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ABSTRACT

In conventional pipelined circuits there is only one datawave active in any
pipeline stage at any time; therefore, the clock speed of the circuit is limited by the
maximum stage delay in the circuit. In wave pipelining, the clock speed depends mostly
on the difference between the longest and shortest path delays.
In some circuit designs there are redundant elements to make the circuit less
sensitive to noise, to provide higher signal driving capability, or other purposes. Also,
some circuit designs include logic to detect the early completion of a computation, or to
guarantee that the worst physical path delay does not equate to the worst computational
delay. Prior tools for wave-pipelined circuits do not account for such design features.
This research develops a computer-aided design tool to determine the maximum
clock speed for wave pipelined circuits with redundant logic or where otherwise the
internal circuit timing depends on the input signal values. Moreover, alternative design
techniques are proposed to improve the performance of wave pipelined circuits.
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CHAPTER I
INTRODUCTION

1.1

Performance Improvement of Circuits

In today's electronics industry, low power and high throughput circuit design
arise as the most important issues of system design. As the limits of silicon technology
are being reached, the need for different methods to increase the throughput of a system
is of more concern.
To triumph over the limitations enforced by the speed of existing technology,
computer engineers have come up with a variety of design techniques that are generally
classified under the general term of concurrent operation. The leading technique within
this general category is pipelining. The idea counts on processing of more than one
operation at any instant of time concurrently.
In pipelining, the main function is portioned into many independent but
interconnected sub-functions. The hardware required to process these sub-functions is
called a stage. Fig. 1. illustrates a digital circuit which is constructed by partitioning the
combinational logic into 3 stages and inserting a set of memory elements, generally
called register or synchronizer, to provide temporary storage for the computed data
between successive pipeline stages. This provisional storage is enabled and disabled in a
carefully controlled periodic manner, thereby synchronizing the data signals to prevent
any corruption of data due to interference between successive waves of data traveling
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through the pipeline. The main benefit is the concurrent usage of these pipeline stages at
any instant along the execution path of a computation by different sets of input data.

Fig. 1. A Pipeline Circuit with 3 Stages

1.2

Asynchronous Circuit Design

Today, ever increasing attention is being paid to clockless circuits for the
following great advantages asynchronous circuits can offer: saving on circuit area due to
no global clock-timing; reduced power and heat dissipation; eliminating clock skew and
global timing constraints; potentially improved performance over synchronous worst-case;
and potentially more efficient migration and adaptation to new technology. Various
techniques have been proposed and researched to realize clockless (asynchronous)
circuits. Some of the most outstanding techniques are:
o

Null-Convention-Logic is a technique to completely cover the entire range of

signal state by introducing null state in addition to conventional true and false states [1].
o

Self-Resetting is a technique to control data-in and out of latches via a self-

resetting feedback signal self-generated by combinational circuit instead of via a clockcontrolled synchronization signal [2], [3].

2

o

Opportunistic-Time-Borrowing is a semi-asynchronous technique to maximize the

utilization of clock signals. Having clock-latch and no-clock-latch laid out alternately for
data-signal synchronization, clock-latch (no-clock-latch) borrows a certain extent of noclock (clock) period of time from subsequent no-clock-latch (clock-latch) as needed if the
subsequent no-clock-latch (clock-latch) requires less no-clock (clock) period of time. To
maintain the original functionality intact, any borrowed clock (no-clock) period of time is
supposed to be paid back [4], [5].
o

Micro-pipeline is a wave pipeline technique to overcome the theoretical limit in

speed and throughput of conventional clock-synchronous pipeline technique [6], [7].
Despite the consequences of the great benefits asynchronous circuits can provide,
there are still problems to be resolved before asynchronous circuits are extensively
deployed in the commercial market. The following are the hurdles for asynchronous
circuit designers to address and overcome: signaling overhead and complication for
handshaking protocol in generic-type asynchronous circuits such as micro-pipelines [7];
less availability of CAD tools and standard for design, testing, and manufacturing, which
hinders the asynchronous circuit design paradigm from extensive deployment and
expansion [8], [9]; potential algorithmic and hardware overhead and complication to
resolve hazards for asynchronous and non-monotonic processing; lack and difficulty of
theoretical method development to adequately address, assure, and optimize the
performance; and no adequate theoretical modeling and assurance of reliability of
asynchronous process on SoC level.
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CHAPTER II
WAVE PIPELINING

2.1

Basics of Wave Pipelining

Wave pipelining, first proposed by Cotton [10], who called it maximum rate
pipelining, is an innovative design alternative to conventional pipelines by means of
getting rid of insertion of storage elements to increase the speed of the circuit.

2.1.1

Conventional Pipelined Circuits

In conventional pipelined circuits, there are registers or latches between any two
stages, and there is only one datawave active in any stage at any time. Therefore, the
clock speed of the circuit is mainly limited by the maximum stage delay, D MAX , in the
circuit. Eqn. 1. illustrates the relation between the clock timing, set and hold times

(TSET + THOLD ) and clock skew ( S CLK ) .
TCLK ≥ DMAX + (TSET + THOLD + S CLK )

(1)

Using the timing model presented in [11], the spread of signals traveling along the
longest and the shortest paths through the logic block can be visualized as delay contours,
and at the moment of logic computation the area between these contour lines is an
unstable region in where there is a discrepancy as a result of delay time differences
among the logic paths. These delay contours can be linearized as delay cones and used to
point up clocking of conventional pipelining in Fig. 2.
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Fig. 2. Conventional Pipelined Circuit Clocking Scheme

2.1.2

Wave Pipelined Circuits

In wave pipelined circuits, multiple datawaves can propagate through the pipeline
from the primary inputs to the primary outputs concurrently without the use of
transitional memory elements, see Fig. 3.

The main function is portioned into many independent but interconnected subfunctions, and these sub-functions are processed in each stage of the circuit. The basic
criteria used for partitioning the execution path into stages is to have stages with nearly
equal computation delay, so that all the stages can be kept busy during entire length of
clock cycle. This criterion is hard to achieve in practice because of the differing amounts
of logic per stage and variations in time delays per logic element. A memory element is
placed between the stages to solve this problem by sampling the results of computation at
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the end of each clock cycle and holding it till the end next clock cycle. The setup, hold
and propagation delays of the memory element used between the stages thus also affect
the performance of a traditional pipelined system [10], [18].

