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Delay Analysis for Current Mode
Threshold Logic Gate Designs

Chandra Babu Dara, Themistoklis Haniotakis, Member, IEEE, and Spyros Tragoudas

Abstract— Current mode is a popular CMOS-based implemen-
tation 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 in
order to identify quickly the sensor size that minimizes the gate
delay. Simulation results on different gates implemented using the
optimum sensor size indicate that the proposed current mode
implementation method outperforms consistently the existing
implementations in delay as well as switching energy.

Index Terms— Current mode, operating speed, sensor sizing,
threshold logic gates (TLGs).

I. INTRODUCTION

XPONENTIAL savings in the performance of digital

circuits due to parameter scaling have disappeared [4].
Alternative  technologies, such as threshold logic
gates (TLGs), among others, can extend parallel processing
capabilities [4]-[8]. A TLG is an N-input device that
calculates the weighted sum of inputs [3]. Current mode,
monostable-bistable transition logic element, neuron MOS,
and single electron technology are a few examples for the
design of TLGs [6], [9], [10]. Some of these methodologies
are CMOS-based and the synthesis of efficient TLG-based
circuits becomes feasible [12], [15].

Logical processing in TLGs is more sophisticated than the
traditional Boolean gates, and TLGs can implement complex
logic functions [2]. In a TLG, weights are the principal
elements that define the functionality of a gate.

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
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is avoided. The equation representing the output of a TLG is
given as

1 if Ziwi-xi>wT
f: 0 if Ziwi'xi<wr (1)
N/A if Ziwi~xi=wr

where w; is the weight of the ith input, x; is the input
applied to the ith input, and wr 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 {wi,...,wp 1 Wr,Wpy1,...,WnN}.

Example 1: Consider a function f = x; 4+ x2 + x3 with
weight configuration (wi, wp, w3 wr), where wi, w2,
and w3 correspond to the weights of the inputs x1, x2, and x3,
respectively, and wr is the threshold weight. A possible
weight configuration is {wi,wa, w3 : wr} = {4,4,4 : 3},
where all the input weights are positive. When applying the
input pattern {x1, x2,x3} = {0,0, 1}, the weighted sum of
inputs is 4-0+4-0+4+4-1 > 3, and, according to (1), f = 1.
See also Fig. 1. Function fis denoted as {4, 4,4 : 3}. O

This paper considers implementations of threshold logic
functions using current mode. This is a popular CMOS-based
approach. All current mode implementation methods consid-
ered 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 Differen-
tial current mode logic (DCML) [11]. Section II reviews these
two approaches.

Section III 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 IV presents the second contribution of this paper,
which is an analytical approach to determine quickly and
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Fig. 1. Functionality of a TLG for a given weight configuration and input
pattern.
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Fig. 2. Current mode TLG [1].

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 III.
Section V presents simulation results that demonstrate the
accuracy of the optimum sensor identification method in
Section IV. It also presents results that show that the current
mode approach in Section III consistently outperforms those
in [1] and [11] on delay as well as switching energy. Finally,
Section VI concludes.

II. CMTLG AND DCML IMPLEMENTATIONS OF A
THRESHOLD LOGIC FUNCTION

This section presents two current mode designs in [1]
(called CMTLG) and in [11] (called DCML). The block
diagram of the CMTLG is shown in Fig. 2. It consists
of the differential part and the sensor part. The differential
part is subdivided into two parts: the threshold part and the
(positive) inputs part. The inputs part has pMOS transistors
that implement the positive input weights. The threshold part
has pMOS transistors that implement the threshold weight and
the negative input weights. Typically, a weight of value x is
implemented by connecting x minimum size pMOS transistors
in parallel. (Alternatively, it can be implemented by a single
pMOS transistor whose width is x times the minimum size.)
In both the parts, all the pMOS transistors are connected in
parallel. The total current flowing through the threshold part
is denoted by I7. The total current passing through the inputs
part is denoted by /4. For each applied input pattern, pMOS
active (ON) transistors correspond to input weights for inputs
that are assigned a logic value 1. The pMOS transistors that
implement the threshold weight are always active (ON).

