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Abstract: Current mode is a popular CMOS-based
implementation of threshold logic functions, where the
gate delay depends on the sensor size. This paper
presents a new implementation of current mode
threshold functions for improved gate delay and
switching energy. An analytical method is also
proposed to identify optimum sensor sizes that
minimize the gate delay. This allows us to design large
threshold functions with delay much less than a
network of CMOS gates. Simulation results on
different gates implemented using the optimum sensor
size indicates that the proposed current mode
implementation method outperforms consistently the
existing implementations in delay as well as switching
energy.
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I.INTRODUCTION

Threshold logic gates (TLG) are an attractive
alternative  for  implementing  digital  circuits.
Methodologies for implementation of circuits using
TLG become available and thus the synthesis of
efficient TLG based circuits becomes feasible. An
existing issue is to optimize the performance of a TLG
gate by selecting appropriate transistor sizes. An
alternative to time consuming exhaustive SPICE
simulations is presented and evaluated. It is based on
an analytical method capable of providing near
optimum sensor sizes for the circuit implementing the
TLG. It is also capable of providing the expected gate
delay without time consuming simulation steps; thus
improving the performance of TLG based synthesis
methodologies. It is expected that the exponential
savings in performance of digital circuits due to
parameter scaling will evaporate soon [4-8].
Alternative technologies, such as multiple valued logic,
threshold logic gates, and others, can extend parallel
processing capabilities [4-8].

Monostable—Bistable Transition Logic
Element (MOBILE), neuron MOS, single electron
technology are few examples of threshold logic gate
implementations [6, 9, 10, 13]. A Threshold Logic

Gate (TLG) is a N-input device which calculates the
weighted sum of inputs [3]. A basic TLG consists of N-
inputs, a weight value for each input, and a threshold
weight. The sum of the input weights is compared with
the threshold weight. If it is greater than the threshold
weight, then the digital output of TLG is logic high,
and if it is less it will be logic zero [3]. In the CMOS-
based implementation considered in this paper, when
the sum of the input weights is equal to the threshold
weight, then the gate is in undefined state. Weights are
selected so that this case is avoided.

The equation representing output of a TLG is given as

I if Swix; > wr
F=10 i 2iwi-x <wr (1)
N/A if 3, wi-xi =wr

where w; is the weight of the ith input, x; is the input
applied to the ith input, and w+ is the threshold weight
for the function f of a TLG. The input weights can be
either positive or negative but the threshold weight is
always positive. In this paper, an N-input function with
P positive weights is denoted as {wy, . . ., Wp @ Wy,
Wpig, - - ., Wy }-

Example 1: Consider a function f = x; + X, + X3 with
weight configuration (wy, W,, W3 : Wy ), where wy, W,
and ws correspond to the weights of the inputs Xy, Xy,
and Xs, respectively, and wy is the threshold weight. A
possible weight configuration is {wy, Wy, w3 : wy } =
{4, 4, 4 : 3}, where all the input weights are positive.
When applying the input pattern {x;, Xz, Xs} = {0, 0,
1}, the weighted sum of inputsis4-0+4-0+4-1>
3, and, according to (1), f = 1. See also Fig. 1. Function
fis denoted as {4, 4, 4: 3}.
x=0 ——>
F=4=3 == =1

=0 —————>

x=l ——>

Fig. 1: Output functionality of a TLG for a given
weight configuration and input pattern.
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This paper considers implementations of
threshold logic functions using current mode. This is a
popular CMOS-based approach. All current mode
implementation methods considered in this paper
consist of two parts: the differential part and the sensor
part. The number of transistors in the sensor part is
constant and does not depend on the implemented
function. The number of transistors in the differential
part depends on the sum of input weights and the
threshold weight.

There exist two approaches for implementing
current mode TLGs: the current mode TLG (CMTLG)
[1] and the Differential current mode logic (DCML)
[11]. Section Il reviews these two approaches.

Section 1ll presents a new implementation,
which we call the dual clock current mode logic
(DCCML), which results in both speed and switching
energy [power-delay product (PDP)] improvements
over the approaches in [1] and [11]. They consist of
two parts: the differential part and the sensor part. All
the pMOS transistors in the sensor part have the same
size S, which we call the sensor size. The sensor size
impacts the performance of all the three current mode
implementations for any threshold logic function. It is a
very time-consuming task to obtain the optimum sensor
size through iterative SPICE simulations, one
simulation for a different sensor size.

Section 1V presents the second contribution of
this paper, which is an analytical approach to determine
quickly and accurately the appropriate sensor size S for
a given function under any existing current mode
approach, such as those in [1] and [11] and the
proposed implementation in Section Ill. Section V
presents simulation results that demonstrate the
accuracy of the optimum sensor identification method
in Section V. It also presents results that show that the
current mode approach in Section Ill consistently
outperforms those in [1] and [11] on delay as well as
switching energy. Finally, Section VI concludes.

I1. CMTLG AND DCML IMPLEMENTATIONS
OF A THRESHOLD LOGIC FUNCTION

MTLG is a CMOS based implementation of
TLG shown in Figure 2 [1]. The CMTLG can be
divided into two parts, the differential part and the
sensor part. The differential part can be subdivided into
two parts, the threshold part and the inputs part. In the
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threshold part and the input part all the transistors are
connected in parallel. The transistors in the threshold
part are always ON and the total current flowing
through the threshold part is represented as Threshold
current lt. The number of PMOS active (ON) in the
input part depends on the input pattern applied. The
total current passing through the input side for a
particular input pattern is represented as the Active
Current 1. The nodes connecting the differential part
and the sensor part on the input side and the threshold
side are M; and M,, respectively and nodes O and OB
are the output nodes and are shown in Figure 2.