Fig. 3. Illustration of Flow of Data Bits as Datawaves on a Random Circuit

The rate at which a datawave can propagate through the circuit depends mostly on
the difference between the longest, DMAX , and the shortest path, DMIN , delays (Fig. 4).
As a consequence of the timing model in [11] and Fig. 4, the clock speed of the
synchronous wave pipelined circuits was formulated as in Eqn. 2.3 solving 2 equations,
Eqn. 2.1 and Eqn.2.2,
Tcapture > DMAX + TSET + S CLK )

(2.1)

Tcapture < TCLK + DMIN − (THOLD + S CLK )

(2.2)

TCLK > ( DMAX − DMIN ) + (TSET + THOLD + S CLK )

(2.3)
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However, this is not a completely sufficient requirement. For the actual
requirements, we must mandate a similar requirement at each device in the circuit by the
help of conventional pipeline consideration.
o The portion of Eqn. (1), (TSET + THOLD ) , corresponds to the time that a flip-flop in a
conventional pipeline must be exclusively used by one bit of data; and S CLK , corresponds
to the uncertainty for the clock arriving at the flip-flops (clock skew).
o The portion ( DMAX − DMIN ) would be just DMAX in a conventional pipeline; however
there would be a separate condition requiring DMIN > TSET + THOLD + S CLK . That additional
constraint on DMIN is to satisfy the exclusion requirement at the flip-flops.

Fig. 4. Wave Pipelined Circuit Clocking Scheme
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2.1.3

Wave Pipelining in Asynchronous Circuits

Asynchronous wave pipelined circuits have only a request signal and n-phase
operation by alternating positive and negative level sensitive switches. There are two
types of switches, namely positive (P) and negative (N) switches, which are used to
separate the circuit into several stages. The request signal, we have mentioned before
controls these switches. The tuple consisting of datawaves and request signal enters the
clockless wave pipeline at the same time; moreover they stay coherent in the process of
datawave propagation through the circuit [6]. The switch can be opaque or transparent to
the datawaves. If opaque, the switch latches the datawave and if transparent, the
datawave passes the switch without any latching. When the request signal is high for the
negative switch, the datawave propagates through the switch and if it is low, the datawave
is stopped for alignment and latched on the switch. The situation is vice versa for the
positive switch. For the asynchronous circuits, different conditions can be set according
to the number of phases and the type of the switches used for the stages;


1-Stage Case:

Fig. 5. 1-Stage Asynchronous Design
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Pipeline Requirements;



2-Stage (n-n-n) Case:

Fig. 6. 2-Stage (n-n-n type) Asynchronous Design

Pipeline Requirements;
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2-Stage (n-p-n) Case:

Fig. 7. 2-Stage (n-p-n type) Asynchronous Design
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2.2

Reliability Analysis of Wave Pipelined Circuits

Assurance of reliability in wave-pipelining is a crucial point to mention for the
success of the clockless wave pipeline technique. At this point, we are faced with delay
faults that are a major concern in assuring the reliability of a wave pipelined system, i.e.
Intra-Wave Faults, Inter-Wave Faults [19]. Another important point is faults occurring in
request signals, which are the most critical component for the clockless control of the
wave-pipelined processing of data. The request signal is very sensitive to electronic
crosstalk noise and glitches, and this problem has really become vital in integrated circuit
design today [17].

2.2.1 Intra-Wave Faults

Delay faults can be modeled either vertically or horizontally at the moment when
the bits of a datawave reach the opaque switches. The intra-wave faults are related with
the probability that some bits in the datawave proceed too fast and overstep their
associated request level or some bits are too slow that they lag behind the associated
request level leaving some bits out of range of the request level interval, that is the
request signal should be slower than the slowest bit of the datawave and reach the switch
after the slowest bit. Similarly, it should reach the switch before the fastest bit of the
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associated datawave [19]. This means that the treatment of request signal with data skew
influences the fault rate to a great extent.

2.2.2

Inter-Wave Faults

If path delay faults occur in the horizontal direction of the datawave, two
consecutive datawaves will collide and some bits of both datawaves will be invalid and
we will face with a data loss, which is referred as Inter-Wave Fault. Therefore, we can
state that intra-wave fault is a required condition for an inter-wave fault, but it is not
sufficient. This relation results in a requirement for accurate modeling of the correlation
between these two delay faults for more reliable clockless wave pipelining and
performance optimizations. Fig. 8. summarizes the relation between intra-wave and interwave faults more clearly.

Fig. 8. Intra-wave and Inter-Wave Faults
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2.2.3

Electronic Crosstalk Noise, Glitch

A major cause of faults within clockless wave pipelining is electronic crosstalk
noise, a phenomenon known as a glitch. The severity of this phenomenon is extreme due
to the interrupting nature of the incident. The causes of electronic crosstalk noise are
complex to deal with because they are in essence, that what makes electronics function.
Voltage, change in temperature, and external electronic signals can easily modify the
behavior of any electronic device, especially those scaled to micrometers [17], [19].
What a glitch actually affects are the request signals used to control switches in
wave pipelining.

These positive (P) or negative (N) type switches are used for

determining and aligning the passing datawaves. As request signals are either logic 0 or
1, a glitch has the ability to alter that voltage to the complement voltage; in other words,
it causes a high signal instantaneously to go low or vice versa. The signal will usually
return to its initial voltage after a glitch has occurred, yet the glitch has made it possible
for a fault to occur. A glitch occurring in operation where there is not a switch will not
affect the datawave. However, if the glitch happens to occur while a datawave is passing
a switch, the datawave will be altered. Depending on the type of switch and the state of
the request signal, different faults can occur.
The switches can operate in two different modes; they can act as a transparent
switch or an opaque switch. As transparent, the switch allows the datawave to pass
without latching any of the input. An N-type switch related with a high request signal
and a P-type switch related with a low request signal both act transparent. However, as
opaque, the switch will latch the datawave. An N-type switch related with a low request
signal and a P-type switch related with a high request signal both act opaque.
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While a datawave is passing over a P-type switch associated with a high signal, a
glitch occurrence causes the opaque switch to suddenly act transparent and then revert.
This results in the beginning of the datawave being passed through while the later part of
the datawave is latched at the switch. This breaks the datawave apart and causes an intrawave fault, which was mentioned before. A glitch on a low signal at N-type switch will
give the same results.
Consequently, while a datawave is passing over an N-type switch associated with
a high signal, a glitch occurrence causes the transparent switch to act opaque and then
revert. A glitch on a high signal at P-type switch will give the same results. This results in
the datawave being broken apart, yet because the break is so small it will not cause a
fault.
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CHAPTER III
DESIGN AND TIMING
ANALYSIS OF WAVE PIPELINED CIRCUITS

3.1

Complementary CMOS Gates

A complementary logic gate is a combination of pull-up network (PUN) and pulldown network (PDN), as seen from Fig. 9. For an N-input logic gate N transistors are
needed for each block totaling up to 2N. In this structure, there is always a path between
V DD and output F for pulling-up the output, or between VSS and output F for pulling-

down the output in a mutually exclusive way.

Fig. 9. Complementary CMOS Structure

The PUN is constructed using PMOS transistors and for the PDN block NMOS
transistors are used. The main reason for this choice is that PMOS transistors are able to
pull up the output to V DD , while NMOS transistors are limited with VDD − VTN , where VTN
is the threshold voltage for the NMOS device. Similarly, NMOS transistors are able to
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pull up the output to VSS , while PMOS transistors are limited with VTP , where VTP is the
threshold voltage for the PMOS device.
Complementary CMOS gates are always inverting. Consequently, gates such as
NAND, NOR etc. can be implemented just in one stage, on the other hand gates
such as AND, OR require an additional inverting stage, which causes adding up an
additional delay for the logic gate.

