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ABSTRACT

Design of High performance Multiple-Input Pass-
Transistor-Logic XOR Circuits

Yuling Yang

XOR gates are basic building blocks in the design of almost all kinds of digital cir-
cuits for signal processing. generation and control. The performance of the XOR gates can
be a factor determining the performance of the complete circuits. In particular. XOR gates
with a large number of inputs. which are often used for parallel processing, may make a
major contribution to the delay of the circuits. Some reduction of the delay can be
achieved but usually at the expense of the power dissipation.

In this thesis. a comprehensive study of the XOR gate design is presented. Based
on the study. an approach of designing multiple-input pass-transistor-logic XOR gates is
proposed. This approach consists of two aspects. On one hand, the imperfect high-voltage-
levels. resulting from the imperfect voltage transmission by single-MOS switches. at some
selected intermediated circuit nodes are used to reduce the signal swing so that the power
dissipation can be minimized. On the other hand. the voltages at some circuit nodes are
compensated to maximize the current capacity in order to reduce the delay. Thus. the XOR
gates can be designed to have a significant higher performance. in terms of speed. than
other pass-transistor-logic XOR gates and the power dissipation of the circuits can also be

lowered. An example of application of this design approach is also presented in this thesis.
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Chapter 1

Introduction

I-1 Introduction

In the design of integrated circuits. high-speed. low-power dissipation, and small
size are often the essential objectives to be achieved. A higher operation speed is always
needed to meet the increasing demand for more capacity of signal processing and
communication, whereas minimizing the overall power dissipation and the size of a
system has become an important concern while the scale of the integration of devices is
increasing. In order to improve the circuit performance in terms of speed and power

dissipation, we have been working on the design and implementation of Very Large Scale



Integration (VLSI) circuits in the transistor level. and the emphasis is on the problems in

the basic aspects of the circuits.

I-2 Perspective and Motivation

The work of this thesis aims at improving the performance of digital systems
involving XOR gate. Needless to mention its roles in ALUs. XOR gate is a fundamental
unit in all kinds of digital circuits for signal processing, computation and control. XOR
gate is also widely used for communications and. in particular, they are basic building
blocks in error detection and correction systems, e.g. that for Error-Correcting Circuit
(ECC) in data transmission or storage systems as shown in Figure 1.1 [44].

The research on the XOR gates becomes extremely valuable when the major
parts of the digital circuits are composed of XOR gates. For example. the number of the
XOR gates is over three fourth of the total number of the gates used in an Hamming
decoder for ECC. About 90% of the delay of a Hamming decoder is usually contributed by
the XOR gates employed [2]{3][6]. In other words. an improvement of the XOR gates can

result in a considerably better performance of the circuit.

Noise

o vV | Transmicter . Receiver .3 S u .
Data Scurce —® Enccder _.wri:inq wnicl ™ Channel — (read umit) %1 Decoder Data Sink

Figure 1.1 Typical data transmission or storage system with error control process.

(28]



Besides the error coding circuits. XOR gate are also frequently used in other
kinds of digital logic circuits. such as equality (or inequality) comparator. pattern
generator. and so on. Some circuits like the ones to realize Exclusive-OR Sum-of-Products
(SOP) expressions. e.g.. Reed-Muller canonical circuits. which are widely used in logic
synthesis [28]. are completely composed of XOR gates. It is needless to say how
important it is to design a high-speed and low-power XOR gate in these kinds of digital

circuits.

I-3 Objective of the Thesis

Since XOR function has some special feawres. it can be implemented more
easily and efficiently in other kinds of logic gates than the complementary CMOS ones
[19]{21}{22]{45]. As a result. the design and implementation of XOR gates is very
diversified. Therefore. the first objective of the thesis work is to investigate the
performance of different kinds of XOR circuits in terms of robustness. power dissipation
and delay. From the results of the investigation. it can be seen that some measures have
been taken to achieve some improvements in these circuits while some new problems
emerge. Based on the analyses of previous work. the second objective of the thesis is to
design XOR circuits with better performance without losing the robustness of the circuit
operations.

It should be noted that in this thesis. the main focus is on the design of XOR
gates with a large number of inputs applied in signal processing. communication and
storage systems. such as the one applied in an error correcting circuit. a Hamming

decoder. Hence, the third and the most important objective of this thesis is to propose a



design approach to improve the performance in terms of speed and power dissipation of
the XOR gates that have a large number of inputs. These improvements should be verified
by evaluating the performance of a prototype circuit. such as a Hamming decoder in which

XOR gates are designed using the proposed approach.

I-4 Brief Presentation of the Thesis

The thesis is divided into five Chapters including this introduction.

In Chapter 2. previous work on the design and implementations of varieties of
XOR gates is described. Most of them are two-input ones. In particular. a comprehensive
study of level restoring techniques used in non-conventional CMOS designs is presented.
The effectiveness of these techniques is evaluated.

In Chapter 3. different structures of XOR circuits with a large number of inputs
are presented. The speed and power dissipation of each of the structures are described.
The empbhasis of the work is on the design and analysis of Pass-Transistor-Logic (PTL)
XOR circuits. An approach to improving the performance of the XOR gates with a large
number of inputs are proposed.

Chapter 4 is dedicated to a circuit example. Harmnming decoder. for an assessment
of the XOR gates in a processing circuit. The role of XOR gates in the operation of the
Hamming decoder is described. An approach of the evaluation of the circuit speed is
presented and a related test circuit is proposed Some important issues in the
implementations of the test circuit are discussed.

Chapter 5 summaries the work of the thesis and describes briefly the future

research on the design and implementation of pass-transistor-logic XOR circuits.



Chapter 2

Basic Building Block — XOR Circuits

L. T
II-1 Introduction

The exclusive-OR gate is a fundamental unit in digital circuits. Typical
applications include full adders. binary comparators, pattern generators and Error
Correcting Circuits (ECC). For example. in many circuits implementing error control
codes. XOR gate is one of the most frequently used logic units. The global specifications
of ECC circuits depend greatly on the performance of the XOR cells integrated.

In this chapter. we will discuss in detail the performance of different existing
two-input XOR circuits. The performance comparison of these circuits will be presented

and discussed.



II-2  Specifications of Digital Gates

Before presenting different kinds of XOR circuits. we need to have a look at the

important specifications of a digital gate. including speed. power dissipation, size. etc.

2-2-1 Delay

The delay of a gate is related to the current driving capacity of the transistors in
the gate and the load capacitances. The current is determined by the size ratios (Width/
Length) of the transistors in the current path. In case of a complex network circuit. such as
a multiple-input XOR gate. the delay depends also on the number of stages and the
capacitances contributed by the interconnections. Another factor related to the delay is the
voltage levels of input signals and those at the intermediate circuit nodes. This aspect will

be elaborated in later sections.

2-2.2  Power Dissipation

In the work related to this thesis. the power dissipation is an important concern.
Power dissipation can be divided into two parts: static power dissipation and dynamic
power dissipation. The static power dissipation includes that contributed by leakage

currents. and in some cases. by the Vpp-to-V currents in some circuit branches. The

latter results are often from the imperfection of the voltage levels of the binary voltage
signals. Dynamic power dissipation has two components: the switching power
consumption and the short-circuit power consumption. They are determined by the switch
activities and the node capacitances contributed by the silicon layers and metal wires. The

equation used to estimate the dynamic power dissipation can be expressed as [45]:



.
Pin = Voo feux Zak ¢+ Vpp- z‘scn @.n
X 3

where Vpp is the supply voltage. fy, is the clock frequency of the signal. o, is the
coefficient describing the node switching activities at the ¥ node. C;. is the node

capacitance at the output node of the ¥ stage. i scn 1S the node short-circuit currents. and &

is the number of the stages.

2-2-3  Input Resistance
The input resistance of a CMOS gate is infinite. The input resistances can be a

finite value if the input nodes are not gate terminals.

2-2-4  Output Voltage Level
This specification closely relates to the noise margins of the circuits. Moreover. it
also relates to the current driving capacity which determines the speed and power

dissipation of the circuits. Details will be presented in Section II-3 and II-4.

2-2-5  Size

The circuit size depends on the number of transistors and their sizes. It also
depends on the wiring complexity. The minimization of the circuit volume facilitates the
integration of a system. Besides. this minimization may reduce the parasitic capacitance of
the circuit and power dissipation. However, in terms of the operation speed, it may not

lead to optimum results due to smaller transistor sizes.



II-3 Two-Input XOR Cell

We describe some two-input XOR cells in this sub-chapter to show some of the

problems in the design of XOR circuits.

2-3-1 Conventional CMOS XOR

An example of CMOS XOR gate are shown as shown in Figure 2.1[20][45].
Compared to other kinds of XOR gates. the number of transistors of a complementary
CMOS XOR circuit is relatively larger. Moreover, the circuit can be very complex if the
number of inputs is large. Therefore. some other kinds of XOR circuits have been

proposed to fit different requirements.

VDD vDD

- M e

AeB

:ll_ F1

Figure 2.1 Example of a conventional CMOS XOR circuit.



2-3-2  Pass-Transistor-Logic XOR
One commonly used logic to build XOR gate is pass-transistor logic which has a

structure of a multiplexer as shown in Figure 2.2.

A
B - —
- —AD B
A
B - >
Figure 2.2 Basic scheme of two-input pass-transistor-logic XOR cell.

If each switch is a single MOSFET. it requires a very smaller number of
transistors. which reduces delay. power dissipation and the size. However. it has its
weakness of non-ideal output voltage levels. called “poor 1™ and “poor 07[45]. The
problem can be solved by using complementary switches. as shown in Figure 2.3.
However. in this case. complementary switches and control signals have to be used. the
number of the transistors has to be doubled. and the circuit wiring will be much more
complex. which reduces the significance of the advantages the pass-transistor logic gates

have over the CMOS ones.

A
8 L
T
A A3B
A
B =
A
Figure 2.3 Pass-transistor-logic XOR cell. using complementary switches.



It should be noted that some of the input terminals of pass-transistor logic
circuits are source/drain terminals with finite-value resistances. Therefore. any non-ideal
operation state in the pass-transistor-logic circuits can affect the operation of the preceding

stages. Usually. buffers are needed to separate the stages.