The nodes connecting the differential part and
the sensor part on the input side and the threshold side
are M1 and M2, Fig. 3. Output voltages and their
difference in the two clock phases for CMTLG.
respectively. The sensor part has three pMOS
transistors P1, P2, P3, and four nMOS transistors N1,
N2, N3, and N4 as shown in Fig. 2. If the size of the
sensor is S, then all the pMOS transistors in the sensor
part have S um size and all the nMOS transistors in the
sensor part have a size smaller than S pm.

The operation of the CMTLG is divided into
two phases [1]: the equalization phase and the
evaluation phase. These phases are explained with the
help of Figs. 2 and 3. When the applied clock (clk) to
the CMTLG is high, then the circuit is in the
equalization phase. When clk is low, then the circuit is
in the evaluation phase [1]. In the equalization phase,
transistors N1 and N2 are ON, nodes M1 and M2 have
the same voltage because of transistor N1, and nodes O
and O B have the same voltage because of transistor
N2 (see also Fig. 2). In the evaluation phase, transistors
N1 and N2 are OFF, and if the threshold current is less
than the active current, then the voltage at node O rises
faster than that at node O B [1]. If during the
evaluation phase the threshold current exceeds the
active current, then the voltage at node O B rises faster
than that at node O [1].

This paper derives an analytical formula for
optimum sensor size which is used to obtain the
minimum delay for a given threshold and number of
inputs. Then using the optimum sensor sizing, the
CMTLG is designed. The value of fan-in can go up to
150 (only by using the appropriate sensor sizing)
considering all the fan-in have minimum weights.
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Figure 2: Current Mode Threshold Logic Gate

Figure 3 shows the two phases of the clock,
the voltage at output nodes O and OB and the voltage
difference between nodes O and OB (dV). The delay of
a CMTLG can be divided into two phases, the
activation time and the boosting time. The first phase is
the time taken by CMTLG to develop a small voltage
difference (200pV) across the output nodes O and OB
[1]. In this phase, the difference between 15 and It
leads to gradually increasing voltage difference
between the nodes M; and M, also increases. The time
taken by the CMTLG to develop initial voltage
difference is represented as the activation time T. The
second phase is the time taken by the sensor (the back
to back connected inverters) to boost the initial voltage
difference to a logic state at the output nodes. This time
is referred as the boosting time (Tg).

The activation time depends mainly on the
differential part. The second phase is the time taken by
the sensor part (the back-to-back connected inverters)
to boost the initial voltage difference to a logic state at
the output nodes. This time is referred to as the
boosting time TB. The boosting time depends mainly
on the sensor part.

Equalization Phase

e

—Clk

—Vol at node O

dV=500 mv Vol at node OB

Voltage-

——Vol Difference of
nodes O and OB (dV)

m

valuatiorf Bhase

dV=200 uv

Time

Figure 3: Behavior of output voltages and their
voltage difference in two phases of clock
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An alternative differential clock threshold
logic implementation is presented in [11], and it is
referred to as the differential current mode logic
(DCML) approach. Its block diagram is shown in Fig.
4. It is also divided into the differential part and the
sensor part. The currents through the threshold part and
the inputs part are also denoted by IT and IA,
respectively. The sensor part consists of four pMOS
transistors, labeled P1-P4, and six nMOS transistors,
labeled N1-N6. The load capacitance CL is applied to
both the output nodes O and OB.

)

N

&

Fig. 4: Block diagram of differential current mode
logic.

The applied clock is divided into two phases:
when the clock is high the TLG is in the equalization
phase and when it is low it operates on the evaluation
phase. In the equalization phase, NnMOS transistors N1,
N2, N3, and N6 are active. Transistor N1 equalizes the
voltage at nodes M1 and M2. Similarly, transistor N2
equalizes the voltage at nodes M3 and M4. In the
equalization phase, transistors N6 and N3 are active
and there exists a discharge path for nodes O and OB
of Fig. 4. If there is a voltage difference at nodes O and
OB, during the evaluation phase, then the sensor part
will identify the voltage difference and it will boost the
voltage at the output nodes O and OB to a desired
voltage. When the active current IA is greater than the
threshold current IT , then the voltage at the output
node O rises faster than the voltage at node OB. As a
result, high voltage is obtained at node O and low
voltage is obtained at node OB. When IT is greater
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than 1A, then the voltage at OB rises faster than the
voltage at O and low voltage results at OB.
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Fig. 5: Output voltages and their difference in the
two clock phases for DCML.

Fig. 5 shows the two phases of the clock, the
voltage at nodes O and OB, and the voltage difference
between O and O B (dV). The delay of DCML is
divided into the activation time T, and the boosting
time Tg.

A method to obtain optimum sensor sizes:

The CMTLG of [1] assumes that all inputs
have minimum weights. If a TLG requires weight w; >
1 (greater than minimum weight) for some input i, then
as an alternative we can implement the function with w;
minimum weight inputs for CMTLG of Figure 2.

