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This report describes the author's internship assignment at 

Honeywell Inc. - Large Information Systems Division from January, 1982 

through August, 1982. The purpose of the assignment was to fulfill 

the internship requirements of the Doctor of Engineering Program.

During the internship, the author held the position of VLSI 

design engineer, where he worked on a predefined project. The 

project’s objective was to evaluate how circuit designs based on an 

advanced CMOS process, can be applied to hardware products at LISD.

The internship allowed the author to successfully apply the MOS 

circuit design training, which was developed at Texas A&M, to an 

industrial project. In addition, involvement in different activities 

and exposure to the various problems not encountered in academia, made 

this internship an invaluable experience.
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CHAPTER 1 

INTRODUCTION

The internship is an important part of the Doctor of Engineering 

program requirements. The objectives of the internship are two-fold: 

(a) to enable the student to demonstrate and enhance his knowledge and 

technical training by making an identifiable contribution to the 

solution of a practical problem of particular interest to the 

organization with which the internship is served, under the 

supervision of a practicing engineer who will direct him and evaluate 

his performance; and (b) to enable the student to function in a 

non-academic environment in a position where he will become aware of 

the organizational approach to problems in addition to those of 

traditional engineering design and analysis.

With the help of Mr. P.C. Economopoulos of Honeywell, an 

assignment that meets the internship objectives was prepared. Mr. 

Economopoulos is the manager of the Very Large Scale Integration 

(VLSI) design unit at the Large Information Systems Division (LISD) of 

Honeywell Inc. LISD is located in Phoenix, Arizona. The VLSI design 

unit is responsible for the development of integrated circuit 

functions and gate arrays. Logic designers from other groups use them 

to implement their designs. In some cases, the VLSI unit does the 

implementation.

This report follows the general style and format of the 
IEEE Journal of Solid State Circuits.



The VLSI design group has been using bipolar technology in its 

designs so far. Currently it is in the process of developing advanced 

high performance Current Mode Logic (CML) gate arrays. The processes 

they use are normally developed by another Honeywell group, the Solid 

State Electronics Division (SSED) at Minneapolis. SSED has been 

working on the development: of an advanced 1.5 micron MOS process. 

LISD recognized that this new process may have a good potential for 

their products.

The internship assignment was basically to study the potential of 

that process and evaluate how circuit designs based on it, can be 

applied to hardware at LISD. An internship proposal was developed to 

achieve that goal. The first step was to study the new process, its 

electrical parameters and design rules. This was to be followed by 

selecting a proper design methodology that would make good use of the 

process and at the same time be relatively simple to use by logic 

designers rather than circuit designers.

A set of circuits was to be identified, designed, simulated and 

laid out to determine the performance capability and silicon area 

requirements of the process. Finally, the circuit set was to be used 

to convert an existing logic design of an I/O controller to the new 

technology. An estimate on the requirement of this conversion and the 

tradeoffs involved should provide a good insight of applying MOS 

technologies into LISD's products.



Under the direction of the internship supervisor Mr. 

Economopoulos, the project concluded successfully on schedule. Since 

there was no proper documentation for the I/O controller as required 

by some computer programs, another product had to be found. A central 

processing unit (CPU) was selected instead. The CPU is a more complex 

system than the controller.

This report describes the intern's contribution to Honeywell 

LISD. Since the assignment was mostly technical in nature, it follows 

that the core of the report is mainly technical. Chapters 2,3 present 

a brief overview of the integrated circuit industry and CMOS 

technologies. Chapters 4 through 9 describe the necessary development 

steps that lead to the technology implementation of the CPU, which is 

discussed in chapters 1 0 ,1 1 .



CHAPTER 2 

IC INDUSTRY

"OK, we have invented it, now it is up to you users to tell us 

what to do with it !” This is what Dr. Robert Noyce said at an IRE 

meeting at Fairchild about 1960 following the development of the first 

integrated circuit [1]. The semiconductor industry has come a long 

way since then. With an exponential growth rate over the past twenty 

years, the semiconductor business has grown from the production of 

individual transistors through small, medium, large and now very large 

scale integration (VLSI). In 1981, the worldwide semiconductor 

production was approximately $20 billion.

There is no single widely accepted definition of VLSI. Some 

definitions use the number of transistors on a chip or the number of 

equivalent gates to distinguish between VLSI and LSI. Other 

definitions refer to the die size and the package size with the number 

of pins. The minimum dimension of the technology is also used. 

Perhaps the most sensible definition is related to the functionality 

of the circuit under question. VLSI stands for very large systems 

integration in this definition.

During the first decade of the transistor, the main limitation to 

its successful implementation was processing technology. Similarly, 

in the early days of the integrated circuit, processing technology 

limited success [2]. It took time and effort to overcome the various



problems that were faced in the early IC's days. Once the basic 

process steps were in place, progress in making the IC's in ever more 

complex structures moved in an exponential fashion.

In the early attempts to utilize the processing capabilities, a 

problem of product uniqueness was faced when attempting to partition 

complex systems into complex blocks. This resulted in an explosion of 

part types, each required in small quantities. The question that Dr. 

Noyce has raised five years earlier was, in a sense still looking for 

an answer. The product definition crisis limited the IC complexity 

through the mid-60's.

The development of the calculator and the advent of semiconductor 

memory devices broke this crisis. Those products had the potential 

for "mass production". The microprocessor extended the use of more 

complex IC processes. With its nature as a general purpose IC capable 

of performing in a wide variety of applications it was an obvious 

winner for the industry.

Large computer manufacturers were left to solve their problem of 

low production volumes, often through the use of components with lower 

levels of integration.

The IC design costs naturally increase with complexities while 

manufacturing costs are largely independent of device complexity. 

Whereas manufacturing costs were once dominant and exceeded that of 

design, the situation has reversed, with design costs dominating. The



implication is clear: product definition and design technology are 

where the work is really needed.

The technological acceleration of the past is still not close to 

the theoretical limits of miniaturization and higher levels of 

integration. A gross estimate of a practical limit for MOS technology 

is a circuit using complementary MOS (CMOS) technology, operating at a 

supply voltage of 400 mV, having a minimum line width of 0.25 

micrometer, dissipating 1 Watt at an operating frequency of 100 MHz, 

having a chip size of 5x5 cm sq. and having a complexity of about 100 

million gates [3 j. Even though this is only a prediction which does 

not necessarily enjoy the agreement of all the experts, it is close to 

what the majority of them expect.

VLSI has certain characteristics which makes it attractive for 

use in electronic systems:

* It provides tens to hundreds of thousands of elements per 

package.

* It is low cost in high production volume.

* It provides performance and reliability advantages.

* It is compact.

* It can replace a large amount of other system packaging.

* It usually reduces power and cooling requirements.



On the other hand, other less attractive characteristics of VLSI 

have to be considered:

* It has high initial development costs.

* In general, it takes long lead times to develop.

* Once a design is commited to VLSI, it is frozen. A new start 

has to be made when a modification is required. This is not 

only expensive but also time consuming.

The question of whether or not to apply VLSI to large computers 

may seem at first to have an easy answer: of course ! The following 

question is harder to answer: How ? The production volume of 

mainframe computers is relatively low. Also, the design and debugging 

cycle of a complex system like the computer is relatively long and 

involves a high design change rate. Moreover, the lifetime of a 

computer is shorter than it used to be because of the increased 

awareness and demands of the customer and the rapid technological 

developments. The message is clear: computer manufacturers have to 

better learn how to apply VLSI economically and efficiently to survive 

the competition.

The low production volume and the need for a fast design cycle 

suggest the use of a structured design approach other than the 

traditional full-custom approach. A full-custom circuit is truly 

unique. The designers spend a great time to make it as compact as 

possible to increase the yield and the number of dies per wafer and 

hence cut the cost. Also, the performance limit of the technology is



reached.

The need for a semi-ciistom approach is obvious. A semi-custom 

circuit shares some characteristics with other circuits in its family, 

therefore it is not 100% unique. One of the older semi-custom 

approaches is the concept of preprocessing an integrated circuit up to 

its final stages for later personalization via metalization patterns 

(Gate Arrays). Even though this concept was around since the 

mid-sixties [4] and had the potential of a decreased average 

processing cost, it did not become very popular until 10 years later. 

The growing availability of computer aided design (CAD) tools in the 

form of automatic placement and routing algorithms made the gate array 

aproach very attractive because it promised a reduced design and 

layout times (cost). At least two computer manufacturers have adopted 

the gate array approach in some designs: IBM and Honeywell.

Another increasingly popular approach is the standard cell 

approach. A cell library consisting of all the basic functions 

typically used (gates, selectors, flip-flops...) is formed. All the 

cells are laid out in a standard format. When a given logic design is 

to be implemented, the cells are called from the library, 

automatically placed and routed. Thus personalization is done by the 

proper choice of the set of cells and placing them.



The standard cell approach is considered to be midway between 

full-custom and gate arrays. Both the gate array and standard cell 

approaches do not use the full capability of the process technology. 

They sacrifice density and sometimes performance capabilities for 

reduced design time and cost. While standard cells require a full set 

of masks for a given design vs. only a few masks for gate arrays, it 

is expected that they result in denser layouts and more flexible 

routing. In some cases, depending on the process technology, standard 

cell performance can be better than that of the gate array.

Because of the change requirements in the design and testing of 

the computer, perhaps a reasonable approach to the utilization of 

semi-custom VLSI would be to first breadboard the logic using off-the 

shelf standard parts to insure the functionality of the design and the 

compatibility of the software. When the design is verified, it is 

mapped into the appropriate gate arrays or standard cells. Along the 

same lines, proven designs that are already in the market may be 

viewed as a breadboard of a second generation, cheaper, more compact, 

more reliable and often better performance VLSI implementation.



CHAPTER 3 

CMOS TECHNOLOGY

Background

In 1980, the worldwide production of digital MOS IC's by U.S. 

based merchant manufacturers was approximately $3.5 billion ($2 

billion for digital bipolar). The Japanese production was 

approximately $1.5 billion for MOS ($0.4 billion for bipolar) [5].

The operation of the MOSFET is based on the idea of modulating

the conductivity of one material near its surface by applying a

voltage on it through an isolating region. This concept was proposed 

in the early thirties [6 ].

In the semiconductor revolution that started after World War II, 

the bipolar transistor was first invented at Bell Labs. Among the 

problems that were faced in the development effort of the transistor 

was that the conductance between the emitter and collector was often 

much higher than expected. In addressing this problem, it was found 

that a region of band bending at the surface created a channel for 

minority carriers which increased the conductivity between the emitter 

and the collector. The inversion layer concept was born.

In 1959, the idea of thermally grown SiO^ on Si single crystals 

as a gate insulator was proposed. Shortly thereafter, the first 

modern field effect transistor was reported.



Advances in research and development over the years led to the 

present status of MOS digital electronics. From metal gate p-channel 

transistors in the 60*s to silicon gate PMOS to silicon gate NMOS 

(1972) to depletion/enhancement NMOS (1974), the density has been 

steadily increasing and higher speeds resulted [7]. Advances from 

1974 on, were mainly due to improved processing capabilities. Smaller

dimensions (scaling) and larger dies (less defects per wafer) are the 

most important. Increased design cleverness has also contributed to 

growth and improved performance. The result is the ever increasing 

complexity as illustrated by Hewlett-Packard’s 430,000 transistor 

mainframe laboratory chip, with an area of approximately 40 square 

millimeters [8].

During this development, NMOS was the dominant technology and 

CMOS was not as widely used. This was logical since NMOS was a less 

complex process that provided denser chips, which made it cheaper.

The Good News / Bad News Theory of VLSI

Dr. Gordon Moore of Intel has studied the trends in IC’s 

complexities. His studies indicate that the maximum IC complexity is 

doubling every one to one and a half years [9],[10]. On the other 

hand, the time required to define, design and layout ICs is also 

doubling every two years [2].



Putting more and more devices on a chip while keeping the 

standard supply voltage, means more and more power dissipation per 

chip and increasing power density. This in turn means difficulty in 

packaging and poses some restrictions on system cooling. In addition, 

higher power dissipation means higher operating temperatures which 

leads to performance degradation (as will be shown in the next 

chapter). It is well known that the power consumption of CMOS digital 

circuits is limited to the switching power only. Hence, CMOS has a 

distinct advantage over NMOS at higher device counts per chip.

If the supply voltage is scaled down, then the noise margins 

become an important factor in the choice of the technology. Not only 

does the logic swing decrease but also the 1/f noise increases 

inversely proportional to the square root of the transistor area. 

Again CMOS has an advantage over NMOS in noise immunity as will be 

illustrated later.

The increase in design time means an increase in design cost. 

While this may be justified in large volume production of general 

purpose ICs like memories and microprocessors, it is certainly a 

limiting factor in the design of random logic circuits. Consider that 

the Intel 8086 microprocessor required 13 man-years for layout, 

Motorola 68000 micro required 52 man-years design time [11]. The 

three chip set-32 bit computer of Intel took more than 100 man-years 

to complete in spite of the sophisticated design tools developed at 

Intel. Zilog Z-8000 required approximately 13,000 man-hours to design,



including 1387 engineer man-hours to design the layout and 5200 

associate man-hours to do the actual layout [1 ],

Justifying full-custom chips becomes very difficult for less 

extensive applications. For such applications, an automated design 

and layout approach should be employed. This usually implies a 

sacrifice of the packing density capability of the technology. The 

density edge of NMOS over CMOS becomes less significant. Furthermore, 

in gate arrays where personalization is done on the individual 

transistor level, NMOS has a disadvantage of being a ratio type logic 

where the performance is strongly influenced by the size of the 

depletion load relative to the enhancement devices. CMOS is less 

dependent on the devices aspect ratio as will be seen in chapter 6 .

The gap in process complexity between NMOS and CMOS is not as 

wide as it used to be. With the advances in technology, CMOS may 

require one or two more masks than NMOS [12],[13].

Different CMOS Technologies

Traditional CMOS processes used a N substrate and a P-well. This 

can be related to the early utilization of PMOS where the starting 

substrate was also N type. Recently, the ideas of N-tub as well as 

the more complex twin-tub started to surface. From the device 

characteristics point of view, N-well is considered superior to P-well 

because the substrate bias effect on threshold voltages and parasitic



capacitances of source/drain in both N and P MOSFETs become lower, 

resulting from low impurity concentrations in both P substrate and 

N-well [14].