The nodes connecting the differential part and the sensor
part on the input side and the threshold side are My and M>,
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Output voltages and their difference in the two clock phases for

respectively. The sensor part has three pMOS transistors
Pi, P>, P3, and four nMOS transistors Ny, N2, N3, and Ny
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 um.

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 cl/k is low, then the circuit
is in the evaluation phase [1]. In the equalization phase,
transistors N and N, are ON, nodes M| and M»> have the same
voltage because of transistor Nj, and nodes O and O B have
the same voltage because of transistor N (see also Fig. 2).
In the evaluation phase, transistors Ni and N, 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 OB [1].
If during the evaluation phase the threshold current exceeds
the active current, then the voltage at node OB rises faster
than that at node O [1].

Fig. 3 shows the two phases of clock, the voltage at the
output nodes O and OB, and the voltage difference between
the output 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 (200 ¢V) across the output
nodes O and OB [1]. In this phase, the difference between
I4 and I7 leads to a gradually increasing voltage difference
between the nodes M and M. The time taken by the CMTLG
to develop an initial voltage difference between the nodes O
and OB is called the activation time T4. 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 Tg. The boosting time depends mainly on the sensor part.

An alternative differential clock threshold logic implementa-
tion 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 Ir and I4,
respectively. The sensor part consists of four pMOS transistors,
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Fig. 4. Block diagram of differential current mode logic.
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labeled P;—P4, and six nMOS transistors, labeled N;—Ng.
The load capacitance Cp is applied to both the output
nodes O and OB.

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, nMOS transistors Ni, N>, N3, and Ng are active. Tran-
sistor N equalizes the voltage at nodes M and M;. Similarly,
transistor N> equalizes the voltage at nodes M3 and M. In the
equalization phase, transistors Ne 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 /4 is greater than the
threshold current I7, 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 I7 is greater than /4, then the voltage at OB
rises faster than the voltage at O and low voltage results at OB.

Fig. 5 shows the two phases of the clock, the
voltage at nodes O and OB, and the voltage difference
between O and OB (dV). The delay of DCML is divided
into the activation time T4 and the boosting time Tp.

III. 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 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
pMOS transistors Py - - - Ps 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>, P;, and Pg are
connected to Clky. Transistor N acts as an equalizing
transistor and it equalizes the voltage at nodes OP and OPB.
Transistors Ps5 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 {xi,x2,...,x7. 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 {xr41, X142, ..., xnN.

Consider a function f, with a possible weight configuration
{wi, w2 : wr, wz, wa}={2, 2:3, —1, —1}. In the given weight
configuration, we have two positive weights wijandw, and
two negative weights w3 and ws. Weights w; and wp are
implemented in the positive inputs section and weights w3
and wy are implemented in the negative inputs section. The
threshold weight wr 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 Ipt, InJ, INT, and Ipy, respectively. The currents
through transistors Ps and Pg are denoted by [ f, and 1}6,. Here,
I3 = Ipr + Iy; and IS = Iy + Ip;. Nodes OP and OPB
are the output nodes. The load capacitance is denoted by C .

The operation is divided into three phases: the equalization
phase, the pre-evaluation phase, and the final-evaluation phase.
When clocks Clky and Clk, are high, then the circuit is in
the equalization phase. When clocks Clk; and Clk, are low,
then the circuit is in the pre-evaluation phase. When Clk; is
low and Clk, 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 effected. The possible
cases of misalignment are: 1) the falling edge of Clky comes
before the falling edge of Clk; and 2) the falling edge of
Clky comes after the falling edge of Clk;. 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 Clky. In the second case, there will be no current
from the differential part as Clk; is not active yet. Hence, the
pre-evaluation phase starts after the falling edge of Clky. The
implementation avoids a very early arrival of Clk;. In that
case, a nonstable signal might result in erroneous output.
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Fig. 6. Block diagram of DCCML TLG.

