Unlike other PWL methods, the developed method
is not based on input domain segmentation and exploits
lattice algebra-based centered recursive interpolation (CRI)
agorithm,

The piecewise nonlinear approximation is similar to the
PWL method with the difference that nonlinear approximation
is used in each segment. This method is used in [12] to approx-
imate the sigmoid function and scheme 4 of [9] is proposed
for approximating both sigmoid and hyperbolic tangent.

In the LUT-based methods, input range is divided to equal
sub-ranges and cach sub-range is approximated by a value
stored in LUT, This method is used in [13] to implement the
hyperbolic tangent,

The bit-level mapping method approximates output based
an a direct bit-level mapping of input. This method can be
implemented using purely combinational circuits, and is used
in [14] to implement the sigmoid function.

Hybrid methods use a combination of the aforementioned
methods. Examples include [15], [16], which have used a
combination of PWL and LUT methods for hyperbolic tangent
activation function implementation.

The approximation error present in all methods affects
the neural network performance. Research performed in [17]
and [18] shows that the nonlinear activation function imple-
mentation with higher accuracy improves the learning and
generalization capabilities of neural networks. However,
implementations with higher accuracy require more silicon
area and decrease the network operation speed. Therefore,
having nonlinear activation function hardware structures with
lower area and higher speed for a specified accuracy becomes
a key issue,

In general, PWL and piecewise nonlinear approximation
methods need multiplications while the LUT and bit-level
mapping methods use no multipliers. An exception is the
CRI-based method, which is a PWL approximation while it
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requires no multipliers. However, it requires large number of
registers [10]. The choice of approximation method depends
on the target implementation technology. The hardware imple-
mentation of neural networks is mostly done in FPGA or
ASIC. Because the current FPGAs provide a large number of
multipliers, the PWL and piecewise nonlinear approximation-
based methods are appropriate selection for FPGA implemen-
tation. However, due to high area requirements and delay of
the multipliers in ASIC implementation, LUTs and bit-level
mapping are more suitable.

The focus of this paper is on ASIC implementation of
hyperbolic tangent function. Hyperbolic tangent has an output
ange of [—1, 1] and is defined as follows:

= =k

tanh(x) = & (1

In the method proposed in [8], PWL is used to approxi-
mate the first derivative of hyperbolic tangent, Then, the first
derivative approximation is integrated to obtain the hyperbolic
tangent function. Lebouf ef al. [13] proposed a new LUT-
based structure for the hyperbolic tangent activation function,
The proposed structure is based on range addressable lookup
table (RALUT) [19]. A hybrid architecture is proposed by
Namin et al. [15], which uses a simple PWL approximation
in combination with RALUT. Another hybrid structure is pro-
posed by Meher [16], which is based on a linear approximation
in combination with LUT, The values stored in LUT are
determined by the proposed boundary selection method.

In this paper, a new hybrid architecture, which is based on
linear approximation in combination with bit-level mapping
is proposed. The proposed architecture takes into account
maximum allowable error as the design parameter.

The proposed approximation scheme divides the input range
to three different regions using different strategy in cach
region. A mathematical analysis of the proposed approxima-
tion scheme in each region is provided,

The mathematical analysis shows that the proposed scheme
requires less output bits for the same maximum error compared
to the previous architectures, The hardware implementation
of the proposed structure is realized in CMOS 0,18 um to
show the efficiency of proposed structure in terms of area,
delay, and product of area and delay compared to the previous
architectures.

The proposed siructure is used for implementing a 4-3-2
network in CMOS 0,18 gm, Post-layout simulation results
show that the proposed structure results in a neural network
implementation with lower area, delay, and power,

The rest of this paper is organized as follows. In the next
section, the proposed approximation scheme is discussed. The
mathematical analysis for selection of the minimum number
of input and output bits is provided in Section 1. The domain
boundaries of different regions are found in Section IV, The
proposed structure based on the mathematical analysis done
is explained in Section V. Hardware implementation of the
hyperbolic tangent function and comparison with existing
structures is done in Section IV, Neural network implementa-
tion using the proposed structure is discussed in Section VII.
Finally, conclusions are drawn in Section VIIL,
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II. PROPOSED APPROXIMATION SCHEME

In this section, mathematical analysis of the approxima-
tion scheme used for hardware implementation of hyperbolic
tngent function is provided. The mathematical analysis in
this and the following sections uses the basic properties of
hyperbolic tangent function,

Hyperbolic tangent is an odd function

tanh(—x) = —tanh(x). (2)

Using this property, only the absolute value of input is
processed and the input sign is directly passed to the output.