3.1.1

Switch Delay Model for Complementary CMOS Gates

The switch delay model for complementary CMOS gates depends on the simple
resistor-capacitor (RC) network delay. For the main goal of this model, each transistor
constituting the CMOS gate is modeled as a resistor in series with an ideal switch. The
value of the resistance depends on the device length, that is width over length (W/L), the
type of the transistor and power supply voltage. Fig. 10. and Fig. 11. show the 2-input
NAND gate implemented with complementary CMOS logic and its equivalent switch
delay model, respectively. NMOS and PMOS transistors are represented with resistance
values RN and RP ; and the switches stand for the input vectors.

Fig. 10. Complementary CMOS Implemented 2-Input NAND Gate
16

Fig. 11. Switch Delay Model of 2-Input NAND Gate

When it comes to capacitance consideration, the main constraint in our switch
delay model is the load capacitance, Cload . The junction capacitances of the transistors, as
well as the gate-to-source and gate-to-drain capacitances are attributed to the internal
capacitance Cint . The relative size for the total internal capacitance is about 10% of the
load capacitance.
While complementary CMOS is a very robust and simple approach for logic gate
implementation, one of the major problems occurring when the fan-in of the gate
increases is the propagation delay. Given the linear increase in the number of PMOS
transistors connected to the output node, the low-to-high delay increases linearly with the
number of inputs. The series connection of transistors in either the pull-up network or
pull-down network of the gate causes an additional slowdown. The RC network in the
pull-down network causes a quadratic delay as a function of fan-in. Therefore,
propagation delay is formulated as,
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t p = a1 ( FI ) + a2 ( FI ) 2 + a3 ( FO)

(3)

where FI is fan-in, FO is fan-out and ai is the technology dependent weighting factor.
Fig. 12. shows the propagation delay of CMOS NAND gate as a function of fan-in. In
this simulation a fan-out of inverter is assumed and pull-down transistors are minimal
size [12]. As seen from the figure, gates with a fan-in of greater than 4 should be avoided.
Therefore, when considering small fan-in gates, the effect of internal capacitance effect
can be ignored and when it comes to larger fan-in gates it has to be taken into account.

Fig. 12. Propagation Delay of a NAND Gate as a Function of Fan-in

Our main concern to introduce switch delay model is input pattern effect on gate
propagation delay. This relation is obvious even a simple analysis on the model. For
example, if we consider a 2-input NAND gate (Fig. 11), high-to-low transition occurs
only for the input vector 1,1 and PDN is activated with switching on the serially
connected NMOS transistors. The output voltage on the capacitance Cload is discharged
and pulled down to zero from the resistances, RN , used to model the NMOS transistors.
A simple RC delay calculation gives 0.69 × (2 RN ) × Cload . For all input combinations the
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propagation delay values for the 2-input NAND are calculated in a similar fashion and
given in Table 1. All other gates defined in our simulator has predefined effective
resistances and input capacitances and the simulator takes this as delay technology
standard input file in text format, see Appendix A.

Table 1. Propagation Delay for 2-input NAND

3.2

An Analysis Tool:

Delay Simulator

The delay simulation software used in this work is approximately 5000 lines of
code and was developed on Microsoft Visual C++ 6.0 environment, Fig. 13.

3.2.1 Some Features of the Delay Simulator

o

It takes the gate delay variables as a delay technology standard file and the actual

circuit in text format to calculate the extreme delay variations using these 2 input files via
a recursive algorithm, see Appendix A and Appendix B.
o

Technology standard file contains the resistance values of the gates for different

input combinations and capacitance values; and all these are user defined. The
capacitance lines show how much capacitive load should be attributed to the signal
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driving that input. The resistance lines are in truth table format - after the inputs comes a
bit for the output, after that come minimum/typical/maximum resistance values.
o

The output is also printed out as a text file in a standard format, as in Appendix C.

This output example is from a circuit implementing XOR gate with NAND. This
implementation used in a design example - carry skip adder in part 3.6.
o

8 type of gates are allowed to be used in design, that is NOT_MAJORITY_GATE,

NAND, AND, NOR, OR, AOI, OAI, INV. Transistor level CMOS designs of these gates
are given in Appendix D. AND and OR gates are same as NAND and NOR respectively
with an additional INV at the outputs of the gates.
o

Maximum allowed input number is 4 for all gates due to the reasons explained in

Section 3.1.1, see Fig. 12. Therefore, all gates are given in a 4-input gate format in the
circuit definition file. ’NULL’ is used for free inputs in the definitions of 1, 2 or 3 input
gates.
o

The software has an exhaustive algorithm; therefore using this we can only

simulate limited number of circuits with considerably less number of inputs. This is
major problem of the simulation tool and needs to be solved for proper operation. One of
the approaches in this kind of NP-Hard algorithmic problem is the Branch and Bound
Algorithm.

3.2.2

Branch and Bound Algorithm

Combinatorial problems have a finite but generally very large number of feasible
solutions. Consequently, these kinds of optimization problems are NP-hard. Branch and
Bound is by far the most commonly used solution for dealing with large size NP-hard
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combinatorial optimization problems. Branch and Bound is, nevertheless, an algorithm
paradigm, which has to be utilized for each specific problem type.

Fig. 13. Main Algorithm Flow of Delay Simulator

The idea of combinatorial search analysis can be modeled in terms of finding the
minimal/maximal value of a function f(x) over a set of values in the feasible region. A
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Branch and Bound algorithm searches the complete space of solutions for a given
problem for the best solution. First of all, it makes use of the splitting the main problem
into subregions, which is called branching since this process is repeated recursively to
each of the subregions and all produced subregions constitutes a tree structure. Another
thing in this algorithm is bounding, which is the step of setting forth upper and lower
bounds for the optimal solution within a feasible subregion. Branch and Bound algorithm
searches the complete space of solutions for a given problem for the best solution.
However, exhaustive search is normally impossible due to the exponentially increasing
number of potential solutions. The use of bounds for the function to be optimized
combined with the value of the current best solution enables the algorithm to search parts
of the solution space only implicitly. Therefore, the core of the approach called pruning is
a simple observation that, if for example in a minimization task the lower bound for a
subregion A from the search tree is greater than the upper bound for any other subregion
B, then A may be safely discarded from the search [13].
The sequence of these steps may vary according to the approach chosen for
selecting the next node to process. If the selection of next subregion is based on the
bound value of the subregions, then the first operation of iteration after choosing the node
is branching. For each of these, it is checked whether the subregion consists of a single
solution, in which case it is compared to the current best solution, called incumbent,
keeping the best of these. Or else, the bounding function for the subregion is calculated
and compared to incumbent. If it can be established that the subregion cannot contain the
optimal solution, the whole subregion is discarded, else it is stored among the active
nodes together with its bound. This is in [14] called the eager approach for node
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evaluation, since bounds are calculated as soon as nodes are available, see Appendix E.
The alternative approach is to start by calculating the bound of the selected node and then
branch on the node if necessary. The nodes created are then stored together with the
bound of the processed node. This strategy is called lazy and is often used when the next
node to be processed is chosen to be a live node of maximal depth in the search tree, see
Appendix F. The search terminates when there are no unexplored parts of the solution
space left, and the optimal solution is then the one recorded as incumbent [13].