If the current / 16, through the pMOS transistor Pg is greater

than the current / 15, through the pMOS transistor Ps, then the
voltage at the output node O P rises faster than the output
node O P B. As aresult, high voltage is obtained at output node
O P and low voltage occurs at output node O P B. Otherwise,
the voltage at the output node O P B rises faster than the output
node OP. As a result, high voltage is obtained at the output
node O PB and low voltage is obtained at node O P.

In DCCML, the pMOS transistors P, P», P5, Ps and
the pMOS transistors in the differential block are used to
provide the initial voltage at the output nodes O P and O P B.
Using Clk;, 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 Clk,, we are able to minimize power
consumption in the circuit. Transistors P; 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 Pg. 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 O P and O PB are shown
in Fig. 8 for 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
O PB. The boosting time is the 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 Clk2. Therefore, the effect of internal
capacitance due to the differential part is isolated. Hence,

Pre-Evaluation Phase
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Fig. 7. Clocks in DCCML.
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Fig. 8. Voltage at output nodes OP and OPB and dV during the three clock
phases.

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.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

DARA et al.: DELAY ANALYSIS FOR CMTLG DESIGNS

Our analysis assumes that all the input weights are con-
nected in parallel, and that each weight w; can be implemented
by w; 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 7', 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, 7). The
remaining focus is on how to determine the optimum sensor
that minimizes the delay of any (V, T) function.

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 No4 = > wj, such

that x; = 1. Such inputs i are called active, and thelrespective
pMOS transistors are also called active. Assume that the initial
current flowing through an active minimum-sized pMOS is /.
Then the current flowing through the threshold side of the TLG
is T -1p, and the current flowing through the input side for N4
inputs being active is Na - I,. To obtain the worst case delay
for logic 1 at the output node O, the current difference 14 — It
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 M. The following is an example
where SPICE simulations confirm this analysis.

Example 3: Consider a CMTLG implementation of a func-
tion with T =4, N = 11, and sensor size S = 10. The input
pattern that has 7' 4 1 number of active inputs gives the worst
delay. Hence, the highest delay encountered is N4 = 5. Fig. 9
shows the delay of the TLG using SPICE in 45-nm technology.
When N4 varies in range [5], [11], the output transition

600

500 R T

400 e
R *® e, ‘e,
€ 300 “te.
200
(]
8100

0 I I I I I I I I I 1
123b56_7_891011
Number of Active inputs, N,
Fig. 9. CMTLG delay with N =11 and T =4 as Ny varies.

is rising, and the highest rising delay occurs when N4 = 5.
When Ny is in the range (0, 5) the transition at the output is
falling and in that case the delay is less. g

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 Ny = 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 T4 and the boosting time Tp. The tradeoff among the two
phases is analyzed by varying the sensor size S and keeping
all the other parameters N, T, and N4 constant.

During the activation time, the major current component
is the current from the differential part. From the schemat-
ics in Figs. 2 and 4, due to the voltage difference at
nodes O and OB, we conclude that |/4 — I7| is proportional
to |[Ng — 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 - C; - T - C/T, where C; and C/T are the
unit capacitances of the input part and the threshold part,
the sensor capacitance, which is § - C/s where C/S is unit
capacitances of the sensor part, and the output capacitance.
The overall time required for activation will be propor-
tional to (N-C; =T -Cy+S-Cs+ Cp/INa—T]|). Term
(N - C; -T- C/T + Cr/|N4g — T]) is invariant to the sensor
size and term (S - C/S/|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- C/T +S- C/S +CL/S).
The numerator is an approximation to the overall capacitance
connected to the outputs O and OB. The boosting time consists
of (§- C/S/S) = C/S, which is invariable to the size of
the sensor and (N - C; —-T- C/T + CL/S), which is inversely
proportional to the sensor size.
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We conclude that the gate delay consists of three compo-
nents Ty, 71, and 7> defined below. Component Ty 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, ie., Ty = Cg + (N-C,—T-Cp+Cr/INa —T)).
Component 77 is proportional to the sensor size S and occurs
during the activation time, i.e., 7] = C/S - |(1/Ng = T).
Finally, component 7, which is inversely proportional to the
sensor size, occurs during the boosting time and is equal
to N - C; —-T- C/T + Cr. Concluding, the overall time Tp
is estimated as

1
TD=T0+T1'S+T2'§
when
b-(N-C,—T-Cp)+Cp
INA —T|-c
1 1
-

A—T
Ty=d-(b-(N-C;—T-Cy)+CL).