2-3-3  Mixed Logic XOR Circuits
Some other simple XOR circuits based on pass-transistor logic mixed with other

logic gates have been proposed. They are discussed below.

2-3-3-a Cross-Coupled XOR and XNOR [45]

The circuits shown in Figure 2.4 are two examples. Each of them consisting of
only four transistors to realize the XOR or XNOR function. But they both have the level
problem. For example. in the circuit shown in Figure 2.4(a). when both inputs are LOW.
the output level is higher than V. Moreover. the circuit does not have infinite input
resistances. In conclusion. they have all the problems that pass-transistor-logic circuits of

single-MOS transistor switches have.
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Figure 2.4 Cross-coupled XOR and XNOR cell.

(a) Logic gate realizing XOR function. In this circuit. the low level of the
output can be higher than zero due to the “poor-0" problem of PMOS.
(b) Logic gate realizing XNOR function. In this circuit. the high level of the

output can be lower than Vpp due to the “poor-1" problem of NMOS.

2-3-3-b A Combination of the Pseudo-NMOS and the Pass-Transistor Circuit

The circuit shown in Figure 2.5 [20] is even simpler. There are only three
transistors in this XOR cell. which is a combination of pseudo-NMOS and a pass-
transistor circuit. In terms of the number of transistors required to form the cell. it is so far
the best. However, like pseudo-NMOS gates. this circuit has the problems of non-zero

static power dissipation and non-ideal low voltage levels.

11



Figure 2.5 Pseudo-NMOS and cross-coupled pass-transistor XNOR cell.

II-4  Level Recovering Techniques

CMOS XOR gates have the advantages. such as robustness and regularity in the
circuit structure. However. it requires large number of transistors. which can cause a larger
delay and requires more silicon space. The pass-transistor-logic circuit and mixed logic
XOR gates and mixed logic ones are simpler. However. the problem of a “poor-1" or a
“poor-0" of single-MOS switches affects the noise margins. speed and power dissipation
of the gates. Thus. it is necessary to solve this problem. Several techniques have been

proposed. We are going to discuss them in this sub-section.

2-4-1  Partial CMOS Switch XOR Cell

As we discussed in Section 2-3-2. we can solve the level problem by using
complementary switches. However, since it requires both inputs have complementary
signals controlling the switches. which can eliminate the advantages of the pass-transistor-

logic gates over the CMOS ones. Due to this. a modified version is shown in Figure 2.6



[23], which could be seen as a partial CMOS switch circuit. It is also similar to the cross-
coupled XOR cell shown in Figure 2.4 except that a PMOS transistor P53 is added in order
to compensate the level difference when A =B = “I”. Meanwhile, only one
complementary signal of the inputs is required to control the additional switch P3.
Although this circuit attempts to keep the structure simple while solving the level

problem. This version still does not reach the goal to have a small number of transistors.

Another drawback is that its structure is irregular.

VoD

A— A
A4 P
B<| p2
A 4
B il Y
L%-_a! A®B
A
B
A ot

Figure 2.6 One modified version of cross-coupled XNOR cell.
2-4-2  Level Recovering Inverter

One of the approaches to compensating for the output level is to add a level-

recovering inverter. as illustrated in Figure 2.7.
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(b) Inverter DC transfer characteristic

Figure 2.7 Level recovering inverter and its operating points. Poor voltage levels can
result in static current and power dissipation.
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With this approach, the output voltage of the inverter shown in Figure 2.7 can be

almost full swinging, i.e. Vy, =V, V= V. However, the following two points

should be underlined.
* At least one of the two input voltage levels of the inverter is different from the supply
voltage (or the GND) and the difference is large than the zero-bias threshold voltage of

the transistors, V;,g or |V, |. Thus. the static power dissipation of the CMOS inverter

is non-zero. as shown in Figure 2.7(b).
* The transistors of the inverter have to be carefully sized. in order that the threshold
voltage is correctly set. not to be too close to the voltage level of “poor 1" (or “poor

0™). In other words, there is a critical limitation for sizing the transistors.

2-4-3  Single Pull-Up PMOS
Another solution proposed to solve “poor 1” problem is to apply a pull-up

PMOS transistor[22][45]. As shown in Figure 2.8. if V_ is high. its output V, will be
high. which drives V' to a low level. This low level V3 drives the pull-up PMOS P,
onand V is expected to reach Vpp after i; charging the capacitor Cy Thus, the level of

Vy is restored. However, this circuit can have problems in dynamic operation. Assume
the circuit is initialized as V; =0V, Vy =Vpp, and V|, =Vpp. Then V. changes
from 0 to Vppp. and Vy intends to change to OV. so does V. While V; is still lower

than V5 + V4, both P; and N; are on. Whether the voltage V), can be reduced to a

low level depends on the difference between the two currents i; and ij. If iy;>i,. the

15



capacitor Cy will be discharged and V', will reach zero. However, if iy <i;, Vyand V,

will increase or remain the same. An equilibrium may be reached and V, remains at a

relatively high level. The simulation results of such a case is shown in Figure 2.9.
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X—| N1 | N3
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(b)

Figure 2.8 Single pull-up PMOS circuit.

(a) Single pull-up PMOS circuit. The PMOS transistor P, and the inverter are
added to compensate the voltage dropping at V Y in case V X = Vop-

(b) Equivalent circuit during the transitions in case V x s changed from Vpp
to OV.
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Simulation results.

During the period. i3S, then Vy remains high and Vo remains low.

Y

which causes logic errors.

To insure

iy>i; during the transition, we should carefully choose the size

ratios of the transistors concerned. This is a limitation of this level-recovering technique.
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2-4-4  Self-Cross Pull-Up Pull-Down Structure

Another version of the XOR circuit with level compensation has been presented
by D. Radhakrishna [27]. As shown in Figure 2.10, the circuit consists of two parts. “a
pseudo-NMOS-like” cross-coupled pass-transistor XOR circuit similar to that shown in
Figure 2.5, and its complementary version. The two parts make a closed loop with the
output signal of each part feed to the other one as shown in Figure 2.10. In each part. the
pull-up PMOS (or pull-down NMOS) is controlled by the output from the other part. It
attempts to perform both the XOR and XNOR functions simultaneously with full swing

voltage levels.

A8B =|;F;;s .0 208

R PR e b
B down N C

w
>
2]
@

AL 8

Figure 2.10 Self-cross puil-up XOR-XNOR cell [27].

The circuit seems to have full swing output in the static operation. However, it

does have the problem of the level and static power dissipation due to its feedback

structure. In the case shown in Figure 2.11, the resulting outputs V and V may not

have good voltage levels and static currents i; and /> may exist in the circuit.
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Figure 2.11 Example of a troubled dynamic operation of the circuit shown in Figure 2.10.

Assume that the input V X and VY are respectively from the preceding gates.
and the circuit is initialized as V,? = Vpp. V7 =Vpp. Vy =0V. V,, =0V,
the output VF =0V. and VF‘ =Vpp. Then. V)—( changes from Vpp to Vss.
and V x nses toward Vpp. V £ intends to change to Vpp. However. if ; is
comparable with i3, V F can not rise to a high voltage. Then P; can not be

cut off completely and VI? remains higher than zero. This non-zero signal is

fed back to N1 and keeps it on. Therefore. the current i, i> and i3 are non-zero

in static state. It could not only cause the static power dissipation problem but

also a logic error.

From above discussion. we have the conclusion that although this circuit requires

only a small number of transistors to realize the XOR and XNOR function. there is a great

risk that the circuit can not work properly.
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2-4-5  Cross-Coupled Pull-Up PMOS
Another solution to the voltage level problem in an NMOS pass-transistor logic
circuit is to use only PMOS transistors shown in Figure 2.12 [22]. The PMOS transistor

functions as a pull-up transistor. However, unlike the case described in Section 2-4-4, the
gate voltage V. shown in Figure 2.12 is not produced by the pass-transistor logic gate

iself, but provided by an independent gate performing the complementary function. Since

only NMOS transistors are used in the gate. the output levels should have only the *poor-

1™ problem. When it occurs. its complementary signal V2. which is also generated by an

NMOS pass-transistor logic gate. is expected to be at a low level which is used to drive the

pull-up PMOS transistor on and it brings the level of V to Vpp. It should be noted that.

unlike the case shown in Figure 2.11. in the NMOS pass-transistor-logic illustrated in

Figure 2.12. there is no node eventually switched to the ground.

vDD

— Ve

=

NMOS PTL

B

Figure 2.12 NMOS output V - Voltage level problem solved by pull-up PMOS using Ve.

This circuit avoids the possible dynamic operation problem that single pull-up

PMOS and self-cross pull-up pull-down structures have. As shown in Figure 2.13, since



there are no current path connecting to Vg, the output V- can be charged to perfect high

voltage level Vpp by i; and i5.
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Figure 2.13 Pull-up transistor works in this circuit.
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Figure 2.14 Cross-coupled pull-up PMOS circuit.

As the true signal V¢ and its complementary signal V¢ are required in most of

the large circuits. two blocks performing functions F and F can be placed together with



their pull-up PMOS transistors as shown in Figure 2.14. Both output signals have full
swing logic levels.
The circuit also works with cross-coupled pull-down NMOS if using PMOS

pass-transistor logic. It is shown in Figure 2.15.

ol A Y = ==
—_— F F SR
Figure 2.15 Cross-coupled pull-down NMOS circuit.

II-S  Conclusion

In this chapter. the basic building blocks. XOR circuits have been discussed.
Besides the conventional CMOS and pass-transistor logic XOR gates. some existing
mixed logic XOR gates. which are simpler than the CMOS ones. are also described. In
these circuits. level restoring techniques are usually applied in order to solve the “poor 0"
or “poor 1" level problems of NMOS or PMOS switches. However. these techniques have
their shortcomings. The partial CMOS switch XOR cell does not reduce the number of
transistors and it loses the regularity in structure. The level recovering inverter may cause
a static power dissipation and this method has a limitation of selecting the transistor sizes.
Another method that using single pull-up PMOS may cause logic error if the size ratio of

the transistors are not chosen properly. The similar logic-error could happen in the self-



cross pull-up puli-down structure. Using cross-coupled pull-up PMOS transistors is so far
a good solution for level restoring without risk of static power dissipation.

