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Abstract: In this paper, we present some circuits for realizing multi-level nonlinearities.
These nonlinearities can be used for circuit implementations of multi-level neuron networks. As
examples, we show how to use a tanh() function to build different Multi-level nonlinearities.
Circuit simulations are included using SPICE3 with level 2 MOSIS BiCMOS process parameters
to show that these multi-level nonlinearities function.

1. Introduction

In the literature, most neural networks are considered as “two state” neural networks since
the nonlinearities they use are Hard limiters, saturating linear elements, or sigmoidal functions
[1][2]. In [3] Banzhaf did some simulations involving multi-state neural associative memory.
However, he did not show what nonlinearity was used and how to implement that nonlinearity. In
[4) Si and Michel did analysis and synthesis of discrete-time neural networks wit multi-level
threshold functions. Nevertheless, no realization is mentioned in their paper. Since we think multi-
level neural networks are with good potential in terms of image processing applications, multi-
valued logic applications, and reducing weights and still achieving desired goals for neural
networks, we present two kinds of circuits to realize multi-level nonlinearities. One is a BICMOS
circuit and the other one is an all MOS circuit. These circuits can be readily applied to the
realization of multi-level neural networks.

2. Multi-level Nonlinearities

We introduce a multi-level nonlinearity as
b
M(x) = ) a;f{x-th) )
=

Where, the multi-level nonlinearity M(x) consists of b, b21, basis functions weighted by real
nonnegative coefficients 3 and with thresholds (hj. These basis functions fj(~)’s are chosen among

any of a number of monotonically nondecreasing step-type functions. Therefore, M(x) is a
monotonically nondecreasing function. As an example, for basis functions, the hyperbolic tangent
functions tanh(Ax) are shown in Fig.1(a) with A = {2, 3, 7}. With increasing values of A, the
function behaves more like a hard-limiter. This is a popular neuron nonlinearity in the literature and
considered as a “two state” function, since its output has only one sharp transition region. Beyond
this sharp transition region, we denote the upper region as logic “1” and the other as logic “0”. By
substituting f;(.) with tanh(Ax) in equation (1), we express a tanh() multi-level nonlinearity as

Muni(X) = O ajtanh(A(x-th ) (1a)
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As an example, M, (x) with b = 3, a) =a; =a3 = 1, th) = -1, thy =0,thy =1and A =2 is
shown in Fig.1(b)

3. BiCMOS Circuit Realization of M

tanh

To start, we build a tanh(x) Nonlinearity Building Block (NBB) with the BiCMOS circuit
shown in Fig. 2(a). In analyzing this circuit, we assume Q1 and Q2 are matched. For simplicity,
assume that channel modulation effects are negligible, in which case we describe the current output
in Fig.2(a) as [5, pp445)

Io=- (1 -12) = alg tanh( (x-th)/2V) (2a)
where a is the bipolar transistor forward current gain, Igg is the value of the bias current sink for
the emitter coupled pair shown in Fig.2(a), Vr is the thermal voltage, and th is the threshold setting
given as a differential pair input. Here, Igg is set by a cascode current mirror as shown in Fig. 2(a)
and described by [5,pp346], WL

4

Tge = Ly W, L, (2b)
where lyg) is the transistor M drain current, and W,/L, & W, /L, are width/length ratios of M,
and M, respectively. By connecting in parallel the outputs of b NBBs with different threshold
points as shown in Fig. 2(b) and using different Ige's, we get the following voltage input, x,
current output, Mg;(x), multi-level nonlinearity
xz-\;:, )+ lEE2 lilllh(xz\;:z) + ...+ lEEp lanh(x -23':'1)] 3)
Note that, on comparing with (1a), A = 1/(2V) is obtained. Here, to control the nonlinearity we

scale the Igg's, and also adjust the thresholds. These two parameters are key for programming a
multi-level nonlinearity.

Mgi(x) = o [IEE) tanh(

3.1 Circuit simulation for M, ,

A SPICE3el simulation for the BiCMOS circuit of Fig.2(a) for different bias Igg, is

shown in Fig. 3(a). Simulations are performed with Level 2 parameters obtained from MOSIS for
a 2-p, n-well, double-poly, analog, BiCMOS process [run N15S of June 18th, 1991]. This circuit
uses cascode current mirrors and a cascode current sink (for the Igg bias) to reduce the channel

modulation effects. This simulation shows us that we can adjust a BiCMOS multi-level
nonlinearity output by choosing appropriate Igg. A circuit simulation for a BICMOS multi-level

nonlinearity is show in figure 3(b) with b = 3. For a BiCMOS NBB circuit, the A of tanh(Ax) is a
constant value at a fixed temperature.

4. CMOS Realization of M, -like nonlinearity

To obtain variable A while also using only MOS processing, we now turn to a CMOS
realization. This circuit is that of Fig.2(a) except that, Q, and Q, are replaced by two NMOS

transistors denoted by M, and M,. This NBB circuit gives us a similar result as the previous one.