We consider an N-input CMTLG of [1] that
can be used to implement different TLG functions for a
given value of N and T. This section shows how to
identify optimum sensor size for the N-input CMTLG
of [1], so that the delay of any TLG implemented by
the N-input CMTLG is minimized.

I1l. LOW POWER AND HIGH-SPEED DUAL-
CLOCK-BASED CURRENT MODE TL
IMPLEMENTATION

A new TLG implementation is proposed. It is
called DCCML. As the name indicates, two clocks are
used to achieve low power consumption and high
speed.

The approach consists of two steps. First, the
set of functions that can be implemented using
CMTLG for a given input configuration (number of
inputs N and threshold T) are grouped in to equivalent
classes. We show that when T+1 inputs are active on
the input side then the TLG exhibits its worst delay.

The block diagram DCCML is shown in Fig.
6. As in previous approaches, the DCCML is divided
into two basic blocks: the differential block and the
sensor block. The differential block is further divided
into four blocks: the positive threshold, the negative
inputs, the negative threshold, and the positive inputs.
All the transistors in the differential block are equal-
sized pMOS transistors and are connected in parallel,
as shown in Fig. 6. The sensor block consists of six
pPMOS transistorsP,---Pg and three nMOS transistors
N, N,, and N3. The gates of transistors P; and N; are
connected to Clk; and the gates of transistors P,, Ps,
and Pg are connected to Clk,. Transistor N; acts as an
equalizing transistor and it equalizes the voltage at
nodes OP and OPB. Transistors Ps and Pg isolate the
differential block from the sensor block.

The transistors in the positive threshold and
negative threshold are always active. Transistors in the
positive and negative inputs blocks are active
depending upon the input pattern applied. The input
pattern applied for the positive inputs block is denoted
by {X1, X5, . . ., X, . Let N denote the number of inputs,
and | denote the number of positive inputs. Then the
number of negative inputs is N—I. The input pattern
applied for the negative inputs block is denoted by
{Xis1, Xpwzy - ooy Xn
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Fig. 6: Block diagram of DCCML TLG

Consider a function f, with a possible weight
configuration {wy, W, : Wy, Wa, W4}={2, 2:3, -1, —1}.
In the given weight configuration, we have two
positive weights w; and w, and two negative weights
wz and w,. Weights w; and w, are implemented in the
positive inputs section and weights wz and w, are
implemented in the negative inputs section. The
threshold weight wy is implemented in the positive
threshold section.

The current through the four blocks (positive
threshold, negative inputs, negative threshold, and
positive inputs) are denoted by lIpr , Iny, InT, and lp;
respectively. The currents through transistors Ps and Pg
are denoted by 15° and 15° . Here, 1p° = lpr + Iy and 1,°=
InT + 15 . Nodes OP and OPB are the output nodes. The
load capacitance is denoted by CL. The operation is
divided into three phases: the equalization phase, the
pre-evaluation phase, and the final-evaluation phase.
When clocks Clk1 and Clk2 are high, then the circuit is
in the equalization phase. When clocks Clk1 and Clk2
are low, then the circuit is in the pre-evaluation phase.
When CIk1 is low and CIk2 is high, then the circuit is
in the final-evaluation phase. See also Fig. 7.

It is noted that when the two clocks are not
completely aligned the operation of the gate is not
affected. The possible cases of misalignment are: 1) the
falling edge of CIk2 comes before the falling edge of

Clkl and 2) the falling edge of CIk2 comes after the
falling edge of CIk1.

Clk1

Voltage

Clk2

Time

Fig. 7: Clocks in DCCML.

In the first case, the current from the
differential part is equalized because of transistor N1
and the evaluation phase starts after the falling edge of
Clk1. In the second case, there will be no current from
the differential part as CIk2 is not active yet. Hence,
the pre-evaluation phase starts after the falling edge of
Clk2. The implementation avoids a very early arrival of
CIk1. In that case, a nonstable signal might result in
erroneous output.

If the current 1,° through the pMOS transistor
Pe is greater than the current I5° through the pMOS
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transistor P5, then the voltage at the output node OP
rises faster than the output node OPB. As a result, high
voltage is obtained at output node OP and low voltage
occurs at output node OPB. Otherwise, the voltage at
the output node OPB rises faster than the output node
OP. As a result, high voltage is obtained at the output
node O P B and low voltage is obtained at node OP.

In DCCML, the pMOS transistors Py, Py, Ps,
Ps and the pMOS transistors in the differential block
are used to provide the initial voltage at the output
nodes OP and OPB. Using Clk2, we restrict the current
flow from the differential block to the sensor block,
once initial voltage difference is established at the
nodes OP and OPB; in this way we stop the current
flowing from the differential block to the sensor block.
Using CIk2, we are able to minimize power
consumption in the circuit. Transistors Ps and Pg are
also used to isolate high capacitance circuit block (the
differential block) at the output nodes. Hence, in the
final evaluation phase the sensor block drives the load
capacitance as well as the capacitance from a single
transistor Ps or Ps. Delay is reduced because the
duration of the final evaluation phase is small. The
voltage at the output nodes OP and OPB and the
voltage difference (dV) at the output nodes OP and
OPB are shown in Fig. 8 for the three clock phases.