3.3

Analysis of Delay Variations

The industry is faced with some hurdles to make this a practical design technique:
retiming the circuit to decrease the difference between maximum and minimum delay
times [10] [15], increasing the fault tolerance of the circuit and making it less sensitive to
noise [16], consistent delay buffer design, coordinating the change of clock frequency in
power-aware circuits, developing synthesis techniques and computer-aided design tools
for wave pipelining [17], etc.
In a wave pipelined circuit, all devices in the circuit must satisfy the exclusion
requirement. In prior design tools, the operational model of devices was simplified so that
the timing uncertainty of signals could only increase as the signal propagated through the
circuit. More precise delay models reveal that signal uncertainty can fluctuate as it
progresses through the circuit. Our tool analyzes this accurately. This fluctuation is why
we require that Eqn. 1 apply to all devices in the wave-pipelined circuit.
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3.3.1

Piecewise Time Constants

Another consideration in delay simulation is the piecewise delay function. In our
main concern we do not care the glitches occurring at the output of the circuit if the
output of the circuit does not change, as in Fig. 14. However, some input vectors might
lead different time constants arise during the transition period of the output value.
Therefore, this will change the propagation delay of that specific gate and might change
the primary output delay value noticeably because of the propagation of this effect in the
circuit, see Fig. 15. All propagation delays are calculated accordingly in our simulator.

Fig. 15. Piecewise Behavior of the
Time Constant

Fig. 14. Glitch at the Output

3.3.2

Timing Analysis of SampleCircuit_01

A main task of the research is how to completely characterize the delay variations,
noting that wave pipeline performance is mostly determined by the difference of path
delays in a circuit. Thus, when calculating minimum and maximum delays, we need to
take into account the fact that delay varies conspicuously depending on the input values
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to each device. We illustrate this using the simulation tool we have developed for the
Boolean expression in Eqn. 4. (named as SampleCircuit_01) implemented in two-level
NAND-NAND logic.
y (a, b, c, d ) = ab + ac + bc '+ cd

(4)

Setting RMOS Cload to 60 time units and with the assumption that inverted inputs
are available with zero delay, the shortest path through the circuit has a delay of 45 time
units, with <0,0> and <0,0,0,0> input combinations fired at the inputs of 2-input and 4input NAND gates, respectively. The longest path has a delay of 360, with <1,1> and
<1,1,1,1> input combinations fired at the inputs of 2-input and 4-input NAND gates,
respectively, as shown in Fig. 16.

Fig. 16. SampleCircuit_01 with NAND-NAND Implementation

However, these delays never occur, because it is not possible to set the inputs to
all logic devices to values where they all operate at their slowest or fastest. Our simulator
calculates that this implementation of this function has DMIN = 140 and D MAX = 300 . As
seen it is not possible to fire 0 to all inputs of the NAND gates at the same time which is
proposed in the standard delay model. One way to get delay DMIN is when the input
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vector <a,b,c,d> switches from <0,0,0,1> to <1,1,1,1> and D MAX is when the input vector
<a,b,c,d> switches from <1,1,0,1> to <1,0,0,0>.

3.4 Design Example: Neuron Circuit

In order to see delay results for a less trivial circuit we utilize a circuit named
neuron. The circuit has 9 inputs; 6 bits are for the input number to be processed and 3 bits
for the threshold value. If the number includes bits of one more than or equal to threshold
value, the output, called fire, will be set to one. The threshold values and their
corresponding logic statements are given in Table 2. We can write a simple module
definition in order to explain the behavior of the circuit as,

module neuron6 (fire, axon, threshold);
input [5:0] axon;
input [2:0] threshold;
output fire;
assign fire = axon[0]+axon[1]+axon[2]+axon[3]
+axon[4]+axon[5]>=threshold;
endmodule

Using the equations in Table 2. and applying proper modifications to decrease the
delay, i.e. using NAND and NOR gates instead of AND and OR gates respectively with
simple De Morgan Rule modifications, a combinational circuit is designed and simulated
for propagation delay. The minimum delay is calculated with input pattern consideration
as 350 time units instead of 125 and maximum delay becomes 1020 time units instead of
1200. Therefore, there is an improvement in DMAX − DMIN from 1075 to 670.
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Table 2. Neuron Circuit Logic Statements

3.5 Alternative Design Techniques: Majority Logic
Since we care mostly about the values for DMAX − DMIN rather than just DMAX , it
is possible to invent new logic design techniques that possibly increase DMAX but reduce
the difference. A novel design technique is the partitioning of input spaces and the use of
majority logic calculations. Using 3 logic blocks with same functions, but with different
designs, we show the effect of majority logic on DMAX − DMIN , as shown in Fig. 17.
The numbers next to each block and majority gate show minimum and maximum
delay of logic path, as ( DMIN , DMAX ) . If we consider only the blocks, conventional
pipeline delay is 800 time units and wave pipeline delay is 600 time units. Since at time
600, 2-out-of-3 logic blocks are settled for majority inputs, conventional pipeline delay
becomes 750, that is {600 + maj ( D MAX ) = 600 + 150} , instead of 950 time units. Using
similar logic for delay calculation, wave pipeline delay becomes 310 instead of 710. The
delay value becomes 310 not 510 for the wave pipelining case. This can be explained
using previous state input patterns for the majority gate. For example, if the previous state
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input vector is <1, 0, 0> and the second input bit changes from 0 to 1 at time 200, then
the output will be set to high at 310.

Fig. 17. Majority Logic Implementation

3.5.1 Re-design of SampleCircuit_01 via Majority Logic

We further expand our examples to the majority gate implementation of the
SampleCircuit_01 implemented in two-level NAND-NAND logic previously, as
illustrated in Eqn. 5.1 - 5.5 and Fig. 18.
y(a, b, c, d ) = ab + ac + bc'+cd

(5.1)

y ( a , b, c , d | c ) = a + d

(5.2)

y (a, b, c, d | c'+ d ) = b + c

(5.3)

y(a, b, c, d | c'+d ' ) = ac + bc'

(5.5)

y (a, b, c, d ) = maj{ y (a, b, c, d | c), y (a, b, c, d | c'+ d ), y (a, b, c, d | c'+ d ' )}

(5.5)
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There are three regions to the input space: c' , cd , and cd ' . Each of the three
subsidiary functions is correct in two of the three regions. In fact, we could reduce the
third function to just bc' since the chosen functions for the other two spaces are
accidentally both correct over a larger portion of the input space. In each region, at least
two of the three functions equal y. Therefore, the inputs to the majority gate are a + d ,
b + c , and bc ' and the majority gate output is y as shown in Fig. 18.