To a°(C/S+

T -
c

d-(C/S-‘N

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

1
TD=T0+€0+T1‘S+81+T2'§+32 (2)

with g9 € (0,5), 1 € (0,20), and & € (0,5). All the ranges
are expressed in picoseconds. Here a, b, ¢, and d are constants
and their values are a = le — 9, b = 1 for CMTLG, DCML
and b = 0.1 for DCCML, ¢ = 1le — 11, and d = 3.86e — 2.
Equation (3) gives the gate delay for different sensor sizes for
fixed values of N, T, N4, and Cy.

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 7p. We have that

(b-(N-C; —T-Cy)+Cp)

' 1 1
CS"NFT"Z

3)

Sopt =

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 7.

Corollary 2: For a sensor size that is smaller than the
optimum sensor size Sop, the activation time T4 is low and
the boosting time T 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 Sopt, the activation time T4 is high and
the boosting time Tp is low.
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TABLE I

FUNCTIONS THAT CORRESPOND TO DIFFERENT
VALUES OF N AND T PAIRS

N, T Input Weights
8,5 {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 {2,2,2,2,8,8,8,8,8,9,9:7}
80,1 {2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,
2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2:1}
42,3 {2,2,4,4,4,4,4,4,4,5,5:3}
77,5 {2,2,2,6,6,6,6,6,6,7,7,7,7,7:5}

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 Sqpt and then
increases as S grows larger than Sopt.

The corollary is justified because the total delay Tp of TLG
is the sum of T4 and Tp.

V. SIMULATION RESULTS

This section presents the simulation results that demonstrate
the impact of the sensor size optimization method
in Section IV and the DCCML approach in Section III.
The evaluation in this section was conducted on randomly
selected threshold logic functions described by the
respective (N, T) values, where N denotes the sum of
the positive input weights and 7 denotes the sum of the
threshold weight and negative input weights. Table I lists
some of the functions. The first column in Table I provides
the N and T values. The second column in Table I lists
the positive input weights, followed by “:”, followed by the
threshold weight, and then by the negative input weights.
As an example, function (18, 9) in the seventh row has three
positive input weights and a negative input weight.

All the functions were implemented in 45-nm CMOS tech-
nology with DCCML as well as the approaches in [1] and [11].
The clock voltages were set to 1 V for high voltage and 0 V
for low voltage, and the load capacitance C; was 30fF. The
channel length was set to the minimum value for all transistors.
All the input pMOS transistors and threshold pMOS transistors
had a240 — nm width size, which is the minimum transistor
width. Weights of value higher than one were implemented by
connecting the unit-sized pMOS transistors in parallel.

The first part of this section presents the detailed simulations
that determine the impact of the proposed analytical method
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TABLE 11
Sopt AND MINIMUM DELAY (IN PS) WITH ITERATIVE SPICE, THE

ESTIMATE OF [1], AND THE PROPOSED APPROACH IN SECTION IV.
ALL (N, T) FUNCTIONS HAVE BEEN IMPLEMENTED USING
THE CMTLG APPROACHIN [1]