12

EqualizationPhase, Clk, =1V Evaluation Phase, Clk,=0V

/< Pre-Evaluation Phase, Clk,=0V & Clk =0V
L | 3 7] > Final Evaluction Phasc, Clky=0V & Clik,=1V
: /I
. K g f dv=s00mv
? F i
204 7 \ ci
° — X
Y .
....... Cik,
| - = VoltageatNodz0
/ A ~ = = VoltageatnodeO8
7 I\ i, QY
— - —

Time
Fig. 8: Voltage at output nodes OP and OPB and dV
during the three clock phases.

In particular, the delay of the DCCML is
divided into two time phases: the activation time and
the boosting time. The activation time is the time taken
by the circuit to develop an initial voltage difference at
the output nodes OP and OPB. The boosting time is the
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time taken by the DCCML to bring the initial voltage
to the correct voltage at the output nodes OP and OPB.

In the pre-evaluation phase, both the
differential part and the sensor part are active, and
therefore the activation time is not affected. In the final
evaluation phase, the differential part is kept inactive
using CIk2. Therefore, the effect of internal
capacitance due to the differential part is isolated.
Hence, it takes very little time to boost the outputs to
the final value. The power is also reduced due to the
isolation of the differential part.

IV. DELAY MINIMIZATION BY AN
APPROPRIATE SENSOR SIZE SELECTION

This section presents an analytical formula to
compute the sensor size that minimizes the gate delay.
Let N denote the number of inputs, N the sum of all
positive input weights, and T the sum of the threshold
weight and negative input weights Our analysis
assumes that all the input weights are connected in
parallel, and that each weight wi can be implemented
by wi unit width pMOS transistors connected in
parallel. This is an accurate assumption. We have
implemented TLG weights using a smaller number of
wider pMOS transistors connected in parallel and
SPICE simulations showed no difference in the
performance of the TLG. This is further explained in
the example below.

Example 2: Consider a threshold function where N, the
sum of positive input weights, is 11. Let also T , the
sum of the threshold weight and negative input
weights, be 4. In this function, we have (N, T) = (11,
4). Gates {11:4}, {6, 5: 4}, {5, 5, 1: 4}, {5, 4, 1, 1: 4},
{4,4,1,1,1: 4}, and {1,1,1,1,1,1,1, 1,1, 1, 1: 4}
were implemented in the 45-nm technology. SPICE
simulation shows an identical delay of 297 ps.

In the following, we will not differentiate
among functions for which the sum of all positive input
weights is N, and the sum of the negative input weight
and threshold weight is T. Since all these threshold
functions exhibit the same delay, these functions will
be denoted by the pair (N, T). The remaining focus is
on how to determine the optimum sensor that
minimizes the delay of any (N, T) function.
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The proposed method considers that the TLG
operates under an input pattern that exhibits the worst
case propagation delay, and then focuses on deriving
an analytical model that expresses TLG delay in terms
of the sensor size S in that setting. In a first step, we
identify the pattern that gives the highest delay for the
function. In a second step, we consider this worst case
scenario, and the delay will be expressed as a function
of the sensor size S. Then, we operate on that function
in order to optimize the sensor size S.

In the first step, it is shown that when T +1
inputs are active then the TLG exhibits its worst delay.
Let NA = Y wi, such that x; = 1. Such inputs i are
called active, and the respective pMOS transistors are
also called active. Assume that the initial current
flowing through an active minimum-sized pMOS is I,.
Then the current flowing through the threshold side of
the TLG is T - I ,, and the current flowing through the
input side for N inputs being active is Na - I,. To
obtain the worst case delay for logic 1 at the output
node O, the current difference 1o~ |y should be
minimum.

For logic 0, this current difference should also

be minimum. Since transistors on the threshold side are
always ON, the maximum delay for a rising transition
of the output is obtained when we have T + 1 active
transistors. Likewise, T — 1 active transistors tend to
obtain the worst case delay for a falling transition at the
output. However, it is known that the worst case delay
occurs for rising output transition [1]. Hence, a worst
case delay pattern is one that gives the least current
difference at nodes M1 and M2. The following is an
example where SPICE simulations confirm this
analysis.
Example 3: Consider a CMTLG implementation of a
function with T = 4, N = 11, and sensor size S = 10.
The input pattern that has T + 1 number of active
inputs gives the worst delay. Hence, the highest delay
encountered is NA = 5. Fig. 9 shows the delay of the
TLG using SPICE in 45-nm technology. When NA
varies in range [5], [11], the output transition is rising,
and the highest rising delay occurs when NA = 5.
When NA is in the range (0, 5) the transition at the
output is falling and in that case the delay is less.
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Fig. 9: CMTLG delay withN=11and T =4 as NA
varies.

Similar behavior has been observed for
different values of T and N. Furthermore, extensive
SPICE simulations have confirmed that the worst case
delay of DCML gates is obtained when No =T + 1 and
also occurs when the output is rising.

In the second step of the proposed method, it
is shown how to obtain an analytical expression that
approximates the time delay Tp as a function of the
sensor size S, given N and T . The delay time Tp is
divided into two phases: the activation time T, and the
boosting time Tg. The tradeoff among the two phases is
analyzed by varying the sensor size S and keeping all
the other parameters N, T, and N constant.

