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1 Aim and Objective

• To bring both Circuits and System views on design together.

• It offers a profound understanding of the design of complex digital VLSI
circuits, computer aided simulation and synthesis tool for hardware design.

• To introduce the concepts and techniques of modern integrated circuit
design and testing

2 Prerequisite

• Basics concepts of Digital Electronics

• A working knowledge of digital logic design

• Fundamentals of electronic circuits is required

• A course on Computer Organization will be quite helpful.

3 Why we need VLSI

The integration improves the design in the way of

• compactness - It takes less area and physically smaller device

• Increases the speed - lower parasitics(reduced interconnection length)

• It takes lower power consumption

• Increased reliability - improved on-chip interconnects

• Eventually Integration reduces manufacturing cost
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4 Advantages of Integrated circuits

Integrated circuits offer many advantages. They are discussed below

• Compact size For a given functionality, you can obtain a circuit of
smaller size using ICs, compared to that built using the discrete circuit.

• Lesser weight A circuit built with ICs weighs lesser when compared to
the weight of a discrete circuit that is used for implementing the same
function of IC. using ICs, compared to that built using a discrete circuit.

• Low power consumption ICs consume lower power than a traditional
circuit, because of their smaller size and construction.

• Reduced cost ICs are available at much-reduced cost than discrete cir-
cuits because of their fabrication technologies and usage of lesser material
than discrete circuits.

• Increased reliability Since they employ lesser connections, ICs offer
increased reliability compared to digital circuits.

• Improved operating speeds ICs operate at improved speeds because
of their switching speeds and lesser power consumption.

5 Pre MCQ

1. What does a decimal number represents?
a) Quality
b) Quantity
c) Position
d) None of the above

2. Binary numbers can be converted into equivalent octal numbers by mak-
ing groups of three bits
a) Starting from the MSB
b) Starting from the LSB
c) Ending at the MSB
d) Ending at the LSB

3. What is the octal equivalent of 58?
a) 0102

b) 1102

c) 0002

d) 1012
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4. What is the hex equivalent of 916?
a) 11112

b) 10012

c) 01102

d) 11002

5. Which one is the possible technique for representing signed integers?
a) Signed Magnitude representation
b) Diminished Radix-complement representation
c) Radix-Complement representation
d) All of the above

6. What are the two ways of representing the 0 with signed magnitude rep-
resentation?
a) -0 and -0
b) +0 and +0
c) -0 and +0
d) None of the above

7. 2’s complement is used to represent signed integers, especially inte-
gers.
a) Negative
b) Positive
c) Both A and B
d) None of the above

8. For subtraction of binary number, subtract the
a) Minuend from the subtrahend
b) Subtrahend digit from the minuend
c) MSB from the LSB
d) None of the above

9. Floating-point numbers are those numbers which include
a) Decimals
b) Fractional parts
c) Integer values
d) All of the above

10. Binary coded decimal or BCD is also known as a) 2841
b) 4821
c) 4281
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d) 8421

11. what is the decimal representation of decimal number 5?
a) 0000
b) 1001
c) 0011
d) 0101

12. EXOR is the of the binary number.
a) MSB to the next bit
b) LSB to the next bit
c) MSB of the previous bit
d) LSB of the previous bit

13. Which sign bit is used for representing the positive sign in floating point
representation.
a) 0
b) 1
c) either a or b
d) None of the above

14. A basic AND gate consists of inputs and an output
a) One
b) Zero
c) Two
d) Ten

15. For multiple-input AND and NAND gates, the unused input pin should
not be left .
a) ON
b) Connected
c) Unconnected
d) None of the above

16. When a logic circuit diagram is given,You can analyze the circuit to obtain
the .
a) Result
b) Input
c) Logic Expression
d) None of the above
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17. Boolean algebra is named after , who is used it to study human logical
reasoning
a) Anderson,Mary
b) Acharya Kanad
c) Dickson,Earle
d) George Boole

18. A is a table, which consists of every possible combination of inputs
and its corresponding outputs.
a) Last table
b) Truth table
c) K-Map
d) None of the above

