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Abstract. The main result is the development, and delay comparison
based on Logical Effort, of a number of high speed circuits for common
arithmetic and related operations using threshold logic. The designs in-
clude 8 to 64-input AND, 4-bit carry generate, and the carry-out of
a (7,3) parallel (population) counter. The circuits are designed using
both domino gates and the recently proposed CMOS Charge Recycling
Threshold Logic (CRTL). It is shown that compared to domino, the
CRTL design examples are typically between 1.3 and 2.7 times faster
over a wide range of load values, while presenting the same input capac-
itance to the driver.

1 Introduction

As the demand for higher performance very large scale integration processors
with increased sophistication grows, continuing research is focused on improving
the performance and power dissipation of the arithmetic and other units.

The aim of this paper is firstly to propose a Logical Effort (LE) [3] based
delay model for CRTL gates. Secondly, this model is used as the basis for demon-
strating the performance advantage of Charge Recycling Threshold Logic [2] over
conventional CMOS dynamic logic for a range of circuits used in processor dat-
apaths. The proposed circuits include very wide AND, 4-bit carry, and (7,3)
counter critical path. The main motivation for using an LE based delay compar-
ison is the desire to avoid the common and largely unsatisfactory presentation of
circuit performance results commonly found in the literature in the form of delay
numbers with insufficient information to allow comparison across processes and
loading conditions.

We begin in Section Plby giving a brief overview of threshold logic, including
a description of CRTL. Section [3 briefly reviews Logical Effort and presents the
delay model for CRTL gates. The circuit design examples are presented and
evaluated in Section Ml Finally a conclusion and suggestions for future work are
given in Section
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2 Threshold Logic AND CRTL

Threshold logic (TL) was introduced over four decades ago, and over the years
has promised much in terms of reduced logic depth and gate count compared to
conventional logic-gate based design. Efficient CMOS TL gate implementations
have recently become available, and a small number of applications based on TL
gates have demonstrated its ability to achieve high operating speed, low power
dissipation and significantly reduced area [IJ.

A threshold logic gate is functionally similar to a hard limiting neuron. The
gate takes n binary inputs x1,2o,. . . .z, and produces a single binary output y. A
linear weighted sum of the binary inputs is computed followed by a thresholding
operation. The Boolean function computed by such a gate is specified by the gate
threshold, T', and the weights w1 ,ws,. . . ;w,,, where w; is the weight corresponding
to the i*" input variable x;. The binary output y is given by

o 1, if Z?:l W; Ty > T
y= {O, otherwise. (1)

A TL gate can be programmed to realize many distinct Boolean functions
by adjusting the threshold T'. For example, an n-input TL gate with T" = n
will realize an n-input AND gate and by setting 7" = n/2, the gate computes a
majority function. This versatility means that TL offers a significantly increased
computational capability over conventional NAND-NOR-NOT logic.

We now briefly describe the realization for CMOS threshold gates presented
in [2]. Fig.[l shows the circuit structure. The sense amplifier (cross coupled tran-
sistors M1-M4) generates output y and its complement y;. Precharge and evalu-
ate is specified by the enable clock signal E and its complement F;. The inputs
x; are capacitively coupled onto the floating gate ¢ of M5, and the threshold is
set by the gate voltage ¢ of M6. The potential ¢ is given by ¢ = 3" | C;x;/Cyor,
where Cio is the sum of all capacitances, including parasitics, at the floating
node. Weight values are thus realized by setting capacitors C; to appropriate
values. These capacitors may be implemented between the polysilicon-1 and
polysilicon-2 layers.

The enable signal, E, controls the precharge and activation of the sense
circuit. The gate has two phases of operation, the evaluate phase and the equalize
phase. When FE; is high the output voltages are equalized. When E' is high, the
outputs are disconnected and the differential circuit (M5-M7) draws different
currents from the formerly equalized nodes y and y;. The sense amplifier is
activated after the delay of the enable inverters and amplifies the difference in
potential now present between y and y;, accelerating the transition to full swing.
In this way the circuit structure determines whether the weighted sum of the
inputs, ¢, is greater or less than the threshold, ¢, and a TL gate is realized. For
full details, please refer to [2].
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Fig.1. The CRTL gate circuit and Enable signals.