Fig. 18. SampleCircuit_01 with Majority Gate Implementation

Our simulator calculated DMIN as 140 time units and DMAX as 270 time units over
all pairs of consecutive input vectors. The results show there is a potential improvement
in DMAX − DMIN from 160 to 130 time units. The technique improves throughput when
the circuit is operated as a wave pipeline, see Table 3.
Another point to mention is the piecewise time constant effect. For some input
vectors the extreme delay values do not occur by detailed calculation taking this effect
into consideration. For input vector change from <0, 0, 0, 1> to <0, 1, 0, 0>, the inputs of
the majority gate changes from <0, 1, 1> to <1, 0, 0> with incoming delay values of 120,
60, 120 time units, respectively. At time 60, the input vector for the majority gate is <0,
0, 1> and the output begins changing to 0 at this point. After time 120 the time constant is
same as the previous one but anyway the output sets to 0 earlier than expected, 210
(60+150) time units instead of 270 (120+150), see Table 4.
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Table 3. Delay Variations of SampleCircuit_01

Table 4. Piecewise Time Constant Validation for SampleCircuit_01

3.5.2

Re-design of Neuron Circuit via Majority Logic
In a similar fashion we re-designed the neuron circuit in Section 3.4 to utilize the

majority gate. This time the circuit is designed following a different way. The logical
statements for the function are already set up to utilize the majority logic, as in Table 2.
Therefore, the final design has also less number of gates than the previous design, a
decrease from 49 gates to 43, see Fig. 19.
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Fig. 19. Neuron Circuit Implementation with Majority Logic
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The delay values obtained from the simulator is DMIN = 350 and D MAX = 960 for
this alternative design. Some of the input vectors that give these extreme values can be
seen in Table 5. as in the output file format of the delay simulator. Therefore, there is an
improvement in DMAX − DMIN from 670 to 610 time units, see Table 6.

Table 5. Output Samples of Neuron Circuit Designed with Majority Logic

Table 6. Delay Variations of Neuron Circuit
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3.6

Design Example:

Carry Skip Adder

A carry-skip adder reduces the carry-propagation time by skipping over groups of
consecutive adder stages. It is usually comparable in speed to the carry look-ahead
technique, but it requires less chip area and consumes less power.
In order to implement carry-skip adder, the adder structure is divided into blocks
of consecutive stages with a simple ripple-carry scheme. Every block also generates a
block-carry-propagate signal that equals 1 if all stages internal to the block satisfy the
condition PM = X M ⊕ YM = 1 , where PM indicates the M th carry propagate. This signal
can be used to allow an incoming carry to skip all the stages within the block and
generate a block-carry-out, as shown in Fig. 20.

Fig. 20. Carry Skip Adder

For example, consider addition of the following numbers

......AM + 2 AM +1 AM 0101010101AN + 2 AN +1 AN .........
......BM + 2 BM +1 BM 1010101010BN + 2 BN +1 BN .........
if C N +3 = 1 carry will propagate to bit position M.
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Fig. 21. 4-bit Carry Skip Adder with 2-bit Carry Blocks

A 6-bit carry skip adder with stage blocks of 2-bit designed to be simulated for
delay variations. The maximum and minimum delay values for this circuit example are
given in Table 7. A structural delay, DMAX , of 2880 was expected instead of 1610 at carry
output, therefore, there is an improvement of 550 time units for the carry output. When it
comes to DMIN , the improvement is from 180 to 360 for S4 for example.

Table 7. DMIN and DMAX for 6-bit Carry Skip Adder
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As seen from the table that shows the delay values for the adder, the carry out
delay becomes lower than the sum bit delays although there is an additional carry skip
logic circuit overhead.
The worst case operation time takes place in carry-skip adder when
o carry is generated in the first block
o carry skips intermediate stages
o carry is killed in the last block
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CHAPTER IV
CONCLUSIONS

As the limits of transistors are being reached, the need for diverse methods to
increase the throughput of a system is of more concern and wave pipelining is a pipeline
processing technique that can increase the throughput without increasing internal storage
space and power consumption. Multiple datawaves can propagate through the wave
pipeline from the primary inputs to the primary outputs simultaneously without the use of
intermediate latches or registers.
In this thesis a background material on conventional pipelining and wave
pipelining techniques have been presented. These two design methodologies are
compared from the viewpoint of circuit speed. Wave pipelining is examined in details,
from the timing conditions set to achieve successful pipelining to reliability aspect of it.
Then, using the software tool designed to simulate delay variations of the circuits
different aspects of the wave pipelining examined, and a novel design technique is
verified to increase the performance of the circuits.

4.1

Contributions

In some circuit designs there are redundant elements to make the circuit less
sensitive to noise, to provide higher signal driving capability, or other purposes. Also,
some circuit designs include logic to detect the early completion of a computation, or to
guarantee that the worst physical path delay does not equate to the worst computational
delay. Prior tools for wave-pipelined circuits do not account for such design features.
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This research develops a computer-aided design tool to determine the maximum
clock speed for wave pipelined circuits with redundant logic or where otherwise the
internal circuit timing depends on the input signal values. In delay calculations without
utilizing input pattern consideration, there is a large delay swing interval. However, these
delays never occur, because it is not possible to set the inputs to all logic devices to
values where they all operate at their slowest or fastest. In our simulations on different
kinds of circuits it has been proved that input vectors affect the propagation delay
significantly.
Moreover, an alternative design technique, called majority logic, is proposed to
improve the performance of wave pipelined circuits. For some cases, it might increase the
value of DMAX , but reduce DMAX − DMIN . Using the simulation tool developed, it is also
proved that this majority logic technique works fine.

4.2

Future Work

The algorithm used in delay simulator is exhaustive, which considers all input
combinations during delay calculation. Therefore, there is the software tool computation
time limit for simulation depending on the circuit size, since the complexity of the
algorithm is Θ(2 k ) , where k is a input number dependent variable. For large circuits,
with high number of inputs, the time for computation becomes extremely high.
An input relaxation heuristic has been tried to get rid of the complexity, and was
successful from this point of the problem. However, the delay values obtained are not the
exact values as it is obtained in exhaustive search.
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Then, branch and bound algorithm is proposed. In this case, it was not easy to set
all conditions required and prove the algorithm. Having capacitive effects in delay
consideration and dependence on the previous states of the gates makes the problem too
complex. Therefore, this part of the work is remained as a future research goal.
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APPENDIX

A.

Delay Technology Standard File
//
//
//
//
//
//
//
//
//

This file contains the resistance values of
the gates for different input combinations and
capacitance values.
The capacitance lines show how much capacitive
load should be attributed to the signal driving
that input. The resistance lines are in truth table
format - after the inputs comes a bit for the output,
after that come minimum/typical/maximum resistance values.