19. Canonical form is a unique way of representing
a) SOP
b) Minterm
c) Boolean expressions
d) A Page

20. It is a simple combinational digital circuit built from logic gates
a) Full adder
b) Half adder
c) Null adder
d) None of the above

21. In a circuit, which subtracts two inputs each of one bit
a) Full subtractor
b) Full adder
c) Half subtractor
d) All of the above

22. It is the converse of decoding and contains 2n(or fewer) input lines and n
output lines
a) Subtractor
b) Decoder
c) Multiplexer
d) Encoder

23. It is a very useful combinational circuit used in communication systems
a) Parity Bit checker
b) Parity Bit Generator
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c) Both A and B
d) Parity Bit

24. It compares two n-bit values to determine one of them is greater or if they
are equal
a) Calculator
b) Multiplexer
c) Comparator
d) None of the above

25. It is a circuit, which has a number of input lines and selection lines with
one output line
a) Sequential circuit
b) Multiplexer
c) Counter
d) All of the above

26. It is a circuit, which can remember values for a long time or change values
when required
a) Ripple
b) Counter
c) Circuit
d) Memory element

27. It is a sequential circuit that cycles through a sequence of states
a) Multiplexer
b) Demultiplexer
c) Counter
d) Ripple

28. it is a counter where the flip-flops do not change states at exactly the same
time, as they do not have a common clock pulse
a) Asynchronous Ripple counter
b) Synchronous Ripple counter
c) Counter
d) None of the above

29. It is a bi-directional counter capable of counting in either of the direction
depending on the control signal
a) Up Synchronous Counter
b) Down Synchronous Counter
c) Synchronous Counter
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d) All of the above

30. In this logic, output depends not only on the current inputs but also on
the past input values. It needs some type of memory to remember the
past input values
a) Logical circuit
b) Connected circuit
c) Sequential circuit
d) Parallel circuit

31. There are two types of parity,
a) Even
b) Odd
c) First
d) Both (a) and (b)

32. Decoders often come with an enable signal, so that the device is only ac-
tivated when the enable equals to
a) 2
b) 1
c) 3
d) Either (a) or (b)

33. When more than one input can be active, the priority must be used.
a) Terms
b) Words
c) Encoder
d) None of the above

34. The characteristics equation of any flip-flop describes the of the next
state in terms of the present state and inputs.
a) Impact
b) Behavior
c) Path
d) None of the above.

35. The normal data inputs to a flip-flop(D, S and R, J and K, T) are referred
to as inputs.
a) Sequential
b) Synchronous
c) Asynchronous
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d) Both (a) and (b)

36. A PLA consists of two-level circuits on a single chip.
a) AND-OR
b) NOR-NAND
c) XOR-AND
d) OR-AND

37. It is a single input version of JK Flip-flop formed by typing both the in-
puts of JK.
a) D Flip-flop
b) S Flip-flop
c) T Flip-flop
d) N Flip-flop

38. In flip-flop the arrow shows positive transition on the clock
a) Upward
b) Downward
c) Vertical
d) Horizontal

39. An n-bit register has a group of flip-flops and some
a) Logic gates
b) Registers
c) ROM
d) None of the above

40. A register can also be used to provide data movements.
a) Parallel Register
b) Simple Register
c) Shift Register
d) All of the above

41. There are basic types of shift registers.
a) Six
b) Four
c) One
d) Many

42. In this type of counter, the output of the last stage is connected to the D
input of the first stage.
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a) Ring counter
b) Johnson counter
c) Straight counter
d) All of the above

43. A device that exhibits two different stable states and functions as memory
element in a binary system is known as
a) Registers
b) Flip-flops
c) VLSI
d) Both (b) and (c)

44. organization is essentially an array of selectively open and closed
unidirectional contacts.
a) ROM
b) RAM
c) Computer
d) All of the above

45. A memory stores data for processing and the instructions for .
a) Result
b) Execution
c) Process
d) All of the above

46. Half adder consists of & gates.
a) EX-OR & AND
b) EX-OR & OR
c) EX-OR & NOT
d) None of this

47. are used for converting one type of number system into another form.
a) Encoder
b) Logic gate
c) Half adder
d) Full adder