Iterative SPICE Estimate in [1] Proposed (Section 1V)
NT
values Delay % delay %
¥ opt Delay S opt Delay Sopt with overhead  improvement
(ps) (ps) calculate compared  in delay over
dS,, toiterative | the estimate
SPICE in[1]
85 15.0 364.2 4 5101 154 | 3648 0.16 39.83
12,9 :
167 = 3655 6 - 154 | 3664 0.24
10,4
161 | 366.8 5 | 4793 | 163 | 366.9 0.02 30.63
9,7
160 = 3627 45 | 4379 152 | 368.1 148 18.96
324 185 39 16 = 4013 @ 213 | 3979 0.47 0.85
12,7
’ 16.5 365.7 6 3931 160  366.2 0.13 7.34
18,9
8 17.2 370.3 9 3916 170 @ 3721 0.48 5.24
22,6
17.7 | 3811 11 = 4768 187 & 3823 031 24.71
12,4
162 3362 6 5218 168 | 337.6 041 54.56
16,15
170 = 3813 8 | 5036 149 @ 3837 ot S
47,6
225 | 4188 | 285 | 4335 | 237 | 4197 021 3.28
66,7
275 | 4422 33 | 4553 268 | 4426 0D 2433
80,1
320 4712 40 | 4901 @ 298 | 475.1 0.82 315
423
20.1 411 21 | 4128 | 234 | 4126 0t O
77,5
287 | 4656 | 385 | 4905 = 288 | 4657 0.02 532

in Section IV, which calculates the optimum sensor size Sopt
using the N and T values and then a SPICE simulation
determines the delay for the Sop value. Our simulation results
considered all the (N, T) functions in Table I, and each function
was implemented with the CMTLG method in [1], the DCML
method in [11], and the proposed approach in Section III.

In order to determine the impact of our proposed method
in Section IV, we implemented a brute-force time-consuming
approach to calculate Sopi. Given an (N, T) function, this
approach selects 100 different sensor sizes within a range
of values that we speculate that the optimum size exists,
calculates the gate delay by a SPICE simulation, and even-
tually returns the sensor size Sop¢ that results in the minimum
gate delay. We call this approach the iterative SPICE method.
We note that iterative SPICE is a very time-consuming method
due, in part, to the large number of steps that we employ at
each simulation: its execution time is 100 times slower than
the proposed method in Section IV, as the time required for
each SPICE simulation is approximately 1 s, and this method
requires approximately 2 min to execute per function. In con-
trast, our method in Section IV executes in approximately
1 s per function, which is practically the execution time for a
SPICE simulation.

Tables II-IV present the detailed results that demonstrate
the superiority of the Sop¢ identification method in Section IV
for all the three implementation methods. In particular,
Table II presents the results when each (N, T) function is
implemented using the CMTLG approach in [1], Table III

TABLE III
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]
Iterative SPICE Proposed (Section 1V)

Delay with % delay overhead

N,T Sopt Delay Sopt calculated compared to

values (ps) Sopt iterative SPICE
8,5 105 = 2693 | 115 270.1 0.29
g22 125 2711 | 115 2723 0.44
104 110 | 2730 | 121 2735 0.18
97 117 = 2656 @ 113 265.9 0.11
324 140 | 2960 | 159 298.1 0.70
227 120 2720 | 121 2721 0.03
189 133 | 2756 | 127 276.8 0.43
225 135 3834 | 140 384.1 0.18
124 115 = 2756 | 125 275.9 0.10
dols 130 2720 @ 111 274.0 0.73
478 162 3148 | 177 316.8 0.63
66,7 187 3331 | 200 3359 0.84
801 200 3576 @ 223 359.2 0.44
423 150 3087 @ 175 3116 0.93
775 195 | 3513 | 215 3539 0.74

TABLE 1V

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 IV)

NT
Delay with % delay overhead
S Delay Sopt  calculated S, compared to

(ps) exhaustive SPICE
85 212 | 1927 | 224 192.8 0.05
129 222 | 1931 | 224 193.2 0.02
104 220 | 1946 | 22.6 194.7 0.05
22 221 1898 = 224 190.1 0.15
324 227 | 2078 | 235 208.3 0.24
27 220 1937 | 225 193.9 0.07
185 24 | 1968 | 227 196.9 0.04
226 225 2012 @ 230 202.3 0.53
124 220 1957 | 227 195.8 0.05
S 223 1931 224 193.7 031
476 232 | 2166 | 241 216.9 0.12
66,7 237 | 2296 @ 248 2315 0.82
801 250 | 2469 | 256 248.1 048
s 230 2123 240 213.6 0.61
775 239 | 2442 | 253 247.1 115

presents the results when each function is implemented using
the CMTLG approach in [11], and Table IV when the functions
were implemented using the approach in Section IV.