------------MAJORITY_GATE-----------------------------------------------------------------------input A B C
capacitance A 400
capacitance B 400
capacitance C 400
resistance 0 0 0 1
81.0
90.0
99.0
resistance 0 0 1 1
135.0 150.0 165.0
resistance 0 1 0 1
135.0 150.0 165.0
resistance 0 1 1 0
108.0 120.0 132.0
resistance 1 0 0 1
135.0 150.0 165.0
resistance 1 0 1 0
108.0 120.0 132.0
resistance 1 1 0 0
108.0 120.0 132.0
resistance 1 1 1 0
36.0
40.0
44.0

*************NAND2*******************************
------------------------------------------------input A B
capacitance A 200
capacitance B 200
resistance 0 0 1
27.0
30.0
33.0
resistance 0 1 1
54.0
60.0
66.0
resistance 1 0 1
54.0
60.0
66.0
resistance 1 1 0 108.0 120.0 132.0

*************NAND3*******************************
------------------------------------------------input A B C
capacitance A 200
capacitance B 200
capacitance C 200
resistance 0 0 0 1
18.0
20.0
22.0
resistance 0 0 1 1
27.0
30.0
33.0
resistance 0 1 0 1
27.0
30.0
33.0
resistance 0 1 1 1
54.0
60.0
66.0
resistance 1 0 0 1
27.0
30.0
33.0
resistance 1 0 1 1
54.0
60.0
66.0
resistance 1 1 0 1
54.0
60.0
66.0
resistance 1 1 1 0
162.0 180.0 198.0
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*************NAND4*******************************
------------------------------------------------input A B C D
capacitance A 200
capacitance B 200
capacitance C 200
capacitance D 200
resistance 0 0 0 0 1
13.5
15.0
16.5
resistance 0 0 0 1 1
18.0
20.0
22.0
resistance 0 0 1 0 1
18.0
20.0
22.0
resistance 0 0 1 1 1
27.0
30.0
33.0
resistance 0 1 0 0 1
18.0
20.0
22.0
resistance 0 1 0 1 1
27.0
30.0
33.0
resistance 0 1 1 0 1
27.0
30.0
33.0
resistance 0 1 1 1 1
54.0
60.0
66.0
resistance 1 0 0 0 1
18.0
20.0
22.0
resistance 1 0 0 1 1
27.0
30.0
33.0
resistance 1 0 1 0 1
27.0
30.0
33.0
resistance 1 0 1 1 1
54.0
60.0
66.0
resistance 1 1 0 0 1
27.0
30.0
33.0
resistance 1 1 0 1 1
54.0
60.0
66.0
resistance 1 1 1 0 1
54.0
60.0
66.0
resistance 1 1 1 1 0
216.0 240.0 264.0

`````````````AND2````````````````````````````````
------------------------------------------------input A B
capacitance A 200
capacitance B 200
resistance 0 0 0
81.0
90.0
99.0
resistance 0 1 0 108.0 120.0 132.0
resistance 1 0 0 108.0 120.0 132.0
resistance 1 1 1 162.0 180.0 198.0

`````````````AND3````````````````````````````````
------------------------------------------------input A B C
capacitance A 200
capacitance B 200
capacitance C 200
resistance 0 0 0 0
72.0
80.0
88.0
resistance 0 0 1 0
81.0
90.0
99.0
resistance 0 1 0 0
81.0
90.0
99.0
resistance 0 1 1 0
108.0 120.0 132.0
resistance 1 0 0 0
81.0
90.0
99.0
resistance 1 0 1 0
108.0 120.0 132.0
resistance 1 1 0 0
108.0 120.0 132.0
resistance 1 1 1 1
216.0 240.0 264.0
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`````````````AND4````````````````````````````````
------------------------------------------------input A B C D
capacitance A 200
capacitance B 200
capacitance C 200
capacitance D 200
resistance 0 0 0 0 0
67.5
75.0
82.5
resistance 0 0 0 1 0
72.0
80.0
88.0
resistance 0 0 1 0 0
72.0
80.0
88.0
resistance 0 0 1 1 0
81.0
90.0
99.0
resistance 0 1 0 0 0
72.0
80.0
88.0
resistance 0 1 0 1 0
81.0
90.0
99.0
resistance 0 1 1 0 0
81.0
90.0
99.0
resistance 0 1 1 1 0
108.0 120.0 132.0
resistance 1 0 0 0 0
72.0
80.0
88.0
resistance 1 0 0 1 0
81.0
90.0
99.0
resistance 1 0 1 0 0
81.0
90.0
99.0
resistance 1 0 1 1 0
108.0 120.0 132.0
resistance 1 1 0 0 0
81.0
90.0
99.0
resistance 1 1 0 1 0
108.0 120.0 132.0
resistance 1 1 1 0 0
108.0 120.0 132.0
resistance 1 1 1 1 1
270.0 300.0 330.0

------------NOR2--------------------------------------------------------------------------------input A B
capacitance A 200
capacitance B 200
resistance 0 0 1 108.0 120.0 132.0
resistance 0 1 0
54.0
60.0
66.0
resistance 1 0 0
54.0
60.0
66.0
resistance 1 1 0
27.0
30.0
33.0

------------NOR3--------------------------------------------------------------------------------input A B C
capacitance A 200
capacitance B 200
capacitance C 200
resistance 0 0 0 1
162.0 180.0 198.0
resistance 0 0 1 0
54.0
60.0
66.0
resistance 0 1 0 0
54.0
60.0
66.0
resistance 0 1 1 0
27.0
30.0
33.0
resistance 1 0 0 0
54.0
60.0
66.0
resistance 1 0 1 0
27.0
30.0
33.0
resistance 1 1 0 0
27.0
30.0
33.0
resistance 1 1 1 0
18.0
20.0
22.0
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------------NOR4--------------------------------------------------------------------------------input A B C D
capacitance A 200
capacitance B 200
capacitance C 200
capacitance D 200
resistance 0 0 0 0 1
216.0 240.0 264.0
resistance 0 0 0 1 0
54.0
60.0
66.0
resistance 0 0 1 0 0
54.0
60.0
66.0
resistance 0 0 1 1 0
27.0
30.0
33.0
resistance 0 1 0 0 0
54.0
60.0
66.0
resistance 0 1 0 1 0
27.0
30.0
33.0
resistance 0 1 1 0 0
27.0
30.0
33.0
resistance 0 1 1 1 0
18.0
20.0
22.0
resistance 1 0 0 0 0
54.0
60.0
66.0
resistance 1 0 0 1 0
27.0
30.0
33.0
resistance 1 0 1 0 0
27.0
30.0
33.0
resistance 1 0 1 1 0
18.0
20.0
22.0
resistance 1 1 0 0 0
27.0
30.0
33.0
resistance 1 1 0 1 0
18.0
20.0
22.0
resistance 1 1 1 0 0
18.0
20.0
22.0
resistance 1 1 1 1 0
13.5
15.0
16.5

************OR2**********************************
------------------------------------------------input A B
capacitance A 200
capacitance B 200
resistance 0 0 0 162.0 180.0 198.0
resistance 0 1 1 108.0 120.0 132.0
resistance 1 0 1 108.0 120.0 132.0
resistance 1 1 1
81.0
90.0
99.0

