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Abstract- A model for the delay of neuron-MOS (neu- 
MOS) and Capacitive Threshold-Logic (CTL) based logic 
circuits is presented for the first time. It is based on the 
analysis of the basic neuron-MOS [l] and CTL gate struc- 
tures [a]. A closed form analytic expression for the delay 
of the threshold gate is derived. A relation for the delay 
in terms of an ordinary CMOS inverter delay expressed as 
a function of the number of inputs to the threshold gate is 
presented. This relation is shown to be useful in comparing 
the delay of logic circuit designs based on neu-MOS or CTL 
and ordinary CMOS. 

Keuwods- neuron-MOS, capacitivethreshold logic, float- 
ing gate transistor 

I. INTRODUCTION 
In recent years, there has been renewed interest in 

Threshold Logic (TL), mainly as a result of the devel- 
opment of a number of successful inplementations of TL 
gates in silicon, including the neu-MOS and Capacitive 
Threshold-Logic architectures. 

A threshold gate operates on binary variables and p r e  
duces a binary output, and is functionally very similar to a 
hard limiting neuron, where a linear weighted sum is gener- 
ated followed by a thresholding operation. The operation of 
a threshold gate is described by the following relations [3], 

n 

Y = O  if 

i= 1 

i= 1 

where Xi E (0, l}, i = 1,. . . , n  are the binary input vari- 
ables, Y E (0, 1) is the Boolean function realized by the 
threshold gate, and Wi is the weight corresponding to the 
ith input variable X i .  T represents the gate threshold and 
is generally a real number satisfying 

(3) 
i= 1 

A Boolean function realized by such a threshold gate is 
called a threshold function. Threshold functions have some 
rather interesting and useful properties. All threshold func- 
tions are Boolean functions and all Boolean functions can 
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be realized by a threshold gate network of depth at most 
two [3]. A TL gate can be programmed to realize many dis- 
tinct Boolean functions by adjusting the threshold. T. For 
example, an n input TL gate with Wd = 1, V i  and T = 1/2 
will realize an n input OR gate. The same gate with T set 
to n - 1/2 will realize an n input AND gate. Generally, a 
threshold gate realizes a majority function, where by set- 
ting the threshold T to an appropriate value, the output 
of the gate Y is 1 if k or more input variables are equal to 
1, where k E {O,. . . ,n}. 

The threshold gate thus offers an increased computa- 
tional capability over conventional Boolean gates, and it 
is possible to realize Boolean functions in TL using fewer 
gates with a reduced logic depth [3]. Threshold logic offers 
improved area density and higher speed logic circuits, par- 
ticularly in applications involving a large number of input 
variables. It is the aim of this paper to quantify the delay 
of threshold gates. 

In Section I1 of this paper, the basic structure and opera- 
tion of the neu-MOS and Capacitive Threshold-Logic gates 
are reviewed. Section I11 introduces the delay model and 
Section IV presents the analysis of the delay of the thresh- 
old gates. In Section VI, simulation results of test circuits 
are presented and discussed. The results of this work are 
summarized in Section VII. 

11. OVERVIEW OF CURRENT TL ARCHITECTURES 
Threshold Logic gates can be realized using neuron-MOS 

[l] or the Capacitive Threshold-Logic Gate (CTL) method 
described in [2], both of which may be fabricated in stan- 
dard CMOS processes. The circuit schematics of the CTL 
and neuron-MOS gates itre shown in Fig. 1 and Fig. 2. The 
operation of the neu-MOS and CTL gates is discussed in 
detail in [l] and [2] respectively, and will be briefly summa- 
rized here. An n-input neu-MOS or CTL gate comprises 
n weight-implementing capacitors (Ci) followed by one or 
more inverters which function aa voltage comparators to 
generate the binary output. The first inverter in the chain 
will be referred to as the primary inverter. The main differ- 
ence between CTL and neu-MOS lies in the way the value 
of the threshold is set. 