The technique of adding cross-coupled pull-up PMOS transistors can be further
explored in the design of multiple-input XOR circuits. which will be discussed in the next

section.



Chapter 3

Multiple-Input XOR Circuits

III-1 Introduction

XOR gates employed in signal detecting and processing circuits, such as ECC
circuits. often have a large number of inputs (2> 4 ). To have a reasonable speed and power
dissipation combined. we need design specifically structured multiple-input XOR gates,
instead of connecting single two-input XOR gates mechanically.

In this section. we first present the analysis of the existing multiple-input XOR
circuits. Based on the analysis. an approach to the improvement of speed and power

dissipation of PTL XOR circuits are presented. A study of the performance improvements



and implementation of the approach are also described. as well as the evaluation of the

performance by Hspice simulation.

III-2 Structure of Multiple-Input XOR

Because of the simplicity of the circuits structure. the approach of PTL is often
taken for the design of low-power and high-speed XOR gates. Thus. two-input pass-
transistor-logic XOR gates are usually used as the basic unit to build multiple-input XOR
blocks. There are three types of XOR structures commonly used: the chain structure. the

tree structure. and the mixed structure.

3-2-1 Chain Structure

The basic scheme of a multiple-input XOR gate with a chain structure is shown

in Figure 3.1. It should be noted that the basic cells in the scheme are two-input XOR

gates.

I delay=Ta> (n-1)«t .

i i

| delay=ta | i
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Figure 3.1 Multiple-input XOR with a chain structure of two-input XOR gates.

Assume that all the inputs are provided by CMOS gates with full swing voltage

levels. All the gates of MOS pass transistors of the circuit are driven by full swing voltage



levels as shown in Figure 3.2. The low level of the output voltage is zero volts. and the

high level is Vpp-V,, in the worst cases.

e X3 Xn
Xo— p ¢ E— Xn .
Xi Lo 0 . Fe___iout
- il L =
= — —
= n =~ __ o = jiour
Figure 3.2 Two-input pass-transistor-logic XOR gates arranged in a chain structure.

If n is the number of inputs of a multiple XOR gate. n-I two-input XOR gates are

required to build the circuit. If each unit has a delay of ;. then the total delay of the
circuit. consisting of n-/ cascading stages. is T, where T, 2 (n-1)-1,. The best case

(n-1) -1, only occurs when each pass-transistor-logic stages is well isolated. usually by

inverters. Otherwise. the delay increases exponentially. because the charging or
discharging current required to change the voltage at the output terminal is provided by the
preceding gate. the current flows through a chain of pass transistors. Thus. in order not to
have a serious delay. a large number of chained stages should be avoided. which limits the

number of inputs of the XOR gates.

The power dissipation of this structure P =(n—1) - pp.i... itis nearly a linear

function of the number of stages.



3-2-2 Tree Structure

The muitiple-input XOR gate can also be made using basic XOR cells in a tree

structure as shown in Figure 3.3.
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Figure 3.3 Tree structure.

For an n-input XOR gate of tree structure, the total number of basic two-input
units is n-1; same as for the chain structure. Because of the same number of the units used.
the power dissipation of the tree structure circuits is similar to the chain structure circuits.

To estimate the delay, the number of stages for signal propagation, N, needs to be

examined. In an n-input XOR gate of tree structure. N= log,n , instead of n-/ in a chain

structure. Therefore, the former has a total delay of T g _ ;00 2 (10857) 14  where 1, is
d-tree 2 d d

the delay of the basic unit. comparedto T d - chain 2(n-1)-t d for the latter.



Evidently, the tree structure XOR gates have advantages of speed over the chain
structure ones, because of their smaller number of layers. However. this advantage may
not be significant in some cases and some critical level problems may occur. One such

example is shown in Figure 3.4.
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Figure 3.4 Level problem when two-input pass-transistor-logic XOR cell used in the tree

structure.

As we can see in a basic cell of the second layer (Figure 3.4), the four inputs of

the basic cell are from the first layer, and all of them have *“poor-1" problems
( Vou = Vpp=Vin )» where V,,; is the threshold voltage of the transistors. Two of

these signals are applied at the gate terminal of the cell. The output in the high level of the

second layer will be the voltage applied at the gate minus its threshold voltage, v,,,. i.e.,



Vou = (Vpp=V.u1) = V,,2- When this signal continues to be transmitted to the K

stage. the high output level will be V= Vpp—-kV,, . Therefore. the poor voltage

level of each layer will be propagated and accumulated. In order to insure sufficient noise
margins of the circuits. the number of layers cannot exceed two. Otherwise. level
recovering techniques have to be taken for the circuits to operate correctly.

The level problem described above affects not only the noise margins of the
circuits but also the operation speed. If the “poor-1" voltage signals from the preceding
layer are applied at the gates of the pass transistors. the transistor currents will be
weakened compared to the case of “good-1" gate voltages. Consequently. the propagation
delay will be increased.

From the above discussion. we can conclude that. unless some measures are
taken to solve the level problem. the pass-transistor-logic of the tree structure will not have
significant advantages over those of the chain structure in terms of power dissipation and
operating speed due to the level problem. Moreover. the routing for the tree structure is

more complex than that of the chain structure.

3-2-3 Mixed Structure

There are some types of multiple-input XOR gates apparently having different
features from those of the chain structure and the tree structure. One of the examples is the
DCVS circuit. [12][13][16][45].

A DCVS (Differential Cascade Voltage Switch) XOR is. in fact. a pass-

transistor-logic network transferring logic 0" to one of the output terminals, while the



voltage of the other output node is pulled to Vpp by means of a PMOS. Since the pass-

transistor-logic network consists of NMOS pass transistors, the low-level at the output is
zero volts. Thus, there is neither “poor-1" nor “poor-0” problems. A typical DCVS XOR

circuit is shown below in Figure 3.5.
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Figure 3.5 Example of mixed structure of XOR gate.
(a) DCVS XOR[45]

(b) The same circuit (a) placed horizontally to show the transmission of the

“0” to the node out or out.

The speed of the DCVS XOR circuit is related to the number of layers in the
pass-transistor-logic network. A large number of layers results in a large delay. The
advantage of this circuit is that all the inputs voltage signals are applied to the gate

terminals of the pass-transistor-logic network. Thus, the resistance of each input terminal
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is infinite, and there is no current flowing from preceding stages, which is the same as that

in CMOS PUN/PDN gates.

III-3 An Approach to the Improvement of Speed and Power

Dissipation

We have discussed three kinds of multiple XOR gates composed of two-input
pass-transistor-logic XOR units: chain structure, tree structure and mixed structure. The
chain structure is simple. but in order to avoid a long current path, the number of inputs,
i.e.. the number of stages has to be limited. The same problem also exists in the mixed
structure. The tree structure has fewer layers with a seem-to-be smaller delay compafed to
the chain structure and the mixed structure. However, due to the problems of “poor-1" or
*poor-0" of MOS pass transistors. a successive voltage level loss can be produced. which
not only weakens the current driving capacity of the transistors, but also cause logic errors
in some cases. Therefore, the chain. tree or mixed structure XOR circuits all have

disadvantages in different aspects. A design approach for improving the performance in

terms of speed and power dissipation is presented in the following sub-sections.

3-3-1 Description of the Proposed Approach
The improved circuit is based on the tree structure for its advantage of a small

number of layers of the gates. By using the tree structure instead of the chain structure. the

total delay can be reduced l’“ ! times (Section 3-2-2), where n is the number of inputs.
og,n
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The larger the number of inputs, the greater speed improvement of the tree structure XOR
gates over the chain structure gates, if the problem of the poor levels can be solved.

The level problem in the tree structure pass-transistor-logic circuit is due to the
successive voltage level reduction. This problem can be solved by applying level-restoring
cells to make the gate voltages of all the MOS pass transistors to have a full swing. By
doing so. we can not only eliminate successive voltage level degradations. but also
maximize the current driving capacity of the MOS pass transistors, which results in a
maximum speed. However, for both speed and power concemns, we propose to make only
the gate voltages full swing. not the voltages at the diffusion terminals. An example
illustrating the approach is shown in Figure 3.6. This is a multiple-input XOR circuit
based on basic pass-transistor-logic XOR units and level-restoring cells. Each XOR unit
has two inputs. The one drawn in thick gray line (Figure 3.6b) is applied at the MOS gate
and the other drawn in thin line at the diffusion node (Figure 3.6a). Level-restoring cells
are placed only at the branches connecting to MOS gates. so that all of the gate signals
have a full voltage swing. The analysis of the improvement resulting from this

arrangement is elaborated in the following paragraphs.
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Figure 3.6 Multiple-input XOR circuit using the proposed approach.

(a) Basic XOR cell with asymmetric inputs. X; and X-_l are the inputs

controlling the gates of MOS pass transistors indicated by thick lines. X, and

)Tz are the signals applied at the diffusion terminals.

(b) Circuit scheme consisting of the basic XOR cells and level-restoring cells

which are used to recover only the levels of the gate voltages.
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3-3-1-a Voltage Level

By means of the level-restoring cells, the levels of gate voltages are 0V and V.
Those at the diffusion nodes are 0V and Vpp-V,,. in an NMOS pass transistor network.
Therefore. the output voltage loss is limited at V,,, no matter how many gate layers there

are in the circuit.

3-3-1-b Speed

The level-restoring cell makes the voltage at every gate terminal full swing. The
maximized V; results in a maximized current driving capacity of the MOS pass transistor
and consequently, a short delay.

The charging time is usually longer than the discharging time. because the
driving capacity of PMOS transistors is weaker than that of NMOS transistors of the
similar size in preceding stages. Therefore. the delay due to rise-time is more critical than
that of fall-time.

For each of the MOS pass transistor. during the rise-time. the input of the pass

transistor. is the drain terminal of the transistor. The NMOS pass transistor is always in

saturation during the transition, as V,2V,.-V, . The current is approximately

==

2 . .
ip=K, -—[vgs—V,,]" ., Forthe two cases. vg=Vp in the full swing gate voltage and

iDIVu" Voo

v=Vpp-V,, in the case of “poor-1" gate voltage. the current ratio ; can be

D
|v‘; = V-V,

e
Vop=vs=V,)"”
expressed as Vpovs = Vin) s . If v,=0.5V, Vpp=1.8V, at the beginning of the

(Vpp-vs=2V,)
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(1.8-0.5)

- =26
(1.8 -(2-0.5))"

switching period, the current in the case of V; = V, is

times larger than that of the other case. This example shows, by means of raising the gate

voltage from Vpp-V,, to Vpp, the current can be increased by about 2.6 times. With the
same AV, the voltage variation, and load capacitor. the rise-time of transient period is

greatly reduced with a full swing high voltage level at the MOS gate, which results in a

faster speed for the whole circuit.