The obvious advantage of N-we,ll CMOS technology is its 

compatibility with NMOS process [15] , [16] , [17]. The same starting 

substrate and the many identical processing steps between them, save 

development time and reduce production cost. The same production line 

can be easily used for both. This is not the case for other CMOS 

processes. Thus, it seems logical for companies with established NMOS 

processes to engineer N-well CMOS processes around them. No wonder, 

Intel and TI are among the proponents of the N-well approach [18], 

[19]. Other companies that use N-well CMOS are National, Honeywell 

and the Japanese in particular who are switching from P to N-well. 

Matsushita, Hitachi and Toshiba are among the vendors that use them 

[14], [16].

The N-well approach naturally optimizes the N-device 

characteristics while creating a non-optimum P-device characteristics, 

e.g. high junction capacitances and body effect. The opposite is 

true for P-well CMOS. Since the mobility of electrons is 2-3 times 

that of holes, one would like to use more N transistors than P in a 

given circuit, to obtain higher speeds. The N-well approach is more 

suitable for that.



Dynamic designs in synchronous systems where master timing clocks 

are readily available (domino logic), are not truly complementary. In 

classical designs, the number of N devices is equal to the number of P 

devices. In domino logic [18] , [10],[21j, the number of P devices is 

as low as 20-30% of the total devices. When N-well is used, this 

means less area because the P devices are grouped together in their 

well, and better performance since the N devices are optimized.

The twin-tub approach starts with an N substrate and optimizes 

both N,P devices [22]. In truly complementary designs, it should 

provide better performance than either P or N-well approaches. 

However, the process is more complex.

Other CMOS processes include Silicon on Saphire (SOS) and Silicon 

on Insulator (SOI) CMOS. SOS is claimed to have a better overall 

performance than bulk CMOS. This is mainly due to higher packing 

density, freedom from latch-up and less junction capacitance 

[23],[24]. However, its commercial success is not certain because of 

the high substrate cost. It has higher leakage currents and poor 

silicon-saphire interface [13], [25]. SOI is a more recent alternative 

to SOS. It is claimed that it overcomes the drawbacks of SOS, and is 

still under development.



N-Well CMOS (ICMOS)

The ICMOS process under development at the Solid State 

Electronics Division of Honeywell, is a silicon gate N-well process. 

It has a minimum channel length of 1.5 micron for the N devices and 

1.8 micron for the P devices [26]. It is a single-poly, double-netal 

process with plans for a second poly level which is useful 

particularly in CCD and analog applications in general.

The major processing steps can be explained with the help of

Fig. 3-1. The figure shows an NMOS and a PMOS transistors connected

in series to form the basic inverter. The layout code used in 

Fig. 3-1 and hereafter is shown in Fig. 3-2.

Looking down the cross-section of the inverter, the first 

processing step is to define the N-well, implant phosphorus and drive 

it in at a high temperature. This is followed by defining the active 

area and implanting the field (all the non-active area) with 

phosphorus in the well and boron in the substrate, to raise the field 

inversion voltage. Next, the active area is implanted with boron to 

change the threshold voltages to their required values. Gate 

oxidation comes next, followed by polysilicon deposition then field 

oxidation.
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The poly and field oxide are now used to self-align the boron 

implant that forms the source and drain of the P devices, and the 

phosphorus implant that forms the source and drain of the N devices, 

in that order. An oxide layer is then deposited to provide a 

passivation layer over the gate and source-drain regions, and insulate 

them from the subsequent metal interconnect pattern. The source and 

drain implants are driven down to give the junction its final depth.

Contact cuts in the oxide are opened to connect the poly, source 

and drain using the metal deposition that comes next. After the first 

metal is etched, an oxide is deposited to provide a passivation layer 

for the circuit and protect the surface from mechanical damage, and 

act as dielectric insulation between first and second metal layers. 

Vias are then opened through the passivation oxide to provide required 

contacts between metal layers, and uncover the bonding pads. Finally, 

the second layer metal is deposited and etched, followed by 

passivation deposition to passivate the completed circuit and protect 

the surface from mechanical damage. This passivation is opened over 

the pads.

Latch-Up [27] ,[28] ,[29],[30]

Latch-up in integrated circuits may be defined as a high current 

state accompanied by "a. low voltage condition. Different regenerative 

mechanisms can initiate latch-up. In CMOS, the four layer (SCR) 

regenerative switching action is the most troublesome. A voltage



transient in the circuit that is either above the positive supply or 

below the negative supply can trigger the latch-up action. After 

triggering, the structure can be turned off only by turning off the 

power.

Fig. 3-3 is a simplified cross section of an N-well CMOS 

transistor pair. A parasitic vertical PNP transistor is formed 

between the P+ diffusion, the N-well and the P substrate. A parasitic 

lateral NPN is formed between the N+ diffusion, the P substrate and 

the N-well. The N-well is biased at the most positive potential in 

the circuit (VDD) while the P substrate is biased at the most negative 

(VSS). The equivalent circuit of the structure is shown in 

Fig. 3-3 b,c,d. RN (RP) is the resistance from the well (substrate) 

contact to the nearest point at the edge of the P+ (N+).

Three conditions must be met for latch up to occur:

1) The bias conditions must allow both emitter-base junctions of the 

parasitic transistors to be forward biased.

2) The loop gain of the two parasitic transistors must be large 

enough to produce regeneration, i.e the loop gain must be greater 

than unity.

3) The network connected to the PNPN structure must be capable of 

sourcing or sinking a current greater than the holding current of 

the PNPN structure.
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To minimize latch-up problems in the internal gates of a CMOS 

circuit, several precautions are taken:

1) The N+ diffusion should be kept as far away from the N-well as 

possible. This will reduce the base width of the lateral NPN and 

hence its current gain (beta). This distance is typically 4 

times the minimum diffusion width, e.g. for a minimum diffusion 

width of 2 microns, this separation is about 8 microns. This 

restriction is one of the main reasons that NMOS has provided 

higher circuit density than CMOS.

2) Minimize RN and RP of Fig. 3-3 so that the voltage drop across 

them due to an injected charge is not sufficient to forward bias 

the base-emitter junctions of the parasitic transistors. This is 

done by carefully strapping the well and the substrate to their 

corresponding supplies. Place an N+ diffusion next to every P+ 

source that is connected to VDD in the N-well, with no separation 

if possible. Similarly, place P+ diffusion in the P substrate 

next to every N+ source that is connected to VSS. Those 

diffusions should be connected to their corresponding supplies 

(Fig. 3-4).

Where necessary, guard bands should be used. These are N+ 

diffusions in the substrate, surrounding N devices and P+ 

diffusion in the N-well surrounding the P devices. The N+ is 

tied to VDD and the P+ is tied to VSS. The guard rings reduce 

the parasitic bipolar transistor beta by collecting injected





minority carriers. Typically, the guards are required around the 

output drivers where there are larger devices and higher 

currents.



CHAPTER 4

CMOS Basic Gates

The Inverter

The first logic circuit to be described is the basic digital 

inverter. Analysis of this circuit is then extended to analysis of 

basic NAND and NOR logic gates. Thus, while the inverter may seem to 

be a fairly simple circuit, it is important to analyze it in great 

detail because of its similarity to the other gates.

The inverter's logic function is to produce an output that is the 

complement of its input. The basic CMOS inverter consists of an 

N-channel device in series with a P-channel device as shown in 

Fig. 4-1. The gate of the two transistors are connected to form the 

inverter input, and their drains form the inverter output.

Fig. 4-1 CMOS Inverter V.
i

V
o



The Inverter DC Operation

The d.c. transfer curve of the inverter is shown in Fig. 4-2 and 

its operation is best explained with the help of table 4- 1 .

Region Input N P Gain

0 - Vi - VTN
OFF LIN Very Low

b VTN - Vi S Vo - I V SAT LIN Low

c V - I V  1 < V. < V + V
o 1 TPl “ i “ o TN

SAT SAT High

d V + V < V < V - IV 1 
o TN “ i “ DD 1 TP 1

LIN SAT Low

e V - 1V 1 < V < V
DD 1 TP 1 - i - DD

LIN OFF Very Low

Table 4-1 DC Regions of Operation of the Inverter

The operation in each region is as follows:

(a) Vi is less than and the N-device is turned off. There is no 

current through the inverter, other than the leakage current (in 

the order of pAmp). The P-device is in the linear region and the 

output is pulled to .
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(b) V-£ exceeds V ^ ,  the N-device turns on and its drain to source 

voltage is close to , so it is in saturation. Current starts 

to flow from to ground. The P-device is still in the linear 

region and the output begins to drop.

(c) The output has dropped enough to cause the P-device to go into 

saturation while the input is increasing. Both transistors are in 

saturation, the current peaks and the output drops with a higher 

rate.

(d) The input has increased and the output has decreased so that

V. > V + V . The N-device goes to the linear region while the
1 o TN

P-device is still in saturation. The gain has decreased and so 

has the current.

(e) The input is now less than a P threshold voltage below V ,which
DD

turns the P-device off while the N-device is still in the linear 

region. There is no current path from the supply to ground. The 

output is pulled down to ground.

From the above discussion, several observations should be made:

1) The output of the inverter goes from rail to rail. The logic 

swing is equal to V
DD

2) In either of the steady states (V = 0 or V = V ), one of the
i i DD

two devices is off. Hence, there is no current flow. The



stand-by power consumption is limited to the leakage current 

only.

3) The operation is symmetrical. This is a direct result of the

availability of complementary devices. The output is actively

actively pulled down and passively pulled up.

Input Switching Voltage

If the input switching voltage V^ is defined as the input 

voltage required to bring V midway between rails (Vnn /2), then an
O DD

expression for V. can be obtained as follows. For V = V ^  /2, the
is o DD *

inverter will be operating in region (c) of table 4-1 where both 

transistors are in saturation. Equating the N,P device saturation 

currents, we get:

pulled to V as well as to ground. In NMOS, the output is

^j(Vis “ V Tn ) ^

V.DD
DD - V. v,TP I i2 (l + *P 2 (4-1)is

where $ = y cox W /2L (4-2)

Assuming that X„ = and defining R as the ratio between B„, B„ 
N P R N P



This equation will give the required W/L ratios for the inverter 

for a given Vi g . In general, Vis is chosen to be /2 in order to

have equal noise margins. The noise margin is defined as the input 

voltage difference between the operating point and the nearest unity 

gain point, on the d.c. transfer curve. Since there are two steady 

states of operation, namely = GND and Vo = , there are two

noise margins NMO and NM1. To get NMO = NM1, V^s is chosen to be 

equal /2. Using this value and equation 4-4 we get:

V /2 — IV I 
r  _ DD 1 Tpi (4_ 5)
R V / 2 - V

DD TN

Assuming that V = |vTp| = V T » 4-5 becomes:

Using 4-3,6 we find that:

BR 1 (4-6)

u W L 
P N

WN / LN = ^P 

WP / LP UN
(4-7)

Equation 4-7 says that for a symmetrical operation, the W/L 

ratios of the N,P devices should be chosen inversely proportional to 

their surface mobilities. This choice is not only optimum for d.c. 

operation but also results in equal pull down and pull up 

capabilities, which means equal rise and fall times as will be 

illustrated later.



In certain cases, V ig is not chosen to be VDQ /2. An input 

receiver used to interface CMOS with TTL, is an example. Since the 

logic threshold of TTL is not V /2, V. used in equation 4-4 will be
U u  I S

less than V /2 .

The effect of choosing ft to be other than one is shown in
R

Fig. 4-3. Here is given three different values while keeping all 

other parameters constant. The d.c transfer curves and V^g are shown 

to shift towards as W p increases.

Equation 4-4 can be rewritten as:

This relation will give the input switching voltage for a given $ .

For a given L^ and Lp , there are many values for ^N ,Wp that will 

satisfy equation 4-7. Increasing both and Wp proportionally will 

result in an increase in the value of the peak current, while keeping 

the voltage d.c. transfer curve unchanged as shown in Fig. 4-4. This 

means an increase in driving capability, an increase in input 

capacitance and an increase in area. It seems logical to choose k^,Lp 

to be the minimum value allowed by the design rules. However, the 

choice of W^,Wp is not as straight forward.

(4-8)

and for V,
TN

V,
TP

V,
T

V.
is

V.
DD

+
(4-9)
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The Inverter Gain

An expression for the gain of the inverter in Region c can be 

obtained using the small signal model of the inverter with both 

devices in saturation as shown in Fig. 4-5.

Fig. 4-5 Inverter Small Signal Model

Gain =
v

v . 
l

gmN * gmP
r +  r 
dsN dsP

but r
ds ^I7

Gain =
8mN +  SmP

2X1
D

91

gm  =
D

9v
gs

= 2 v/3l

using 4-7, $N = Bp = 8

and the Gain = (4-10)



Inverter Transient Performance

One of the most useful parameters in evaluating the performance

of a digital circuit is the inverter delay . It is defined as the

delay time between the input and output waveforms, measured at the

V /2 points. An expression for the inverter delay can be found in 
DD

two steps.

First Step: Assume that the input of the inverter is grounded. At 

time t = 0 , apply an ideal step function with zero rise time as shown 

in Fig. 4-6.

DD

T/2 

Input V_̂

V.
l

V

Fig. 4-6 CMOS Inverter Driven by Ideal Input

The output voltage will initially be at VDD and will start 

decreasing as the input is switched. The assumption of an ideal input 

step implies that the P-device will turn off instantaneously and the

N-device will turn fully on, with = V = V . The output
GS DS DD

capacitor will start discharging through the N-device.



The initial discharging current I will be equal to the maximum 

saturation current of the N-device, and is given by:

i = 3  f v  - v \ 2
Sat N( DD TNJ (4-11)

Where the channel length modulation parameter has been neglected for 

simplicity. This equation for I is valid as long as the output 

voltage is less than a threshold below V ^ .