The CTL gate operates in a two-phase non-overlapping 
clock scheme consisting of a reset phase CPR and an evaluate 
phase +E.  During the reset phase the row voltage VR is 
reset to the threshold voltage Vth of the primary inverter, 
while the capacitor bottom plates are set to the reference 
voltage VVef. During the evaluation phase, the row voltage 
is perturbed from Vth by the inputs Xi which now become 
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Fig. 1; The neu-MOS gate 
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Fig. 2. The Capacitive Threshold Logic (CTL) gate 

capacitively coupled onto the effectively floating input to 
the primary inverter. The magnitude of this perturbation is 
a function of V,f, which effectively controls the threshold 
of the gate. The floating gate voltage, during the evaluation 
phase, is given by 

In the case of the simpler, static neu-MOS gate, the gate 
threshold is adjusted via two threshold setting capacitors 
C T ~  connected to Grad and C T ~  connected to a threshold 
programming voltage Vmf.  The floating gate voltage, is 
given by 

(5) 

In both (4) and (S), Ctot is the sum of all capacitances 
in the gate, including parasitic capacitances. Although the 
operation of the neu-MOS gate is simpler, the maximum 
attainable fan-in is an order of magnitude less than that of 
the CTL gate because the CTL gate is not limited by the 
process variability which contributes to  uncertainty in the 
inverter threshold voltage [2]. 

A number of applications of both gates have been pro- 
posed and developed, including a high-speed (31,5) paral- 
lel counter [4], a full adder cell with an area of approxi- 
mately one half of the conventional CMOS design [5], [6], a 
high-speed, high-density multiplier cell [7]. An example of 
a commercially developed product, which u8es neu-MOS, 
is the fingerprint sensing and encoding chip developed at 
Siemens [8]. Both neu-MOS and CTL based designs have 
illustrated the potential of threshold logic to significantly 
reduce the transistor count 191 and to increase the efledive 
integration density. 

111. DEVELOPING THE DELAY MODEL 
The importance of having a delay model for threshold 

gates lies in being able to predict the delay of circuits d e  
signed in neu-MOS or CTL, and to compare the speed per- 
formance of a threshold logic versus conventional CMOS 
design. Although both neuron-MOS and CTL have been 
shown to yield area efficient designs as compared to conven- 
tional CMOS, the dynamic performance of the threshold 
logic paradigm remains, until now, largely unexplored. 

Despite its fundamental nature, the development of a d e  
lay model for neu-MOS or CTL circuits has received little 
attention in the literature. To the best knowledge of the 
authors, the only attempt at characterising the delay, of 
neu-MOS gates, has been a brief, qualitative description in 
[lo]. The model developed here can be applied to struc- 
tures such as neu-MOS, CTL and other structures where 
the input does not swing from rail to  rail. 

Although many articles have been written on the subject 
of CMOS circuit delay in response to  a full rail to  rail swing 
step (and other pulse shapes) [ll], [12], none of this work is 
applicable to the threshold logic type structures discussed 
here. 
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Fig. 3. Equivalent circuit of the neu-MOS gate and equivalent input 
voltage generated by capacitive input network 

IV. ANALYSIS 
In the case of both the CTL and neu-MOS gates, the 

floating gate voltage of the primary inverter in the com- 
parator chain may be expressed as Vi,, = h h  + 4, where 
VU, is the threshold of the primary inverter. As illustrated 
in Fig. 3, the worst case (ie. smallest) deviation of the in- 
put from the threshold &h is given by 4) = %, where 
n is the number of input weights. We will assume that 
the threshold VU, is set to K h  = which results in 
equal output rise and fall times. The derivations devel- 
oped here are for a falling output response, ie. for a pos- 
itive input voltage deviation about the threshold of the 
primary inverter. The analysis for a rising output response 
is similar. The input voltage may therefore be expressed 
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as Vi, = + %. For n>2, the input voltage causes 
both the PMOS and NMOS transistors to turn on and a 
DC current to flow in the inverter from VDD to Gnd. This 
occurs when the common gate is bi&d in the transition 
region VTN 5 Vi, 5 I VDD - VTP 1, where VTN and VTP 
are the NMOS and PMOS threshold voltages, respectively. 
We will assume that VT = VTN = VTP. Note that since the 
inverter threshold I&, is chosen to be v D D / 2 ,  the current 
gain, p, of both transistors is also the same. Referring to 
Fig. 3, the load current is given by IL = IN - Ip, where 
IL is the capacitive load discharge current, and IN and I p  
are the NMOS and PMOS currents, respectively. This is 
in contrast to the situation in conventional CMOS gates 
where most of IN is available to discharge the load. 