During the activation time, the major current
component is the current from the differential part.
From the schematics in Figs. 2 and 4, due to the
voltage difference at nodes O and OB, we conclude
that |l — It | is proportional to [Ny — T|. The time
requirement for the activation time will be inversely
proportional to the current. The time will be
proportional to a charge that depends on two
components: the voltage difference that is required at
the end of the activation phase and the capacitance that
the differential part is driving. This capacitance is the
difference in the differential capacitance N - Ci-T-
Cr , where C; and Cy are the unit capacitances of the
input part and the threshold part, the sensor
capacitance, which is S - C where C, is unit
capacitances of the sensor part, and the output
capacitance. The overall time required for activation
will be proportional to (N - C; — T - Cf +S - C, +
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CL/INA—TJ). Term (N - C; — T - Ct + CL/|Na — TJ) is
invariant to the sensor size and term (S - Cs /[Na — T|)
is proportional to S.

During the boosting time, the delay depends
on the current provided by the sensor. This current will
be proportional to the sensor size. The capacitance to
be charged will be the same as in the activation time.
(The voltage will be different, which does not depend
on the sensor size S.) Hence, the boosting time will be
proportional to (N - C; — T - Cr +S - Cs + CL/S). The
numerator is an approximation to the overall
capacitance connected to the outputs O and OB. The
boosting time consists of (S - C’s /S) = C’ , which is
invariable to the size of the sensor and (N - C; — T -
Cr + CL/S), which is inversely proportional to the
Sensor size.

We conclude that the gate delay consists of
three components TO, T1, and T2 defined below.
Component TO is invariant to S and that is the sum of
the invariant components of the activation time and the
invariable components of the boosting time, i.e., TO =
Cs+(N-C—T:-Cy +CL/NA — T|). Component T1
is proportional to the sensor size S and occurs during
the activation time, i.e., T1 = C - [(I/NA — T )|
Finally, component T2, which is inversely proportional
to the sensor size, occurs during the boosting time and
is equal to N - C;— T - Cy + CL. Concluding, the
overall time TD is estimated as

Tp=To+T-5§5+T2-

when
b-(N-C,—T-Cp)+CyL
INg =Tl-¢

1
--)
-

Ty=a-(Cs+
1

Na—T
Tr=d-(b-(N-C,—T-Cy)+Cp).

T.:d-(c;._

By applying regression analysis on SPICE simulations,
Tp is rewritten as

L
Tp=To+eo+Ti-S+er+Ta-c+e (2)

with €0 € (0, 5), el € (0, 20), and €2 € (0, 5). All the
ranges are expressed in picoseconds. Here a, b, ¢, and d
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are constants and their values are a=le — 9, b =1 for
CMTLG, DCML and b =0.1 for DCCML, ¢ =1e — 11,
and d = 3.86e — 2. Equation (3) gives the gate delay for
different sensor sizes for fixed values of N, T , N, and
C|_.

The final step of the proposed method
operates on (3) in order to derive sensor size Sopt,
which gives the minimum gate delay. Sensor size Sopt
is derived by applying the first derivative on (3) and
equating it to zero in order to find the minimum value
of TD. We have that

|
b-(N-C.=T-C.)+C
e = (( .G -T.Cpt u)_ .
C.‘;"J\'A_—I'|'?

The remainder of this section presents the corollaries
obtained by (3).

Corollary 1: The delay Tp decreases with an increase
in S, reaches an optimum value for some consecutive
values of S, and then increases as S increases. The
actual values of minimum S depend on N and T.

Corollary 2: For a sensor size that is smaller than the
optimum sensor size Sqy, the activation time T is low
and the boosting time TB is high. The activation time is
less because it has less capacitance and the output can
drive this small capacitance faster to develop an initial
voltage difference. In order to boost the initial voltage
difference, the back-to-back connected inverters must
be small. Hence, the boosting time is high.

Corollary 3: For a sensor size that is larger than the
optimum sensor size Sqy, the activation time T4 is high
and the boosting time Tg is low. The activation time is
high because it may have a large capacitance and the
output is slow to develop an initial voltage difference.
Large back-to-back connected inverters will boost the
initial voltage difference quickly.

Corollary 4: Tp decreases as S approaches Sopt and
then increases as S grows larger than Sopt. The
corollary is justified because the total delay Ty of TLG
is the sum of T, and T.

V. SIMULATION RESULTS
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This area shows the reenactment comes about
that exhibit the effect of the sensor measure
enhancement strategy in Section IV and the DCCML
approach in Section Ill. The assessment in this area
was led on arbitrarily chose edge rationale capacities
portrayed by the individual (N, T) values, where N
means the whole of the positive info weights and T
signifies the entirety of the limit weight and negative
information weights. Table | records a portion of the
capacities. The primary section in Table | gives the N
and T esteems. The second segment in Table | records
the positive information weights, trailed by ":", took
after by the edge weight, and after that by the negative
info weights. For instance, work (18, 9) in the seventh
line has three positive info weights and a negative
information weight.