The capacitor CQ will discharge from V ^  to VDD - at a

constant current I in a time t^ given by:

AV

1 - Co A T  

°r c VTN

1 ° ISat

CoVTN_________  (4-12)

1 N̂ ^VDD ” VTn)Z 
When the output voltage drops below VDD - VT N , the transistor

enters the non-saturation region where the current is not constant and

is given by:

1 - Bn[2 ( VDD - VT n ) Vo - V] (4-13)

And so, the output capacitor discharges through the N-device at a 

current that decreases with the output voltage

[2(VDD - Vra) Vo - V  ] " Co J  (*-14)

The solution of this differential equation is:

Vo (t) - ( VDD - VTn) (4_15)
\ / 1 + e



where T =
2Bn(vdd - v ra)

(4-16)

Solving for t^; the time required for the output to drop from

VDD V TN t0 V DD /2 we obtain:

t. = t In

3V - 4V
DD TN

V.
DD

Thus,

TD ■ 4  +  £2

'Sat
V -f Q . 5 / V - V \ In - 
TN w ( DD TN)

'3V - 4V
DD TN

V.
DD

(4-17)

(4-18)

V TN V D D’ then

° - 55 Co VDD

And if V TN = 0.2 V ^ ,  thenDD5

(4-19)

° - 52 Co VDD
T = -------------
D ISat

(4-20)

The above expressions were obtained under the assumption that the 

input rise time is zero. That is not actually the case. Due to the 

nonzero value, there will be a period of time where the P-device is 

on, and the capacitor discharging current will be less than the 

N-device current. Thus, the delay is actually greater than predicted 

by equations 4-18,19,20.

Second Step: A lower limit for the delay was analytically found in



the first step. The actual delay should have a similar form. The

delay should be proportional to C Vjjp /2 I’Sat

factor is a function of the input rise time.

x - k(T.) ^
D 1 ISat

k(T.) was empirically found to be:

The proportionality

k (T 1 + 0.15 T .  x  10 
i

where T^ is the input rise time in nanoseconds. The inverter delay

becomes:

XD

C V.
1 + 0.15 T .  x  10

i
9\ _o__DD

' ISat

(4-21)

This expression for the delay was found for the high to low 

transition. Because of the symmetry of the inverter in pulling up as

well as down, and from the d.c. design considerations (6X7 = $„), the
JN r

low to high transition will have the same delay. The average delay 

will be given by the same expression, equation 4-21.

The output capacitance C Q consists of three components:

C = C. + C + Cr (4 -2 2 )o l  w f

where is the inverterTs own capacitance.

Cw is the wiring capacitance, 

and is the fanout capacitance, (input capacitance of the gates 

driven by the inverter.)

Cw and can be combined in one term C-̂ : the load capacitance.



SPICE [31] simulation using the parameters of table 4-2 and W/L = 

3.5/1.5 microns for the N-device and 9.6/1.8 microns for the P-device, 

gave the delay vs. load capacitance relation of Fig. 4-7. This 

simulation was done using an input rise and fall times of 2 ns. The 

results agree with the delay expression 4-2 1 .

Fig. 4-8 shows the simulation results of the inverter delay vs. the 

input rise time, for a given load capacitance of 0.5 PF.



PARAMETER N-Channel 
L=1.5 micron

P-Channel 
L=1.8 micron

Units

LEVEL 3 3 -

VTO 0.879 -0.843 V

TOX 364E-10 364E-10 meter

NSUB 1E16 1.5E16 l/cm**3

Uo 596.3 201.8 cm**2/V.s

THETA .1073 .1024 1/V

GAMMA .5525 .7107 V**0.5

KAPPA 1.107 69.38 -

VMAX 1.758E5 4.107E5 m/s

ETA .1613 .1683 -

NFS 5E10 5E10 l/cm**2

PB 0.61 0.71 V

JS 5E-5 5E-5 A/m**2

XJ 0.3 0.5 micron

CJ 1.74E-4 3.53E-4 F/m**2

MJ 0.458 0.455 -

CJSW 1.9E-10 1.01E-10 F/m

MJSW 0.282 0.26 -

CGSO 1.9E-10 5 .69E-10 F/m

CGDO 1.9E-10 5.69E-10 F/m

CGBO 2.73E-10 2 .73E-10 F/m

Table 4-2 SPICE Model Parameters for ICMOS
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Inverter Power Dissipation

a) Stand-by:

From the d.c. transfer curve of the inverter, it was shown that 

in either of the steady states there is no current flow through the 

inverter. This is due to the fact that one of the two transistors was 

off in each state. The only current is the leakage current of p-n 

junctions. This current is typically in the picoampere range at room 

temperature and is exponentially dependent on temperature. Thus, the 

static power consumption of the inverter is negligible.

b) Transient Power Dissipation:

V.
DD

T/2 

Input V,

Fig. 4-9 Inverter and Load Currents



For the inverter of Fig. 4-9, the following relation relates the

currents at all times: = I . Assuming an ideal step input

(zero rise and fall times) with period T, the current relation can be 

broken into:

For 0 < t < T/2 : I = 0 , I =-I
P C N (4-23)

For T/2 < t < T : 1 = 0  , 1 = 1
N C P

The average transient (switching) power P can be found by
AS

taking the average of IV integration over the period T as follows

1 /"T/2 T TT ^  , 1 j-T

T/2

l r T / 2 ^ o ) - + H / 2 M v- ~ - V N d £
dV

but T = C °

p = —  r T/2 iMv dt + i  rT i / v - v 'N dt
AS tJq N o  T T /2 \ DD o)

_ l_ r T / 2 / j  v \ _1. r T i / v - V \

T o \ c V  T T/2 V °7

C L dt

T/2/ dV \ . -n, dV
= f- C — -}V dt + —  f T C — - (v - V \ dt

T o I L dt I oQI T/2 L dt V DD °)

= — - f V dV + DD v dV - —  v dV
T "L o o T o DD o T o o

DD
C t  C t  .  C i  

= —  v 2 H-- — V 2 ---— V 2
2T DD T DD 2T DD

cT
= = C t  V™ f (4-24)T DD L DD

where f = 1 / T = frequency of operation.

However, the input has finite rise and fall times and 

Ip 0 for 0 < t < T/2

I M  for T/2 < t < T
N

The exact expression for P^g is



l rT , „ , l rT
PAS ■ t X  V o dt + T X  ( VDD- Vo) dt

= —  f T (l - I ^ V dt + 4 f TI V dt 
T^o ^ N Py o TJo xP DD

l rT l
= T-C ~ ICVodt + t X  IpVDDdt

The first term is equal to zero since Vq goes through a complete 

cycle from to GND back to , during the period T. The power

becomes:

P = —  f T I V dt = V f fT I-odt (4-25)
AS T Jo P DD DD JG P K '

The expression for P is the same as the average power supplied by
AS

V , as expected.
DD y

P AO is > CT V 2 f 
AS L DD

The value of P4 „ is not only a function of C ,V ,f but also it
AS ' L DD

is a function of the input rise time. As the input rise time 

increases, there will be a path from V to ground for a longer time 

and thus, more power dissipation.

Graphical integration using SPICE simulation results, was used to 

evaluate 4-25, for different load capacitances, different input rise 

times and different supply voltages. The results are shown in 

Fig. 4-10,11,12. Also plotted in these figures is the CVVf power 

(eqn. 4-24), to be compared with the actual power. It can be seen 

that the CVVf power is the dominant power component for relatively 

large loads. For small loads, it is not.
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HAND Gates

A static two input CMOS NAND gate is shown in Fig., 4-13. It 

consists of two N-devices connected in series and two P-devices 

connected in parallel* Each input drives the gate of an N—device and 

a P-device.

HAND Gate DC Operation

The operation of the NAMD gate is very similar to that of the 

inverter. If any one of the inputs is low (GND), one of the N-devices 

is off and there is no path from the output to ground. In the same 

time, one of the P-devices is on and the output is pulled up to V .

If both inputs are high (V ), both N-devices are on, both P-devices
DD

are off and the output is pulled down to ground.

In selecting the tf/L ratios of the NANB gate, it should be noted 

that there is more than one mode of operation. All modes of operation 

have to be considered to obtain an optimum overall performance.

a) Both inputs are variable:

If inputs A,B change simultaneously, which is equivalent to 

connecting them together, the two P-devices will act as a single 

device with an effective beta of:

6peff = 26p (4-26)

i.e. the two parallel transistors are equivalent to a single 

transistor with twice the width.



VOD



The two series N-devices have different source to bulk potentials and 

different drain to source voltages, but can be approximated by a 

single N-device with twice the length. The effective beta of the 

equivalent device is:

6Neff ' SN /2 (4'27)

The NAND gate is now exactly equivalent to the inverter. The

relations developed earlier for 3D of an inverter can be used here.

For V. to be equal to /2, the choice is: 
is M DD

^Reff = 1

^Neff = ^Peff °r

3n = 43p (4-28)

If this condition is satisfied, the transfer curve A of Fig. 4-14 

results. However, if the same gate is used in a different mode where 

one input is held at V ^ while the other is variable, the transfer 

curve B results.

b) One input is variable:

With one input held high, one of the P-devices is off and the 

effective beta is:

^Peff = ^P (4-29)

Also, one N-device is on, acts like a pass transistor, and will not

limit the conduction through the other N-device.

^Neff = (4-30)

Again, using the inverter relation we obtain:



SN = 6P (4-31)

If the gate is designed to satisfy this condition, the result will be 

a shift of curves A,B of Fig. 4-14 to the right.

The problem of selecting either of the two choices for the design 

(4-28 or 4-31) is that the noise margins for some modes of operation 

will be much more than for the other modes of operation. Also, since 

both cases a,b are practical possibilities, it is obvious that can 

not be equal to /2 in all cases.

A compromise needs to be made to arrive at an optimum solution.

Select = ''A x 1 ~ ^ or

= 23p (4-32)
« P

The d.c. transfer curve with equation 4-32 satisfied, is shown 

in Fig. 4-15 for both case a and b. It can be seen that the switching 

points are now balanced around = Vqj-j, /2. The difference between 

the two input switching voltages of curves A,B is labeled AV on the
D

figure. It will be calculated next for an n Input gate.
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ii Input HAM) Gate

Extending the analysis of the two input IAMB gate to n input 

gates C'n P—devices in parallel anil 1-devices in series) we find that:

~X ‘ n =P (4—33)

is; the condition fox optimum overall noise margins*

Using' equation 4—8, AVg can be calculated for an m input gate as

f V ^  - i'll + Vt/n (y  „ - I |  \ # W l/m" 
- it it _ \ DO I TP111/ TUB \ IB 1 TP 17 TK f

^ ’S isl is2 ' ,
1 +  1/n 1 +  n

Assuming that VTB = lVTpl “ VT *  get

"  I f r r  ( v »  -  ”■•)
V n  +  1 I “bd

(4—34)

This relation is plotted in Fig. 4-16 for V = 0.16 ¥
JL U U :

Using this- figure,, we can determine how many inputs are

acceptable from the point of view of nod.se margins. For example, the 

curve shows that AV = 32.51 of for an a inp-iit.. K&BD gate with 

Bg = 8(Bp* This might not be acceptable, and other topologies for that 

gate will 'have to be fomd. This may he a pair of 4 inpiit gar^e 

followed by a 2 input gate.
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Delay of NAND Gates

Once the inverter has been designed, its W/L ratios together with 

equation 4-33 for an n input gate, the W/L ratios of that gate can be 

selected as follows:

As in the d.c. analysis, the delay of the NAND gate will depend 

on the mode of operation,

a) Both inputs are variable:

In this case, the pull up capability is twice as much as the pull 

up capability of the inverter, since n devices are operating in 

parallel. Thus,

The pull down capability is approximately equal to that of the 

inverter.

It is actually greater due to the added parasitics. The average delay 

is less than that of the inverter.

b) One input j.s variable:

of the inverter. The average delay is approximately equal to the 

inverter delay. The delays are more balances than in a). On the

(4-36)

(4-35)

(4-37)

(4-38)

In this case, both T and T are slightly greater than that



average, this mode can be considered the worst case from the delay 

point of view.

Fig. 4-17,18 show the simulation results of the 2 input NAND gate 

delays vs. capacitive loads and input rise time respectively. Note 

the similarity to the inverter performance.

NAND Gate Power Dissipation

Similar to the inverter, the static power dissipation is due to 

the leakage current. Also, the switching power dissipation is found 

in the same way as for the inverter. The first mode of operation 

defined above is considered the worst case from the power dissipation 

point of view, since there are more parallel paths from the supply.

The power dissipation of 2,3,4 input NAND gates in pW/MHz, is 

plotted in Fig. 4-19 vs. the load. The inverter power dissipation and 

the C W f  power, are also shown for comparison. It can be seen that 

with more inputs, more power is dissipated. This is due to the 

existence of more paths from the supply to ground. The data for the 

curves was calculated for the case where all inputs are variable 

(worst case).
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NOR Gates

To implement a NOR gate, the NAND gate arrangement is reversed. 

This means, the N-devices are connected in parallel and the P-devices 

in series. To obtain optimum noise margins for an.n input NOR gate, 

select:

3p = n$N (4-39)

The /V as a function of n is similar to that of the NAND

gate. In addition there is another consideration in establishing a 

limit on n. Since the electrons mobility is 2-3 times the holes 

mobility, the width of the P—devices for large n can be excessively 

large which imposes layout limitations.

AND gates consist of NAND gates followed by an inverter. Also, 

OR gates use NOR gates and an inverter. Thus, the delay of AND, OR 

gates is greater than NAND, NOR gates. They also dissipate more power 

as illustrated in Fig. 4-20.
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CHAPTER 5 

PERFORMANCE SENSITIVITIES

While integrated circuits are typically designed and simulated 

under nominal conditions, it is important that they meet 

specifications over a wide range of operating conditions. A 

qualitative and quantitative prediction of the performance variation 

due to process parameter, temperature and power supply variations is 

essential.

Process Parameters

Three sets of SPICE parameters were provided by SSED. These sets 

represented nominal, best case (BC), and worst case (WC) parameters. 

They were extracted from different test chips, to fit SPICE level 3 

MOS model. Statistical manipulation of the measuments resulted in a 

mean and a standard deviation for each parameter, from which the Nom, 

BC and WC models where obtained.

The parameter variation from Mom to PC models ranged from 1% to 

50%, depending on the parameter and the device type. As the process 

matures, these variations should be reduced significantly. However, 

with the present models, the delay was degraded by 50% using the WC 

model over that using the Nom model.



Temperature Effects

Consider the saturation current of an N-channel device:

>)* (5-1)

yc w
i  = — h  -  v N 2
Sat 2L I GS To

The surface mobility y and the zero bias threshold voltage V are the
■*•0

two important parameters that vary with temperatures. The mobility is

“3/2
proportional to T 7 or

For the ICMOS process, this relation is shown in Fig. 5-1, for both 

N,P devices.