The Taylor series expansion of hyperbolic tangent is as
follows:

P2 rriy?
tanh(x) = x ~ TLH—I?IJW (3)
A 4 . |

For small values of x, the higher order terms become small
and can be ignored, Therefore, the hyperbolic tangent passes
the small input values to output

limtanh(x) =x x — 0. (4)
The output variation for large values of input is low
" d tanh(x)
=0 x-— o0 (5)
| _dx T

Considering the two last properties, input range is divided to
three regions. Region I in which the output is approximately
oqual to input is named pass region while because of low
variation of output in region 111, it is named saturation region,
Region II includes the rest of input range, named processing
region. Determining the boundary of each region is discussed
later in Section 1V, Different regions of hyperbolic tangent
function are shown in Fig. 1.

A Output Approximation in the Pass Region

The input and output of hyperbolic tangent function are
represented as signed-magnitude notation. Therefore, consid-
aring the first basic property of the hyperbolic tangent function
discussed in previous section, input sign bit is directly passed
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to the output sign bit and only the absolute value of input is
processed. Absolute value of input in binary format can be
represented based on the following equation:

Ni—1 Ni—1 -1
f= z _r;(xlkzz_rk x 2k + Z ux2 (6
k=-Njy k=0 k=-Ny

where N; and Ny are the number of bits for integer and
fractional part of the input and xj is binary digit and can
assume values (0 or L.

In the pass region, output is approximated by passing the
input to the output, which means that a linear approximation
is used in this region, The inputs in the pass region include the
values close to the origin, which are represented by fractional
part of the input.

The absolute value of hyperbolic tangent function output is
in the range of [0, 1], and can be shown as follows:

-1
tanh(x) = Z Vi X 2k

k=—Nuut
-1 —(Ny+1)
= > wx24+ DY owx2 (O
k=—N; ke=—Nou

where Ny is the number of bits used for representation of
absolute value of output and y; can assume one of the values
0or 1.

Using (6) and (7), yx is obtained as follows:

= Xk _N.Jr <k =-1
"" - 0. —Nuul S-‘I\ < —Nf

Based on (8), the fractional part of input is shifted to left
by Now — Ny bits and then is passed to the output.

(8)

B. Output Approximation in the Processing Region

Before going through the proposed approximation scheme
in this region, a new parameter named Ny, is introduced. This
parameter is an indicator of position of the first occurrence of
one in binary input, when scanned from left. Therefore, based
on this parameter, the input range can be shown as follows:

2;\".\1.,; <x< 2;\".m:+ l. (9)

This input range is divided into equal sub-ranges. The
number of these sub-ranges, N, is based on the equation shown
as follows:

N = z(i\func-l-f\";“r]

02 < Nowe + Ny (10)

Based on the value of N, sub-ranges within the input range
are as follows:

ZNunc | i_ <y < ZNunu | J +
( i+ N) =¥ +_-N

0<j<N. (11)

To have an approximation value close to all outputs
corresponding to an input sub-range, the average value

of outputs is considered as the approximation value as
follows:

5 Vame +N ¢ | |_ 7 :
, __N_I [;{nh (ZNOTIL‘ (1 4 ﬁ) Hk X-Z_N—J) EE
| i 5
I e (12)
k= - - - —wN _ - —

The total number of sub-ranges is found based on the fact
that the difference between all values inside a sub-range and
the approximation value found using (12) should be less than
maximum allowable approximation error in this region, which
results in the following equation:

tanh (ZN‘*"‘ (1 + %) < x < 2Nom (1+ J ; 1))

[ Nemesny | e
= None | -N
| T tanh (2 (14 £ ke w27
= | HMone +N ¢ | F €a
05j=N (13)

where ¢, is the maximum allowable approximation error in
the processing region. €, depends on the maximum allowable
aror described in Section I1I.

C. Output Approximation in the Saturation Region

The hyperbolic tangent function reaches its maximum value
in the saturation region, while at the same time output variation
in this region is low. Therefore, all output values in this region
are approximated by the maximum value representable by the
output bits. Using (7), this value is equal to 1 — 2~ fou,

1. SELECTION OF NUMBER OF INPUT AND OUTPUT BITS

In this section, a mathematical analysis is presented, which
allows for optimal finding of the number of input and output
bits, required for hardware implementation of the proposed
approximation scheme.