TABLE |
FUNCTIONS THAT CORRESPOND TO
DIFFERENT VALUES OF N AND T PAIRS

N, T Input Weights
85 {4,2,2:5)
12,9 {4,4,2,2:9}
10,4 {5,3,2:4}
9,7 {3.3.3:7}
32,4 {3,3,5,5,5,5,6:4}
12,7 {6,2,2,2:7}
18,9 {8,5,5:6,3}
22,6 {4,3,7,8:6}
12,4 {3.3.6:4}
16,15 {2,2,2,2,2,2,2,2:15}
47,6 {3,2,2,8,8,8,8,8:6}
66,7 {2,2,2,2,8,8,888,9,9:7}
20,1 {2,22,22,2,2,22,22223337272232,
2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2:1}
42,3 {2,2,4,4,4,4,44.4.55:3}
77,5 {2,2,2,6,6,6,6,6,6,7,7,7,7,7:5}

Every one of the capacities were executed in
45-nm CMOS innovation with DCCML and the
methodologies in [1] and [11]. The clock voltages were
set to 1 V for high voltage and 0 V for low voltage, and
the heap capacitance CL was 30fF. The channel length
was set to the base an incentive for all transistors. All
the info pMOS transistors and limit pMOS transistors
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had a240 — nm width measure, which is the base
transistor width. Weights of significant worth higher
than one were executed by associating the unit-sized
pMOS transistors in parallel.

The initial segment of this segment exhibits
the point by point reenactments that decide the effect of
the proposed scientific technique in Section 1V, which
ascertains the ideal sensor measure Sopt utilizing the N
and T esteems and afterward a SPICE reproduction
decides the deferral for the Sopt esteem. Our
reproduction comes about considered all the (N, T)
works in Table I, and each capacity was actualized
with the CMTLG technique in [1], the DCML strategy
in [11], and the proposed approach in Section III.

Keeping in mind the end goal to decide the
effect of our proposed technique in Section IV, we
actualized an animal power tedious way to deal with
ascertain Sopt. Given a (N, T) work, this approach
chooses 100 distinctive sensor sizes inside a scope of
qualities that we guess that the ideal size exists,
ascertains the entryway delay by a SPICE reenactment,
and in the long run restores the sensor estimate Sopt
that outcomes in the base door delay. We call this
approach the iterative SPICE strategy. We take note of
that iterative SPICE is an extremely tedious technique
due, to some degree, to the huge number of steps that
we utilize at every reenactment: its execution time is
100 times slower than the proposed strategy in Section
IV, as the time required for each SPICE reproduction is
roughly 1 s, and this technique requires around 2 min
to execute per work. Interestingly, our technique in
Section IV executes in around 1 s for each capacity,
which is for all intents and purposes the execution time
for a SPICE reproduction.

Tables Il1- IV show the point by point comes
about that exhibit the prevalence of the Sopt ID
technique in Section IV for all the three usage
strategies. Specifically, Table Il exhibits the outcomes
when every (N, T) work is executed utilizing the
CMTLG approach in [1], Table Il introduces the
outcomes when each capacity is actualized utilizing the
CMTLG approach in [11], and Table IV when the
capacities were actualized utilizing the approach in
Section 1V.

TABLE Il
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Sopt AND MINIMUM DELAY (IN PS) WITH
ITERATIVE SPICE, THE ESTIMATE OF [1], AND
THE PROPOSED APPROACH IN SECTION 1V.
ALL (N, T) FUNCTIONS HAVE BEEN
IMPLEMENTED USING THE CMTLG APPROACH

Iterative SPICE Estimate in [1] Propased {Section IV}
NT
values Delay % delay %
v Delay L Delay Sept with overhead  improvement
(ps) (ps) calculste |compared | in delay over

08, Ioiterative | the estimate
SPICE inf1]

B35 150 | 3p42 4| s10p | 154 | 3848 016 39.83
129 1 67 | sess 6 - 154 | 3664 0.24
104 o
161 | 3668 5| 4793 | 163 | 38669 002 3063
a7 F ¢
160 | 362 45 | 4379 | 1 368.1 LAB 8%
A T 106 16 | am13 | 213 | 3978 047 085
= 165 | 3657 6 | 3031 | 160 | 3862 013 734
9 2
1839 172 | 3703 3 | 3l | 170 | 3721 048
25 | 57| e 11| 4768 | 187 | 3823 031 2471
124 .
162 | 3362 & | 5218 | 188 | 3376 041 5450
16,15
. 052 :
17.0 | 3813 & | 5036 | 149 | 3837 & s
476 -
2 4188 | 385 | 433 17 | an ! 328
66,7 . -
2 4422 3| assa | 68 | emas | 0% 186
0,1
220 | 4712 20 | 4901 | 2938 | 4751 0&z .
423
2
0.1 411 21 | 4128 | 234 | 2126 s o
7, 002 3z

455.6 385 490.5 288 465.7

Table Il concentrates on the CMTLG usage
[1]. For this execution, we additionally looked at the
effect of the proposed ideal size distinguishing proof
technique in Section 1V against another approach. In
particular, Bobba and Hajj [1] evaluated the ideal
sensor measure for a given estimation of N in a
CMTLG usage to be around (N/2)um. Notice that this
strategy did not mull over the estimation of T. All the
more essentially, the exhibited comes about
demonstrate that this estimation here and there neglects
to actualize the capacity effectively.