3 Logical Effort

Logical effort (LE) is a design methodology for estimating the delay of CMOS
logic circuits [3]. It provides a means to determine the best number of logic
stages, including buffers, required to implement a given logic function, and to
size the transistors to minimize the delay.

The total delay of a gate, d, is comprised of two parts, an intrinsic parasitic
delay p, and an effort delay, f = gh:

d = (gh+p)r. (2)

The delay unit 7 is the delay of an inverter driving an identical copy of itself,
without parasitics. This normalization enables the comparison of delay across
different technologies. The parasitic delay is largely independent of the transistor
sizes in the gate. The effort delay, gh, depends on the ratio of the sizes of the
transistors in the gate to the load capacitance and the complexity of the gate.
The former term is called electrical effort, h, and the latter is called logical effort,
g. The logical effort, g, characterizes the gate complexity, and is defined as the
ratio of the input capacitance of the gate to the input capacitance of an inverter
that can produce equal output current. By definition an inverter has a logical
effort of 1. These considerations may be extended to the treatment of delay
through a chain of N gates, to minimize the total path delay for a given load
and input capacitance.
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The path effort, F', is given by the product of the path logical effort, the path
branching effort and the path electrical effort, FF = GBH. The path delay, D,
is minimized when each stage in the path bears the same stage effort and the
minimum delay is achieved when the stage effort is fin = gih: = FYN_ This
leads to the main result of logical effort, which is the expression for minimum
path delay Dy, = NFYN +3 p;.

The accuracy of the delay predicted by LE for any gate can be improved by
calibrating the model by simulating the delay as a function of load (electrical
effort) and fitting a straight line to extract parasitic delay, p, and the logical
effort, g. We will use this technique to develop a calibrated logical effort based
model for the delay of the CRTL gates. For a full understanding of this paper
the reader should be familiar with logical effort, for details refer to [3].

4 The CRTL Delay Model

We begin by providing a set of assumptions which will simplify the analysis, a
proposed expression for the worst case delay of the CRTL gate and a derivation
of the model’s parameters. The TL gate is assumed to have n logic inputs (fanin)
and T is the threshold of the gate. The potential of the gate of transistor M6, ¢,
in Fig. [l is given by t = (T'/n) X Vgq. In the worst case, the voltage ¢ takes the
values ¢ =t & 6/2, where 9§ is given by 6 = Vgq/n.

The worst case (greatest delay) condition occurs when the difference between
¢ and t is minimal. The value of ¢ = ¢t — §/2 corresponds to the rising and
falling edges of the nodes Q and Qy, respectively, in Fig. [T and conversely for
p=1t+5/2.

The gate inputs are assumed to have unit weights, ie. w; = 1, since the delay
depends only on the value of ¢ and t. Also, without loss of generality, we will
assume positive weights and threshold. Since the gate is clocked, we will measure
average 50% transition delay from the clock F to Q; and Qy;. Generally, the delay
will depend on the threshold voltage, ¢, the step size, §, and the capacitive output
load on @; and Qp;. To simplify the analysis, we will fix the value of ¢ at 1.5
V. This value is close to the required gate threshold voltage in typical circuit
applications. The delay is not strongly dependent on the actual gate threshold,
so the subsequent results are valid over a wide range of threshold voltages, t.
Therefore, for modeling purposes, the worst case delay is assumed to depend
only on the fan-in and gate loading, and allows us to propose a model based on
expressions similar to those for conventional logic based on the theory of logical
effort.