A Selection of Number of Input Bits

The representation of absolute value of input in binary
format can be shown using (6). The number of bits needed
for the integer part depends on the input range. Therefore, to
cover the range, it is required to have

N>y (14)

where r; is the input range. Using (14), N; can be written in
the following form:
In v

|
N; = [mh (15)

in which [ ] is the ceiling function, which rounds its input
toward the next highest integer.

In comparison, the number of bits used for fractional part
is determined by the maximum allowable error. It should be
noted that input region between two consecutive points x| and
X2 can be approximated as tanh(x) ) having an error lower than
maximum allowable error provided that the following equation
is satisfied

tanh (x2) — tanh(x)) < ¢ (16)
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where ¢ is the maximum allowable error.

The hyperbolic tangent change between two consecutive
inputs is proportional to the hyperbolic tangent derivative
shown in Fig. 2. Therefore, the maximum change of hyperbolic
tangent function between two consecutive points occurs in the
region, which is close to the origin. Based on (4), hyperbolic
tangent output is approximately equal to its input in this region
and therefore (16) can be simplified as follows:

(17)

Xor= 1 =,

The difference between two consecutive points in the input
is determined by the number of bits used for representing the
fractional part of the input and is equal to 277, Thus, (17)
can be written as follows:

R (18)
which results in the following equation:
Ine. |
N,f-‘i [_E-I (19)
Using (15) and (19), it can be written
TrlnF 4 Inée
Nigp = [m]ﬂ—m (20)

where Ninp is the minimum number of input bits required for
representation of absolute value of input.

B. Selection of Number of OQutput Bits

As previously discussed, the hyperbolic tangent function
is divided into three regions, including pass, processing, and
saturation region. The number of bits required for output
representation in these three regions, assuming a maximum
allowable error of ¢, depends on the properties of each region
as will be discussed.

1) Pass Region: In the pass region, input is passed to the
output. The pass region is where the inputs are close to
the origin. These points are represented by the fractional part
of the input. Therefore, minimum number of bits required in
this region is equal to

Not = N.f‘ (21)

HERERARE https.//doi.org/10.26562/ijirae.2026.v1303.34
| i 2) Processing Region: The output error in the processing
region is composed of two elements. The first one is the
! 08 approximation error while the second one is the quantization
error of representing the approximated output. The total error
| caused by these sources should be less than maximum allow-
b o able error, which is shown as follows:
é
| g o Gte e (22)
where ¢, is the maximum allowable approximation error and
| 02 € is the maximum quantization error of representing the
' approximated output,
' The quantization error, €, is proportional to the number
00 1 . T . . T . of bits used for output representation. If rounding method is
I 8 % 4 ¢ 2 2 4 8 8 used for quantization of output, maximum quantization error
X is going to be equal to half of low significant bit, which
Fig. 2 yanalc viRgsnt Fuiloiion Teaie, is equal to 2~ Waut) | Therefore, the maximum allowable

approximation error can be obtained as follows:

_ 2—(Nmn+ll_ (23)

€ =¢

It should be noted that the maximum allowable approxima-
tion error found through (23) was used in (13) in order to find
the number of sub-ranges inside the processing region. Hence,
the change in number of output bits changes the number of
sub-ranges in this region.

3) Saturation Region: The approximated value of output in
this region is equal to 127", This represents the maximum
value of hyperbolic tangent function with an error, which is
less than the maximum allowable error. This results in the
following equation:

|2 | < e (24)
which can be written in the following form;
e
Nout = [_ E-I (25)

By comparing (25) and (19), the minimum number of bits
needed for output representation in the saturation region is
equal to Ny,

The minimum number of bits needed for output represen-
tation in the pass and saturation region is equal to Ny while
there is no condition in the processing region. Therefore, the
minimum number of bits needed for output representation
of absolute value of hyperbolic tangent function using the
proposed approximation scheme is equal to Ny.

The number of output bits required in the proposed approx-
imation scheme is lower than the number of input bits while
al previously developed architectures use the same number
of input and output bits. Reduction in number of output bits
may result in efficient hardware implementation. This will be
investigated more in the next sections.