The temperature dependence of the threshold voltage is not as 

straightforward. Fig. 5-2 shows the relation between V̂ , and T for 

N,P devices. It can be seen that the relation is approximately 

linear.

V_ = A - BT (5-3)
To

where A and B are constants.

For temperature variation (AT), the resulting current variation 

can be obtained as follows:

^ S a t  _ ^ S a t  _ „ S 2 3P . -..A, „ \
AT ST

WC

where D = ox

D (VGS - VTo) 2 3? + 2DU(VGS - VTo) [ i r y  (5’4)
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From 5-2, | E .  _ 2  / t V "5'2 1_ 
3T 2 o\T0/ T0

3 £
2 T (5-5)

3 V T o
And from 5-3 ^  = -B (5-6)

31

Hence, - j f U  ■ » (»K  - " I T *  “"(’gs ' ' l a ) ™

( ’
= BpfV - Vm + 2B

GS Toy ĵ 2T ^

XSat ( 2T + V - V  ̂ (~5~7^
I GS To

Example: An N-device with = 5V and I_ _ = 5521U A at Troon
GS Sat

temperature T = 298 Kelvin, = 0.8V and B =0.00143 V/Kelvin (from

Fig. 5-2).

31
9ijat = - 2.4 uA/degree

The negative sign indicates that current decreases as temperature 

increases.

If we define the normalized sensitivity as:

^ S a t  _ ^Sat T

I  3 T  XS a t

- I .  28Sat 2T - Vm I_
\ GS To 1 Sat



For the above example:

S Sat = - 1.3
T

This means that for a 1% increase in T, the current I c . willO'Cl t

decrease by 1.3%. If the temperature changes from 25 to 50 deg C, 

then

At 25
298

= 8.4%

— ■ = - 1.3 x 8.4 = = - 10.9%

and the current at 50 deg C would be 492 |i A

This method is only accurate fox small changes in temperature. 

For large changes, it is approximate.

In the previous chapter, it was shown that the inverter delay is 

inversely proportional to the saturation current Xgat (eqn 4-21).

T I
Thus: g D = _ ^ Sat

T I

3 2BT (5-9)
2 V ¥

GS To

This eqn. says that, for our example, the delay will increase as the 

temperat ure increases.



The effect of temperature variations on the inverter delay for 

Nom, BC and WC models is shown in Fig. 5-3, as obtained by SPICE. 

Combining the effects of WC model and 100 deg C temperature, results 

in a delay which is 80-90% more than the Nom model at room temperature 

delay.

Supply Variations

Due to inadequate power supply regulation or unaccounted IR drops 

on the power buses, the actual that a particular circuit sees, may 

be different from the nominal value (5V).

The circuit capacitances are charged up to V ^  while the current 

that charges them is proportional to the square of The net

result is that the delay is inversely proportional to the supply 

voltage. Simulation results that agree with that are shown in 

Fig. 5-4 for an inverter.

Variations in the supply voltage will also affect the power 

dissipation of the circuit, since the power was shown to be 

proportional to the square of V ^  (Fig. 4-11).

A 10% decrease in V together with 100 deg C temperature and WC

parameters, give a delay which is twice as much as that for nominal

conditions.
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The d.c. operating voltages will not change as a percentage of

V ^ ,  with variations in V ^ .  The logic swing will remain 100% of V •

The input switching voltage will remain at 50% of V , and the noise
DD

margins will remain at approximately 40% of V •

The above analysis helps in predicting the performance of ICMOS 

circuits under different conditions, once the circuit is simulated at 

the nominal conditions.



CHAPTER 6 

CMOS vs. NMOS

Economic reasons have made NMOS technology more popular than CMOS 

technology over the past 10"-15 years. CMOS wafers have cost more than 

NMOS wafers because of the extra masks and processing steps required* 

In addition, more chips could be obtained from an NMOS wafer than a 

CMOS wafer, for a given digital circuit ,[12j,

CMOS was typically used where nothing else would do - in low 

power applications such as watches and calculators* In the VLSI era, 

excessive power dissipation is becoming a problem* lot only does it 

require special packaging and cooling systems, but it also means that 

switching speeds degrade with the increase in temperature, as seen in 

chapter 5*

TO' perform more functions on a given die at a high speed, calls 

for a process which is not up against a thermal barrier. Consider 

that the HP's single chip, 32 bit NHOS micro, with. 450,000 transistors 

dissipates nearly 7 watts at 18 MHz; 120;j • To use such a chip, special 

cooling is required. CMOS is probably the best choice. However,, 

selection of a technology should be based on a cost-performance 

tradeoff comparison with other technologies*



Cost.

Historically, CMOS wafers have cost more than IMO'S wafers as 

mentioned earlier. Wafer cost, is proportional to the number of masks• 

HMDS started out as a relatively simple five—-Mask low performance 

technology liljf* Because of the use of depletion, ■ode devices, 

scaling and performance improvements, more masks have been added to 

the 'exteat that today, the. highest performance NMOS process has almost 

the same number of masks as CMOS processes. Process complexity, and 

hence wafer costs of HMDS is approaching that of 'CMOS*

As for the 'die area, in. a full custom digital design, HMDS is 

still denser. However, the density disadvantage is decreasing,, due to 

design cleverness* Also, in semi-custom designs like gate arrays mod 

standard, cells, wiring consumes up to 501 or more of the die area,, and 

the density edge of NMOS becomes less significant*

In analog, circuits» e.g. amplifiers and comparators, the 

availability of complementary devices in CMOS allows a given function

to be implemented using less stages than IMfOtiS. This more than 

compensates for the need to isolate M-devices and P-devices in CMOS. 

The res'lilt is a f uaactionally more dense analog circuit using CUDS.

Also., if the cost, is considered on, the system, level, the low 

power consramption of CMOS reduces power supply and component cooling 

overhead cost»



Performance

DC Performance:

Comparing the operation of an NMOS inverter with that of a CMOS 

inverter will provide an insight to overall performance differences. 

Consider a depletion load NMOS inverter with the same model parameters 

as the Honeywell CMOS process, except for the depletion threshold 

voltage.

To obtain an expression for the NMOS input switching voltage 

a procedure similar to the one used in chapter A for CMOS, is used. 

The result is: 17 tT

I TdepI

8 W / L  
p _ dep _ dep /Ldep 

where BR - -g------- ^ --------  (6-2 )
en en en

and is the enhancement threshold voltage at zero bulk-source

voltage, ^xdep depletion threshold voltage at V^D /2 

bulk-source voltage.

Selecting the enhancement W/L to be the same as that for CMOS 

inverter, namely 3-5/1.5 micron, eqn. 6-1 can be used to calculate the

required depletion W/L, for V. = V, / 2. The resulting d.c.XS D'D

transfer curve of that inverter is plotted in Fig. 6-1, together with 

the CMOS inverter transfer curve.
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The figure shows:

1) The output of the NMOS inverter does not go from rail to rail.

It goes up to the positive supply but does not go as low as GND.

It goes down to V when the input is at V .
5 OL K DD

Equating the depletion load saturation current and the 

enhancement non-saturation current when = V , gives the following 

expression for V :U 1j

v = V - V - \ / v 2 - 2V V + V 2 - 6 V 2 
OL DD Ten V DD DD Ten Ten R Tdep (6-3)

which shows that is a function of V and 6 •
OL DD R

2) The CMOS inverter gain around V. = V /2 is greater than the
i DD

NMOS gain.

3) The CMOS inverter curve is more symmetric, since the output is 

actively pulled up as well as down, while the NMOS inverter 

output is actively pulled down and passively pulled up.

4) The noise margins of the CMOS inverter are greater than those of 

the NMOS inverter.

The currents corresponding to the voltage transfer curves of 

Fig. 6-1 are shown in Fig. 6-2. When the input is low, both currents 

are zero. When the input is high, the NMOS current is at a maximum 

while the CMOS current is zero. That is the reason that the static 

power consumption of CMOS is much less than NMOS.
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lis J^'R | ‘Tdepl + *Ten (6—4)

The depletion transistor models are typically not as accurate as

enhancement models. The depletion threshold, voltage control is not as

good as that for enhancement. Using eqn. 6-4, it can be seen that.

variations in ¥irT,, will directly .affect the value o>f ?„ . Also, idep J is *

eqn. 6-3 gives the. effect of ^Tl[jep variations on

Changes of + 102 in ^ d e p  as si'M ^'ateid by SPICE will lead to the 

d.c. transfer curves of Fig. 6-3. Their effect can be compared, with 

the effect of similar variations in ¥̂ p, of the CMOS Inverter, as shown 

in Fig. 6-4. In a CMC*8 process, the parameters of the device in the 

tub are. harder to control than the ones outside the tub. In the case 

of N-well, this means the P-device. it can be seen that the threshold 

voltage variations have a greater effect in the NMOS case.

Equation 6-4 can also be used to determine the effect of 60 on
K.

V,-„. As increases, so does V- . Fig. 6-5 shows the effect ofIS K * IS
varying 8 from nominal value (curve A) to- twice the nominal value 

R

(curve B> and half the. nominal value (curve C). This can be compared

with Fig. 4-3 where S' of the CMOS inverter was varied in. a similar° D1
JPL

manner.



trrw

o
>

j - i

3
Cl

CH

u
3
Cu
4-) O

>

g o o  
o <—I i—I 

S3 I +
P-l P* P-l 
W W W  
Q Q Q 
H  H Eh 

> >  >

« cj

Fi
g.
 
6-
3 

Ef
fe
ct
 

of
 

NM
OS
 

D
e
p
l
e
t
i
o
n
 

T
h
r
e
s
h
o
l
d
 

Vo
lt
ag
e 

V
a
r
i
a
t
i
o
n
s



A-
J-
C--

--
--

--
--

-f
t-

fi

■u
iH
O
>

4J
3
a
c

4-1
3
a
4 J

i—I
o
>

g o o
O iH rH
3  I +

P-i P-i 
H  H  H 

>  > >

F
i
g
• 

6
 
4 

Ef
fe
ct
 

of
 

CM
OS
 

P
-
C
h
a
n
n
e
l
 

T
h
r
e
s
h
o
l
d
 

Vo
lt
ag
e 

V
a
r
i
a
t
i
o
n
s



a
_m

;

o
>

3
a
c

3 4-1
:CU T-i
4J O
3  >
O  s—'

cni

'pcj pi
■co. CO. co.

’EM

<  PQ O

Fi
g.
 
6-
5 

3„
 

Ef
fe
ct
 

on
 

th
e 

NM
OS
 

DC
 

T
r
a
n
sf
er
 

C
u
r
v
e



The above mentioned figures indicate that NMOS is a "ratioed" 

logic while CMOS is not.

Variations in the supply voltage will have a greater effect on 

the d.c. operation of NMOS inverter than on CMOS inverter. The

normalized V^T and V. are a function of V__ as illustrated in
OL is DD

Fig. 6-6 . This means that the logic swing and noise margins as a

percentage of V ^  will depend on the value of V__ . That is not the
DU DD

case for the CMOS inverter, as was explained in chapter 5.

Transient Performance:

The transient pull down response of an NMOS inverter is identical 

to that of the CMOS inverter, particularly since the pull down devices 

were chosen to have the same geometries. The pull up transient 

response of the NMOS inverter is slower because it is a passive pull 

up. It can be shown that the rise time of an NMOS inverter is 8
R

slower than its fall time 133]. Also, the delay time T is
DLH

slower than • CMOS inverters have balanced rise and fall times,

and equal T ,T . Again, this is because of the symmetry in
DHL ULiJl

operation.

The disadvantage of the CMOS inverter is its high input

capacitance. The input sees the gate capacitance of two devices: 

N,P. However, in a semi-custom design the wiring capacitance 

constitutes a large portion of the load capacitance. The net result
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is that the average delay of a CMOS inverter is less than an NMOS 

inverter.

A transient response for an NMO'S inverter with a load of 0.3 PF 

and a CMOS inverter with a load of 0.5 PF, both driven by the same 

input and with identical pull down devices, is shown in Fig. 6-7. It 

can be seen that, on the average, CMOS is faster than NMOS even with a 

larger load. Also, the balanced rise and fall times of the CMOS 

inverter vs. the unbalanced times for the NEMO'S inverter are obvious. 

Fig. 6-8 shows the average delay as a function of load capacitance, 

for both inverters.

It is clear that for digital semi-custom logic, CMOS provides 

better performance at a lower power and comparable cost.
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DESIGN METHODOLOGY

Since large information systems are highly complex, systems that
are produced in relatively low volume, it is not practical to use a 
full custom design approach as mentioned earlier, Ttie choice of a 
design, methodology is limited to forms of semi-custom design, namely 
standard cells and gate arrays. The technology to be used is inverted 

CMOS.

Gate Arrays

'The gate array design, approach is an. increasingly popular way to 

achieve rapid tmrnarO'Und of new VLSI designs at a low cost* The 

concept of a. gate array is based on a fixed array of cells on. silicon 
which, can. be uniquely interconnected to perform a custom function* 

'The customized inter'connect is accomplished at the final step(s) in 
the wafer fabrication process* The fixed cell array is preprocessed 
up to the final inter connect.ion .steps and inventoried mtil the 
product has been defined. 'The array is then customized to a 
particular design’s needs*

Gat e a r r ays we re f I... r s it o f f e r ed In t he ini d-19 60 * « 'Texas 

Ins tr umen ts * Mas t er s lice PI i p-P lo ps and Fai r child" s Mi croma t ri z we re 
some of the first offered. However,, they met with little success *



This lack of acceptance was at first mainly due to low level of 

complexity to replace enough SSI/MSI to produce significant size or 

cost reductions. As the level of complexity increased, the lack of 

CAD programs impeded the growth of the gate array markets.

In the LSI,VLSI era with advanced CAD tools gate arrays became a 

feasible and powerful tool. According to a study by the Makintosh 

International consulting firm, in 1981 the worldwide merchant 

semi-custom IC market was estimated at $130 million [34]. Of that 

market, 97% went to gate arrays. Based on technology, the market 

share of CMOS in 1981 was 37% of the $130 M.

