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Abstract— This paper presents a way to enhance the Differential with small fan-in and weights values the comparator may dom-
Current-Switch Threshold Logic gate (DCSTL) in order to allow the gate  jnhate the gate area and delay. While this overhead cannot be
to perform more complex functions. This enhancement is achieved by . . .
replacing the MOS-transistors at the data- and threshold mapping bank reduced as such, as the comparator 'S_a cru_C|aI componentin the
of the DCSTL gate with neuronMOS transisors. First, we introduce the TLG, one can embed more computations in the gate such that

neuronMOS-enhanced DCSTL gate. Then, the results of HSPICE simula-  the overhead induced by the comparator, relative to the achieved
tions of a 7-input parity and a 3-bit addition function implemented with the ; ;

enhanced DCSTL gate is presented, along with a comparison with the same computation power, is reduced.
functions implemented using the original DCSTL gate. These simulations

indicate that the designs based on enhanced DCSTL gates can achieve a - . . . 0
12.5% speed-up over the conventional DCSTL gate designs for both addi- In this paper we propose to increase in CompUtatlonal capab||

tion and parity. HSPICE power estimations also suggest that the standard ity Of @ TL gate by combining two existing TL implementations:
DCSTL gate dissipates 30% more power when performing a 7-bit parity, the Differential Current-Switch Threshold Logic gate (DCSTL)

and 5% in the case of a 3-bit addition. [1][3], and the neuronMOS transistarNIOS) [2][10][11]. The
Keywords—Threshold logic, neuron-MOS transistors, parity, addition basic idea is to useMOS transistors to replace the standard
NMOS transistors in the data- and threshold mapping bank of
I. INTRODUCTION the DCSTL gate. In this way we obtain&OS enhanced DC-
. . ) ) STL gate which can evaluate functions that are more complex
Threshold Logic (TL) constitutes an alterative way for imples, simple threshold functions. One sing®OS enhanced
menting logic and arithmetic functions. The main theoretical a CSTL gate can actually evaluate functions which would other-

vantage of TL [5][9] stands in its powerful computational capayise require depth-2 implementations built with more than one
bilities when compared with standard Boolean gates. Thereforﬂ,_ gate. Thus, simply speaking, more complex functions can
TL based implementations require less gates and shallower nﬁé'evalljated w,ith just one compérator

works when compared with traditional Boolean gate networks
for a broad range of functions [5][9]. However, while TL gates N
are more powerful, their theoretical advantage comes at the ex-n order to evaluate the modified DCSTL gate, we assumed
pense of more basic circuit elements (e.g., MOS transistordyinput parity and 3-bit addition and implemented them both
Therefore, in practice, depending on the specific TL gate circdffith standard DCSTL gates and with enhanced DCSTL gates.
and manufacturing technology the theoretical advantage may 5@ comparison purposes we simulated all the designs with
lost. Up to date, several TL implementations have been pr35|_SPICE. Our simulations |nd|c§te that the designs based on en-
posed in either CMOS [1][2] and emerging technologies, e.glanced DCSTL gates can achieve a 12.5% speed-up over the
SET [6][7], and it was demonstrated that for some functiongonventional DCSTL ggte designs for both addition and parity.
(mainly population counters - basic building blocks for multipli-HSPICE power estimations also suggest that the standard DC-
ers) they outperform Boolean gate implementations [1][6][7)[8]S TL 9ate dissipates 30% more power when performing a 7-bit
Even though these studies suggests that TL may provide &1y, and 5% in case of a 3-bit addition.
fective practical circuits, state of the art CMOS based TL gates
are rather expensive in terms of area and one should seek way$his paper is organized as follows: Section Il provides some
to further reduce their area by proposing less complex circuit§hreshold logic background and briefly introduces the DCSTL
In this paper we address this issue however form a differegate and theeMOS transistor. Then, theMOS-enhanced DC-
prospective. Instead of attempting to reduce the number of ctBTL gate is introduced in Section Ill. As examples, implemen-
cuit elements in a TL gate implementation we propose a wagtions of a 7-input parity and a 3-bit adder are presented in Sec-
to increase the gate computational capabilities. Our proposaltisn IV, together with results of HSPICE simulations and a com-
based on the observation that the up to date TL gate implemegrarison of the designs based @M OS-enhanced DCSTL gates
tations in CMOS are differential in nature, and usually requiraith the designs using standard DCSTL gate. Section V closes
comparators to perform a part of the computations. For TL gat#sis paper with some concluding remarks.
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I[l. BACKGROUND that this gate is also capable of implementing TL functions with

negative weights and/or a negative threshold. Inputs with nega-
tive weights are simply connected to transistors in the threshold
mapping bank, and a negative threshold is programmed in the