IV. DETERMINING THE BOUNDARIES FOR
DIFFERENT REGIONS

In this section, using the maximum allowable error as design
parameter, boundaries of each region are determined.
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A, Pass Region

Based on the Taylor series expansion of hyperbolic tangent

function for small values of x, higher order terms can be|
ignored, Therefore, the first three terms shown below are
sufficient to present hyperbolic tangent function '

3
tanh(x) ~ x ~ i |+‘ — (26)]

\

315

Since in the pass region, input is passed to the output,

boundary of pass region, ., can be found using the following |
equation:

3 5

X 2x |1

i L0 B )|
Ve 1*5(. 27N

The xpy obtained should be rounded to the nearest lower
value representable by the input bits. Therefore, the quantized!
value of xpy can be written in the following form:

|.-‘fr1u & %N‘J |
_*‘_ |

| 2p

Yoy & (28),

7 |
where |_ J is the floor functionand 0 < x < Xpag is considered
as the pass region.

B. Sawration Region

The starting point of the saturation region is when the dif-
ference between hyperbolic tangent function and its approxi-
mation becomes equal to maximum allowable error, Therefore,
the starting point of saturation region, xy, is found as follows:

a}_z—-MM_;

—tanh=! (1 — 23~ Nou _ I—-}- _—

¥, =tanh (1 2t {)I-lei( 2-Now + ¢ )[
(29)

The x; obtained should be rounded to the nearest higher
vilue representable by input bits. Therefore, the quantized
value of x; can be writien in the following form:

1, 2 Yimp
ke

2N |

¥y |

(30

Xy, =
where x = x, is considered as the saturation region.

C. Processing Region

The region between the pass and saturation region is con-
sidered the processing region, which can be shown as follows:

Xpag < Xpr < Xy, (31)

where xp, is an input in the processing region,

V. PROPOSED STRUCTURE

Block diagram of the proposed structure is shown in Fig. 3.
The hardware is composed of two main blocks, including
hyperbolic tangent approximation and output assignment.

Hyperbolie
Tangent
Approximation

Suturation
Rl
Approsimmtiomg
-

Output
Assignment

Prisceasing
Reghn
Approsimation

N
z tanhix)

Fuss Heglon
Approvimatlon

Input Range
Decader

Fig, 3. Block diagram of the proposed siructure,

A Hyperbolic Tangent Approximation

This block is composed of three main blocks to approximate
the hyperbolic tangent function in all three regions, including
saturation, processing, and pass region. General arithmetic
operations in each region can be described as follows.

1) Pass Region: In this region, fractional part of input is
passed to the output, Based on (8), a shift to left by Now =Ny
bits before passing the input to output is required.

2) Processing Region: For inputs in the processing region,
a bit-level input mapping is required. The number of bit-level
mapping blocks required is equal to the number of input ranges
in this region, For each input range in the processing region,
lng?’ bits after Ny bit of input should be mapped to output
bits using the bit-level mapping. Using 1011;!2V bits after Nope
bit covers all sub-ranges. The number of sub-ranges (N) is
calculated using (13) while the output of each sub-range is
found using (12). The bit-level mapping can be implemented
using a combinational circuit.

3) Saturation Region Approximation: In this region, hyper-
bolic tangent function is approximated by the maximum value
representable by output bits, and can be realized by setting all
output bits to one.

B, Ouiput Assignment

The input range decoder detects the Ny, introduced
previously, which is set by input range and region of operation,
respectively. Depending on the input range, a multiplexer is
used to obtain the appropriate output value.

To illustrate the proposed approximation scheme and struc-
wre, an example is presented. The example shows different
steps of the design procedure.
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TABLE 1
QUTPUT VALUE FOR DIFFERENT INPUT RANGE AND SUB-R ANGES

i_ Thput Rahge | Thput Sub-Rangk iu[ uL.Vulu;u: __l
ki [ 4 | lxal Xl (f i L[]
Cl 4 sl J—=C [ T—=[ ] Joss7s |
C{ad ] el C | 1096875 | ||
HEIREINE [20 [ Josgests | ||
Cl D O[] 0878 ] TogessT | |
ClOC|0 O 0% | [ ] 09355 [ ]|
L (L E sl | Te2s | ] 090625 | 1
L0 T s | _Jisl | Josoeas [ | ]
L] (s 1275 [ o875 [ | |
Ol T C e s [ Tosaans ||
CILICT O oD ] 28 | ] o.38123 1
Ll D faesss [T L] o35 1] ]
ClOCd Ol os73 a9 || 01815 [ | |
C1dC|d 0] [ 06875 [ |
oy | To.6s62s | I
C1AT T _| 0625 =
L]0 T o 10565 |
L]0 | O] o562 053125 [ |
Cl O [ C[osl [0k | ] 08 i
Clad foes | =T ] 0=L]" Ipu

Example: Design procedure for ¢ = (.04 considering an
input range of (8. 8).