Today, many vendors are offering CMOS gate arrays with high gate 

counts. The cells consist of individual transistors to be connected 

in the personalization process. National, LSI Logic Corp., Toshiba 

and Hitachi all offer gate arrays having 6000 gates. All of them use 

two metal layers of interconnect and gate lengths in the range of 2-3 

micron. Recently, Fujistu announced its C8000 gate array with 8000 

gates. The cells in those arrays have either 4 or 6 transistors half 

of which are N type and half are P type. All of them have pin counts 

between 110 and 180 pins.[35],[36],[37]

Gate arrays in general have several disadvantages. Some designs 

do not need all the available gates. In some cases, the gate 

utilization would be as low as 50% which means a waste of silicon real 

estate. Other designs are complex enough to have high gate



utilization but may be faced with a great number of "can't connects". 

This is due to the fact that wiring tracks between cell rows may not 

be enough at some parts. The above mentioned Toshiba gate array has 

18 tracks between rows while Hitachi’s array has 35 tracks between 

rows. Both arrays have 6000 gates !

Two serious problems face MOS gate arrays. Speed of MOS circuit 

is more sensitive to wiring capacitance than bipolar. In gate arrays 

where interconnections are done on the individual transistor level 

there may be a serious performance degradation for an element like a D 

flip-flop or for a combination of such elements. Also, since all 

transistors are predefined there would be no control of the W/L ratio 

of the design. This will result in an unbalanced rise and fall times 

and loss of noise margins. In bipolar, the emitter area does not 

appear in the current equation and this problem is not a factor in 

bipolar gate arrays. From the previous chapter, this problem is even 

more serious for NMOS than for CMOS.

Standard Cells

In standard cells, the interconnection is not done on the 

transistor level. It is done on the basic function level. Each cell

represents a basic SSI gate or a flip-flcp. There are no preprocessed 

layers. Thus, it is possible to optimize the performance of each cell 

rather than the average performance.



Since there are no preprocessed layers, the chips can have 

various sizes depending on the design needs. Also, the wiring tracks 

between rows do not have to be a fixed pre-determined number but can 

be flexible. At some locations, there may be more wiring tracks than 

at other locations when required.

The functional density of standard cells is expected to be higher 

than that for gate arrays because of the higher level of design. No 

unused gates or buffers would be wasted. For a given design, the die 

area of a standard cell implementation would be less than that for a 

gate array. The result is more dies per wafer. This will partially 

offset the cost of a full set of masks.

As for the design and layout cycle, it is the same for standard 

cells as it is for gate arrays. A library of cells is designed and 

prepared for use just like a macro library for gate arrays. Because 

of the regularity in structure, similar automatic placement and 

routing tools are used. The turnaround cycle would be longer because 

there are no inventoried partially processed wafers.

Overall, standard cells offer better performance and more 

flexibility than gate arrays in MOS, at a slightly higher cost. That 

is why the Makintosh study estimates a growth of the merchant

semiconductor IC market share of standard cells from 3% in 1981 to 31% 

in 1986. The study also predicts a growth of CMOS market share from 

37% in 1981 to 54% in 1986. The worldwide merchant semi-custom market



is estimated to grow to $1.2 Billion in 1986.

For the application of Honeywell's ICMOS process to large 

information systems, the choice is clear: use standard cells.

Cell Shape

The first step in preparing a standard cell library is to select 

a convenient, standard format that is compatible with the CAD tools 

for layout. Three guidelines are known:

1) All cells will have a fixed height and a variable width that 

is an integer multiple of the routing grid spacing.

2) The routing program to be used requires that each I/O pin be 

accessible from both the top and bottom of the cell. It is 

also required that the cell's top pinout be a mirror image of 

the cell's bottom pinout. The I/O pins spacing is again 

determined by the routing grid.

3) The power lines should run perpendicular to the fixed height 

direction. This would allow the cells to be placed in rows 

with the power lines running continuously across them.

Three different layout possibilities that satisfy these 

guidelines are shown in Fig. 7-1. The first has second layer metal 

power lines runing across the middle of the cell (a). The second one 

uses first layer metal across the middle (b) and the third has first 

layer metal power lines runing at the top and the bottom of the cell



(a) (b) (c)



(c). The (b) choice has the disadvantage of preventing first layer 

metal from being used to interconnect the upper and lower halves of 

the cells and is excluded.

If the choice between (a) and (c) is based on the cell level, (a) 

has a slight advantage. No second layer metal will be used in the 

intra-cell connection which makes it more convenient to use second 

layer metal for power lines. However, if we look at the inter-cell 

connection using choice (a) as shown in Fig. 7-2, we see that there is 

no possibility for routing channels to run directly over the cells 

perpendicular to the power lines. Spacing has to be left in every row 

to allow first layer metal routing tracks. This is not only a waste 

of area but it also requires a more intelligent placement and routing 

programs to decide where to leave spaces and what size. Choice (c) 

does not face this problem as illustrated in Fig. 7-3. Here there is 

no spacing required between cells in a given row. Second layer metal 

is used for vertical routing channels. They can run straight over the 

cells since the cells do not use second layer metal internally. The 

cell I/O' pins are available on both the top and bottom in poly. Poly 

connects them to the horizontal first layer metal routing channels 

from which they can go to vertical second layer metal. Fig. 7-4 shows 

the final layout and dimensions of the standard cell.
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CHAPTER 8 

MACRO DESIGN

After the design methodology has been chosen, the functional 

units (macros) that are required for a given logic design need to be 

identified. A CPU that is currently implemented using off the shelf 

TTL parts was selected to be converted to CMOS VLSI. The TTL parts 

used are SSI and MSI type. They fall into four groups. In addition, 

there is a need for other macros for VLSI implementation to interface 

with other system parts off chip.

Thus, the macros required are:

1. SSI Macros.

2. Selectors and decoders.

3. Logical Macros.

4. Register Macros.

5. Buffers and receivers.

SSI Macros

This is the basic group of macros that consists of simple gates 

like the inverter, NAND, NOR, AND, OR gates with different number of 

inputs. The importance of this group is that its elements are not 

only individually used but are also combined as building blocks to

fcrm higher level macros. The design of this group is based on the 

analysis of chapter 4.



The choice of the W/L ratios of the inverter is the first step. 

They should satisfy equation 4-7. The minimum poly width (transistor 

length L) is 1.5 micron while the minimum diffusion width (transistor 

width W) is 2 micron., Thus the minimum device size is 

2 micron/1.5 micron. However, the minimum contact dimensions are 1.5

by 1.5 microns, poly to diffusion minimum spacing is 1 micron and 
diffusion overlap of contact is also 1 micron. A minimum size device 

is shown in Fig. 8-la with contacts to the source and drain.

1 D . 5 9 . 5  

D E V I  C E  U I  D T H  = 2 D E V I  C E  W I D T H  - 3 . 5

(a) (b)

Fig. 8-1 Minimum Size Transistors

The total width required is 10.5 microns. A wider device with 

W=3.5 microns is also shown in Fig. 8-lb. The total width is 9.5 

micron only. For the inverter, area would not be saved by using 

minimum size transistors. Using 3.5 micron wide device will increase 

the input capacitance and the driving capability proportionally. The



input capacitance is not the dominant loading capacitance but the 

wiring capacitance is, as will be shown in the next chapter. The 

above choice of a wider transistor would result in less delay at no 

penalty in area.

The design of NAND, NOR, AND, OR gates is based on the analysis 

and relations developed in chapter 4. A layout example of a 2 input 

NOR gate is shown in Fig. 8-2.

Other circuits are included in that group. They include 

exclusive OR, exclusive NOR and 2x2 AND-OR-INVERT (AOI). The 

exclusive OR and the AOI circuit schematics and layouts are shown in 

Fig. 8-3,4,5,6. The simulation results, input capacitance and the 

layout areas required for this group are summarized in table 8-1. The 

table also gives the corresponding TTL 74xxx part number and delays 

for comparison.

Since the propagation delay was found earlier to be linearly 

dependent on the load capacitance, simulation with two different loads 

was done. From the results, the delay for any given load can be 

estimated.
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Function
Cell Input ICMOS
Width Cap.(PF) Delay(ns)
Microns CL=0.5PF

Inverter 16 0.04 2.38

x2 Inverter 16 0.062 1.64

2 i/p NAND 20 0.045 2.78

2 i/p AND 24 0.03 3.69

2 i/p NOR 20 0.058 3.06

2 i/p OR 24 0.04 3.67

3 i/p NAND 28 0.048 2.87

3 i/p AND 32 0.03 4.13

3 i/p NOR 36 0.06 3.9

4 i/p NAND 36 0.052 3.15

4 i/p AND 32 0.03 4.5

5 i/p NAND 60 0.048 4.39

5 i/p AND 60 0.048 4.13

8 i/p NAND 80 0.052 4.86

2 i/p AOI 40 0.062 3.22

2 i/p XOR 32 0.072 4.74

2 i/p XNOR 28 0.076 3.77

Table 8-1 ICMOS SSI Characteristics



Selectors and Decoders

This group of macros contained three types of selectors and one 

decoder. Once the circuit schematic is defined, the SSI macros 

developed earlier were used to implement the circuit. As an example, 

consider the one of eight selector schematic shown in Fig. 8-7. Note 

that this selector consists of 4 input NAND gates, inverters and 2 

input NOR gates all of which belong to the SSI group already designed. 

Also there are parts of the circuit that are surrounded by dashed 

lines. They represent simple circuits that are used in all selectors 

and as such they were defined as separate supporting macros. The 

selector layout is shown in Fig. 8-8. The layout was used to estimate 

the intra-macro wiring capacitance at each node, to be used in 

simulation. In the middle of the macro there is an area with no 

horizontal wiring. This area is reserved for inter-macro connections.

The layout of one of the supporting macros of Fig. 8-7 is shown 

in Fig. 8-9. Another selector that uses this supporting macro is the 

one of two selector (4 bits), shown in Fig. 8-10,11. This macro is 

laid out in one row since it is smaller than the 1 of 8. However, the 

number of rows over which a particular macro is laid out is not fixed. 

It can be one, two or more depending on the available space to the 

placement program in a complex chip.
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A summary of the delay times of the selectors and decoder as 

compared with the equivalent Schottky TTL parts is given in table 8-2. 

The table also gives the number of equivalent 2 input NAND gates for 

each of the macros, based on area. For example, the 4 bit 1 of 2 

selector is 256 microns wide while the two input NAND gate is 20 

microns wide and both of them have standard height. This selector is 

equivalent to 13 gates.

Logical Macros

This group consists of the following macros:

(a) 4 Bit Magnitude Comparator.

(b) 4 Bit Arithmetic and Logic Unit (ALU).

(c) Carry Look Ahead (CLA).

(d) 9 Bit Odd/Even Parity Generator/Checker.

(e) 4 Bit Adder.

The macros were designed and laid out using the same method as 

the previous group, namely : using SSI macros. The 9 bit parity 

macro is shown in Fig.8-12,13 as an example. The propagation delay 

from data input to the output is 10.23 n.s. The delay of the 

equivalent STTL part is 12.75 n.s. This macro is equivalent to 16 

gates.



Typical Delay (ns) Load = 0.5 PF for ICMOS, 15 PF for STTL

1 : 8 1 : 4 1 : 8

(74151) (74153) (74158)

From To Nz To z To z To Nz To z

ICMOS STTL ICMOS STTL ICMOS STTL ICMOS STTL ICMOS STTL

Data 6.5 4.5 7.15 8 4.63 6 3.02 N.A. 3.98 4

SELECT 9 9.5 9.7 12 7.16 11.75 5.49 N.A. 6.48 8

ENABLE 8.7 8.75 9.4 11.5 6.82 9.5 5.34 N.A. 6.37 6.75

Area
in
Equiv.
Gates

25 

(1 bit)

18

(2 bits) (4

13

bits)



Fig. 8-12 9 Bit Parity Generator/Checker- Logic Schematic
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Register Macros

All the register macros consist of different combinations of a 

basic flip-flop. The macros include different size registers, 

register files, shift registers, JK flip-flops and counters. These 

macros have a special feature in that they have to satisfy a system 

level built in test: capability. This is termed Non-Functional Testing 

(NFT). When the system is in the NFT mode, all the registers can be 

operated as a shift register.

The basic D flip-flop with reset consists of two stages, a master 

and a slave. It has two NOR gates, two inverters and 4 transmission 

gates as shown in Fig. 8-14. The transmission gates used are 

complementary type, each consist of a pair of N,P devices. The 

transmission gate is driven by a clock (?) and its complement. The 

advantage of using a complementary transmission gate is that the ON 

resistance of the gate is independent of the input signal level. It 

is also less than that of a single channel transmission gate. The 

result is less delay through the complementary gate. Also, the gate 

will pass any voltage from one terminal to the other. An NMOS gate 

will not pass voltages within a threshold voltage of the clock. The 

result is a better overall performance.

The disadvantage of the complementary transmission gate is the 

need to generate a complementary clock and to interconnect two devices 

in parallel. This means more area. However if area is of concern,





a single channel gate can be used. This is a cost - performance 

tradeoff.

The operation of the flip-flop can be explained as follows. When 

the clock is high, the input D is connected to the master section. 

The master loop is open and the connection to the slave is also open. 

The slave is latched and information is stored. When the clock is 

low, the master is latched and disconnected from the input. The slave 

loop is open and its input is connected to the master output to get 

the new information. If the reset input goes high, the Q output 

becomes low independent of the state of the clock.

When the flip-flop is used in a register, appropriate feedback is 

added to satisfy the NFT requirement. This is illustrated in 

Fig. 8-15 where the flip-flop is represented by a block. At the 

input, there is a simple selector that uses transmission gates which 

are driven by NFT control signals. Those signals are generated in a 

separate macro that uses SSI gates.



N DP

Fig. 8-15 The D Flip-Flop in a Register 

Note that one transmission gate uses an N device. This gate is used 

for synchronous reset (SR). Since it connects the input to ground 

only, there is no performance penalty.

In addition to synchronous reset, the macro of Fig. 8-15 can be 

put in the shift mode when the shift signal (SH) is high. In this 

case a string of bits (NFTIN) is synchronously propagated through the 

flip flop. The complementary output of the flip-flop is used as the

NFTIN input of the next flip-flop. During testing, the registers are 

initially reset, then a given bit pattern is propagated through them. 

Every bit is complemented as it goes through a flip-flop. The output
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Buffers and Receivers

This group of macros allows the VLSI chip to interface with other 

components of the overall system.