0 if F(X) <0 data mapping bank instead of in the threshold mapping bank.
F) = s ={ | E2S0 @

A Threshold Logic Gate (TLG) is a device that is able to com
pute any linearly separable Boolean function given by:

whereF(X) = >"" | w;z; — 1, x; are then Boolean inputs and 3 3

w; are the corresponding integer weights. The TLG performs

a comparison between the weighted sum of the inpiits w; z;

and the threshold valug. If the weighted sum of inputs is Xl X2
greater than or equal tthe threshold, the gate produces a logic
'1". Otherwise, the output is a logi©®”. Up to date, many gate Y
implementations are able to evaluate functions lik in Equation
(1) are available, but for the purpose of the current paper, two of
them are relevant: the DCSTL gate, and #MOS transistor.

The DCSTL gate is depicted in Figure 1. It features a com-
parator, and two sets of parallel connected NMOS transistors.
The two sets of NMOS transistors are called the data bank, and
the threshold mapping bank. These banks draw a certain amount elk
of current, and the comparator compares the two currents. Each o | |
input is connected to a the gate of a transistor in the data map- M, I:Tu‘"li Ms
ping bank. The weights are implemented by dimensioning the Liata I
transistor such, that, for example, a transistor that implements a . .
weight of 2 should draw twice as much current as a transistor ‘D_Ili‘;_lljl\o_lli Ylli F;LL“_LJ\;“_L
that implements a weight of 1. The total current drawn by the s 3 | T Bl ]El 3 4

data mapping bank is - = e

Data bank Threshold mapping bank

n
Liata = Y _ I, &) Fig. 1. DCSTLgate
=1

wheren is the number of inputs attached to the data mapping

bank, andl; is the on current controlled by the inpuf. The A vMOS transistor [3], is basically a standard MOS transistor

threshold is programmed by hardwiring the gates of the tramvith an electrically floating gate. A number of inputs are cou-

sistors in the threshold mapping bank either to the ground, pted to the floating gate through capacitors. A schematic repre-

Vaa. The ouput of the comparator is high if the current drawn bgentation of thezMOS transistor with: inputs and input capac-

the data mapping bank exceeds the current drawn by the threghrs is illustrated in Figure 2. The transistor switches on when

old mapping bank, implementing a TL function as described ithe voltage of the floating gate exceeds the transistor threshold

Equation (1). voltage, and switches off otherwise. The voltage on the floating
The comparator itself works as follows: The comparator igatel;, can be calculated as

in its precharge phase when the clock is low. Transisidys,

My, are on, and/5, Mg andM, are switched off, pulling nodes _ >y CiV;

X and Y up. When the clock switches to high, the comparator N Yo Ci+Cy’

enters its evaluation phaséd{,, , M1, closes, whileMs, Mg

and M, switches on. Note that/;, M, Ms and M, now act where () stands for the capacitance between the floating gate

as a pair of cross-coupled inverters. Because nodes X and@®d the substraté; stands for the voltage of inputandC; for

were precharged high, invertdd;, M will try to pull down the capacitors associated with input i. Note that is propor-

node Y, while inverte\f,, M, will try to pull down node X. At  tional to the sum of inputs, weighed by the capacitors associated

the beginning of evaluation phaskls andM; are also on, due with each input, thus the structure in Figure 2 is able to evaluate

to node X and Y being precharged high in the precharge phad@reshold functions.

This causes the data mapping bank to draw current from node X,

while the threshold mapping bank draws current from node Y.