1) Determining the Number of Input and Qutput Bits: using
(20), we have Nj,, = 8. The minimum number of output bits
required is equal to Ny. Using (19), we have Nyy = 5.

2) Determining the Boundaries of Pass, Processing, and
Saturation Regions: Using (27)-(31) the pass, saturation, and
processing region boundaries are found equal to xpq, = (.5,
Xy = 165625, and 0.5 < xp, < 1.65625.

3) Output Assignment in Pass Region: In this region, the
fractional part of input is shifted to left by Now— N bits and
passed to the output. Therefore, no shift is required in this
example and the fractional part of input is directly passed to
the output.

4) Output Assignment in Saturation Region: In saturation
region, the output value is equal to 1 — 23 or 0.96875.

5) Outpur Assignment in Processing Region: First, the
maximum allowable approximation error is found using (23),
which is equal to 0.024. Then, the number of sub-ranges,
N, is found using (13). Finally, sub-ranges are found using
(11) and the appropriate value of each sub-range is assigned
using (12).

Table I summarizes these values for different input ranges
and sub-ranges.

Also, quantization error, approximation error, and total error
for the considered case are shown in Fig. 4(a)-(c). The
approximated output and ideal output are shown in Fig. 4.

6) Designing the Proposed Structure: As can be seen from
Table I, there are five different input ranges in the considered
example. The input range is detected by the input range
decoder.

The input range decoder detects the input range using Npe.
Table 1I shows the input range decoder truth table, which can
be implemented using a fully combinational circuit.

TABLE 11
_INPUTRANGE DECODER

|
r' [iput Range | o | b l Bx _a _r_i|" |
FE =i e = X —X— %=
CLd _» T3 1 X X []
L s L g10 o 1 x|]
CLL w [Jas] o]0 o0 o 1 ]]
Ol s Ll Aafosfo 0 0 o ]]

" TABLE I1I
BIT-LEVEL MAPPING FOR THE INPUT RANGE ] < ¢ <2
T | !

Flg_w 7 S 7.4 v5
|
EL B Ol =1 B b — B
L 0 1T 10 I 1]
Lot ol]l]]
g O o I
il 0 o
CLT ol
— —t}-
= |
[ ] 1 1
=

[ TR
BIT-LEVEL MAPPING FOR THE INPUT RANGED.S < x <T 1

-___-_i._'J___i._._] -}

The input range 0 < x < 0.5 (rs5) is in the pass region.
Considering that Ny is equal to Ny, no shift is required
and the hyperbolic tangent is approximated by passing the
fractional part of input to output directly.

The input ranges 0.5 <x < land 1 < x <2 (ry and r3 )
are in the processing region. Therefore, for hyperbolic tangent
approximation, a bit-level mapping is required in these input
aunges.

In the input range 1 < x < 2, the Nope is equal to 1 and the
number of sub-ranges (N) is equal to 8. Therefore, a bit-level
mapping on the lngﬁ = 3 bits after the Nype bit of the input is
required to generate the output. Table 111 shows the required
bit-level mapping.

For input range 0.5 < x < 1, the Ny, is equal to 0 and the
number of sub-ranges (N) is equal to 8. Therefore, a bit-level
mapping on the log§ = 3 bits after the Ny, bit of the input is
required to generate the output. Table IV shows the required
bit-level mapping.

These tables can be implemented using a purely combina-
tional circuit.

In the input ranges 2 < x <4 and 4 <x < 8 (1, and ry),
input is in the saturation region and hyperbolic tangent is
approximated by setting all output bits to 1.
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The multiplexer assigns the output value using the input
range decoder. For each input range, the multiplexer transfers
the approximation in that range to the output.

The hardware implementation of the considered example
is shown in Fig. §. It should be noted that the bit-level
mapping needed for input ranges ry and ry is implemented
using Tables I and IV while the input range decoder is
implemented based on Table I1.