3-3-1-c Power Dissipation
The power dissipation of the circuit is optimized by not restoring the voltage
level of the signal applied at the diffusion nodes of the basic XOR cell. In this case. the

maximum voltage at this node is Vpp-V,,. (V,,>V,,0. due to the body effect), the energy

storage/dissipation is about C(VDD-V,,,)Z. instead of CVDDz. where C is the node

capacitance. Therefore. without the level restoration. the energy loss by charge and

N
: : : (Vpp) .
discharge at this node is about —DD—, times smaller than that when voltage levels

(Vpp=V,.)°

(1.8)°

> =19 times smaller.
(1.8-0.5)"

are restored. If v,=0.5V , Vpp=1.8V. that is

This results in less power dissipation at those nodes.
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3-3-2 Different Schemes of the XOR Gates with Level Restoring

3-3-2-a  XOR Gates with Level-Restoring Inverters

Several level-restoring techniques have been described in Section 2-4. By using
an inverter as shown in Figure 3.7, we can easily restore the signal levels. However, the
introduction of the inverter brings an additional delay and power dissipation. Moreover,
the additional power dissipation is mainly caused by a static current in the inverter.

Because of this delay, the improvement of speed may become insignificant or even

negative.
X1 O1.1=X1 @X2
Xz
O2-1=(01-1)@ (O:-2)
X3 01.2=X3® Xa
Xa
j)— = two-input basic NMOS pass logic XOR gate
Figure 3.7 Using inverters as the level-restoring cell.

3-3-2-b PMOS and NMOS Pass-Transistor-Logic Tree Structure
As discussed above, the basic point of improving the speed is making the gate

voltages of the pass transistors to be equal to V. For this purpose, instead of inserting a

level-restoring cell, we may use PMOS pass-transistor-logic cells to generate the “good-1"
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signals to be applied to the MOS gates of the next stages. as shown in Figure 3.8. Thus.
without placing any level-restoring cells. i.e.. no additional delay, high gate voltages of

Vpp are insured and the high level of the output voltages will not be lower than Vpp-V,,.

the same as that of the circuit in Figure 3.8.

Layer 1
X1 —
X—1 (Vxi=0)
(VX2=VDD) = 01-1 (Vo1-1(H)=VoD)
2 =~
Xz Layer 2
D
1 -
= Oz2-1
Xa g
X3 —
Xa iyl 012 s
_ |
X R — oz
i I
= O1-2

Figure 3.8 PMOS and NMOS tree structure. PMOS pass-transistor-logic cells are used to
insure a “good-1" voltage level of the signals at the MOS gates.

It should be noted that the use of the PMOS cells provides a good high level of
the output voltage of the cell. But it results in a “poor-0" level. which leads to a problem of
large static power dissipation in the succeeding stage. The poor low voltages. applied at

the MOS gates of the succeeding stage make the NMOS transistors of the stage not
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completely off. As the two inputs of each XOR gate unit are complementary. and. as
mentioned. neither of the two pass transistors are off. a current path from Vpp to Vi is
formed via the two pass transistors. as shown in Figure 3.9. This current results in a static

power dissipation.

-.33. - O
: * N . layer 2
Te—
‘ (Vor-1=Vip)
-— (Vo11=Vop)
——_ | — short-aircutt current
L 011 .

~(Vorz=Voo-Vpn)i == i 0241

"z (Vorz=0 =1

. X —_— O ]
.———/
= &
Figure 3.9 Short-circuit current in PMOS and NMOS tree structure circuit.

In conclusion. this approach of the PMOS and NMOS pass-transistor-logic tree
structure improves the speed at the expense of power dissipation. Moreover. because of the
static currents in the succeeding stage. the levels of the output voltage of that stage are not
perfect. This level loss will affect the operation in the following stages. Thus. the number
of stages (or layers) of this kind of XOR gates is limited. and inverters must be added at

the end to recover the voltage levels.
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3-3-2-c NMOS Pass-Transistor-Logic Tree Structure with Pull-Up PMOS
An effective method to restore the signal level without introducing an additional
delay and power dissipation is to use pull-up PMOS transistor pair controlled by

complementary signals. as shown in Figure 3.10.

—- =P level restore cell:

o —— o pull-up PMOS transistors
X2 ! O |
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Figure 3.10 Improving the performance of XOR circuit of tree structure by using pull-up

PMOS transistors at gate nodes.

The use of these pull-up PMOS transistors in Figure 3.10 introduces almost zero
additional delay to the circuit. Moreover the volmgf: rise during the transition is
accelerated. the PMOS transistors can provide an additional path for the charging current
(Figure 3.11). Therefore, with the pull-up PMOS transistors. the rise-time can be
shortened and the speed of the circuit can be further improved.

This speed improvement is achieved at almost no expense of power dissipation

as the current from the PMOS is designed to contribute neither to the short-circuit current
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during the transition, nor the static current in steady state as shown in Figure 3.11 (b) and

(d).

Preceding stage Preceding stage |

: vDD | VDD
|
!

VDD

(a) (b)
Preceding stage | Preceding stage |
S - -
| b |
R Lo Poo-l
—'l l r l_f ! F"""“T 1—
[ ' [ ]
! _I_L 1 ' 1 | V0-°0
______________ l
| /\ ld:scharge 1 | ! / Id:scharge
T (o

Figure 3.11 Charging and discharging processes with and without pull-up PMOS.

(a) The charging process in the circuit without pull-up PMOS. There is one
current path to charge the capacitor at the output node V.

(b) The charging process in the circuit with pull-up PMOS. There is two
current paths to charge V. Thus. the rise-time is shorter. No path for static
current exists.

(c) The discharging process in the circuit without pull-up PMOS transistor.
(d) The discharging process in the circuit with pull-up PMOS transistor. The
pull-up PMOS is supposed to be off. The difference is the discharged voltage

of V, changes from Vpp-V,, to Vpp, which is desirable.
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As discussed above, we have presented three schemes for level restoring of the
gate voltages of the pass transistors: level restoring inverters, PMOS and NMOS tree
structure and “complementary” pull-up PMOS transistors. Among these three schemes.
only that with the pull-up PMOS transistors can solve the problems of voltage levels and
static power dissipation. Moreover, with the pull-up transistors. the tree structure can be
easily expanded to multiple layers without the loss of the voltage level. More detailed

analysis of this circuit structure will be given in the next sub-section.

III-4 Analysis of the Pass-Transistor-Logic XOR Gates of with

a Large Number of Inputs
As mentioned in previous sub-sections. for a tree structure. if 2 is the number of

. N . .
inputs and n = 2", the number of the layvers is N= log.n . The tree structure is

beneficial for a large n. which corresponds to a relatively small log,n. i.e.. a relatively

short path of transistors in series.
Before starting the discussion about the delay of an XOR circuit of tree structure.
it should be noted that such an XOR circuit has its particularity that is discussed in the

following paragraph. as shown in Figure 3.12.
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Figure 3.12 Four-input pass-transistor-logic gate with two layers of two-input XOR cells.

In each cell. shown in a dashed frame. the complementary input pairs are
applied at the gate terminals and the diffusion terminals of the MOS pass tran-

sistors respectively. For each of the input cases. the number of transistor

between output node O, _; (or O-v—.l ) and the input node. is two. (The

level-restoring-cells are not shown here in order not to make the diagram

complex.)

It is evident that. in a two-input XOR circuit. the change of the output signal

from its high level to its low level or vice versa. is caused by the change of only one of the
two inputs. e.g.. (X,.X,) or (X5.X5). In other words. if both inputs change. the output

should remain the same. In a pass-transistor-logic XOR circuit such as shown in Figure
3.12. the output voltage of each basic cell can be changed only when one of the input pairs
changes. and one pair of the inputs is applied at the gate terminal of the pass transistors.

while the other is at the diffusion terminals. Therefore. the change of output of the n-input



XOR circuit (n = 2N) is caused by the change either at the input gates or at the input
diffusion terminals. To evaluate the time required for the output voltage to change from
one level to the other, we can consider the cases that when the input at the gate terminal is
changing while that at the diffusion terminal remains the same and vice versa. These two

cases will be discussed below.

3-4-1 Analysis of the Delay Caused by the Change of the Input Applied
at a Diffusion Terminal
As shown in Figure 3.12. at any time. there is only one current path between the

output node OUT (or OUT ) and one of the diffusion input nodes. It should be noted

that. for each of the input cases. the number of pass transistors between the input and

output nodes remains the same. which is log.n . where n is the number of inputs of the

circuit. To evaluate the delay of an n-input pass-transistor-logic XOR gate. the circuit can
. . . . . e R4 . .

be simplified into a chain consisting of log,n. n=2!, 22..... as shown in Figure 3.13. in

case that the signal is transmitted through the channels of the transistors. while the gate

voltage of each transistor is Vpp.

VoD VoD VDD
B N e & our
- M1 M2 e Mk

Figure 3.13 MOS pass transistors connecting one of the diffusion input node and the
output node. when the voltage change occurs at the diffusion input while the

gate voltages of the pass transistors are Vpp.
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The structure shown in Figure 3.13 is often modeled as an RC-network[46] with

k ok
atime constant T = EC kz R; , where R; and C, are the resistance and capacitance
0 o

on the RC network as illustrated in Figure 3.14. However. this model may not be suitable
for a transient analysis of the pass-transistor-logic circuit. as the transistors may not

always act as resistors during the transient period.

IN R R2 Rk ouT
AN AAS— . AN
Ci —l— C2

L
I __I:_—_Ck

Figure 3.14 Equivalent RC-network for the transistor chain.