************OR3**********************************
------------------------------------------------input A B C
capacitance A 200
capacitance B 200
capacitance C 200
resistance 0 0 0 0
216.0 240.0 264.0
resistance 0 0 1 1
108.0 120.0 132.0
resistance 0 1 0 1
108.0 120.0 132.0
resistance 0 1 1 1
81.0
90.0
99.0
resistance 1 0 0 1
108.0 120.0 132.0
resistance 1 0 1 1
81.0
90.0
99.0
resistance 1 1 0 1
81.0
90.0
99.0
resistance 1 1 1 1
72.0
80.0
88.0
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************OR4**********************************
------------------------------------------------input A B C D
capacitance A 200
capacitance B 200
capacitance C 200
capacitance D 200
resistance 0 0 0 0 0
270.0 300.0 330.0
resistance 0 0 0 1 1
108.0 120.0 132.0
resistance 0 0 1 0 1
108.0 120.0 132.0
resistance 0 0 1 1 1
81.0
90.0
99.0
resistance 0 1 0 0 1
108.0 120.0 132.0
resistance 0 1 0 1 1
81.0
90.0
99.0
resistance 0 1 1 0 1
81.0
90.0
99.0
resistance 0 1 1 1 1
72.0
80.0
88.0
resistance 1 0 0 0 1
108.0 120.0 132.0
resistance 1 0 0 1 1
81.0
90.0
99.0
resistance 1 0 1 0 1
81.0
90.0
99.0
resistance 1 0 1 1 1
72.0
80.0
88.0
resistance 1 1 0 0 1
81.0
90.0
99.0
resistance 1 1 0 1 1
72.0
80.0
88.0
resistance 1 1 1 0 1
72.0
80.0
88.0
resistance 1 1 1 1 1
67.5
75.0
82.5

`````````````INV`````````````````````````````````
------------------------------------------------input A
capacitance A 200
resistance 0 1
54.0 60.0 66.0
resistance 1 0
54.0 60.0 66.0

------------AOI3--------------------------------------------------------------------------------input A B C
capacitance A 200
capacitance B 200
capacitance C 200
resistance 0 0 0
1
81.0
90.0
99.0
resistance 0 0 1
0
54.0
60.0
66.0
resistance 0 1 0
1
108.0 120.0
132.0
resistance 0 1 1
0
54.0
60.0
66.0
resistance 1 0 0
1
108.0
120.0 132.0
resistance 1 0 1
0
54.0
60.0
66.0
resistance 1 1 0
0
108.0
120.0 132.0
resistance 1 1 1
0
36.0
40.0
44.0

------------AOI4--------------------------------------------------------------------------------input A B C D
capacitance A 200
capacitance B 200
capacitance C 200
capacitance D 200
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resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance
resistance

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1

0
0
0
0
1
1
1
1
0
0
0
0
1
1
1
1

0
0
1
1
0
0
1
1
0
0
1
1
0
0
1
1

0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1

1
1
1
0
1
1
1
0
1
1
1
0
0
0
0
0

54.0
60.0
66.0
81.0
90.0
99.0
81.0
90.0
99.0
108.0 120.0 132.0
81.0
90.0
99.0
108.0 120.0 132.0
108.0 120.0 132.0
108.0 120.0 132.0
81.0
90.0
99.0
108.0 120.0 132.0
108.0 120.0 132.0
108.0 120.0 132.0
108.0 120.0 132.0
108.0 120.0 132.0
108.0 120.0 132.0
54.0
60.0
66.0

************OAI3*********************************
------------------------------------------------input A B C
capacitance A 200
capacitance B 200
capacitance C 200
resistance 0 0 0
1
36.0
40.0
44.0
resistance 0 0 1
1
108.0 120.0
132.0
resistance 0 1 0
1
54.0
60.0
66.0
resistance 0 1 1
0
108.0 120.0
132.0
resistance 1 0 0
1
54.0
60.0
66.0
resistance 1 0 1
0
108.0
120.0 132.0
resistance 1 1 0
1
54.0
60.0
66.0
resistance 1 1 1
0
81.0
90.0
99.0

************OAI4*********************************
------------------------------------------------input A B C D
capacitance A 200
capacitance B 200
capacitance C 200
capacitance D 200
resistance 0 0 0 0 1
54.0
60.0
66.0
resistance 0 0 0 1 1
108.0 120.0 132.0
resistance 0 0 1 0 1
108.0 120.0 132.0
resistance 0 0 1 1 1
108.0 120.0 132.0
resistance 0 1 0 0 1
108.0 120.0 132.0
resistance 0 1 0 1 0
108.0 120.0 132.0
resistance 0 1 1 0 0
108.0 120.0 132.0
resistance 0 1 1 1 0
81.0
90.0
99.0
resistance 1 0 0 0 1
108.0 120.0 132.0
resistance 1 0 0 1 0
108.0 120.0 132.0
resistance 1 0 1 0 0
108.0 120.0 132.0
resistance 1 0 1 1 0
81.0
90.0
99.0
resistance 1 1 0 0 1
108.0 120.0 132.0
resistance 1 1 0 1 0
81.0
90.0
99.0
resistance 1 1 1 0 0
81.0
90.0
99.0
resistance 1 1 1 1 0
54.0
60.0
66.0
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B.

SampleCircuit_Neuron Input File

//
//TYPE
GATENAME INP1
INP2
INP3
INP4
OUTP1
//----------- ----------------//
INV_INP INV_01
PI_07
NULL
NULL
NULL
NAND_01
INV_INP INV_02
PI_08
NULL
NULL
NULL
NAND_01
INV_INP INV_03
PI_09
NULL
NULL
NULL
NAND_01
NAND3
NAND_01 INV_01 INV_02 INV_03 NULL
NAND_02
INV_INP INV_04
PI_07
NULL
NULL
NULL
AND_81
INV_INP INV_05
PI_09
NULL
NULL
NULL
AND_81
AND3
AND_81
INV_04 PI_08
INV_05 NULL
NAND_06
INV_INP INV_06
PI_08
NULL
NULL
NULL
AND_82
INV_INP INV_07
PI_09
NULL
NULL
NULL
AND_82
AND3
AND_82
PI_07
INV_06 INV_07 NULL
NAND_05
INV_INP INV_08
PI_07
NULL
NULL
NULL
AND_83
INV_INP INV_09
PI_08
NULL
NULL
NULL
AND_83
AND3
AND_83
INV_08 INV_09 PI_09
NULL
NAND_04
NOR3
NOR_01
PI_01
PI_02
PI_03
NULL
NAND_03
NOR3
NOR_02
PI_04
PI_05
PI_06
NULL
NAND_03
NAND2
NAND_03 NOR_01 NOR_02 NULL
NULL
NAND_04
NAND2
NAND_04 NAND_03 AND_83 NULL
NULL
NAND_02
NAND2
NAND_05 OR_01
AND_82 NULL
NULL
NAND_02
NAND2
NAND_06 NAND_10 AND_81 NULL
NULL
NAND_02
NAND3
NAND_07 PI_01
PI_02
PI_03
NULL
NOR_04
NOR2
NOR_04
NAND_07 NOR_02 NULL
NULL
OR_01
NAND3
NAND_08 PI_04