V1. HARDWARE IMPLEMENTATION OF THE HYPERBOLIC
TANGENT FUNCTION AND COMPARISON WITH
EXISTING STRUCTURES

The proposed structure in the previous section is imple-
mented with maximum allowable errors of (.02 and 0.04. The
proposed structure is coded using Verilog hardware description
language and synthesized by Synopsys Design Compiler using
TSMC 0.18-¢m library.

Meher [16] has synthesized his proposed structure using
TSMC 90-nm library while the synthesis of all other previ-
ously developed architectures is done using 0.18-4m library,
To have a fair comparison between all architectures, we
have coded the design in [16] in Verilog and synthesized
using TSMC 0.18-um library. It should be noted that signed-
magnitude notation is used for input and output representation.

The comparison of different structures for ¢ = 0.(4 and
¢ = (.02 is summarized in Tables V and VI. These tables
include the input range, number of input bits, number of
output bits, maximum error after design and synthesis results,
which are area and delay. The maximum error after design
is evaluated for 109 points uniformly distributed in the input
range [12]. Also, to have a comparison of number of cells
required for different designs, the gate count measure, which
is the design area normalized with respect to two input NAND
gate area is included. Moreover, considering that both area
and delay are important in hardware design, the areaxdelay
is included in these tables too.

The method used by Lin and wang [8] is based on PWL
approximation, which requires multiplication that has high
area requirement and delay.

The other three previously proposed architectures use LUT.,
In [13], two LUT-based structures are proposed to imple-
ment the hyperbolic tangent function. In the first structure,
512 and 1024 points for errors of ¢ = 0.04 and € =
(.02 are stored in LUT. The second structure is based on
RALUT. Using RALUT. number of stored points for errors
of ¢ = 0.04 and ¢ = 0.02 is reduced to 61 and 127.
The reduction in number of stored points reduces the area
consumption.
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Fig. 5. Hardware implementation of the considered example. VIL. NEURAL NETWORK IMPLEMENTATLON USING THE

In the architecture proposed in [15] a simple PWL approx-
imation in combination with RALUT is used. The RALUT
stores the difference between PWL approximation and the
hyperbolic tangent function, which results in a reduction in
number of stored points compared to the RALUT used in [13].
This reduction lowers the area required while because of the

PROPOSED STRUCTURE FOR HYPERBOLIC TANGENT
ACTIVATION FUNCTION

The general configuration of a Madaline is shown in Fig. 6.
The Madaline has L+1 layers with Ny inputs, and N; Adalines
in each layer i. Multiplication and addition are the arithmetic
operations required in neural network implementation.

The output of the activation function should be multiplied
by weights. Therefore, the multiplier size, 8. in hidden layers
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TABLE VI
COMPARISON OF NETWORK IMPLEMENTATION
I |
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e @ .
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e J N, -l Fig. 7. Block diagram of the implensented network.
= i Equivalent Bit Clmss
e n@—' ,V,VF Fermplate Direction q“l;::pu!l | (Output)
Layer 0 Laver1 Layer2 Laver L -
(Input Layer) (Output Layer) | Horizontal 1100 01
Fig 6. Three .!u},"cr Madaline general configuration.
| Vertical 0101 00
of neural network can be written in the following form: ‘
S = N % Nouy (32) | T
where N, & the number of bits used for synaptic weight - Horizontal | - 0011 01
storage while N, is the number of output bits of the activation
function,

The multiplication results of synapses connected to an g
Adaline in the next layer should be added before passing || Vestical 1010 0o
through the activation function of that layer. Considering (32),
the number of output bits of multipliers is equal to Ny, 4 Newr.

Therefare, the size of adders, S, required for addition of Left 1061 o
multiplication results of Nj synapses between layer i and i+ 1 | Diagonal
can be written in the following form;
Se =Ny + Now) x N (33) | Right
o ; R . ; Diagonal 0110 1

Therefore, the size of multipliers and adders in the hidden

layers of neural network depends on the number of output bits

of the activation function.

For an specific maximum allowable error, the proposed
structure requires less number of output bits compared to
the previously developed architectures. Therefore, bit width
of multipliers and adders in the hidden layers of the network
using proposed structure as its activation function is lower,
Multipliers and adders with lower bit width have lower area,
delay, and power consumption. Thercfore, using proposed
structure results in efficient VLS implementation of neural
networks with hyperbolic tangent activation function.