-

In a gate circuit. the rise-time. is usually more critical than the fall-time. because
the driving capacity of PMOS transistors is weaker than that of NMOS transistors with a
similar size in preceding stages. The pass-transistor-logic gate is not an exception. Thus.
we focus on the evaluation of the rise-time. It should be noted that when the input voltage
of the circuit changes from low to high. the RC-network model. as shown in Figure 3.14,
needs to be modified for evaluating the delay. As shown in Figure 3.15, during the rise
process. V; changes from zero to Vpp-V,,. where V|, is the threshold voltage of the MOS
pass transistor M. This pass transistor. if it is on. is always in the saturation mode and

behaves as a voltage-controlled current source. and its current is determined by

Vesi=Vpp-V. the gate-to-source voltage of the transistor. For each of the other NMOS

transistors of the circuit shown in Figure 3.13. the drain-source voltage is between zero

and Vpp-V,,. These transistors are always in the linear region. Therefore, the model for



the evaluation of the delay should be that shown in Figure 3.16, where R, is the resistance
of M in the saturation mode, and it is much larger than that of the transistors in the linear

mode. and the current i( Vg, ) is determined by V.

Voo VDD-Vin
VD% l v, 0 [~
By SR

Figure 3.15 First transistor in the pass transistor chain.
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Figure 3.16 Modified model of the pass-logic-transistor chain.

The new model presented above can be used for an evaluation of the delay of an
n-input XOR gate with the tree structure when one of the input signals applied at the diffu-
sion input terminals changes. while the gate voltage of each of the transmission transistor
is Vpp. The delays of the XOR gates with 2. 4. 8,.... till 128 inputs. respectively, have been
calculated using the two models. the classical RC model, and the one of Figure 3.16. The
results are plotted in Figure 3.17. The electrical simulation results of the NMOS pass tran-

sistor circuit shown in Figure 3.13 are also plotted in the same figure for comparison.
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Figure 3.17 Computation results using the models of the classical RC-network. modified
model with the current-source. respectively. and the Hspice simulation results
of the gate circuit.

From Figure 3.17. we can see a significant discrepancy between the two curves
obtained by using the classical RC-network model and the results of the electrical
simulation. The curve of the RC-network model deviates from that of the electrical
simulation more than 30%. However. the curve obtained by using the modified model
including the current-source is almost superposed on the curve of the simulation. and the
deviation rate is less than 2%. Therefore. without requiring more computational power. the
modified model provides much better results for the evaluation of the delay of the circuit
than the RC model.

In conclusion. we proposed a new circuit model for evaluating the delay of the
multiple-input XOR circuits in case that the signal is transmitted via the diffusion nodes of

the transistors. This model provides a much more accurate delay estimation of the XOR



circuits than the classical RC-network model. As an extension, this model can also be used
in transmission lines such as pass-transistor-logic chains.

As mentioned previously, in the XOR circuit. a change of the output voltage can
result from a change of the input applied at gate terminal. which will be discussed in next

sub-section.

3-4-2  Analysis of the Delay Caused by the Change of the Input Applied
at a Gate Terminal

As mentioned in the beginning of Section [II-4. the level of output voltage can be
changed because an input signal applied at a gate terminal changes. while the inputs at the
diffusion terminals remain the same. The time required for the output voltage to change is
different from the case we have discussed in Section 3-4-1. If the gate voltage of the pass

transistor M, is initially zero. as shown in Figure 3.18. the transistor is initially off. If the
voltages Vi, > and V5 ; at the two nodes separated by M, are initially different. when the
gate input voltage changes from zero to Vpp. V5., starts to change. This V5., may be

applied to a gate of a MOS pass transistor in the next stage. The worst case of delay occurs
when the all gate voltages of the MOS pass transistors in the path of the signal propagation

need to be charged from the low level to the high level.
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Figure 3.18 Voltage change at gate terminal.

As shown in Figure 3.18. the gate voltage is a response to the signal at the
preceding stage. and it has a finite rise-time as shown in Figure 3.19(a). Let's look at the
two cases shown in Figure 3.19. As the gate voltage Vi, rises gradually during the
transition. as shown in Figure 3.19(b), the current /> is weaker than i, that is produced by a
constant Vg,;=Vpp. Thus. the propagation delay due to a voltage change at the gate is
much larger than that at the diffusion. Moreover. due to the change of the gate voltages.
some other problems that are not critical in case of a small number of inputs. may have be

taken into consideration in case of a large number of inputs. The problem of short-circuit

currents may be the most critical one.
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Figure 3.19 Current {; generated when the gate voltage V; is constantly high and the
g 18 g € VG y g
source (drain) voltage V; is changing. whereas i, is generated by a changing
gate voltage V5. On average. {5 is weaker than i; during the transition.

As shown in Figure 3.20. each pair of NMOS pass transistors is controlled by a
pair of complementary gate voltages. The complementary output voltages change
simultaneously in the opposite direction. During the transition. both NMOS pass
transistors are turned on simultaneously. The short current flowing through them weakens
the charging or discharging current to the targeted circuit node capacitor and increases the
power dissipation. The duration of the short current is related to the rise/fall time of the
input voltages at the gate terminals. Thus, a slow variation of the gate signals of the pass
transistor results in an even slower variation at the output voltage of the pass transistor. If
this output voltage is to be applied to the gate in the succeeding stage, the propagation and
power dissipation will be even more critical. Therefore, it is very important that the input

signals applied at the gate terminal have short rise and fall times.
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Figure 3.20 Finite rise/fall time of the gate signals resulting in short-circuit currents.

3-4-3 Effect of the Pull-Up Transistors

As we know. when the number of inputs of the XOR circuits is large. the current
path for charging or discharging consists of several transistors, as shown in Figure 3.21.
The transient time increases with the number of transistors. Placing pull-up PMOS
transistors can not only restore the high level but also reduce the rise-time of the output
voltage by providing an additional current for charging the capacitor at the circuit node.
This additional current. shown as i; in Figure 3.21(a), flows through only the pull-up
PMOS transistor itself. If the PMOS transistor is fully on, i; will usually be stronger than
i3 that is the current flowing through the pass transistors in series. Thus, the pull-up PMOS

can help to reduce significantly the rise-time. However, it should be noted that such a

speed-up can only be obtained when certain conditions are satisfied.
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Figure 3.21 Discharging and charging process for the complementary output.

(a) Pull-up PMOS helping to accelerate the charging process at one of
the output nodes.

(b) Pull-up PMOS slowing down the discharging process at the other
output node. as it contributes negatively to the discharge current.

(c) Transient period divided into three phases.

As described in previous sub-sections, the gate voltages of the NMOS pass

transistors in the charging/discharging paths is made to be full swing by means of the pull-

5t



up PMOS transistor pairs. As shown in Figure 3.21: (a) and (b), when one of the

complementary output voltages, e.g., V5. is changed from zero to Vpp, the other one,

Vo: - is expected to change from V) to zero. Each of the two PMOS transistors, M and
M,. can provide a current to charge the node capacitors respectively at certain moment.
The current from M;, in this case. is in favour of reducing the delay, but that from M, is

not desirable. For a better analysis of the transition. the transient period is divided into
three phases as shown in Figure 3.21(c). Let us look at the operation of the transistors

during these three phases.

¢ Phasel:rg<t<t .V, >V, -V, |. As Vp; s larger than Vpp-|V,|. M, is off. mak-
ing no contribution to the charging process. VEI is increased by the charging current
i; flowing through the NMOS pass transistors. During this phase, V, is still high.
and V5 is low enough to make M, strongly conductive. Concerning the capacitor
Co- there are two currents. One from the pass transistors is discharging it and the
other from the PMOS M, is charging it. Hence. V,; decreases only if the discharging

current is stronger than the charging current. Thus. V,; may decrease very slowly

during this phase. The temporal existence of a strong current i, due to the low level of
VO—‘. , slows the discharging process at node Vj; and the charging process at the node
Vs -

2: - - i
* Phase: r <1<, V,,<Vpp—|V,| and V- <V, — |V, |. Because the rise of the

voltage V5, gradually weakens the current i, of M, the discharging is faster than



that in Phasel. Meanwhile, once V,,; is lower than Vpp-| Vipl, the pull-up transistor
M, provides a current {;. This accelerates the rise of V5; - which makes the current i,
decrease faster. The circuit enters a cycle of accelerating both the rise of Vs and

the fall of V),

* Phase3:ry,Sr<it3. V>V, -V, |. Inthe last period. V5; s charged to be higher
than Vpp-|V,p|. M; is gradually turmed off, while M is fully conductive. Vg, rises
quickly to Vpp.

As discussed above. in order to accelerate the rising rate of Va; - we wish to
turn on the pull-up PMOS transistor M, as quick as possible. The condition of turning on

M,isthat V,,; should be lowered to a voltage smaller than Vpp-|V,, | by the discharging

wp

current . The discharging current = iy—1i, , where iy is the current

ldischarge discharge

that flows through a series of NMOS transistors and i, is the drain current of the pull-up
PMOS M,. Thus i, should be zero or as small as possible to obtain a large discharging
current. A transistor current is proportional to the size ratio W/L. This ratio should be
minimized. which can also result in a smaller gate area of W*L. Thus, the capacitance of

nodes O; and O; is also minimized. which shortens the charging and discharging periods
and accelerates the rising rate of Vb'i .

From the above discussion. it can be seen that adding the pull-up PMOS
transistors can reduce the rise-time of the output voltage by providing additional currents,
but the size of the PMOS transistors should be small to minimize the node capacitance and

the undesired current that may contribute negatively to the circuit operation.
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3-4-4 Summary of Section 3-4

In this sub-section, the analysis of the NMOS pass-transistor-logic XOR gate
with a large number of inputs involving the pull-up PMOS is presented. Two extreme
cases of the delay of the XOR circuit are evaluated. i.e., the inputs at the diffusion termi-
nals change when those at the gate terminals remain the same and vice versa. In the first
case. we proposed a model for the delay estimation of a pass-transistor-logic chain. and
this medified model has been proved to be more accurate than the classical RC-network
model. The phenomenon related to the delay when the gate voltages change in the circuit
is also discussed. In particular. the functions of the pull-up PMOS transistors. are ana-
lyzed. It should be stressed that the PMOS transistors are used to recover the high level of
the gate voltages. maximizing the currents of the NMOS pass transistors. and to provide
an additional charging current to reduce the rise-time of the node voltages.