From Fig. 3, the NMOS and PMOS transistor operating 
regions vary depending on the instantaneous value of the 
output voltage VoUt. Immediately after the arrival of the in- 
put pulse, when &n+VT 5 Vout 5 V,, the PMOS transistor 
is in the h e a r  region and the NMOS is in saturation. Then 
as Vout falls to Kn - VT 5 Vout 5 I& + VT, both transistors 
enter into saturation. Finally, for vf 5 VoUt 5 Kn-VT, the 
PMOS transistor operates in saturation and the NMOS in 
the linear region, where V, and Vf are the initial and final 
values of the output voltage before and after the arrival of 
the input pulse, respectively. 

The drain currents in the saturation region of operation 
for the NMOS and PMOS transistors are given by Ifis = 
z @ (  1 Vi, - V T ) ~  and Ips = ;/3 ( VDD - Vj, - V T ) ~ ,  re- 
spectively, and the drain currents in the linear region 
are given by INL = @ ((Vi,  - VT)  V,, - v) and 

I ~ L  = p ( ( v D D  - v,, - vT) (vDD - vOut) - ~v~~,V.~')2).  

The discharge of the effective load capacitance can be ex- 
pressed as CL 9 = - IL. From this the gate delay may 
be written as 

VOUtJ 1 

vout,i *L 
At = -CL J -Uout, (6) 

where Vout,j and Vout,f are the 90% and 10% falling output 
voltage points. If we use the output voltage fall time (At,)  
as a measure of gate delay, and if the output swings from 
V, to Vf as shown in Fig. 3 then Vout,i = 0.9(Vo - V j )  + Vf 
and V,+f = O.l(Vo - V f )  + V f ,  corresponding to the 90% 
and 10% points on the output waveform. It is common 
to define gate delay as the average of the gate output fall 
and rise times, but since they have been made equal, the 
output fall time will be used. Defining ILI = INS - IPL,  
ILz = I N S  - IPS and IL3 = INL - I P S ,  we obtain 

V.n+Vl- 1 

Vin-VT 1 VoutJ 1 

Atf  = -CL( Li - f l o u t  IL1 + 

) (7) 1 ---flout + J ---mOut 
vin+vT IL2 Kn -vT 'L3 

which may be evaluated as 

Atf = 

- 
"&-; 

(8) 
v D-avin v, 

(VDD - 2 f i n ) ( v D D  - 2 v T )  

As expected the delay of the TL gate is found to be propor- 
tional to the load capacitance CL, inversely proportional 
to the current gain p, and inversely related to the sup 
ply voltage VDD. A similar expression may be derived for 
a conventional CMOS inverter driven by a rising step in- 
put. The steps are similar to those followed above, except 
that now vi,, = VDD and the PMOS transistor remains 
turned off over the entire range of V& during switching 
(ie. IL = I N )  and the output voltage fall time is given by 

Atf,CMOS = 

V. THE NORMALIZED DELAY 
To compare the delay of gates we will use a method sim- 

ilar to that described in [13]. The delay of a TL gate is 
expressed in terms of the number of conventional CMOS 
inverter delays, of the same transistor size as the primary 
inverter in the TL gate comparator chain, and driving the 
same load CL, by dividing expression (8) by (9). This re- 
moves the process and environmental dependencies, and 
allows sensible speed comparisons to be made. 