48. A register is a group of
a) OR gates
b) OR & AND gates
c) Flip-flops
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d) None of these

49. A flip-flop has stable states.
a) Two
b) Three
c) Four
d) Five

50. It does not have any external gate.
a) Simple Register
b) Buffers
c) Memory
d) RAM

6 Unit - I (Introduction to VLSI and MOS tran-
sistor theory

6.1 Introduction

It is the process of creating an integrated circuit(IC) by combining thousands
of transistors into a single chip. This concept began in the 1970s when complex
semiconductor and communication technologies were being developed.
The electronics industry has achieved a phenomenal growth over the last few
decades, mainly due to the rapid advances in large scale integration technolo-
gies and system design applications. With the advent of very large scale inte-
gration (VLSI) designs, the number of applications of integrated circuits (ICs)
in high-performance computing, controls, telecommunications, image and video
processing, and consumer electronics has been rising at a very fast pace.

The current cutting-edge technologies such as high resolution and low bit-
rate video and cellular communications provide the end-users a marvelous amount
of applications, processing power and portability. This trend is expected to grow
rapidly, with very important implications on VLSI design and systems design.

As a result of the continuously increasing integration density and decreas-
ing unit costs, the semiconductor industry has been one of the fastest growing
sectors in the worldwide economy.

6.2 Evolution of IC Technologies

In the earlier days computers were designed with transistors and vacuum tubes.
During these periods, computers were huge in size and their capability was lim-
ited. They needed a huge cooling system and performed very limited operations
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at a time.

During 1959 two different scientists invented IC’s. Jack Kilby from Texas
Instruments made his first germanium IC during 1959 and Robert Noyce made
his first silicon IC during the same year.

But ICs were not the same since the day of their invention. They have
evolved a long way and the way in which they evolved is shown below.

SSI: SSI is Small Scale Integration which can support up to 100 electronic
components per chip.

MSI: MSI is Medium Scale Integration which can support up to 3000 elec-
tronic components per chip.

LSI: LSI is Large Scale Integration which can support 100,000 electronic
components in a single chip.

VLSI: VLSI is Very Large Scale Integration which can support 1,000,000
electronic components in a single chip.

ULSI: Ultra Large Scale Integration can support more than one million
electronic components in a single chip.

Wafer-Scale Integration (WSI) : Another technique used in IC industry
is the wafer-scale integration (WSI), which uses the complete uncut wafers for
the development of processors and memory. The WSI step was taken in 1980s
by Gene Amdahl who is failed due to the semiconductor level manufacturing
issues.

System-on- Chip (SOC) : Although the WSI technique failed due to
semiconductor level manufacturing issues, the advanced tools in semiconductor
manufacturing produces another thread on IC complexity, which is known as
System-on- Chip (SOC) design. In this SOC, the IC blocks are manufactured
as a various chips and have been integrated in a chip. In addition, the printed
circuit boards are developed to occupy the chip which involves memory, micro-
processors, peripheral interfaces, Input/Output logic control, data converters
etc. to develop electronic systems.

Starting from 100 electronic components in a chip, ICs can support more
than 1 million electronic components today. Such an invention has greatly
benefited the evolution of computers. All the arithmetic, logic and memory
functions can be performed by a single chip placed on the computer.

Types of ICs

ICs can be categorized into two types

1. Analog or Linear ICs - Analog or Linear ICs can produce continuous
output depending on the input signal. From the name of the IC we can
deduce that the output is a linear function of the input signal. Op-amp
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Figure 1: Moore’s Law

(operational amplifier) is one of the types of linear ICs which are used in
amplifiers, timers and counters, oscillators etc.

2. Digital ICs - Unlike Analog ICs, Digital ICs never give a continuous
output signal. Instead it operates only during defined states. Digital ICs
are used mostly in microprocessor and various memory applications. Logic
gates are the building blocks of Digital ICs which operate either at 0 or 1.

Further there are certain ICs which can perform as a combination of both
analog and digital functions.

6.3 Moore’s law

There was a prediction made by American engineer Gordon Moore in 1965 that
the number of transistors per silicon chip doubles every year.