PI_05
PI_06
NULL
NOR_06
NOR2
NOR_06
NAND_08 NOR_01 NULL
NULL
OR_01
OR3
OR_01
NOR_04 NOR_06 NOR_07 NULL
NAND_05
OR3
OR_02
PI_01
PI_02
PI_03
NULL
NAND_09
OR3
OR_03
PI_04
PI_05
PI_06
NULL
NAND_09
NAND2
NAND_09 OR_02
OR_03
NULL
NULL
NAND_10
NAND4
NAND_02 NAND_01 NAND_06 NAND_05 NAND_04 OR_04
INV_INP INV_10
PI_07
NULL
NULL
NULL
AND_91
AND3
AND_91
INV_10 PI_08
PI_09
NULL
NAND_11
INV_INP INV_11
PI_08
NULL
NULL
NULL
AND_92
AND3
AND_92
PI_07
INV_11 PI_09
NULL
NAND_14
INV_INP INV_12
PI_09
NULL
NULL
NULL
AND_93
AND3
AND_93
PI_07
PI_08
INV_12 NULL
NAND_17
AND3
AND_04
PI_01
PI_02
PI_03
NULL
OR_05
AND3
AND_05
PI_04
PI_05
PI_06
NULL
OR_05
OR4
OR_05
AND_04 AND_05 NOR_12 NOR_14 NAND_11
NAND2
NAND_11 AND_91 OR_05
NULL
NULL
NAND_18
OR2
OR_06
NOR_15 NOR_16 NULL
NULL
NAND_14
NAND2
NAND_14 AND_92 OR_06
NULL
NULL
NAND_18
NOR2
NOR_17
NAND_07 NAND_08 NULL
NULL
NAND_17
NAND2
NAND_17 AND_93 NOR_17 NULL
NULL
NAND_18
NAND3
NAND_18 NAND_11 NAND_14 NAND_17 NULL
OR_04
OR2
OR_04
NAND_02 NAND_18 NULL
NULL
PO_01
MAJ_GATE MAJ_GATE_03 PI_04 PI_05 PI_06
NULL
NOR_07
MAJ_GATE MAJ_GATE_02 PI_01 PI_02 PI_03
NULL
NOR_07
NOR2 NOR_12 MAJ_GATE_02 NOR_02 NULL
NULL
OR_05
NOR2 NOR_14 MAJ_GATE_03 NOR_01 NULL
NULL
OR_05
NOR2 NOR_15 MAJ_GATE_03 NAND_07 NULL
NULL
OR_06
NOR2 NOR_16 MAJ_GATE_02 NAND_08 NULL
NULL
OR_06
NOR2 NOR_07 MAJ_GATE_02 MAJ_GATE_03 NULL NULL
OR_01
NAND3 NAND_10 NAND_09 MAJ_GATE_02 MAJ_GATE_03 NULL NAND_06
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OUT2
----

OUT3
----

OUT4
----

NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NOR_06
NOR_04
NULL
NULL
NULL
NULL
NOR_15
NULL
NOR_16
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NAND_10
NAND_10
NULL
NULL
NULL
NULL
NULL
NULL

NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NOR_14
NOR_12
NULL
NULL
NULL
NULL
NOR_17
NULL
NOR_17
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NOR_14
NOR_12
NULL
NULL
NULL
NULL
NULL
NULL

NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NULL
NOR_15
NOR_16
NULL
NULL
NULL
NULL
NULL
NULL

C.

SampleCircuit_XOR Output File

-----------------------------------------------------DELAY VARIATION RESULTS FOR PRIMARY OUTPUT 1
======================================================
Previous Input Vector
Output
Delay
Present Input Vector
-----------------------------------------------------||||||||||||||||||||||||||||||||||||||||||||||||||||||
-----------------------------------------------------0 0 0 0 0 0 0 0 0
0
0 0 0 0 0 0 0 0 0
0
0
-----------------------------------------------------0 0 0 0 0 0 0 0 1
1
0 0 0 0 0 0 0 0 0
0
180
-----------------------------------------------------0 0 0 0 0 0 0 1 0
1
0 0 0 0 0 0 0 0 0
0
180
-----------------------------------------------------0 0 0 0 0 0 0 1 1
0
0 0 0 0 0 0 0 0 0
0
0
-----------------------------------------------------||||||||||||||||||||||||||||||||||||||||||||||||||||||
-----------------------------------------------------0 0 0 0 0 0 0 0 0
0
0 0 0 0 0 0 0 0 1
1
180
-----------------------------------------------------0 0 0 0 0 0 0 0 1
1
0 0 0 0 0 0 0 0 1
1
0
-----------------------------------------------------0 0 0 0 0 0 0 1 0
1
0 0 0 0 0 0 0 0 1
1
0
-----------------------------------------------------0 0 0 0 0 0 0 1 1
0
0 0 0 0 0 0 0 0 1
1
240
-----------------------------------------------------||||||||||||||||||||||||||||||||||||||||||||||||||||||
-----------------------------------------------------0 0 0 0 0 0 0 0 0
0
0 0 0 0 0 0 0 1 0
1
180
-----------------------------------------------------0 0 0 0 0 0 0 0 1
1
0 0 0 0 0 0 0 1 0
1
0
-----------------------------------------------------0 0 0 0 0 0 0 1 0
1
0 0 0 0 0 0 0 1 0
1
0
-----------------------------------------------------0 0 0 0 0 0 0 1 1
0
0 0 0 0 0 0 0 1 0
1
240
-----------------------------------------------------||||||||||||||||||||||||||||||||||||||||||||||||||||||
-----------------------------------------------------0 0 0 0 0 0 0 0 0
0
0 0 0 0 0 0 0 1 1
0
0
-----------------------------------------------------0 0 0 0 0 0 0 0 1
1
0 0 0 0 0 0 0 1 1
0
300
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-----------------------------------------------------0 0 0 0 0 0 0 1 0
1
0 0 0 0 0 0 0 1 1
0
300
-----------------------------------------------------0 0 0 0 0 0 0 1 1
0
0 0 0 0 0 0 0 1 1
0
0
----------------------------------------------------------------------------------------------------------*****************************
Min Delay : 180
Max Delay : 300
*****************************
######################################################
######################################################
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D.

Transistor Level Designs of the Gates used in Simulator Library

Fig. A1. Majority Gate

Fig. A2. 2-Input NAND Gate

Fig. A3. 2-Input NOR

Fig. A4. Inverter

Fig. A5. AOI Gate

Fig. A6. OAI Gate
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E.

Eager Branch and Bound Approach
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F.

Lazy Branch and Bound Approach
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