Using typical 0.35pm7 3.3 V CMOS process values of 
V D D = ~ . ~ V  and VT=VDD/~ ,  and Setting V , ~ , ~ = O . ~ V D D  
and V o u t , f = 0 . 2 V ~ ~ ,  we can plot the analytically d e  
rived normalized fall time versus the number of inputs 
for n = 1 to 20, as indicated by the line labelled An- 
alytic Model in Fig. 4. These precess values also give 
A t f , c ~ o s = 0 . 5 6 ( 2 C ~ / B ) .  The values of O.~VDD and 
0.2VDD are chosen as the limits because they correspond 
to average values of the 10% and 90% points on the falliig 
edge of Vout over the range of n. For example, from Fig. 4, 
it can be seen that for a value of n = 10, the analytically 
derived TL gate delay, contributed by the primary inverter, 
constitutes approximately 6 standard CMOS inverter d e  
lays of the same size as that primary inverter, and driving 
the same capacitive load. 

VI. SIMULATION RESULTS 
To verify the analytically developed delay model, the cir- 

cuit shown in Fig. 3 was simulated using HSPICE Level 1 
parameters for a 0.35 pm precess. All transistor gate 
lengths were set to 0.35 pm, all PMOS gate widths to 10 
pm and all NMOS gate widths to 3 pm. The Level 1 sim- 
ulated normalized delay plot is shown in Fig. 4, labelled 
Level I .  Comparing the Level 1 simulation result, and the 
analytically derived first order normalized delay, it can be 
seen that the derived model is within 7% of the Level 1 
simulation result over the entire range of n. 

To obtain a more realistic set of results for TL normal- 
ized delay, the circuit shown in Fig. 3 was simulated using 
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HSPICE Level 49 parameters for a number of different in- 
put voltage pulse magnitudes and primary inverter transis- 
tor sizes with a constant load. Again, the capacitive input 
network has been replaced by the equivalent input volt- 
age step of variable amplitude, and a rise time of 100 ps. 
The size of the primary inverter was varied, and to main- 
tain a constant load on the primary inverter, the size of 
the second and third inverters in the chain were kept con- 
stant. The lengths of the PMOS and NMOS transistors 
were made equal in each inverter and their width ratio was 
maintained such that the threshold voltage of each inverter 
was 1.65 V. 

The normalized delay of the primary inverter loaded by 
the second inverter was then plotted as is also shown in 
Fig. 4, with the transistor sizes shown next to each of three 
lines line. The normalized delay contribution to the overall 
chain of three inverters by the second and third inverter 
was then also measured, and as expected it was found to 
be approximately equal to unity, for both. This means 
that these inverters contribute their normal delay, as in 
any standard CMOS circuit. The three lines with labelled 

Fig. 4. Analytically derived normalized delay, simulated HSPICE 
Level 1 normalized delay and simulated HSPICE Level 49 nor- 
malized delay vs. fan-in for three different sires of the primary 
inverter in the threshold gate 

with transistor sizes in Fig. 4, correspond to three signif- 
icantly different drive strengths of the primary inverter. 
The normalized delay for the three drive strengths differs 
by less than 2 normaliied delay units over the entire range 
of fan-in shown, which indicates that the normalized delay 
of a threshold gate is only marginally dependent on the 
transistor sizes used. Hence an approximate, technology 
independent model may be derived. We conclude that the 
approximate normalized delay of a threshold gate is given 
by 

Normalized Delay = 1 i- 0.35n , (10) 
where n is the fan-in of the gate, and the factor 0.35 is the 
approximate average of the slopes of the three lines in Fig. 4 
corresponding to the three Level 49 HSPICE simulations. 

Comparing the slopes of the analytically derived model 
and and the Level 49 simulation results of Fig. 4, it can 
be seen that the analytic model predicts a higher than ac- 
tual delay. Both, however, show an approximately linear 
relation between normalized delay and the gate fan-in. 

VII. CONCLUSIONS 
In this paper, the basic structure and operation of the 

neu-MOS and Capacitive Threshold-Logic gates was re- 
viewed and an analytically derived first order model for 
the delay of threshold logic gates was presented. The nor- 
malized analytical model WBB compared against HSPICE 
Level 1 and Level 49 simulations and an approximate nor- 
malized delay expression as a function of threshold gate 
fzin-in was developed. 
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