To evaluate the efficiency of proposed structure, it is used to
implement a 4-3-2 network for an optical template matching

Fig. 8 Optical imput patterns and their reluted class,

application, The general neural network block diagram is
shown in Fig. 7. It is capable of recognizing six differen
nput patterns and classifying them as four different classes,

The optical input patterns and their related class are shown in

Fig. 8,
The network is coded using Verilog hardware description
language and synthesized by Synopsys Design Compiler using

TSMC 0.18-pm library. The signal processing in the imple-

mented network is based on fixed point arithmetic and the
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proposed structure implemented in the previous section, which
had maximum allowable errors of ¢ = 0,02 and ¢ = 0.04 is
used as activation function, The network training is done off-
chip and the calculated weights are stored on the registers
inside the chip.

The same network is also coded and synthesized using the
structure proposed by Meher [16] with maximum allowable
errors of € = 0.02 and ¢ = 0.(4.

Post-layout simulation results show that the implemented
network using the proposed structure and the one proposed
by Meher [16] for both cases of ¢ = 0.02 and ¢ = 0.04
performs well,

The post-layout simulation results of the implemented net-
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|8

1]

[10]

R. Jimenez, M, Sanchez-Raya, J. Gomez-Galan, J. Flores, J, Duenas, and
L. Martel, “Implementation of 4 neurd network for digital pulse shape
analysis on a FPGA for on-line identification of heavy ions,” Nuel, Instr
Meth. Phys, Res. A, vol. 674, pp. 99-104, Muy 2012,

A, Amuato, L. Fanuear, E. Scilingo, and D, D, Rossi, “Low-error digital
hardware implementation of artificial nearon activation functions and
their derivative,” Microprocess, Microsyst.,, vol. 35, no, 6, pp. 557=567,
2001

CoW. Linand J. S, Wang, “A digital circuit design of hyperbolic tangent
agmoid function for neural neworks,” in Proc. TEEE Int. Symp. Circuits
Svst. Confl, May 2008, pp. 856-859

S, Vassiliadis, M. Zhang, and 1. Delgado-Fric
generators for neural-network emulutors,” 1E
vol, 11, no, 6, pp. 1438=1449, Nov, 2000,

K. Basterretxen, J. Tarelu, and 1. D. Campo, “Digital design of sigmoid
approximator for urtificial neural networks,” Electron. Lett,, vol. 38,
no. 1, pp. 35=37, Jan. 2002,

“Elementary function
' Trans, Newral Netw:,

work are summarized in Table VII, which show that the [l K. _ﬁit\l_wrrt['_m'ﬂ- J-d'l'ﬁ:'-'lil& H_Hd[_l- Ui‘ ledeL "APPF"*"IIW“‘:‘ [9" *iﬂ;,
‘ ; . § mowd functon an e derwvative for hardware implementation of
implementation of the network using proposed structure results artificial neurons” IEEE Syst. Devices. vol. 151 mf L, pp. 18-24,
in efficient VLSI implementation in terms of area, delay, and Feb. 2004,
power for both maximum allowable errors of € = 0,02 and [12| M. Zhang, S, Vassiliadis, and J, Delgado-Frius, "Sigmoid generators
— 004 for neural compuling using piecewise approximations, IEEE Trans,
e =0.04, Comput., vol, 43, no, 9, pp. 143=1049, Sep, 1996,
[13] K. Leboeuf, A. Namin, R. Muscedere, H, Wu, and M. Ahmadi, “High

VI, CONCLUSION

A new approximation scheme for hyperbolic tangent was
proposed in this paper. The proposed approximation scheme
is based on a mathematical analysis considering maximum
allowable error as a design parameter.

Based on the proposed approximation scheme, a hybrid
architecture for hardware implementation of hyperbolic tan-
gent activation function was presented, The synthesis results
showed that the proposed structure compares favorably to the
previously developed architectures in terms of area, delay, and
areax delay.

The proposed structure required less output bits for the same
maximum allowable error compared to the previously devel-
oped architectures. Reduction in number of activation function
output bits resulted in multipliers and adders with lower bit
width which in tum reduces the area, power, and delay in VLSI
implementation of neural networks. The proposed structure is
used for implementing a 4-3-2 network, which is capable of
recognizing six different input patterns. Post-layout simulation
results showed that the proposed structure results in an efficient
neural network VLSI implementation in terms of area, delay,
and power.
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