The delay of the CRTL gate may be expressed as Equation (B]). This delay
is the total delay of the sense amplifier and the buffer inverters connected to @
and @)y, and depends on the load, h, and the fanin, n, as follows

dp—qi = {g(n)h + p(n)}7. (3)

The load, h, is defined as the ratio of load capacitance on @; (we assume the
loads on @); and Qy; are equal) and the CRTL gate unit weight capacitance. Both
logical effort and parasitic delay in Equation (@) are a function of the fanin.
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Table 1. Extracted CRTL gate logical effort, g, parasitic delay, p, parameters for
n = 2 to 60 and h = 0 to 20 for the 0.35 um, 3.3 V, 4M/2P process at 75°C and the
gate delay normalized to FO4 for h = 1, 5 and 10.

n| g | pl|dE—>qi|dE—qi,|dE—Qi,
h=1 h=5 | h=10
210.346|2.5| 0.55 0.82 1.15
510.357(3.3| 0.71 0.98 1.33
10/0.365(4.0| 0.84 1.13 1.48
15]0.376|4.3| 0.90 1.19 1.56
2010.375(4.7| 0.98 1.27 1.63
30(0.400(5.0] 1.04 1.35 1.74
4010.424(5.1| 1.07 1.40 1.80
5010.439(5.2| 1.09 1.43 1.85
60(0.460(5.2| 1.09 1.45 1.90

The gates used in this work are modeled using an industrial 0.35 pm, 3.3V,
4M /2P process technology at 75°C. The delay unit 7 is 40 ps, pin, is 1.18 and
simulated FO4 (fan out of four inverter) delay is 204 ps.

The values of g and p in Equation (B) were extracted by linear regression
from simulation results for a range of fanin from n = 2 to 60 while the electrical
effort was swept from h = 0 to 20 as shown in Table[I] The Table also gives the
absolute gate delay for three values of electrical effort, h = 1, 5 and 10, where h
is the ratio of the load capacitance to the unit input capacitance.

By fitting a curve to the parameters g and p, CRTL gate delay may be
approximated in closed form by

de—qgi = {(0.002n 4+ 0.34)h + In(n) + 1.6} 7. (4)

In order to use the parameters in Table[d and Equation (@), it is necessary to
compensate for the parasitic capacitance at the floating gate of M5. The parasitic
capacitance, C), contributes to a reduced voltage step, J, on the gate of M5 in
Fig. [[l with respect to the threshold voltage, t. This reduction in § is equivalent
to an increased value for the fanin. This effective fanin, n.rs, is given by

T O +C
Neff = {szn C. . } no, (5)
=17

where ng is the number of inputs to the gate and n.s¢ is the value used to
calculate the delay. Typically, for a large fanin CRTL gate, by far the major
contribution to the parasitic capacitance will be from the bottom plate of the
floating capacitors used to implement the weights. In the process used in this
work, this corresponds to the polyl plate capacitance to the underlying n-well
used to reduce substrate noise coupling to the floating node. For a 32-input
CRTL gate with 3.37 fF poly1-poly2 unit capacitors (4um?), the extracted layout
parasitic capacitance of polyl to substrate is 29 fF, and the Z?zl C; = 32 x
3.37 = 108 {F. From Equation (@) the effective fanin to be used in the delay
calculation is ((108429)/108) x 32 ~ 41.
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5 Design Examples and Comparison

In order to illustrate the application of the model presented in the previous Sec-
tion, the delay of wide AND gates used in ALUs, the 4-bit carry generate function
used in adders, and and the carry-out of a (7,3) parallel counter, designed us-
ing both domino and CRTL are evaluated and compared. In all examples the
transistors of the domino circuits (first stage only for multi stage circuits) are
sized to present the same input capacitance as the minimum sized inverter (1.8
pum of gate width, minimum length), which is approximately equal to the CRTL
unit weight input capacitance, to ensure all designs affect the delay of the driver
equally.