However, the analysis is not as straightforward as the previous one since circuit equations used for
a MOS differential pair can not be described by a single equation for all operation regions. For
analyzing the circuit, assume that M, and M, are in the saturated mode of operation and channel
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modulation effects are negligible, then the drain currents of M; and M, are described in the

following [5,pp.145] _ g
2 2
Ly =B 5L Vet Vs T = 3T 2V o= Vi @

Here, y,, is the electron mobility, G, is the gate capacitance per u? unit of an input MOS transistor,
Vgs is the gate to source voltage of a MOS transistor, and Vy, is the threshold voltage of an input
MOS transistor. In Fig. 2(a), Igg = Iy; + I, and Vg - Vg = (x-th). Assume that M, and M,
geometry sizes are equal, L,;/W, =L,/W,. By solving equations (4) in terms of (I - Ip) and (x-
th), we have the following [6,pp706]

o _ HatoxW, / 2l L 2
Io=1q- Idz-—z—Ll (x - th) m ('\N—l) - (x - th) (52)

The above equation is valid only when both M, and M, are operated in the saturation region which
is when the following condition holds [6,pp706]

-ty < S T L (5b)

(unCo)ﬂ) Wl
where |- | denotes the absolute value. Therefore, the excursion of the differential input voltage that
is required to turn off one of the input transistors is a function of transistor W/L ratios and the bias
current Igg. By decreasing the Igg, increasing the W/L ratios of input transistors, the active range

for two input transistors can be reduced. This effect is similar to that due to the A of the function
tanh(Ax), i.e. increasing A gives a sharper transition output for a hyperbolic tangent function. The
source coupled pair displays a saturating behavior when the differential input voltage exceeds a
certain value given by equation (5b). As a result, a large differential voltage will effectively turn off
either one of the source pair transistors. Let 2" be the effective A for the CMOS realization, then A
is a function of W,/L, and Igg as suggested by equation 5(b). We derive A" by taking the fact that

tanh(A’x) = A’x when A’x « 1. Then, from equation 5(a), let Io'/IFE = A’(x-th), ignoring the (x-
th)? term in the square root since it is small when A’x « 1. We obtain the following
) M Cox w
s 3 ~ o

Then an all MOS multi-level nonlinearity is approximated by the following equation

M, {x) ~ Igg;tanh(A(x - th)) + Igg2 tanh(A(x - thy)) + ... + Igey tanh(Ap 4(x - thy)) (6b)
As compared with equation (3), (6) is not a direct function of the thermal voltage V. We next
show that circuit simulations support equation (6).

4.1 Circuit Simulation for M, -like nonlinearity

A simulation of the all MOS modification of Fig.2(a) is shown in Fig. 4(a) for the same Igg

values used in Fig.3(a). This simulation shows us that we can adjust the all MOS multi-level
nonlinearity output by choosing appropriate Igg. Circuit simulation for an all MOS multi-level

nonlinearity, b=3, is shown in Fig. 4(b). A simulation using a variety of sizes of input transistors
for an all MOS NBB is shown in Fig. 5(a). Comparisons between curves of Fig.5(a) and tanh(Ax)
with A = {2,3,7) is shown in Fig.5(b) to illustrate how close the characteristic transfer function of
an all MOS NBB is to a hyperbolic tangent function. Therefore, to choose an appropriate input

transistor W,/L, ratio of an all MOS NBB is similar to choosing a A’ = A of the function tanh(Ax).
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5. Discussion and Conclusions

We have demonstrated two multi-level neuron nonlinear circuits using BiCMOS and all
MOS technologies, respectively. Simulations for these two circuits using level 2 BiCMOS process
parameters from MOSIS are shown in this paper in which case these two circuits can be built on
the same chip with BICMOS technology. A comparison is given between the BICMOS circuit and
the all MOS circuit for a multi-level neuron. Channel modulation effects are investigated in these
simulations and precision multi-level nonlinear circuits are designed by using cascode current
mirrors and cascode current sinks for the NBBs. These multi-level neurons can be programmed by
their Igz’s and threshold voltage th’s. By organizing b-1 NBBs, we can obtain suitable b neuron

output levels. Since we take advantage of the current output of a NBB, it is relatively easy to
augment a b-level one into a b+1-level neuron. If an output voltage is desired, a BiCMOS current
controlled voltage source can be inserted. Therefore, these multi-level nonlinear circuits can be
readily applied to the realization of multi-level neural networks.
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Figure 1: (a) A hyperbolic tangent function tanh(Ax) with different A, A =

)
{2,3,7}; (b) A multi-
level tanh(Ax) nonlinearity with b = 3, % = 10.
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Figure 2: (a) A BiCMOS tanh() Nonlinearity Building Block(NBB); (b) A multi-level nonlinearity
with b NBBs.
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Fig. 3: (a) A BiCMOS NBB circuit simulation for different bias Igg's, taking the values

3.1(smallest curve), 4, 4.8, 5.5. to 6pA; (b) Simulation of a BiCMOS 4-level
Nonlinearity (b=3)
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Figure 4:(a) An all MOS NBB circuit simulation for different bias Igg’s, ranging from 3.1, 4, 4.8,
5.5, to 6uA(largest curve); (b) Simulation of a BICMOS multi-level Nonlinearity.
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Fig. 5: (a) An all MOS NBB circuit simulation with a variety of W, /L, ratios for input transistors;
Wi/, = {5/60, 5/30, 5/10, 25/5[sharpest curve]}; (b) Comparisons between output
curves of an all MOS NBB and tanh(Ax) with A’ = A = {2,3,7} sharper curves for A".
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