(a) TTL to CMOS receiver: In some cases it would be required for the 

input of a CMOS chip to be driven by an output of a TTL chip. 

Although both CMOS and TTL use a nominal supply voltage of 5 volts, 

their logic threshold are different. While for the CMOS it was shown 

that the logic threshold is best set at 2.5 volts, TTL logic threshold 

is typically around 1.5 volts. Thus, the input receiver will need to 

transfer the logic threshold from 1.5 to 2.5 volts. This is simply 

done by proper choice of the W/L ratios of a CMOS inverter as was 

shown in chapter 4. Another inverter is required to restore the 

signal to positive logic convention and to boost the driving 

capability. The receiver schematic and layout are shown in 

Fig. 8-17,18.

(b) Output Buffer: This macro is required to drive off-chip 

capacitive loads typically in the range of 15 to 50 PF. In order to 

drive this relatively large load with a minimum delay, an inverter 

with very wide devices is required as given by equation 4- .

However, such an inverter will have a large input capacitance which 

would in turn load down the previous stage. The driving capability 

has to be built-up in steps using successive stages. It can be shown
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that those stages should increase in size by a factor of e - the base 

of the natural logarithm - for minimum delay [33].

If the CMOS chip is to be able to drive a TTL load, the output

buffer should have the capability of sinking a high current while

maintaining the output at a low value. Fortunately this requirement 

agrees with the previous one.

The design of the buffer used four stages as shown in Fig. 8-19. 

The propagation delay for a load of 15 PF and 50 PF is 5.35 ns and 

10.65 ns respectively. It can sink a DC current of 4.56 mA while the 

output voltage is 0.439 volt. It was laid-out with a width equal to 

the pad pitch (6 MIL). The power lines used in Fig. 8-19 are not as 

wide as they should be, especially if they are used for a row of 

buffers. It was modified later.

(c) On Chip Buffer: The function of this buffer is to drive large 

capacitive loads on chip. It is very similar in structure to the 

output buffer, with less driving capability. It consists of two 

inverter stages instead of four.

Design and simulation of the macros showed that with a load of 

0.5 PF, the macros have delays comparable to equivalent Schottky TTL 

parts with 15 PF loads. In many cases they are faster. The choice of 

an average value for the load will be discussed in the next chapter. 

80 % of the macros were laid out. Area was estimated for all of them.
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CHAPTER 9 

CHIP PLAN

One of the major advantages of standard cells over gate arrays is 

the flexibility in the number of gates per chip. An estimate of the 

possible number of gates per chip, for different chip sizes is 

important for planning a given application.

The 2 input NAND gate is the unit most commonly used when 

describing the capacity of a chip. This gate had an area of 

72 micron by 20 micron (Table 8-1). Assuming that perimeter pads with 

6 Mil pitch are to be used, the possible number of gates for various 

size chips are calculated and shown in table 9-1. 10 MILs are left on 

each side for the pads and buffers. The table shows the number of 

gates for two different possibilities of horizontal routing area. The 

first leaves an area with height equal to the gates height (72 micron) 

and the second leaves twice this value (144 micron). The reason for 

the two choices is the uncertainty of the required number of channels 

for a given design. It can be seen that a large chip (350 sq.MIL) can 

have up to 24,300 gates.

Estimating Track Requirements

The number of routing channels required is obviously a function 

of the logic design and the efficiency of the placement and routing 

algorithms. A simple model for estimating track requirements for a



(1) (2) (3)

I II

(4) (5) (6) (4) (5) (6)

200 132 570 7068 28272 341 4788 19152 462

250 164 730 11680 46720 440 7884 31536 594

300 200 889 17395 69580 539 11715 46860 726

350 232 1047 24302 97208 638 16341 65364 858

(1) Square Chip Edge in MILs

(2) Number of perimeter pads - 6 MILs pitch

(3) Number of Second Layer Metal Channels (over the cells)

(4) Equivalent number of gates

(5) Equivalent number of transistors

(6) Number of first layer metal channels (between the cells)

I : Rows spacing = Cell height

II: Rows spacing = Twice the cell height

Table 9-1 Chip Capacity for Different Chip Sizes



given circuit will be developed.

Assume that a logic design has N equivalent gates. The gates are

arranged in rows. Each row has X gates. There are Y such rows so 

that :

N = X * Y (9-1)

This arrangement is shown in Fig. 9-1. The horizontal routing 

channels can go across the chip, between the rows. The vertical 

routing channels run across the chip, over the rows. If the gate area 

is GA = GW . GH where GW is the gate width and GH is the gate height 

including the necessary routing channels above the active area, then 

the length of the horizontal channel is:

LH = X * GW (9-2)

and the length of the vertical channel is:

LV = Y * GH (9-3)

Thus, the average routing channel length is:

L = ( LH * LV )**0.5

= ( X * Y * GW * GH )**0.5 

= ( N * GA )**0.5

= GP * ( N )**0.5 (9-4)

where GP is the gate pitch and is equal to the square root of the gate 

area GA.





According to statistical analysis by Donath [38],[39], the 

average interconnection length (R) for N gates of computer logic is 

given by:

R = 0.57 * GP * N ** (P - 0.5) (9-5)

where P is Rent’s exponent and is a characteristic of the logic design 

as will be shown in chapter 10. P is > 0.5.

The total required wiring length will be:

TWL = N * f * R (9-6)

where f is the average fanout.

If E is the routing efficiency defined as the ratio between the 

actual wiring length used by the routing program and the available 

wiring length, then the number of routing tracks required (T) can be 

calculated from:

T = TWL / ( L * E ) (9-7)

Using equations 9-4,5,6 in 9-7, the number of required tracks 

will be given by:

T = 0.57 * f * N **(P) / E (9-8)

This equations shows that the number of wiring tracks is a 

function of the average fanout f, the number of gates N, the character 

of the logic P and the routing efficiency E. Knowing T, the area 

reserved for horizontal routing can be calculated, and hence the chip 

area can be estimated. T is plotted vs. N for different routing 

efficiencies and P = 0.75 in Fig. 9-2. T is also plotted vs. N for
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different Rent's exponents and E = 80% in Fig. 9-3. In both figures, 

the average fanout is 3.

The above analysis can be directly applied to gate arrays by 

replacing the number of gates with the number of cells. The average 

fanout will be that of the cell. For CML gate arrays where N is less 

than 500, cell fanout is 7.5 and P = 0.75, T is plotted vs. N in 

Fig. 9-4 for different efficiencies. It is interesting to note that 

the routing efficiency (E) for gate arrays will be less than that for 

standard cells, all other conditions being the same. This is because 

parts of the channels will be occupied by the intra-cell connections.

Estimating the average load capacitance

In the previous section the importance of wiring length in 

determining the overall chip area was illustrated. The average wiring 

capacitance at each gate output is also an important factor that 

influences the performance of the circuit. As shown in chapter 4, the 

gate delay and gate power dissipation are a direct function of the 

output capacitance.

The wiring capacitance at each node can be calculated as follows: 

CT = R * GP * f * C (9-9)w W U

where R is given by (9-5), GP is the gate pitch defined above and 

Cwu is the average wiring capacitance pet unit length. To calculate 

GP we need to define the effective gate area. The NAND gate area is
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20 x 72 sq. micron. However, the effective area includes the routing 

area associated with the gate. The two cases of Table 9-1 are 

considered.

(a) Area of horizontal routing channels equals gate area: In this 

case, the effective height of the gate is 72 x 2 = 144 micron. With 

f = 3, P = 0.75 and CTT11 = 0.3 FF/p we get CT7 = 0.277 PF. the load
W l l  w  W

capacitance CL= Cw + Cf is 0.427 PF, since C^= f . where is 

the average gate input capacitance and from Table 8-1 is 0.05 PF.

(b) Area of horizontal routing channels equals twice the gate area: 

The effective gate height is 72 x 3 = 216 micron and C = 0.337 PF. 

In this case, the load capacitance is = 0.487 PF

Thus a 0.5 PF average load capacitance value is a reasonable 

estimate for initial design. This value was used to obtain the data 

for the tables of chapter 8.

Estimating the chip power dissipation

For a chip with N gates, I input receivers (buffers) and 0 output 

buffers, what is the power dissipation ?

(a) Gate dissipation: with an average load of 0.5 PF per gate, the 

dominant power dissipation is CWf as can be seen in Fig. 4-19,20. 

From that figure, an average power dissipation for each gate is found

to be 15 yW/MHz.

(b) Receiver dissipation: The receiver has more driving capability 

than the internal gates. Its power dissipation is approximately



(c) Output buffer dissipation: With an external load of 50 PF, the 

output driver dissipates 1.34 mW/MHz.

Thus, the total power consumption of the chip in aM/MHz- i$$

P = ( 0.015 * N + 0.06 * I + 1.34 * 0 > . SF ( 9 - W

where SF is the switching factor defined as the percentage of eirctslt# 

switching at any given clock cycle. Clearly, 0 < SF <1 .

Width of power buses

There is an upper limit on the magnitude of the current that a 

metal conductor with a given width and thickness' can carry* If Hhe 

current exeeds that limit, metal migration which is- a desftriclitve 

mechanism that causes open circuits* might take place.

Short pulses of current contribute much less to metal 'migration1 

than steady direct currents. Current pulses with 'peak values.' two- 

order of magnitude higher than the d.c. limit 'may be carried W'itttioist 

apparent damages [33]. Since CMOS is characterized by zero' ataadrfty- 

current and the currents are limited to switching currents,, metal' 

migration may not be a problem.

However, if the power buses are not carefully dfesign&d? wfitthi

appropriate widths they may have a relatively high reststance. The. 

voltage drops across this resistance can significantly degrade the 

performance of an otherwise good design.



A simple model that would help in calculating the voltage drop 

across a power buss connected to N identical elements is illustrated 

in Fig. 9-5 . The elements are represented by constant current 

sources each with a current I and the resistors R represent the power 

bus. This is an approximate worst case model. Approximate, since the 

currents are not actually constant but depend on the voltage across 

the current source. Worst case, since the elements will draw the peak 

current I only when switching, otherwise they will not draw any 

current. The switching factor is assumed to be at its maximum value 

SF = 1 .

NI (N-l)I 21 I
— » — * -*

R R R R



The voltage at the last element of the string is the lowest V . 

The voltage drop is:

VDD " \  = N I R + (N— 1) I R +....+ 2 I R + I R

= I * R * N * (N+l) / 2 (9-11)

Equation 9-11 can be used to determine the value of R and hence the 

width of the bus, such that the voltage drop is less than a desired 

value.

(a) Output buffers: It is expected that the output buffers need a 

wide power bus. The buffer peak current I = 20 mA. Power is routed 

to the buffer using second layer metal which has a sheet resistance of 

25 mfi /□ . The buffer width is 6 MILs. If the maximum voltage drop 

across the string is required to be < 1 volt the width of the bus can 

be calculated. Table 9-2 gives the required bus width for different 

number of buffers supplied by the bus.

N 10 20 30 40 50

Bus Width 4.2 15.8 34.7 61.5 96.2
(y)

Table 9-2

It can be seen that for large N, the power bus needs to be

excessively wide. An alternative solution is to use more pads for 

power. In this case the long string is broken into smaller parts and 

the bus width is reduced.



(b) Internal gates: Those elements differ from the output buffers in 

several aspects. There are more gates per row, less current per gate 

and power is supplied via first layer metal. The sheet resistance of 

the first layer metal is more than that of the second layer since it 

is not as thick, it is 50 mQ/ □ . The peak current of an inverter 

is 0.5 mA . The NAND gate will have twice that value in the worst 

case when both inputs are switching. Table 9-3 gives the bus width 

required for different N such that the maximum drop is less than 

1 volt.

N 50 100 150 200 250

Bus Width 1.275 5 11.4 20 31.375
(y)

Table 9-3

For large N, the bus may again have to be excessively wide. To 

avoid that, power supply lines should be fed from both sides of the 

row such that the string is broken into two halves* This would also 

suggest an increase in the number of pads used for power.



CHAPTER 10 

APPLICATION

To utilize the full potential of CMOS VLSI standard cells, 

perhaps the best way is for new designs to be centered around the new 

technology. However, logic designs of large information systems are 

typically characterized by long design and debugging cycles. Another 

approach to the application of VLSI is to map proven designs that use 

standard parts (mostly SSI and MSI circuits) to the new technology. 

The result may be to create a new product that is cheaper, more 

reliable, occupies less volume, can perform in an office environment 

and/or has better overall performance than the old product.

A central processing unit (CPU) was selected for mapping. The 

CPU is currently in production. All the information about the parts 

used, their location on the boards and the interconnections were 

available on the proper data bases. This CPU consists of two 

sections : A,B. They are implemented in 13 and 16 boards 

respectively. One of the 13 boards of section A has memory chips and 

the supporting error detection and correction circuitry. This board 

was excluded from the study. Most of the other boards consist of TTL 

SSI and MSI parts. The gate count and number of I/O ’ s for each board 

are shown in Tables 10-1,2.



A1 84 32 116 3380

A2 113 141 254 1902

A3 215 52 267 2230

A4 102 134 238 1088

A5 128 117 245 3688

A6 114 101 215 2927

A7 125 88 213 6973

A8 107 144 251 11934

A9 110 49 159 3828

A10 153 132 285 3286

All 153 132 285 3286

A12 36 106 142 1385

TOTAL 337 280 617 46103

AVERAGE 120 102 222 3842

MAXIMUM 215 144 285 11934

Table 10-1 Section A of the CPU: Gates and Pins



B1 125 99 224 5779

B2 149 83 232 6842

B3 98 123 221 4956

B4 192 65 257 3839

B5 100 105 205 5523

B6 86 156 242 1893

B7 164 87 251 4228

B8 136 37 173 3362

B9 132 112 244 4049

BIO 149 87 236 1830

Bll 91 68 159 13408

B12 172 74 246 3361

B13 152 99 251 3336

B14 118 101 219 21687

B15 65 46 111 2097

B16 128 27 155 1947

TOTAL 2057 1369 3426 51711

AVERAGE 129 86 215 3232

MAXIMUM 192 123 257 21687



A logic network manipulator program [40] was used to convert and 

partition the logic implemented with standard chip sets to CMOS VLSI 

chips (logic clusters). In addition to the data base describing the 

logic, the program needs a conversion table which gives the standard 

cell equivalents to the TTL part. The program also expands some parts 

into individual gates. For example, the 7404 chip has six inverters. 