The Hspice simulations of the circuits described in Section III-3 and Section III-
4 have been done to verify the analysis results. They are presented in the following sub-

section.

III-5 Simulation of the Multiple-Input XOR Gates

We have described the approach to improve the speed and the power dissipation
of the multiple-input XOR circuits in Section III-3 and III-4. In order to estimate the
performance of the improved circuits comparing with that of the conventional CMOS and
pass-transistor-logic circuits, Hspice simulation has been done using the models of 2 0.18

micron process.
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3-5-1 Simulation of the Four Four-Input XOR Gates

Four types of four-input XOR gates are chosen in this simulation. The first one is
a conventional CMOS XOR gate. The second one consists of two-input pass-transistor-
logic XOR cells without level restoring (Figure 3.22). The third one is a combination of
one PMOS pass-transistor-logic and two NMOS pass-transistor-logic XOR cells (Figure
3.23). The last one consists of NMOS pass-transistor-logic cells with pull-up PMOS
ransistors restoring the levels of the gate voltages (Figure 3.24). All MOS transistors are
sized 0.22 um/0.18 pm. The input voltages of the four XOR gates are provided by
inverters placed at the proceeding stages. Each of the XOR gates has a minimum sized
inverter as its load as shown in Figure 3.22 to Figure 3.24. The test circuit is shown in

Figure 3.25.
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Figure 3.22 Scheme (b): Pass-transistor-logic XOR gates of tree structure without pull-up
PMOS transistors.
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Figure 3.23 Scheme (c): XOR gate consisting of PMOS and NMOS pass-transistor-logic
cells.
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Figure 3.24 Scheme (d): XOR gates consisting of NMOS pass-transistor-logic cells with
pull-up PMOS transistors used to restore the level of the gate voltages.
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Figure 3.25 Test circuit.

As we discussed in Section III-4. for the multiple-input XOR gates shown in

Figure 3.22 to Figure 3.24. the worst case delay happens when the signal propagation is

through the gate voltages of the pass transistors as shown in Figure 3.26.
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Figure 3.26 The variation of the input signals corresponding to the worst case delay. For

each of the cells, the inputs applied at the gates of the MOS pass transistors
are indicated by thick lines.
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3-5-2 Simulation Results and Comparison

The simulation results with 1.8V power supply are shown in Table 3.1. The delay
and power dissipation of the loads (inverters) are included.

Table 3.1 Simulation result with 1.8V power supply.

Scheme Max delay Power dissipation
(ns) (10°W)
(a) Complementary CMOS 042 0.389
(b) NMOS Pass-transistor-logic 031 1.753
XOR gate without pull-up
PMOS transistor
(c) NMOS-PMOS combined pass- 0.23 4.760
transistor-logic XOR gate
(d) NMOS pass-transistor-logic 0.13 0.284
XOR gate
with pull-up PMOS transistors

3-5-2-a Speed

The simulation results presented in Table 3.1 show that the NMOS pass-
transistor-logic XOR gate with the pull-up PMOS transistors has the highest operating
speed. which is 3.23 times faster than the complementary CMOS circuit and is 2.38 times
faster than the NMOS pass-transistor-logic gate without the pull-up PMOS transistors.
The speed of the NMOS-PMOS pass-transistor-logic combined XOR circuit is also higher
than that of the conventional CMOS XOR gate and that of the NMOS pass-transistor-logic
gate without pull-up PMOS transistors. These results are justified as follows.
*  Scheme (b) suffers the poor high level at gate terminals of the MOS pass transistors in

the second layer, and consequently, a weak current driving capacity and a low speed.
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* In Scheme (c), the problem of the poor high level is solved by using PMOS pass-tran-
sistor-logic cell in the first stage. The speed is improved. however, it is not as fast as
Scheme (d) because of the weaker current driving capacity of PMOS transistors com-
pared to similarly sized NMOS transistors.

* Adding pull-up PMOS transistors in Scheme (d) restores only the level of the gate
voltages in the second layer to ensure a maximum current driving capacity of the
NMOS pass transistors. and provides an additional path for the charging current.

which greatly improves the speed of the circuit.

3-5-2-b Power Dissipation

From the results in Table 3.1. the improved circuit Scheme (d) has the lowest
power dissipation. which is 73% of that of the conventional CMOS XOR gate and is only
16% of that of Scheme (b). the circuit without the pull-up PMOS transistors.

It has been mentioned that there is a large power dissipation in the XOR gates of
Scheme (b) and Scheme (c) due to the static currents in the inverters. in the case of
Schemes (b) and (c). and that in the PTL part in the circuit of Scheme (c). These currents
result from the poor high level of the NMOS pass transistor in the case of the Scheme (b)
(c). as shown in Figure 3.27, or the poor low level of the PMOS pass transistors in the case
of the Scheme (c). These results confirm that the poor voltage levels affect not only the

noise margins of the gate circuits. but also cause the problems of static power dissipation.
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Figure 3.27
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Currents in the transistors of the load inverter in cases of Scheme (b) and
Scheme (c) in Figure 3.22 and Figure 3.23.

(a) Pass-transistor-logic XOR circuit with the inverter as a load of the
circuit.

(b) Voltage transfer characteristic and current profile of the inverter. It
shows the inverter has a non-zero current in the steady state due to the

poor high level of the output of the NMOS pass transistors in Scheme
(b) and Scheme (c).



The advantage of low-power dissipation of Scheme (d) results from the factors as
follows:

* Iris evident that. in terms of power dissipation. the XOR gate with the pull-up PMOS
used for recovering the gate voltages has the advantages. As the gate voltages have the
perfect high and low levels. there is no static current path in the pass-transistor-logic
circuit and in the inverter.

* The voltage swing at the intermediate nodes is Vpp-V,,. instead of Vpp, which reduces
the dynamic power dissipation.

*  With the pull-up PMOS transistors. the gate voltages have a shorter rise time. com-
pared with the pass-transistor-logic circuits without pull-up PMOS transistors. which

contributes also to the reduction of the dynamic power dissipation.

3-5-3 Simulation of XOR Gates with a Large Number of Inputs

In order to compare the speed of different XOR gates with a large number of
inputs. three kinds of circuits are simulated: they are the complementary CMOS XOR
gate. the NMOS pass-logic XOR gate of chain structure, and the NMOS pass-logic XOR
gate of tree structure with pull-up PMOS transistors restoring the gate voltages. The
simulation results are shown in Figure 3.28. The number of inputs of the gates in the

simulations is up to 128.
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Figure 3.28 Delay comparison of the three XOR gates.

The delay of the NMOS pass-logic circuits of chain structure increases
exponentially with the increment of the numbers of inputs, which agrees with the current-
source-plus-RC model presented in Section 3-4-1. Therefore, the pass-transistor-logic
chain structure is not suitable for XOR gates with a large number of inputs.

As shown in Figure 3.28, compared with the complementary CMOS circuit, the
modified NMOS pass-transistor-logic XOR gate with the pull-up PMOS operates nearly
two times faster. By placing pull-up PMOS transistors in the pass-transistor-logic XOR
circuit. the rise-time of the output is reduced as the drain currents of the pass transistors

are maximized by the raised gate voltages. The pull-up PMOS transistors also provide



additional currents to the nodes expected to be raised. which results in a faster operating
speed.

As a conclusion, both the theoretical analysis and the electrical simulation show
that the NMOS pass-transistor-logic XOR gate has a better performance than that of the

CMOS gates and the pass-logic circuit of chain structure.

III-6 Conclusion

In this chapter. we discussed different structures of multiple-input XOR circuits:
chain structure. tree structure. and mixed structure. The focus of the study was on the tree
structure as it has smaller number of transistor layers compared to that of the chain
structure for the same number of inputs. However. it may suffer some critical level
problems due to the level loss. This level problem results in not only a reduced noise
margin. as identified by many designers. but also a low operating speed and a large power
dissipation.

Based on the analysis on speed and power dissipation of the XOR gates of the
three structures. an improved XOR gate structure is presented in Section III-3. The
improved gate structure is composed of the basic two-input NMOS pass-transistor-logic
XOR units and the pull-up PMOS transistors used to recover the levels of the voltages
applied at the gate terminals of the MOS pass transistors.

In Section III-4. we discussed the case of n-input pass-transistor-logic XOR
gates of tree structure with n 24 . For such a gate circuit, half of the inputs are connected

to the gate terminals of the MOS pass transistors, and the other at the diffusion input

terminals. Because of the nature of XOR function. a voltage change at one of the outputs
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of XOR unit cell is caused by a change either at a gate or diffusion input of an MOS pass
transistor. Thus. two important cases of the delay of the circuit are evaluated: when the
input at the gate terminal is changing while that at the diffusion terminal remains the same.
and vice versa.

To evaluate the delay of the output signal with respect of a voltage change of an
input of diffusion terminal. and the signal propagated through a chain of MOS pass
transistor, we have proposed a current-source-plus-RC model. differing from a currently
used RC-network model. Qualitative analysis based on MOS transistor characteristics and
the results of numerical computations show that the modified model provides significantly
better results than that of the conventional RC-network model. The deviating rate is
reduced from over 30% to less than 2% for the delay estimation of pass-transistor-logic
XOR gates. In fact. this model can be used not only in the case of pass-transistor-logic
XOR gate. but also in the cases of transmission lines involving transistor chain.

The second case is a pair of input signals applied at the gate terminals of a pair of
pass transistors change while the inputs at the diffusion terminals remain the same. and the
signals are propagated while the gate voltages are changed. During the transient period.
the gate-to-source voltages of the transistors rise gradually and result in weaker currents.

comparing to the case that the gate voltages remain Vpp while the inputs applied at

diffusion terminals changes. Thus. the delay caused by the change of the input applied at
gate terminals is more critical than that caused by the change at diffusion terminals.
Moreover. during the transient period. the short current weakens the charging/discharging
current to the circuit node. In case of multi-layer pass-transistor-logic circuits. the

propagation delay and power dissipation will be more critical in succeeding layers.



The pull-up PMOS transistors are added for level-recovering, so that the output
voltages can have full swing levels. During the transition. one of them can also provide an
additional charging current to reduce the rise-time of the output voltage, while it is possi-
ble for the other PMOS transistor to contribute undesirably a current to the dischargihg
process at the other output node. In order to minimize this undesirable contribution. the
aspect ratio of the PMOS transistors should be small. which avoids to add a significant
capacitive load at the output terminals.