7 MOS theory

7.1 MOS as switch

Ideally, a transistor behaves like a switch. For NMOS transistors, if the input
is a 1 the switch is on, otherwise it is off. On the other hand, for the PMOS,
if the input is 0 the transistor is on, otherwise the transistor is off. Here is a
graphical representation of these facts in figure 2:
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Figure 2: PMOS

Figure 3: Implementation in NOR gate

When a circuit contains both NMOS and PMOS transistors we say it is im-
plemented in CMOS (Complementary MOS)

Understanding the basics of transistors, we can now design a simple NOR
gate. Next figure 3 shows the implementation in transistors of the NOR gate
and how it works for different inputs (1 and 0). On the left there is the imple-
mentation, on the right the behavior. The symbol VDD is the source voltage
(or the logic 1), GND is the ground (or the logical 0).

We have just seen how to implement a simple logic gate using transistors.
To implement the rest of logical gates (and whatever circuit we might think
off), we will analyze first the behavior of the transistors when connected in a
“series” fashion or in a “parallel” way.

If we connect two NMOS transistors in series, we get the behaviour shown
in figure.4 (the triangle in the bottom is a graphical representation of GND)

Next figure.5 shows the behavior of the PMOSes when connected in series.
(The horizontal line on top of the first transistor is a graphical representation
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Figure 4: Two NMOS in series

Figure 5: Two PMOS in series

of VDD).
In the next figure.6, we can see the behavior of the NMOSes and PMOSes

when connected in parallel.
Summing up, NMOS transistors in series let the current flow when both

inputs are 1; otherwise the output is undefined (Z). If we connect the NMOSes
in parallel, then the current flows when any (or both) of the inputs are 1; oth-
erwise the output is undefined (Z). For the PMOSes, when connected in series
the current flows when both inputs are 0; otherwise the output is undefined.
Alternatively, when connected in parallel, if any (or both) of the inputs is 0 the
current flows. Otherwise the output is undefined.

When using CMOS technology (and specifically static CMOS), we will de-
sign the circuits with two clearly defined parts. One (called pull-up) will be
built of PMOS transistors and it has the duty of setting the output to 1 when-
ever the implemented function defines it. The other part (called pulldown) will
be built of NMOS transistors and it will set the output to 0 whenever the im-
plemented function defines it. All circuits will either set the output to 1 or 0
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Figure 6: NMOS, PMOS in paraller

for any combination of the input values. Both pull-up and pull-down cannot
be active at the same time (it makes no sense to set the output to 1 and 0 for
the same inputs!!). Similarly, both the pull-up and the pull-down cannot be off
at the same time (logic functions have always a defined output –either 0 or 1).
Nevertheless, we will see further down the course that when not implementing
logic functions we might be interested – sometimes- in setting the output to
undetermined in certain cases.

Complementary CMOS logic gates

- nMOS pull down network
- pMOS pull up network
- A.K.A Static CMOS
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Figure 7: NMOS enhancement transistor

7.2 NMOS Enhancement transistor

The MOSFET (Metal Oxide Semiconductor Field Effect Transistor) transistor
is a semiconductor device that is widely used for switching purposes and for
the amplification of electronic signals in electronic devices. A MOSFET is ei-
ther a core or integrated circuit where it is designed and fabricated in a single
chip because the device is available in very small sizes. The introduction of the
MOSFET device has brought a change in the domain of switching in electronics.
Let us go with a detailed explanation of this concept.

A MOSFET is a four-terminal device having source(S), gate (G), drain (D)
and body (B) terminals. In general, The body of the MOSFET is in connection
with the source terminal thus forming a three-terminal device such as a field-
effect transistor. MOSFET is generally considered as a transistor and employed
in both the analog and digital circuits.

There are two types of MOS transistors. The depletion MOSFET has a be-
havior similar to that of the JFET; at zero voltage and a fixed drain voltage, the
current is a maximum and then decreases with the applied gate potential. The
second kind of device, called the enhancement MOSFET, exhibits no current
at zero gate voltage and the magnitude of the output current increases with an
increase in the maginitude of the gate potential. Both type can exist in both
p-channel and n-channel variety.