Table II focuses on the CMTLG implementation [1]. For this
implementation, we also compared the impact of the pro-
posed optimum size identification method in Section IV
against another approach. Namely, Bobba and Hajj [1]
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estimated the optimum sensor size for a given value of N
in a CMTLG implementation to be approximately (N/2)um.
Notice that this method did not take into consideration the
value of 7. More significantly, the presented results show that
this approximation sometimes fails to implement the function
correctly. The following outline the results listed in Table II.
Column 1 lists the (N, T) functions of Table I. Column 2 lists
the minimum sensor size that was calculated for each function
using the iterative SPICE approach, and the best observed
gate delay (in ps) by iterative SPICE is listed in column 3.
Column 4 lists the approximation of Sop; as listed in [1], and
the corresponding gate delay (obtained by SPICE) is shown
in column 5 of Table II. Column 6 gives the optimum sensor
size using the proposed method in Section IV, and column 7
lists the gate delay (in ps) obtained by a SPICE simulation. For
the second function where (N, T) = (12, 9), the approximation
method in [1] resulted in an incorrect implementation, and this
is denoted by “—” in Table II.

The results in columns 2 and 6 in Table II show that the
sensor sizes by the proposed method and iterative SPICE
are very close for all the listed functions implemented with
CMTLG. In contrast, the sensor size estimate in column 4
is often very different. Columns 3 and 7 show that for each
function, the gate delay by the time-consuming iterative SPICE
is almost identical to that returned by the proposed method.
In particular, column 8 shows that for each implemented
function with CMTLG, the gate delay by our method was
no more than 0.4% of the delay for the sensor size computed
by the time-consuming iterative SPICE method. In contrast,
column 9 of Table II shows that the gate delays by our method
were much less (often over 25% more) than the delays where
the sensor size was determined by [1].

Table III considers function implementations using the
DCML method in [11]. In Table III, we compare the sensor
identification method of Section IV with the time-consuming
iterative SPICE method. Column 1 lists the (N, T) func-
tions of Table I, column 2 lists the minimum sensor size
that was calculated for each function using iterative SPICE,
and column 3 the best observed gate delay (in ps) by itera-
tive SPICE. Column 4 gives the optimum sensor size using
the proposed method in Section IV, and column 5 lists the
respective gate delay (in ps). As was the case for CMTLG
implementations, the results in columns 2 and 4 show that the
sensor size by the proposed method is very close to the best
sensor sizes by iterative SPICE for all the listed functions
implemented with DCML. For each function implemented
with DCML, columns 3 and 5 show that the gate delay where
the sensor size was determined by the time-consuming iterative
SPICE is almost identical to the gate delay where the sensor
size was determined by the proposed method in Section IV.
More specifically, column 6 shows that the gate delay by our
method was no more than 0.93% of the gate delay by iterative
SPICE.

Table IV elaborates on function implementations using the
proposed DCCML method in Section III, and we show the
impact of the sensor identification method of Section IV
compared with iterative SPICE. Column 1 lists again all
the (N, T) functions in Table I. Column 2 presents the
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TABLE V

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

CMTLG DCML DCCML (proposed) Standard CMOS
N1 PDP (fl) Delay
(ps)

192.7

PDP (fJ) Delay
(ps)

219.68

Delay PDP (fJ)

(ps)

PDP (f)) Delay

(ps)