The accompanying blueprint the outcomes
recorded in Table Il. Section 1 records the (N, T)
elements of Table I. Segment 2 records the base sensor
estimate that was figured for each capacity utilizing the
iterative SPICE approach, and the best watched
entryway delay (in ps) by iterative SPICE is recorded
in segment 3. Section 4 records the estimation of Sopt
as recorded in [1], and the comparing entryway delay
(acquired by SPICE) is appeared in segment 5 of Table
I1. Segment 6 gives the ideal sensor estimate utilizing
the proposed strategy in Section 1V, and segment 7
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records the entryway delay (in ps) acquired by a SPICE
reproduction. For the second capacity where (N, T) =
(12, 9), the guess strategy in [1] brought about an
erroneous execution, and this is signified by "-"
Table II.

in

The outcomes in segments 2 and 6 in Table Il
demonstrate that the sensor sizes by the proposed
strategy and iterative SPICE are close for all the
recorded capacities actualized with CMTLG.
Conversely, the sensor measure evaluate in section 4 is
regularly altogether different. Segments 3 and 7
demonstrate that for each capacity, the door delay
when devouring iterative SPICE is practically
indistinguishable to that returned by the proposed
technique. Specifically, segment 8 demonstrates that
for each actualized work with CMTLG, the door delay
by our technique was close to 0.4% of the
postponement for the sensor measure registered when
devouring iterative SPICE strategy. Interestingly,
section 9 of Table Il demonstrates that the entryway
delays by our strategy were substantially less
(frequently more than 25% more) than the defers where
the sensor measure was controlled by [1].

TABLE 111
Sopt AND MINIMUM DELAY (IN PS) WITH
ITERATIVE SPICE AND THE PROPOSED
APPROACH IN SECTION IV. ALL (N, T)
FUNCTIONS HAVE BEEN IMPLEMENTED USING
THE DCML APPROACH IN [1]

Proposed (Section IV)
Delay with % delay overhead

Iterative SPICE

N, T Fepr Delay Sopr caloulated compared to
walues {psh Sape iterative SPICE
a5 10.5 269.3 11.5 2701 029
129 125 2711 11.5 272.3 0.44
10.4 110 273.0 121 2735 0.8
&7 117 | 2656 | 113 285.9 0.11
2.4 140 | 2960 | 159 2981 0.70
1.7 12.0 272.0 12.1 2721 0.03
18,9 133 | 2756 | 127 2768 0.43

e 13.5 383.4 14.0 384.1 .18
12,4 11.5 275.6 12.5 275.9 0.10
ik 130 | 2720 | 111 2740 0.73
4.6 16.2 314.8 17.7 316.8 0.63
<k 18,7 333.1 20,0 335.9 .54
£0.1 20.0 357.6 22.3 359.2 .44
42,3 15.0 0.7 17.5 3116 0.93
s 19.5 3513 215 353.9 074
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Table 11l considers work usage utilizing the
DCML strategy in [11]. In Table Ill, we look at the
sensor distinguishing proof technique for Section IV
with the tedious iterative SPICE strategy. Section 1
records the (N, T) elements of Table I, segment 2
records the base sensor measure that was figured for
each capacity utilizing iterative SPICE, and segment 3
the best watched door delay (in ps) by iterative SPICE.
Segment 4 gives the ideal sensor measure utilizing the
proposed strategy in Section 1V, and segment 5 records
the particular door delay (in ps). Similar to the case for
CMTLG usage, the outcomes in segments 2 and 4
demonstrate that the sensor estimate by the proposed
technique is near the best sensor sizes by iterative
SPICE for all the recorded capacities actualized with
DCML. For each capacity actualized with DCML,
segments 3 and 5 demonstrate that the entryway defer
where the sensor estimate was dictated when devouring
iterative SPICE is practically indistinguishable to the
door postpone where the sensor measure was
controlled by the proposed strategy in Section 1V. All
the more particularly, section 6 demonstrates that the
door delay by our technique was close to 0.93% of the
entryway delay by iterative SPICE.

TABLE IV
Sopt AND MINIMUM DELAY (IN PS) WITH
ITERATIVE SPICE AND THE PROPOSED
APPROACH IN SECTION IV. ALL (N, T)
FUNCTIONS HAVE BEEN IMPLEMENTED USING
THE APPROACH IN SECTION III

Iterative SPICE Proposed (Section V)

NT
Deelay with * delay overhead
Sope Delay Sape lewl L - P to
ips) exhaustive SPICE

£S5 212 192.7 2.4 192.8 005
=) 22.2 133.1 22.4 193.2 e
0.4 22.0 194.6 2.6 134.7 0.05
= 22.1 189.8 22.4 190.1 il
324 2.7 207.8 23.5 208.3 0.z4
Leg 220 193.7 225 193.9 0.07
189 224 196.8 2.7 196.9 0.4
B 225 | .z | 230 02.3 0.53
124 220 195.7 22.7 195.8 0.05
i 223 193.1 z2.4 193.7 031

232 216.6 za.1 2163 012
R 237 2296 738 2315 082
ok 25.0 245.9 256 2481 0.48
23.0 212.3 24.0 2136 061

239 2442 5.3 247.1 115
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Table IV expounds on work executions
utilizing the proposed DCCML technique in Section
I, and we demonstrate the effect of the sensor
recognizable proof strategy for Section IV contrasted
and iterative SPICE. Segment 1 records again all the
(N, T) works in Table I. Segment 2 shows the base
sensor measure for each capacity utilizing iterative
SPICE, and section 3 the best watched door delay (in
ps) by iterative SPICE. Segment 4 gives the ideal
sensor estimate got with the proposed technique in
Section IV, and segment 5 records the individual door
delay (in ps). Just like the case for CMTLG and DCML
executions, the outcomes in segments 2 and 4
demonstrate that the sensor sizes by the proposed
strategy and iterative SPICE are close for all the
DCCML usage. Segments 3 and 5 demonstrate that
when the sensor estimate was figured when devouring
iterative SPICE, it is constantly fundamentally the
same as the defer when the sensor measure was
immediately ascertained by the proposed technique in
Section V. Specifically, segment 6 demonstrates that
for every one of the capacities the DCCML delay with
the technique in Section IV was never over 1.15% of
the entryway delay by iterative SPICE.