The voltage at node X drops faster than the voltage at node Y, if We propose to enhance the DCSTL gate by replacing the stan-

the currently,,, is stronger thard, causing Y to go up. Inthe dard NMOS transistors in its data- and threshold mapping bank

reverse situation, ifr > I4,:4, the exact opposite happens, andvith ¥MOS transistors. Due to this change, the currgpt,

Y goes down, pulling X back up. The Nand gates X1 and X2andIr, can not be any longer evaluated with an expression sim-

make up a latch, and are in place to hold the results of the cular to Equation (2). Unlike the standard transistor, théOS

rent evaluation during the next precharge phase. We note hemecomodates more than one input, and the current drawn by a

Vy 3

Ill. NEURONMOS ENHANCED DCSTL GATE
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Floating Gate vMOS transistor depends on its threshold voltage, which
ClL in turn, depends on physical properties such as the type of gate
metal, oxide thickness, and sillicon doping levels. Thus, chang-
ing V35, in order to alter the threshold value in Equation (5), will
o Dr ain involve changing the named physical properties. This approach
is not very attractive, as this doesn't allow the programming of
the threshold values in a practical way. In [4], a scheme for
a vMOS with threshold setting via inputs commutation is dis-
. cussed. The basic idea is to use the input capacitors during its
Cn precharge phase to set the threshold value. This method was
Source used in [4] for the implementation of @MOS based threshold
gate, and produces only two levels at the output: either a high,
or a low voltage, instead of performing the function described
in Equation (5) that we actually need in our case. Therefore,
we slightly modified the scheme in order to obtain the required
behaviour. An example schematic of our implementation of the

vMOS is no longer limited to two values. Let us assume thaﬁMOS transistor is depicted in Figure 3.
the MOS transistor in the data mapping bank corresponding to _ —
input z, is replaced by aMOS transistor with inputs X, = R —
[z},....z}, 2}], and that’} andV}}; are the floating gate voltage,
and threshold voltage of theMOS, respectively. TheMOS
transistor draws no current if < V. WhenV; > Vi,

Fig. 2. neuronMOS transistor

the vMOS transistor will draw a current that is proportional to vt 4’\,7C1
V—V};. Recalling Equation (3), the current draw by thdOS T — orain
can actually be expressed as v @ I [
V7
0 for vV < Vi . | .
I, = Z; Cixj, k . (4) V3 urce
m — V5 otherwise T3 .
In other words, theMOS transistor is capable of computing the o
following function: Fig. 3. neuronMOS transistor with programmable threshold

X —Ty) for X > Ty,
Fk(XkaTk) = { é b k) for X: 2 T: (5)

whereX;, is the sum of the weighted inputs of th1OS, and
T the threshold of theMOS. Given this, the enhanced DCSTL
gate is capable of evaluating the following function:

The structure in Figure 3 assumes 3 data inputs V1, V2 and
V3. However, during the precharge phase, the switches connect
the input capacitors to T1, T2 and T3 instead, and the floating
gate toV,,,s. T1, T2, and T3 are connected either to ground or
VDD, and are used to set the threshold value we want to pro-

2k gram for thevMOS transistor. In the evaluation phase, the float-
F= sgn{z wi F* (X, Ti)} (6) ing gate is left floating, and the input capacitors are connected
i=1 to normal data inputs V1, V2 and V3. Assuming the general

case when theMOS transistors has inputs, the floating gate

wy, is a factor that corresponds to the dimensions of the transis%nage at the end of the evaluation phase can be calculated as:
at positionk. This value is negative, if theMOS is connected
Zi:l(civi) - Zi:l(CiTi)

to the threshold mapping bank instead of the data mapping bank.