In the original design this chip is considered as a single unit. 

However, not all six inverters are always used. Expansion of the chip 

into 6 individual units allows for elimination of unused inverters. 

In some cases, it gives an extra degree of flexibility for assigning 

different parts of the chip to different logic clusters.

The program needs some limiting parameters that specify the

permitted capacity of the VLSI chip. The parameters include the

maximum number of gates, the maximum pin count per chip and the

maximum power consumption. In the case of CMOS the power limitation 

is relaxed.

Pin Limitations

The above mentioned program was used to partition section A of 

the CPU. The limiting parameters were 10,000 gates and 200 pins per 

chip. The result was that 25 VLSI chips are required. Table 10-1 

shows that section A has a total of 46,000 gates. Based on gate count 

alone, with 10,000 gates per chip, 5 VLSI chips would have been 

sufficient. It is obvious that for this case, we are pin limited.



The pin limitation problem in the partitioning of computer logic 

is not a new problem [41] , [42] , [43]. System partitioning into modules 

faced the same problem. It was observed as early as 1960 that there 

is a relation between the number of I/O's of a module and the number 

of blocks on that module. The modules may be a printed circuit board 

or a VLSI chip and the corresponding blocks would be an SSI chip or a 

gate respectively. The relation between the number of blocks on & 

module and the number of I/O's to that module is known as Rent's rule.

Rent's Rule: For a computer logic that is partitioned into 5 or more 

modules, the number of pins for each module is given by:

F = K . ( N ** P ) (10-1)

where K is the average connections per block, I is the number of 

blocks per module and P is a constant referred to as Rent's exponent* 

P is typically in the range of 0.5 to 0.75 depending on the type of 

logic being considered.

In the case of CMOS standard cells, the block is defined .as a two 

input NAND gate. This means that K * 3 . Based on that, Rent's 

exponent was calculated for each board as shown in Table 10-3,4 . It 

can be seen that the average value of P for the CPU is 0*527 • Using 

Rent’s rule with K = 3 and N = 10,000 we find that 3-85 signal I/O®* 

are required. Adding the power and ground requirements, a 400 pin 

package is required.



BOARD I/O GATES RENT'S

P

POWER

mW/MHz

A1 116 3380 0.45 98.62

A2 254 1902 0.59 224.25

A3 267 2230 0.58 116.03

A4 238 1088 0.62 204.68

A5 245 3688 0.54 219.78

A6 215 2927 0.54 186.09

A7 213 6973 0.48 230.02

A8 251 11934 0.47 378.39

A9 159 3828 0.48 129.68

A10 285 3286 0.56 235.35

All 285 3286 0.56 235.35

A12. 142 1385 0.52 164.98

AVERAGE 222 3842 0.525 201.94



BOARD I/O GATES RENT'S

P

POWER

mW/MHz

B1 224 5779 0.5 226.8

B2 232 6842 0.49 222.8

B3 221 4956 0.51 245

B4 257 3839 0.54 156.2

B5 205 5523 0.49 229.5

B6 242 1893 0.58 242.6

B7 251 4228 0.53 189.8

B8 173 3362 0.5 108.2

B9 244 4049 0.53 218.7

BIO 236 1830 0.58 153

Bll 159 13408 0.42 297.7

B12 246 3361 0.54 159.9

B13 251 3336 0.55 191.8

B14 219 21687 0.43 467.7

B15 111 2097 0.47 97

B16 155 1947 0.52 73.1

AVERAGE 215 3232 0.529 205



Currently there are no packages with such a high number of pins. 

However, it has been recognized that there is a need for packages with 

larger number of pins for advanced VLSI systems applications. 

Recently, Kyocera announced its 289 pin multilayer ceramic package 

[44]. Bonding is to be done by means of bump contact pads using the 

flip chip method. The package is characterized by a very fine spacing 

of via holes and lines (10 MIL via center) and a large number of 

layers (>30).

Amp Inc. has one of the densest chip packages around - an 

experimental unit with 320 leads [45]. These new high pin packages do 

not completely solve the problem. More work needs to be done in the 

areas of probing and bonding. The densest probing cards that can be 

built have approximately 180 probes, far less than what would be 

required for extensive probing of a chip with 300 pads. Clever design 

methods for testability need to be developed in order to be able to 

test the chip without probing all the pads at every test step. 

Aligning the chip on the package for proper bonding is another serious 

problem.

Assuming that the Kyocera package is available and that its use 

becomes feasible, the VLSI implementation of the CPU becomes straight

forward. From Table 10-3,4 it can be seen that no board has more than 

285 I/O's for section A and 257 for section B. This fact suggests 

that each board can be directly mapped into a single VLSI chip. In 

fact some boards may be combined. Boards A1 and A12 have 116 , 142



I/O’s respectively. Both can be mapped into a single VLSI chip with 

258 I/O’s. Also B15 and B16 can be combined. Then, without further 

effort, the net result is that the 28 boards CPU can be implemented 

using 26 CMOS VLSI standard cell chips.

Some techniques to reduce the effects of pin limitation have been 

considered [42]. These techniques employ the concept of reducing the 

bits of information that need to be transferred between chips. One 

technique involves serializing the transfer of information by 

time-sharing the buses or by reducing the width of the buses. Since 

this technique causes less information to be transferred per unit 

time, the computing speeds will be reduced and the performance will be 

degraded.

Another technique is to encode the bits of information that are 

to be transferred. For example, rather than sending both a signal and 

its complement across the chip boundary, only one need be sent and the 

complement can be regenerated using an extra inverter on the receiving 

chip. Other examples are shown in Fig. 10-1,2 . In the first, block 

C has both its inputs and its output sent across the chip. Chip 

crossings are reduced by one if block C is repeated on the second 

cluster as shown in Fig. 10-lb where only the inputs of C are 

transferred and the output is generated again.
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The second example involves a 3 to 8 decoder. The decoders are 

perhaps the only logic elements with more outputs than inputs. 

Instead of the outputs crossing the boundary as in (a), the inputs can 

cross the boundary and the decoder is repeated on the second cluster 

as in (b). The result is saving of two pins at the expense of more 

silicon area. In general, this is a tradeoff that needs to be done 

when encoding is used. However, silicon area was found to be more 

than enough and the tradeoff is justified. The encoding technique 

does not sacrifice performance like the serializing technique. It has 

been used before [42] where the reduction in pins led to savings of up 

to 30% in the required number of chips.

The above techniques may be employed by the chip designer. The 

logic system designer may also contribute to the reduction of pin 

limitation effects. This can be accomplished by intelligently 

partitioning the system into isolated functional units with minimum 

interface between the units. As mentioned earlier, new designs that 

are developed for VLSI implementation may lead to the best results.

Advantages of VLSI Implementation

It has been shown that the CPU that has approximately 100,000

gates and is implemented on 28 boards of TTL parts (approximately 5000 

chips) can be implemented in VLSI using only 26 CMOS chips. In this 

section an outline of the advantages that may be gained from the VLSI 

implementation is presented.



Performance: Delay through the critical paths of the original 

implementation of the CPU was simulated using the "GRASP" timing 

program. The program calculates the delay through combinational logic 

between registers. The delays of the CMOS presented in chapter 4 were 

found to be slightly less than those of the corresponding Schottky TTL 

parts. These delays were used to calculate some of the critical paths 

delays which included the delays through the output drivers and input 

buffers that are necessary for chip crossings. Comparing the STTL 

critical paths delay with the corresponding CMOS delays, it was found 

that they are the same. Thus, the expected performance of the VLSI 

implementation is the same as the original one.

To enhance the chances of successful VLSI implementation of the 

CPU or any other product, a "macro verification" chip is necessary. 

In this test chip, all the macros developed in chapter 8 are 

evaluated. Functional macros that perform satisfactorily, are frozen. 

Other macros may be modified to improve their performance.

In addition to the traditional probing and the use of micro 

manipulators to test the VLSI implementation of the system, Non 

Functional Testing (NFT) is also performed. The NFT was associated 

with all the register macros, as explained in chapter 8.

Reliability: Although the prediction of the reliability can not be 

exact without the actual testing of the system, it is still useful to 

have an educated estimate of the expected reliability.



It has been found that mechanical failures are the most likely to 

occur in a computer system [46], These failures are mainly due to 

solder joints, connections, printed circuit boards, edge connectors,

etc...... Thus, it may be reasonable to predict that a highly

integrated system would be more reliable.

Based on previous experiences, models and tables for reliability 

calculations have been developed [47]. First, we consider the 

reliability of the original CPU. The MIL-HDBK-217C model for failure 

rate of SSI and MSI devices is given by:

tt is the device learning factor. Its value is found in tables.L
is the quality factor, also found in tables.

tt is the temperature acceleration factor and can be calculated from:T

TT.
P

(1 0-2 )
where:

(10-3)

tt is the application environment multiplier, found in tables.
E

, C^ are the circuit complexity failure rates and are equal to: 

C = 0.00129 . (N ** 0.677) FPMH (10-4)

C2 = 0.00389 . (N ** 0.359) FPMH (10-5)

where N is the number of gates.



For the CPU we find that tt =  tt =  tt =  tt = 1 . The averageL Q L r
gates per chip is N = 20. Ĉ  = 0.0098 and C^ = 0.0114. With a 

junction temperature T̂  = 60 degrees C, ttt = 0.542 

We find that: = 0.0167 FPMH

and the expected rate of failure for 5000 chips becomes: 83.5 FPMH .

For 5000 chips, each with 16 pins there are 80,000 solder joints. 

The estimated failure rate for each joint is 0.0001 FPMH . The 

failure rate for all the joints is: 8 FPMH .

The I/O's for each board are given in Tables 10-3,4. Each 

requires an edge connector. The rate of failure of such connector is

0.002 FPMH. For 4043 connectors, the combined rate is 8.1 FPMH.

In addition, the 28 boards have a failure rate of 1 FPMH each for 

a combined rate of 28 FPMH. The total failure rate for the 28 boards 

is thus: 127.6 FPMH.

The failure rate of the VLSI system can be estimated in a similar 

fashion. Equation 10-2 is used with the different coefficients. On 

the average, each chip will have approximately 4,000 gates and 290

pins. In this case, tt * tt = tt =1 while tt = 1.5 because of the
v L Q E P
increase in pin numbers.C^, C^ are calculated using equations 10-4,5 

and N = 4,000. They become: Ĉ  = 0.3541 and Ĉ  = .0764. ti is 

calculated using equation 10-3 with the coefficient 4794 replaced by 

8121 and its value is: 1.754.

For each chip: Ap =1.046 FPMH.



For the 26 chips, the failure rate is 27.2 FPMH.

Since the VLSI chips are more complex than the SSI,MSI chips the 

failure rate is more on a per chip basis. However, the VLSI failure 

rate is less when considered on the system level or on a per gate 

basis.

The solder joints failure rate is 26 x 290 x .0001 * 0.754 FPMH . 

The 26 chips can be placed on a single board. The board failure rate 

is 1 FPMH.

The combined failure rate of the VLSI CPU is 28.95 FPMH. This is 

less than 25% of the failure rate of the SSI,MSI system calculated 

above. As a result, the mean time between failure (MTBF) is expected 

to be increased. This translates directly into cost reductions.

Cost: Two categories of cost need to be considered. The final system 

cost including design, parts, fabrication, assembly and testing is the 

first.

The cost of producing the set of 26 chips can be divided into two 

parts : design and processing. Because of the highly automated layout 

capability (resulting in part from the selection of a semi-custom 

design methodology), the design cost will be mainly that associated

with the preparation of the macro library. It is estimated that the 

effort required to design and layout the standard cells is 

approximately an 18 man-months effort. Once the library is ready,



each chip should take 3 man-months for placement, routing, design rule 

checking and simulation. The total design effort is thus equivalent 

to 96 man-months or 8 man-years. Including the overhead, a man-year 

is approximately equivalent to $70,000. This means that the design 

cost is $560,000.

The processing cost is a function of several factors, among them 

is the quantity being produced, the yield, the masks and wafers cost. 

Assume that only 1,000 systems will be sold over a five year period. 

The number of chip sets to be produced is 1,500.

The wafer probe yield is a function of the die area and the 

defect density and can be expressed as:

where A is the die area and A is the defect area.

Since there are 4,000 gates per chip, the chip area can be

assumed to be 200 MIL by 200 MIL. The defect area for this process is

approximately 25,000 sq. MIL [48]. The yield is found to be 25%.

where D is the wafer diameter and L is the length of the die edge. 

For a 4 inch wafer and 200 MIL die, there are 254 dies per wafer. 

With a yield of 25%, 50 good dies per wafer. Thirty wafers are needed

(1 0-6 )

The number of chips per wafer can be calculated using equation (10-7).

Number of Chips per Wafer (10-7)



for each of the 26 chip types. The total number of wafers is 

30 x 26 = 780 wafers. With a wafer cost (including material, 

processing, probing and overhead) of $500, the total wafer cost is 

780 x 500 = $390,000.

In addition, the masks cost is approximately a $1,000 per mask. 

The total masks cost is 26 x 12 x 1,000 = $312,000. Adding the 

design, wafer and masks costs we find that the final cost of each chip 

is ($560K + $390K + $312K) / 26,000 = $48.54, say $50 per usable chip.

The 289 pin package, when bought in quantity costs approximately 

$60. Adding $10 for bonding and overhead the final packaged VLSI chip 

cost is $120. This can be compared with the manufacturing shop cost 

of an equivalent TTL board of approximately $1,000 (that includes 

parts, board, assembly, inventory and overhead) [49].

While the 28 TTL boards cost a total of $28,000 the 26 equivalent 

VLSI chips would cost $3,120.

Another cost that needs to be considered is the power supply 

cost. The worst case power consumption of the CMOS VLSI chips is 

calculated using eqn. 9-10 (with SF = 1) and table 10-1,2. It is 

shown in table 10-3,4 for the equivalent boards. At a clock rate of

5 MHz which is the speed of the TTL system, the total power 

consumption of the CMOS system is 28.5 Watts (worst case). The power 

consumption of the TTL system is two orders of magnitude higher. The 

regulated power supplies cost approximately $1,900 for the TTL system



and $100 for the CMOS VLSI [50J .

Other elements that would be eliminated or reduced in the VLSI 

implementation are the cooling requirements, the back panel, the card 

cages, the connectors and the cabinet. All of them would contribute 

further to cost reduction.