The outcomes in Tables II- 1V obviously
show that free of the present mode execution
technique, the proposed diagnostic strategy in Section
IV computes a sensor measure for which the door has
for all intents and purposes ideal postponement.
Subsequently, (3) in Section IV ought to be utilized to
rapidly compute the transistor estimate for any (N, T)
work under any present mode usage.

In the second piece of this area, the present
mode usage in Section Il is contrasted and the TLG
current mode executions in [1] and [11] and in addition
the conventional CMOS outlines concerning entryway
delay (in ps) and also PDP, likewise alluded to as
exchanging vitality (in fJ). The capacities in Table |
were considered and the heap capacitance considered
for every one of these capacities was set to 30 fF.

In all the CMTLG strategies the sensor
estimate for each capacity was processed utilizing (3).
Enhanced non-TLG CMOS usage were acquired by
Synopsys Design Compiler utilizing two-NAND,
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three-NAND, and inverter doors. Like the composed
TLGs, least estimated transistors are considered as 240
nm.

TABLE V
GATE DELAY AND SWITCHING ENERGY WITH
THE CMTLG, DCML, DCCML (PROPOSED), AND
STANDARD CMOS IMPLEMENTATIONS FOR
ALL (N, T) FUNCTIONS IN TABLE |

CMTLG DCML DCCML (proposed) Standard CMOS

T Delay | PDP (1) Delay = PDP (fl) Delay  FDP{fl) Delay  PDP{fl}
1ps) (ps} (ps) ps)

85 1642 754 2693 7.86 192.7 4,52 19.68 113

129 4g3 | 13004 | 134

3655 | B36 | a7y | B33 1931

04 | jeeo | 730 | zmo | B03 | jeag | 479 | 21561 | L7S

8,7 208,92 1.71

62T 816 265.6 802 189.3 4.68

24 | jegq | 1001 | jogp | 980 | gg7g | 542 | pspyp | 1284
127 1857 B33 3730 827 1837 481 237.49 233

89 | 303 | B35 | z56 | B62 | 1068 498 | 258 | 216

2E | g, 919 | 3gzg | 1230 | ;2 5.13 rasag | BaS

124 215.61 175

362 | M gise | B3| gesy 4.81

16,15 241,18 2.48

|3 8% o 845 gE3 4.88
47,6 Mas | 1232 | 3qap | 1184 MEE 5.80 yec1g | 1346
867 | gaaz | 1543 3 | 1419 | g5 | 650 | zergn | 746
3L g: | 178 aspe | 1601 60 (Bt 20128 | 4nll

A3 g0 1094 gy | 1085 | app3 571 26393 | 1637

75 465.6 16.97 351.3 15.13 2442 7.01 265.63 15.13

Table V abridges this near examination for the
15 diverse limit rationale works in Table I. Table V is
partitioned into nine sections. Section 1 records the N
and T estimations of the capacities. For each capacity,
sections 2 and 3 demonstrate the door deferral and PDP
for the CMTLG execution [1]. Sections 4 and 5
demonstrate the entryway delay and the PDP for the
DCML usage [11]. Segments 6 and 7 demonstrate the
entryway deferral and PDP for the proposed DCCML
execution in Section Ill. At last, segments 8 and 9
demonstrate the door postponement and PDP acquired
utilizing standard CMOS execution.

Watch that the proposed DCCML execution
beat DCML and CMTLG for every one of the
capacities, and for a few capacities the DCCML
deferral and exchanging vitality were radically
decreased. For instance, for work (22, 6) both the
postponement and exchanging vitality were half of
those acquired by the other two executions. Likewise,
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sections 6 and 8 demonstrate that the DCCML delay
was constantly not exactly in standard CMOS
executions. The outcomes additionally demonstrate
that the PDP is altogether less for the bigger capacities
that have more than five information sources. Observe
that the advantages in both the deferral and PDP
increment as the capacities turn out to be more
unpredictable. For instance, for work (N, T) = (80, 1)
the postponement of our TL configuration is lessened
by 45 ps, though the PDP of the CMOS execution is
six times more than the proposed. The outcomes in
Table V plainly demonstrate that the proposed
DCCML strategy can be utilized to plan fast and
exchanging vitality productive capacities.

VI. CONCLUSION

The presented analytical method has been
proposed to identify quickly the transistor size in the
sensor component of a current mode implementation
that ensures very low gate delay (very close to the
minimum) to optimize performance., independent of
the current mode method used to implement the
threshold logic function. It has been observed that the
delay increases sub-linearly to the number of inputs of
current mode TLG. This resulted to the design of
current mode TLGs with large number of inputs whose
delay is significantly less than traditional CMOS. A
new current mode implementation method was also
proposed that outperforms existing implementations
both in gate delay as well as energy.
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