The enhanced DCSTL gate still behaves as a TL gate, as it eval- Vi = Y, Ci+ Co  Vbias- ®
uates arsgn function. However, the functionality has been en- . N :
hanced by the’MOS transistors, which evaluate the weighted l.f we take Vg = Vi, the transistor in Figure 3 will now
sum of its own inputs. For convenience, in the remainder of th%WItCh on when
paper, a’MOS transistor that performs the following function Yo (CiVi) = >0 (CT) Vi < Vi ©)
(X -T) forX >T 2eima Gt Gl
FX,T) = { 0 for X <T (7) or
will be referred to ag7)*. 2im1 i+ Co
Although the threshold value of the standard DCSTL gate cdf n "
be programmed easily, theViOS transistor as depicted in Fig- Z(Civi) _ Z(Cﬂl‘) <0 (11)

ure 2 does not share this property. The threshold value of the p |
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If we assume . this prevents us from using too many inputs. Figure 6 a and b
T_ Z(Cz’Ti)a (12) shows the s!tuatlon of aMOS transistor ywth few inputs, and a
— vMOS transistor with a large number of inputs. One can observe

that in

the case in Figure 6b, more values for infutall within

then the circuit depicted in Figure 3 implements Equation (5). the nonlinear region. This prevents a proper implementation of
Using this scheme, we can now ugklOS transistors, each ¢,nctions such as Equation (13).

programmed with a different threshold T, to augment the DC-
STL gate in order to implement more complex functions.
For example, we can implement the following function.

(T-DE-2T)t+(T+1)L (13) hj

To implement this function wit a certain value T, we have to at-
tach onevMOS with threshold T-1, and oneMOS with thresh-

old T+1 to the data mapping bank, andMOS transistors with
multiplicity 2, and a threshold T to the threshold mapping bank
ofthe DCSTL gate. A transistor connected to the data- or thresh-
old mapping bank with multiplicityn, means that we dimension
the transistor such, that the transistor drawtmes the current

of what it normally would draw. Figure 4a shows the function
(T'—1)Z, Figure 4b adds-2(T') %, to the previous, an@l'+ 1)~

is added in Figure 4c.

@

(©)
AN

©
/\\

T-1 T T+1 'df

Fig. 4. (T — 1) — 2(T)% + (T + 1)*

Note that Equation (13) results in an output 1 at X=T, and O
for any other input X. Using Equation (13), we can implement
functions with 1's and O’s we desire. Consequently, in theory,
usingrMOS transistors instead of conventional ones at the data-
and threshold mapping banks, any symmetric Boolean function
can be implemented using only one (enhanced) DCSTL gate.

Unfortunately, azMOS cannot accomodate too large a num-
ber of inputs. This is due to the fact, that Equation (5) is merely
an approximation of the behaviour of th#OS transistor. Fig-
ure 5 shows the behaviour of a short-chanAdiOS transistor,

0

—>X

Fig. 5. Desired and actual behaviour of thdOS

(a)

—X

(b)

T T
012 3 45 6 7 8 910111213 141516 17 18
—X

Fig. 6. Impact of a large fan-in asMOS behaviour.

IV. EXPERIMENTAL RESULTS

together with the desired behaviour. The solid line is the desired To evaluate our proposal, a 7-input parity and a 3-bit binary
behaviour, while the dashed line represents the actual curremtder are implemented in both standard, and enhanced DCSTL,
drawn by the transistor. The difference between the actual b&ad are compared in terms of delay and area. HSPICE was used
haviour of thevMOS and the desired behaviour, is in the nonto verify correct operation and evaluate the delays.

linear region near the threshold of the gate. This difference be-The

7-input parity function is '1’ for X=1, X=3, X=5 and

comes more significant as the number of inputs increase, ake7, and '0’ otherwise. Using Equation (13), the 7-input parity

533



can be implemented with the enhanced DCSTL gate as follows: || _precharge| evaluation | total delay | avg power

7-bit parity, eDCSTL 3ns 5ns 8ns 291mW
7-bit parity, SDCSTL 3ns 3ns ans 377TmwW
XOR7= sgn{(0)X —2(1)* + (2)£ 3-bitadder, eDCSTL || 3ns 5ns 8ns 557mW
+(2)i . 2(3); + (4)i 3-bit adder, SDCSTL 3ns 3ns 9ns 586mwW
TABLE |
+ _ + +
+(4): 2(5): T (6): RESULTS OFHSPICESIMULATIONS
+(6)L —2(7)L + (8)L} (14)

As the inputX , whereX = Z:Zl x;, is limited to 7, the terms

'2(7); _and_ +(8) are unnecesary. The observation leads to th§chieved either by using Minnick[5], or Muroga[5] schemes.
simplification of the inplementation as follows: Considering that the performance of both schemes are compara-
ble in terms of delay, a Minnick network was chosen as it uses
a smaller number of threshold gates when compared to Muroga.
Equation (21), implements the 7-bit parity:

XOR7 = sgn{(0)X +2(2) + (4)*
+2(6)% — 2(1)% - 2(3)%
—2(5)f -1 (15)
B)= =2 XORT =sgn{ X —2sgn{X — 6}
The extra term 1 is added for two reasonsign{0} is usu- —2sgn{X — 4}
ally defined as 1. Furthermore, in case of the DCSTL gate, it —2sgn{X — 2}
also means that, in the case of evaluatfig R7(0), the data g
bank, and threshold mapping bank both draw an equal amount -1} (21)
of current, which may result in an unstable output of the DCSTL Equation (21) also shows, that we need 4 standard DCSTL
gate. . . . _ ) ates to implement the 7-input parity, compared to only 1, when
The 3-bit adder is implemented in a similar fashion, excep plemented using the enhanced DCSTL gate. Equations (22),

that the inputs are now two 3-bit numbers, and a carry-in, a 3). (24). and (25) generate carrv-out. and the sum bits
the inputs are weighted according to the significance of each l:r)t% ) (24), (25)9 y-out '

) carry — out = sgn{X — 8} (22)

X =Y s'(a;+b)+Cin (16) s[2] = sgn{X — 8sgn{X — 8} — 4} (23)

=0 s[1] = sgn{X — 4sgn{X — 4} — 2} (24)

The output of the 3-bit adder is a 3-bit susf2 — 0] and a s[0] = sgn{X — 2sgn{X — 2} — 1} (25)

carry-out. We need one enhanced DCSTL gate for each out-

put bit. The Carry-out can be generated without the need for afpcording to Equations(22), (23), (24), and (25) indicate that 7
enhanced DCSTL gate, a standard one will suffice: standard DCSTL gates are needed, while we only need 4 when

using the enhanced DCSTL gate.

Carry — out = sgn{X — 8} (17) Table | shows the time needed during the precharge phase
and evaluation phase of the DCSTL gate, the total delay and
The highest bit[2] can be expressed as: estimated average power dissipation. Although we need 2 levels
N . N N of threshold logic in standard DCSTL, it is possible to overlap
s[2] = sgn{(3)2 — ()L - (NI + (8)Z the precharge phase of the second level with the evaluation phase
FADE - (12)F - (15)F — %} (18) o; grst level. The delay would be onIy%chock cycles instead
of 2.
s[1] can be generated using the function: V. CONCLUSIONS
s[1] = sgn{()E - (2)L - 3)L + (@) Aa way to enhance the Differential Current-Switch Thresh-
N N L1 old Logic gate (DCSTL) was presented in order to allow the
+E)Z ~ (6= - (1)~ 5} (19)  gate to perform more complex functions. This enhancement

was achieved by replacing the MOS-transistors at the data- and
Note that the two highest bits are not needed to genefate  threshold mapping bank of the DCSTL gate with neuronMOS
These two bits are not connected to the gate that genesidfes transisors. First, we introduced the neuronMOS-enhanced DC-
The least significant bit is the result of a 3-bit parity of thesTL gate. Then, the results of HSPICE simulations of a 7-input
two lowest bits and the carry-in, and is implemented in mucparity and a 3-bit addition function implemented with the en-

the same way as the 7-input parity above. hanced DCSTL gate was presented, along with a comparison
1 with the same functions implemented using the original DCSTL
s[0] = sgn{(0)L —2(1)L + (2)F — 5} (20) gate. These simulations indicated that the designs based on en-

hanced DCSTL gates can achieve a 12.5% speed-up over the
In order to evaluate our results, both the 7-bit parity, and 3-b@tonventional DCSTL gate designs for both addition and parity.
adder were also implemented using the standard DCSTL galSPICE power estimations also suggested that the standard DC-
The 7-input parity, and the 3-bit addition can be implemente8TL gate dissipates 30% more power when performing a 7-bit
in 2 levels of threshold logic with standard DCSTL. This isparity, and 5% in the case of a 3-bit addition.
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