In order to verify the results of the analysis in Section III-3 and Section III-4. the
Hspice simulations have been done and the results are presented in Section III-5. It is
proved that the proposed PTL XOR gates with pull-up PMOS transistors provide a signif-
icantly higher operation speed and meanwhile lower power dissipation. compared to the
other XOR gates.

Based on the theoretical analysis and the experience of the electrical simulation
given in this chapter. the improved multiple-input XOR circuit will be further evaluated by

its application in Error Correction circuits (ECC) in the next chapter.
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Chapter 4

An Application of Multiple-Input XOR Gates

— Design of a Hamming Decoder

IV-1 Introduction

In Chapter 3. we have discussed different kinds of multiple-input PTL XOR
gates and proposed a approach for speed-power improvement. In this chapter, we present a
further assessment of the performance of the multiple-input XOR gates employed in
digital systems and appraise the improvement resulting from the use of the XOR gates in
these systems. Hamming decoder involves a large number of multiple-input XOR gates.
These gates, in their turn, affect significantly the performance of the decoder. Hamming

decoder is thus chosen as a circuit example for this assessment and further studies.
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IV-2 Hamming Decoder Logic Diagram.

The Hamming decoder in question is a (72. 64) SEC-DED (single-error-
correction double-error-detection) circuit which involves 64 bits code-word and 8 bits
check bits to go through a 72-bit parity checker [5](6). The parity check matrix H is shown

in Figure 4.1.

Byte, 1 2 3 4 5 6 7 8 Check
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Figure 4.1 Parity check matrix of the (72. 64) SEC-DED code [44].

The hamming decoder logic diagram is shown in Figure 4.2. The inputs of the
decoder are 64-bit code-word and 8-bit check bits. A large number of XOR gates are used
to perform modulo-2 addition and to generate the syndrome bits. Calculating each
syndrome bit requires an XOR tree with 27 inputs selected from the 64 data bits. As the
parity check matrix is based on a four-bit structure, the basic XOR gates of the XOR tree
are four-input XOR gates [5].

According to the error detecting and correcting rule, if there is one or more bits
in the syndrome are not “0”, at least one error occurred during the transmission. The eight-
input OR gate, as shown in Figure 4.2. is used to detect whether there is an error. For SEC-
DED code, if there are odd numbers of “1” in the syndrome, it is considered that there is a

single-error occurred and the error is correctable. If there are even numbers of “1” in the
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syndrome, this is a double-error which can not be corrected. Thus. as shown in Figure 4.2,
another eight-input XOR gate is used in the circuit to determine whether it is a single-error
or a double-error. The AND gates array and XOR gates shown at the bottom of Figure 4.2

are used to correct the single error.
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Figure 4.2 Logic diagram of a (64. 72) Hamming decoder [5].
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It can be seen that the multiple-input XOR cells make the most important part of
this circuit in terms of the operation speed. Further research on this circuit application will

be presented in the following sub-sections.

IV-3 Approach of the Evaluation of the Operation Speed

From the logic diagram of the system shown in Figure 4.2. we can see that the
decoder circuit includes a large tree of XOR gates. The speed. the power dissipation and
the size of the Hamming decoder are greatly related to those XOR gates employed. We are
going to evaluate the performance. in terms of the speed and the power dissipation. of the
Hamming decoder in which the proposed XOR gates described in Chapter 3 are used.

[t is difficult to simulate the entire circuit due to its complexity. Moreover. it is
unnecessary to do so for evaluating the operation speed. In fact. the evaluation can be done
by just testing the delay in the critical paths For a (64. 72) Hamming decoder. the critical
path is indicated by the thick lines as shown in Figure 4.3. The simplified gate scheme
showing the critical path of the Hamming decoder is illustrated in Figure 4.4. This
approach of critical path facilitates the evaluation of the speed of the decoder circuit. The

simulation results will be presented in the next sub-section.
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circuit.

Figure 4.4 Simplified critical path of the Hamming decoder. U1, U2, U4 are four-input
XOR gates. U3, U5 are two-input XOR gates. U6 is a CMOS two-input AND
gate. U7 is a multiplexer.
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IV-4 Simulation of the Critical-Path of the Hamming Decoder

In this sub-section, the performance. in terms of speed and power dissipation, of
Hamming decoder circuits using different kinds of multiple-input XOR gates described in

Chapter 3 is evaluated by simulation and the results are compared.

4-4-1 Test Circuits and Test Conditions

Four types of multiple-input XOR cells. presented in Figures 3.24~3.26. have
been chosen for the electrical simulation.

Scheme (a): Complementary CMOS XOR cell.

Scheme (b): XOR gate consisting of NMOS pass-transistor-logic without pull-up
transistors.

Scheme (c): XOR gate consisting of PMOS and NMOS pass-transistor-logic cell.

Scheme (d): XOR gate consisting of NMOS pass-transistor-logic XOR cells with
pull-up PMOS transistors used to restore the level of the gate voltage.

Other components that used in the circuits are: one AND gate. one two-to-one
multiplexer. The AND gate uses CMOS logic. The multiplexer is a pass-transistor-logic
switch.

The circuits are simulated using the transistor models of a 0.18 micro process.
The supply voltage is 1.8V. For the pass-transistor-logic circuits, the physical W/L size of
PMOS and NMOS transistors are 0.22 um/0.18 um(W/L).

Instead of applying different test vectors to measure the propagation delay of the
decoder, we take a simple approach to test the worst case of delay. As described in Chapter

3-5-1. the longest delay occurs when the signals propagate through the MOS gates of the
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pass transistors of the XOR gate tree. As the delay of the XOR gates dominates that of the
decoder, the worst case of the XOR gates reflects that of the decoder. Figure 4.5 illustrates
part of the signals applied and the expected responses. The power dissipation is that of the

devices constituting the critical path and measured under the condition of the worst case of

delay,
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Figure 4.5 Part of the signals applied to the circuit shown in Figure 4.4 for the simulation

and the expected responses at the MOS gate nodes of the circuit. as well as
that at the output node.

4-4-2 Results of the Comparison

The simulation results are shown in Table 4.1.



Table 4.1 Simulation result of the critical-Path circuit of the decoder

XOR gates used in the Max delay Power dissipation
Scheme < .. 5
decoder circuit (ns) (10°W)
(a) Complementary CMOS 1.82 2.818
(b) NMOS pass-transistor- 1.55 20.67
Figure logic XOR gate
3.24 without pull-up PMOS
transistors
(c) NMOS-PMOS pass-tran- 1.04 23.26
Figure sistor-logic combined
3.25 XOR gate
(d) NMOS pass-transistor- 0.59 2.1396
Figure | logic XOR gate with pull-
3.26 up PMOS transistors

From the simulation results presented in Table 4.1. we can see that the circuit using
NMOS pass-transistor-logic XOR gates with pull-up transistors has the highest operation
speed. which is 3.1 times faster than that using the complementary CMOS gates. 1.8 times
faster than that using NMOS-PMOS pass-transistor-logic combined XOR gates. and 2.6
times faster than that using the NMOS pass-transistor-logic XOR gates without pull-up
PMOS transistors. It is evident that the improvement of the speed of the XOR gates helps

to improve significantly that of the decoder.

XOR gates has a low-power dissipation as we expected. However, the power dissipation of
the circuit involving Scheme (d) (using NMOS pass-transistor-logic XOR gates with pull-

up PMOS tansistors) is even lower: 1.3 times lower than that of Scheme (a) (using

complementary CMOS XOR gates).
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Such results are coherent with those presented in Chapter 3-5-2. It should be
mentioned that the circuit used for the simulation does not contain the complete XOR gate
tree of the decoder. The benefit of power reduction of the proposed XOR gates would be
more significant in the complete decoder circuit as the XOR gates take more important

part in this circuit.

IV-5  Design of a Prototype Circuit for Estimation of the Propagation Delay

To further analyze the performance of the circuit. a scheme of prototype for
esumating the operation speed of the decoder is proposed using a 0.18 pum technology.
The design approach. the structure of the circuit. and the required control signals. are

described in the following sub-sections.

4-5-1 Design approach for the Evaluation of the Operation Speed by
Oscillation-Test Method.

The core of the prototype circuit is the gates forming the critical path for the
delay of the Hamming decoder. The simulation results presented in Table 4.1 show that the
delay of the decoder is about | ns or below. Thus. the frequency of the input signal should
be about hundreds of mega-Hertz. Operations at such a high operation frequency is not
supported by the available test facilities in our lab. Particularly. it would be very difficult to
input such a high-speed signal to the circuit. One of the solutions to the problem is to
generate the input signa:ls inside the test chip. Moreover. the problem of the I/O delay may
affect the observation and measurement of the fast varying output signal. Hence, in the test

circuit. the circuit unit of the critical path is placed a number of times to have a multple
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delay so that the frequency of the signal passing through the output pad would be divided
to facilitate the measurements.

One of the frequently used method. called oscillation-test method [37][38], is
applied in order to test the delay of the circuit. There is an odd number of inversion blocks.
each of which consists an odd number of inversion gates. cascaded in the test circuit. The
output terminal of the last block is shorted to the input terminal of the first block. The
circuit becomes an ring oscillator and generate a signal to feed itself. To secure a good

initial condition for the oscillation of the circuit. an input stimulus is applied to initiate the

oscillation.
inversicn bleck
0dd number cZ inversion blocks
Figure 4.6 Digital oscillation-test method for delay test.

The number of the inversion blocks in the test circuit that we proposed is twenty-
three. Each inversion block is a critical-path circuit of the Hamming decoder as shown in
Figure 4.7. The block has an inversion function as required by the oscillator-test method.

Therefore. the cycle-time of the ring oscillator shown in Figure 4.6 is expected to be

2 x 23 :times the delay of one critical-path block shown in Figure 4.7.
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Figure 4.7 Critical-path block as an inversion unit.