85 7.54 269.3 7.86 452 113

364.2

123 365.5 8.36 271.1 833 1931 4383 230.14 1.24

104 366.8 7.94 273.0 8.08 194.6 4.79 215.61 1.75

9,7 208.92 171

362.7 8.16 265.6 8.02 189.8 4.69

324 | 3960 1011 | 960 | 980 | 2078 542 | 25516 @ 1284

127 3657 @ 823 272.0 8.27 193.7 4.81 23749 233

18,9 245.89 2.16

370.3 8.85 275.6 8.62 196.8 4.98

22,6 9.19 12.30 5.13 8.45

1.75

201.2 235.48

215.61

381.1 383.4

12,4 7.44 8.28 4.81

336.2 275.6 195.7

16,15 241.18 2.48

8.99 8.45 4.88

3813 272.0 193.1

47,6 12.32 11.84 5.80 13.46

418.8 314.8 216.6 255.16

&5 4422 1549 | 3331 14.19 229.6 6.50 268.01 7.46

80,1 17.83 16.12 7.13 42.11

471.2 357.6 246.9 291.28

42,3 10.94 10.85 5.71 16.37

411.0 308.7 212.3 263.93

77,5 16.97 15.13 7.01 15.13

465.6 351.3 244.2 265.63

minimum sensor size for each function using iterative SPICE,
and column 3 the best observed gate delay (in ps) by iterative
SPICE. Column 4 gives the optimum sensor size obtained with
the proposed method in Section IV, and column 5 lists the
respective gate delay (in ps). As was the case for CMTLG
and DCML implementations, the results in columns 2 and 4
show that the sensor sizes by the proposed method and
iterative SPICE are close for all the DCCML implementa-
tions. Columns 3 and 5 show that when the sensor size was
calculated by the time-consuming iterative SPICE, it is always
very similar to the delay when the sensor size was quickly
calculated by the proposed method in Section IV. In particular,
column 6 shows that for all the functions the DCCML delay
with the method in Section IV was never more than 1.15% of
the gate delay by iterative SPICE.

The results in Tables II-IV clearly indicate that independent
of the current mode implementation method, the proposed
analytical method in Section IV calculates a sensor size for
which the gate has practically optimum delay. Therefore, (3)
in Section IV should be used to quickly calculate the tran-
sistor size for any (N, T) function under any current mode
implementation.

In the second part of this section, the current mode imple-
mentation in Section III is compared with the TLG current
mode implementations in [1] and [11] as well as the traditional
CMOS designs with respect to gate delay (in ps) as well as
PDP, also referred to as switching energy (in fJ). The functions
in Table I were considered and the load capacitance considered
for all these functions was set to 30 fF.

In all the CMTLG methods the sensor size for each func-
tion was computed using (3). Optimized non-TLG CMOS
implementations were obtained by Synopsys Design Compiler
using two-NAND, three-NAND, and inverter gates. Similar to
the designed TLGs, minimum sized transistors are considered
as 240 nm.
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Table V summarizes this comparative study for the 15 dif-
ferent threshold logic functions in Table I. Table V is divided
into nine columns. Column 1 lists the N and T values of
the functions. For each function, columns 2 and 3 show the
gate delay and PDP for the CMTLG implementation [1].
Columns 4 and 5 show the gate delay and the PDP for the
DCML implementation [11]. Columns 6 and 7 show the gate
delay and PDP for the proposed DCCML implementation
in Section III. Finally, columns 8 and 9 show the gate delay
and PDP obtained using standard CMOS implementation.

Observe that the proposed DCCML implementation out-
performed DCML and CMTLG for all the functions, and
for some functions the DCCML delay and switching energy
were drastically reduced. As an example, for function (22, 6)
both the delay and switching energy were almost half of
those obtained by the other two implementations. In addition,
columns 6 and 8 show that the DCCML delay was always
less than in standard CMOS implementations. The results
also show that the PDP is significantly less for the larger
functions that have more than five inputs. It is important to
observe that the benefits in both the delay and PDP increase
as the functions become more complex. As an example, for
function (N, T) = (80, 1) the delay of our TL design is reduced
by 45 ps, whereas the PDP of the CMOS implementation is six
times more than the proposed. The results in Table V clearly
indicate that the proposed DCCML method can be used to
design high-speed and switching energy efficient functions.

VI. CONCLUSION

An 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), independent of the current mode method used
to implement the threshold logic function. 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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