The second category of cost is the operating cost. The MTBF 

mentioned above is one of the factors in reducing the maintenance 

cost. Another factor that improves because of VLSI is the mean time 

till repair (MTTR). By having less parts, the cause of failure can be 

detected faster and also repaired faster.

The use of VLSI can lead to the introduction of a new product 

into the computer market. This may be a desk top mainframe that can 

operate in an office environment because of the elimination of the 

cooling requirements and the associated noise. The use of CMOS 

technology allows the production of such a system. The performance of 

such machine may not be as high as would be obtained using other VLSI 

technologies like ECL or CML, but would be comparable to present 

generation TTL SSI,MSI computers.



DELAY vs. AREA

In the previous chapter it was found that for the CPU, only 4,000 

gates on the average are required per chip. Using a 250 MIL by 250 

MIL chip allows up to 10,000 - 15,000 gates. The question that arises 

is : Can we improve the performance (reduce the delay) by increasing 

the width of the basic transistors ? and by how much ?

The inverter delay was found in chapter 4 to be given by:

where K is a function of process parameters and supply voltage.

max
( 11- 1)

This equation can be rewritten as:

( 11- 2 )

(2L) (0.75)V,nn (11-3)

For : \ i = 600 cm2/V
N

V V V  V_AU /  V sec
C = 1  FF/y2 ox

VT = 0.8 V

we find that the value of K is : 1.06 x 10^ -̂ r=- •F/U

Now, Cq of eqn. 11-2 is given by:

C = C. + C + C o 1 f w



Each of these capacitances is a function of the basic transistor 

width W.

(a) is proportional to W.

C.. = k W (11-5)

and was empirically found to be: .02857 PF/y

(b) is proportional to W.

Cf = f • k • W (11-6)

Where f is the fanout. For an average fanout of 3, fk^ was 

empirically found to be: .04286 PF/p

(c) C is proportional to the wiring length, which in turn is a 

function of the total number of gates, gate pitch and Rent's exponent 

as was shown in chapter 9.

Assuming that :

1. The gate area is proportional to W.

2. Rent's exponent is 0.75 .

3. Average fanout is 3 .

4. Area for routing channels between rows is twice the gate area.

we find that is proportional to the square root of W. This is 

because the gate pitch is the square root of the gate area.

Cw “ k3 ‘(/" <U -7>

From the above assumptions and process parameters, k^ was found

to have a value of 0.1871 PF//y



Using equations 11—4,5,6,7 in 11—2, the inverter delay becomes:

td - K
( M  + fk W + k \/w) . .

" K ------h---- —  (! + °-15 Ti x 10 )

= K^O.07143 + °-'-1871  ̂ X  10-12 1̂ + 0.15 ^  x 109) (11-8)

Assuming that each inverter is driven by a similar one so that the 

input rise time is approximately twice the gate delay, 11-8 becomes:

td = K^O.07143 + -Q‘-1871  ̂ x 10 12 1̂ + 0.3 t d  x  109  ̂ (11-9) 

Substituting for K and rearranging, we get:

=_ (0.07143 + 0.1871/Vw) x 10 8
D 1 - 3 (0.07143 + 0.1871/\/w)

( 1 1 - 1 0 )

This equation is plotted in a normalized form in Fig. 11-1. The 

delay and width are both normalized to their initial values obtained 

using the basic width already chosen (3.5 microns). In general, the 

delay decreases as the width is increased. It can be seen that by 

initially doubling all the widths, the delay goes down to 70% of the 

original value. However, the rate of speed improvement decreases as W 

gets larger. As W goes to infinity, the delay asymptotically reaches 

a minimum of 0.9 ns, under the above assumptions.
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The reason for the possible performance improvement is that the 

wiring capacitance becomes a less dominant portion of the total output 

capacitance. As W increases, the driving capability and the gate 

capacitances increase proportionally. The wiring capacitance also 

increases but not by the same ratio. Thus the delay decrease as W 

increases until the gate capacitances are the dominant part of the 

output capacitance. In a full-custom layout, the wiring capacitance 

is effectively minimized and hence, minimum size transistors are 

sufficient for high performance.

This analysis suggests that for the CPU case of the previous 

chapter, where the gate count is relatively low and the silicon area 

is not the limiting factor, it is possible to double the widths of all 

the devices and improve the performance. In other applications where 

the gate to pin ratio is higher, it would not be practical to improve 

the performance at the expense of silicon real estate.



CHAPTER 12 

SUMMARY AND CONCLUSIONS

This report described the development work involved in applying 

CMOS VLSI technology to large information systems at Honeywell LISD. 

This effort included selection of a design methodology, circuits 

design, performance simulation and evaluation of the advantages and 

disadvantages of the applications.

CMOS technology exhibits some characteristics that make it a 

prime candidate for large scale integration. Low power consumption is 

the most significant. High noise margins and balanced rise and fall 

times also favor CMOS. Increased use of CMOS in VLSI is expected, 

especially in random logic circuits.

Standard Cells will become increasingly popular as a semi-custom 

design approach. It offers better performance and smaller area than 

gate arrays, especially when applied to MOS technology. It is also 

more flexible.

The attempt to implement the CPU in CMOS VLSI was faced with a 

packaging limitation. In general, the silicon technology has been 

getting most of the attention of the integrated circuit industry. 

Less attention has been devoted to the supporting technologies which 

include packaging, probing and testing. This mismatch limits the 

utilization of silicon capabilities. CAD tools have been developed at 

a faster rate than the other supporting technologies. However, they



are still lagging the advancements in silicon technology. Supporting 

technologies in general is an area where more work needs to be done in 

order to capitalize on the advantages of VLSI [52], [53]. In a few 

years, packages with pin counts exceeding 300 pins should be 

commonplace [51].

This study has showed that CMOS VLSI technology, when properly 

used, can replace some products with less expensive and more reliable 

ones at no performance penalty. New products may also be developed 

and create their own markets.

As for the internship objectives, I feel that they have been 

successfully achieved. The results of the project, as evaluated by 

Honeywell, were of significant value to the company. The internship 

allowed me to apply the technical training developed in the academic 

environment to a practical problem in an industrial atmosphere. In 

the process, my knowledge and technical training were enhanced.

Although the internship position had no official supervisory 

responsibilities, the interaction with the different groups and 

different levels of management provided a great insight into the 

industrial decision making process.

The major emphasis throughout the course of the internship 

project was on the cost-performance tradeoffs. Technology and design 

methodology selection were greatly influenced by economic 

considerations.



The VLSI design unit is a relatively small development unit 

within a large organization. Working with such a unit allows for 

direct relationships with other members of the unit and a friendly 

atmosphere. However, the efforts involved in many areas for the 

development, design and production of large and highly complex systems 

are tremendous. Coordinating such efforts is by no means an easy 

task. The internship position permitted an exposure to the problems 

involved.

Overall, I feel that the internship was not only a valuable 

experience but also highly successful.
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APPENDIX

HONEYWELL

What is Honeywell ?

Honeywell is an international company based in Minneapolis, 

Minnesota, dedicated to advanced technology and offering high-quality 

products and services for information processing, automation and 

controls. Its goal is to improve the productivity of people and the 

efficiency of processes through the application of computer and 

control systems.

Historical Highlights

* Honeywell began operation in 1885 as the Minneapolis Heat 

Regulator Company, manufacturing the first automatic devices 

for opening and closing dampers on coal-fired furnaces. At 

that time, it had six employees.

* In 1906, Mark C. Honeywell founded Honeywell Heating 

Specialties Company in Wabash, Indiana to build hot water 

heating equipment. It was reorganized in 1914 and started to 

produce automatic temperature controls.

* In 1927, merger of Minneapolis Heat Regulator Company, leading 

manufacturer of automatic controls for coal-fired furnaces and 

Honeywell Heating Specialties Company, one of the leaders in 

oil—burner controls, took place. Manufacturing continued both



in Minneapolis and Wabash. The headquarters of the new 

Minneapolis-Honeywell Regulator Company were established in 

Minneapolis.

* In 1930, the company created an Industrial Regulator Division. 

The company also aquired Time-O-Stat Controls Company which 

gave Honeywell its first office outside the United States, in 

Canada.

* In 1932, due to the depression, Honeywell sales fell to $3.5 

million from $5.5 million in 1931 while employment dropped from 

1,150 to 647.

* In 1934, the company’s first overseas subsidiary was 

established in Amsterdam, the Netherlands. Sales were up again 

at $5.25 million.

* In 1936, for the first time in firm’s history, it offered both 

electric and pneumatic temperature control equipment. Sales 

were up at $13.5 million and more subsidiaries were formed 

outside the U.S.

* In 1941, the company developed the first successful electronic 

auto pilot. Called the C-l, it was used on all types of U.S.

bombers in world war II.

* In 1950, the company's sales passed $100 million for the first 

time and employment became 17,000 in 1951.



* In 1955, Honeywell started its expansion into the computer 

field by originating Datamatic Corporation in Newton, 

Massachusetts as a joint venture with Raytheon to design, 

develop and produce large scale computer systems.

* In 1956, the largest contract in the commercial computer field 

-$60 million- went to GE from Bank of America for the 

development of the Electronic Recording Method of Accounting. 

Phoenix, Arizona became the site of GE’s first computer 

department, producing 30 systems for installation at 13 Bank of 

America location in California starting in 1958.

* In 1967, total Honeywell sales exceeded $1 billion for the 

first time.

* In 1970, merger agreement was reached by Honeywell and GE in 

which a new Honeywell computer subsidiary was to be founded. 

Honeywell Information Systems Inc. was officially created on 

October 1 by the legal transfer of assets from GE to Honeywell. 

It was formerly ranked as the second largest computer company 

in the world.



Today

Continued growth through the seventies has led Honeywell to the 

respectable technological and financial position it holds today.

In 1981, the company had 97,000 employees worldwide. Its sales 

were $5.35 billion. This put Honeywell in 69th position on the 

Fortune 500 list for 1981. Emphasis on technological advancement is 

shown by an R&D expenditure of $697 million in 1981.

Honeywell was one of only 4 competitors in industry capable of 

bidding independently on a contract for phase 1 of the DoD VHSIC (Very 

High Speed Integrated Circuits) project which was won in 1981. A year 

earlier, a Honeywell team had won a contract for Phase 0 of that 

project.

The 1981 financial statements show a total assets of $4,330.8 

million and total liabilities of $2,232.8 million. They also show a 

net income of $259.3 million.

Organization

As can be seen from Fig. A-l, the activities of Honeywell are 

divided into two major fields: Information Systems and Control 

Systems. Honeywell Information Systems and its worldwide network of 

subsidiaries and affiliates is the organization through which 

Honeywell serves the information collection, processing, storage,





retrieval and communication needs of business, government and 

scientific, medical and educational institution.

The Control Systems arm of the corporation, provides high 

technology to six markets with - Energy, Security, Productivity, 

Environment, Services and Defense. The worldwide organization 

designs, manufactures and markets systems, devices and components for 

the automatic control of energy, equipment, and processes, improving 

productivity for people and their assets. Control Systems also offers 

a wide range of services for the application, maintenance and 

operation of control products. Aerospace and defense industry needs 

for precision controls, components and weapons are filled by Control 

Systems’ divisions specializing in this technology.

Honeywell’s advanced technological base enables the company to 

integrate computer and control systems for optimum operational 

benefits. On the other hand, these systems may be applied 

independently to manage information or processes and equipment 

wherever automatic operation increases productivity, convenience or 

comfort.

The Solid-State Electronics Division and the Corporate Technology 

Centers are independent divisions that perform research and develop 

advanced processes to be used by the other divisions.



As the information processing arm of the corporation, Honeywell 

Information Systems (IS) designs, develops, manufactures and markets a 

complete line of computers and computer related products and services 

worldwide. In addition to its current products, Information Systems 

supports and services older Honeywell computer lines, as well as the 

former products of Xerox Data Systems by agreement with Xerox 

Corporation.

The Information Systems organization consists of a headquarters 

staff based in Minneapolis, large-scale and small-scale and terminals 

divisions, a domestic marketing and services division and an 

international group. The IS headquarters provides the normal staff 

functions of finance and administration, employee relations and legal 

services, as well as centralized strategic and business planning for 

all IS components.

In addition to the benefits of Honeywell research and 

manufacturing facilities, IS resources are enhanced by an association 

with the major European computer manufacturer, Cii Honeywell Bull, and 

by part ownership of Magnetic Peripherals Inc. These total research 

and manufacturing capabilities occupy 27 different facilities 

worldwide. Research and development expenditures of $320 million, 

including Cii Honeywell Bull, were planned for 1981.



Large Information Systems Division

Based in Phoenix, Arizona, the Large Information Systems Division 

carries worldwide product responsibility for the company's large 

computer systems hardware and software business. Phoenix is the 

principal engineering and manufacturing site for DPS 8, Level 66/DPS 

and Level 68/DPS mainframes and network processors, as well as the 

development center for the GCOS 8 and earlier GCOS operating systems.

Deer Valley Computer Park, covering an area of almost one million 

square feet, is the largest of seven facilities within the Phoenix 

area. It is also the location of an innovative, 140,000 square foot 

software facility which was completed in the first quarter of 1982. 

The Division houses the large systems Technical Assistance Center, 

which provides a remote maintenance service for U.S. computer users. 

Also within the division is the newly established Distributed Systems 

and Communications Center, responsible for planning, development and 

support of the company's Distributed Systems Architecture (DSA) and 

its associated products.

The organization of LISD is shown in Fig. A-2.

VLSI Design Engineering Unit

The VLSI Design Engineering is a subsection of the Technology & 

Process Engineering as shown in Fig. A~3. The unit is the link 

between process development organizations (e.g. SSED) and the system
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and logic design units. It uses the advanced processes to develop 

integrated circuits that meet the requirements of the system and logic 

designers. The unit also determines the performance capabilities of 

the new technologies in order to apply them in the hardware products 

of LISD.

The unit has 7 engineers and a technician. It is managed by 

Mr. P.C. Economopoulos. The VLSI unit is currently developing an 

advanced bipolar CML gate array. In its previous projects, bipolar 

technology was also used. The work described in this report was 

performed within the unit, by the intern. The main goal of the 

assignment was to evaluate how ICMOS circuit designs could be applied 

to hardware products of LISD.
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