5.1 Wide AND

As the first example, we consider the design of wide AND gates used for example
in ALUs for zero detection. The minimum delay domino trees for 8 to 64 inpus are
listed in Tablel] e.g. 4, 4, 2 denotes a 3 layer tree design of the 32-input AND con-
sisting of four 4-input AND gates in the input layer, four 4-input gates in the sec-
ond layer and a 2-input gate in the third layer. These minimum delay trees were
obtained by extracting the logical effort and parasitic delay of 2-, 4- and 8-input
domino AND gates from simulations (see Chap. 5 of [3] for details), and finding
the tree which minimizes the sum of effort and parasitic delay. The calibrated
electrical effort and parasitic delay were used in the domino delay calculation.

Table 2 shows the FO4 delay for domino and CRTL AND gates with fanin
from 8 to 64, for path electrical effort H=1 and H=10, corresponding to the
values of h=1 and h=10 in Table [l Note that increased vales of n.s; are used
to obtain the correct CRTL delay values from Table [l

Comparing Tables[lland 2] the CRTL gate design is on average approximately
1.8 to 2.7 times faster than domino-CMOS for a path electrical effort of 10 and
1, respectively.

Table 2. Minimum delay domino-CMOS AND tree designs with fanin n=8, 16, 32 and
FO4 delay comparison with CRTL for path electrical effort H=1 and 10

n |Domino H=1 H=10
tree |Domino|CRTL|Domino|CRTL
8| 4,2 1.91 | 0.84 | 234 | 1.48
16| 4,4 2.33 | 0.98 2.8 1.63
321 4,4,2| 3.22 1.07 | 3.47 | 1.80
64| 4, 4, 4 3.5 1.1 3.93 | 1.95

Average | 2.74 | 1.0 | 314 | 1.72
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5.2 4-Bit Carry Generate

The carry generate signal, «, of a 4-bit block may be calculated using a single
TL gate as follows [4]:

3
a:sgn{ZQi(ai—i—bi)—Q‘l}. (6)

i=0

The sum of weights N = 30, so the worst case delay of this gate will correspond
to the delay of a gate of effective fanin, n.ys, of approximately 40. For H=10,
corresponding to a 33.7 fF load capacitance, Table[I] gives the expected delay of
1.8 FO4, or 372 ps. Using Equation (@), the calculated delay is 379 ps.

The domino gate used to compute the same function for comparison is the
well known Manchester-carry circuit. The electrical effort and parasitic delay for
the slowest input, g;_3, were extracted from simulation [3] and used to calculate
the worst case delay for h=1 and h=10. The results are shown in Table Bl
It should be noted that the domino gate delay numbers exclude the delay of
generating the bitwise p; and g; signals.

Under the conditions of equal input capacitance and load, the CRTL gate is
1.3 to 1.6 times faster. This is a significant delay improvement even in this case
of a function with a small number of logic inputs.

Table 3. 4-bit carry generate, G§737 and (7,3) counter cout FO4 delay comparison with
CRTL for path H=1 and 10

H=1 H=10
Function Domino‘CRTL‘Domino‘CRTL
GI? 1.7 [ 107 242 | 18
(7,3) cour] 1.5 |084| 1.9 | 1.48

5.3 (7,3) Counter Critical Path

As the final design example, we consider the critical path of a (7,3) parallel
counter, commonly used in multipliers. The domino critical path for ¢,,; consists
of two full adders. The CRTL implementation computes the majority function
using a single gate, where the output is logic 1 if 4 or more inputs are 1. The
delay results are shown in Table [Bl The CRTL implementation is between 1.3
and 1.8 times faster.

6 Conclusions

A logical effort based delay model for CRTL gates was introduced and applied to
the evaluation of a number of common datapath circuit elements. It was shown
that compared to domino, the CRTL design examples are between 1.3 and 2.7
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times faster over a wide range of loads, while presenting a significantly reduced
input capacitance to the driver from the previous stage. The design examples
used in the comparison were chosen to illustrate the typical performance gains
of CRTL over domino which may be expected and this will be strongly applica-
tion dependent. The important consideration of relative power dissipation is the
subject of ongoing work.
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