4-5-2 Estimation of Signals Generated by the Test Circuits

Four oscillation-test circuits are built. Each of them has the structure as shown in
Figure 4.6. Each of the inversion block in this structure is the critical path circuit shown in
Figure 4.7. In these four oscillation-test circuits. four kinds of XOR gates. CMOS gate.
NMOS PTL gate without pull-up transistors. PMOS-NMOS PTL combined gate. and
NMOS PTL gate with pull-up PMOS are employed. respectively. The cycle-time of the
output signal of each of the four oscillation-test circuits has been estimated by

T =2xnxt, . where 1y is the delay of each inversion block and is obtained in the

simulations in Section 4-4-2. The estimated values are shown in Table 4.2. These results
show that. with the twenty-three repeating blocks. the cycle-time of the output signal of
the test circuits is long enough to be measured easily. These results can also be used to

verify the correctness of the signal in the chip test.
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Table 4.2 Cycle-Time Estimation of the Test Circuit

cycle-time (ns)
CMOS 82.8
NMOS PTL gate without pull-up PMOS 40.0
PMOS-NMOS PTL combined gate 313
NMOS PTL gate with pull-up PMOS 36.3

4-5-3 Realization of the Oscillation-Test Circuit

When we implement the proposed test circuit. some issues should be addressed

to facilitate the circuit test.

4-5-3-a Control Signals
Restricted usually by the chip size and the number of /O pins. we have to
minimize the number of control signals in the test circuit. However. three kinds of control
signals. as shown in Figure 4.8. cannot be spared.
* Loopctrl. NODE1. and NODE2 are loop controls for initiating the logic state of the
blocks of the oscillator. and for checking the logic state of these blocks.
* INITa. INITb. and RESETi are used to control the inputs of the circuit.

* ZERO is a compel signal for manually resetting logic state of the blocks.
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Figure 4.8 Structure of the oscillation-test circuit with the controls signals. The detail of

each block is shown in Figure 4.7. The control signals are as follows.

INITa, INITb  Used to initiate the circuit.

RESETi Enabling the initiation of the circuit.

Loopctri: Used to make the loop open or closed.

NODE1, NODE2Used to separate blocks for problem-finding in case of
malifuncton.

ZERO Forcing the output voltage to zero when it is low. It can be
used to check the function of the output buffer and the test
bed.

Several voltage followers are needed to observe the voltage signals of some

internal nodes such as OQUT,. OUT,...OUT;. in order to verify the

functionality of the circuit.

4-5-3-b Specific Considerations for Some Details
Besides the core part of the oscillation-test circuit. some specific considerations

need to be taken into account to ensure the testability of the circuit.
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. Output Buffer
To ourput signals of the test circuit. buffers are needed to drive large capacitive
loads contributed by connections and the output pads. Tapered buffers can be used in this

case. The total delay of such buffers can be estimated using the following equations [46].

l Cload
Cload "\c
oa
Tproral = (N + l)xto( Cg ) sand (N+1) = Tag . 1)

where. N is the number of stages. « is the size scale factor. C ¢ is the input capacitance of

the first stage inverter. and 1, is the delay of the " stage. In case that Cloaqd = 0.05pF.

Cload

Ty =0.06ns. =30 .and t,,, < lns is required which is less than 3% of the

g
cycle-time of the oscillation-test circuit. a three-stage buffer with the scale factor o = 3

is sufficient to meet the delay requirement.

. Pass-Transistor Switches for Control Signals

As shown in Figure 4.8. each of the control switch is a complementary switch. If
single-NMOS switches are used. the problem of “poor-1" may result in static power
dissipation in the following stages in the circuits. In some cases. the circuit delay may be
affected by the poor high level. Thus, complementary switches are used in the test circuits
for ransferring control signals with a full swing voltage to shorten the delay and to output

good voltage levels.
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. Observation of the Voltage Signal at Some Critical Nodes

In order to observe a voltage signal variation at an internal node for circuit anal-
ysis. two measures should be taken. Firstly, a voltage follower should be placed. It can
transfer a voltage signal to the node without adding a significant resistive and capacitive
load. Secondly. an analog output pad instead of a digital one, is needed to be able to

observe a continuously varying signal. instead of a binary one.

Other special considerations in the chip design. such as ESD protection. circuit

redundancy. are also arranged to ensure the circuit to be properly tested.

IV-6 Conclusion

In this chapter. we have evaluated the speed and the power dissipation of a (64.
72) Hamming decoder which is mainly composed of multiple-input PTL XOR cells. Many
of the XOR gates have 27 inputs. Therefore. the speed and power dissipation of the
Hamming decoder circuit and mainly determined by the XOR gates used in the circuit.

To avoid complex simulation of the entire decoder circuit which has a large
number of transistors and nodes, we have built a critical-path circuit of the decoder and
evaluated the speed of the decoder by means of this critical-path approach. The simulation
results show that the decoder circuit, involving the NMOS pass-transistor-logic XOR gate
with pull-up PMOS transistors, has shorter delay than that using CMOS XOR gate and
other PTL XOR gates. No doubt that the use of the improved multiple-input XOR gates

will also lower the power dissipation of the decoder. These advantages of using the
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improved multiple-input XOR gates is also significant in other circuits, such as adders,
parity checkers and pattern generators.

In order to further estimate the circuit performance, a scheme of a prototype
circuit is proposed using a 0.18 um technology. Since the output signal of the test circuit
has a very high operation frequency which is hundreds of mega-Hertz. we multiply the
circuit and use the ring oscillation method to generate input signals inside the chip and to
facilitate the measurement of the output signals.

For the implementation of the test circuit. several issues have been addressed to
make the circuit testable. Firstly, we have summarized the effective control signals in the
circuit. It should be mentioned that the number of the control signals should be minimized.
Secondly. the need of buffers has been explained. Thirdly. the choice of the switches for
control signal in the test circuit has been justified. The use of CMOS switches are to
optimize the speed of the signal transfer. Finally. we has explained the importance of
voltage followers and appropriate use of the output pads.

The test circuit has been implemented. However due to the mis-connection of the
power pads. the circuit test could not be completed. Nevertheless. we have used this
implementation to find. apart from detecting the connection faults. necessary measures to
be taken for the next prototype implementation. The possibility of using other methods
evaluating the performance of the decoder. such as using DFF method or pattern

generators [43] will also be considered.
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Chapter 5

Conclusion

*

The objective of this research is to design XOR gates in the transistor level to
achieve high performances in terms of delay. power dissipation and robusiness. The main
focus is on those XOR gates with a large number of inputs. The research has been done by
two major steps: the investigation on the previous work on the design of XOR gates. and
the proposal of the an approach of designing high-speed and low-power XOR circuits with
a large number of inputs.

Variety of XOR gate designs. most of which are non-conventional CMOS two-
input XOR gates. have been studied. These circuits. such as pass-logic circuits and mixed

logic circuits. usually are much simpler than that of the conventional CMOS ones. but,



with the disadvantages, such as poor output voltage levels which affects the noise margins,
speed and power dissipation of the gate. Some level recovering techniques have been
proposed to solve the problems. However. most of these techniques have their limitations,
and the level restoring is done either by adding a level recovering inverter or compensating
for the poor level by a feedback (Section II-4). The former does not solve the problem of
additional power dissipation due to the poor level, and in the latter a new level problem
can be created. Having studied different schemes. we concluded that placing a pair of
PMOS transistors on a complementary output node pair of the pass-transistor-logic gate
can be an efficient solution to the level problem and that does not introduce extra power
dissipation. However. the way to apply this technique for the optimization of the
performance of pass-transistor-logic circuits in general. and multiple-input XOR circuits
in particular. needs to be studied.

Since the focus of the thesis is mainly on the design of multiple-input XOR
gates. in Chapter 3. a comparative analysis of different structures of XOR gates is
presented. Based on this analysis. an approach is proposed to improve the speed of large
pass-transistor-logic gates without sacrificing the power dissipation. In this approach. the
voltage level recovery technique is used to shorten the transient period. This can be done
by two aspects. On one hand. all gate voltages of the pass-transistor are recovered to the
full-swing magnitude to maximize the transistor currents during transient periods. On the
other hand. the voltage swing at the other intermediate nodes are kept as small as possible
so that only a very small voltage variation is required during the transition. Using this
approach, we have presented a design example of four four-input pass-transistor-logic

XOR gates. A comparative study of the four different four-input XOR gates (including the
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proposed one) has been carried out, the results of the theoretical analysis and the electrical
simulations of the circuits have shown that the speed of the circuit scheme using the
proposed approach is improved more than tripled compared with the CMOS gate and
more than doubled compared with the pass-transistor-logic gate without compensation. Its
power dissipation is lowered compared to that of the other schemes. For the XOR gate
with a large number of inputs (the number of inputs is greater than 4), the effectiveness of
the proposed approach has also been proven by the studies presented in the thesis.

We have also presented a detailed analysis of the XOR circuits with a large
number of inputs based on the proposed approach. For this analysis. we have presented a
modified equivalent RC-network model that provides a more realistic characteristics of the
multiple-input XOR circuits than that by the classical RC-network model. We have also
studied the dynamic operation of the pass-transistor-logic circuits with the pull-up PMOS
transistors. and proposed a guideline for determining the parameters of the transistors.

To further evaluate the performance of the XOR circuits designed using the
proposed approach. a circuit example of a Hamming Decoder involving the new XOR
gates has been presented. A prototype circuit for an estimation of the propagation delay of
the decoder has been proposed and simulated. The result shows the circuit using the
proposed approach is more than three times faster than the conventional CMOS one. We
plan to have the circuit processed for further evaluations.

Based on the work of the thesis. our further research on the design of XOR
circuits. with a large number of inputs will focus on the adaptation to different
applications. As mentioned previously. XOR gates are widely used in signal processing

and generation. However, the types of the implementations are different, because the XOR
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operations are performed differently. For example, the XOR gates in a parallel multiplier
need to be arranged in an array incorporated with other logic gates. Rather than a single
multiple-variable XOR function in the case of a Hamming decoder, the multiplier
performs a large number of two-variable XOR operations combined. in almost all the
stages, with other logic operations. The structure of such combined logic functions can be
found in many other circuits, and the regularity of combinations may change from circuit
to circuit. Using the proposed design approach. we will study and explore the regularities
of the structure of functions to propose approaches of designing pass-transistor-logic
processing circuits with better operation speed and power efficiency than the existing

ones.
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