The more common Enhancement-mode MOSFET or eMOSFET, is the re-
verse of the depletion-mode type. Here the conducting channel is lightly doped
or even undoped making it non-conductive. This results in the device being
normally “OFF” (non-conducting) when the gate bias voltage, VGS is equal to
zero. The circuit symbol shown above for an enhancement MOS transistor uses
a broken channel line to signify a normally open non-conducting channel.
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For the n-channel enhancement MOS transistor a drain current will only
flow when a gate voltage ( VGS ) is applied to the gate terminal greater than
the threshold voltage ( VTH ) level in which conductance takes place making it
a transconductance device.

The application of a positive (+ve) gate voltage to a n-type eMOSFET at-
tracts more electrons towards the oxide layer around the gate thereby increasing
or enhancing (hence its name) the thickness of the channel allowing more cur-
rent to flow. This is why this kind of transistor is called an enhancement mode
device as the application of a gate voltage enhances the channel.

Increasing this positive gate voltage will cause the channel resistance to de-
crease further causing an increase in the drain current, ID through the channel.
In other words, for an n-channel enhancement mode MOSFET: +VGS turns
the transistor “ON”, while a zero or -VGS turns the transistor “OFF”. Thus
the enhancement-mode MOSFET is equivalent to a “normally-open” switch.

The reverse is true for the p-channel enhancement MOS transistor. When
VGS = 0 the device is “OFF” and the channel is open. The application of
a negative (-ve) gate voltage to the p-type eMOSFET enhances the channels
conductivity turning it “ON”. Then for an p-channel enhancement mode MOS-
FET: +VGS turns the transistor “OFF”, while -VGS turns the transistor “ON”.
working
Let us consider the MOSFET with gate source voltage VGG being positive.When
no voltage is applied between gate and source, some current flows due to the
voltage between drain and source. Let some positive voltage is applied at VGG.
Then the minority carriers i.e. holes, get repelled and the majority carriers i.e.
electrons gets attracted towards the SiO2 layer.

With some amount of positive potential at VGG a certain amount of drain
current ID flows through source to drain. When this positive potential is further
increased, the current ID increases due to the flow of electrons from source and
these are pushed further due to the voltage applied at VGG. Hence the more
positive the applied VGG, the more the value of drain current ID will be. The
current flow gets enhanced due to the increase in electron flow better than in
depletion mode. Hence this mode is termed as Enhanced Mode MOSFET.

Figure shows the transfer characteristics (drain-to-source current IDS versus
gate-to-source voltage VGS) of n-channel Enhancement-type MOSFETs. From
this, it is evident that the current through the device will be zero until the VGS
exceeds the value of threshold voltage VT. This is because under this state, the
device will be void of channel which will be connecting the drain and the source
terminals.

Under this condition, even an increase in VDS will result in no current flow as
indicated by the corresponding output characteristics (IDS versus VDS) shown
by Figure 1b. As a result this state represents nothing but the cut-off region of
MOSFET’s operation.

Next, once VGS crosses VT, the current through the device increases with
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Figure 8: NMOS enhancement transistor characteristics

an increase inIDS initially (Ohmic region) and then saturates to a value as
determined by the VGS (saturation region of operation) i.e. as VGS increases,
even the saturation current flowing through the device also increases. This is
evident by Figure 1b where IDSS2 is greater than IDSS1 as VGS2 ¿ VGS1,IDSS3
is greater than IDSS2 as VGS3 ¿ VGS2, so on and so forth. Further, Figure
1b also shows the locus of pinch-off voltage (black discontinuous curve), from
which VP is seen to increase with an increase in VGS.

7.3 Threshold voltage

Threshold voltage is the voltage applied between gate and source of a MOSFET
that is needed to turn the device on for linear and saturation regions of opera-
tion.
Threshold Voltage Definition: VTH is the value of VG that will cause the in-
terface potential to be equal in magnitude and opposite in sign to the substrate
potential p . Physically this mean that there would now be a mobile elec-
tron concentration at the surface that is equal in magnitude to the mobile hole
concentration is the p-substrate. When this happens we say that the surface is
INVERTED, and the electron channel at the surface is called the inversion layer.

The threshold voltage of a MOS transistor (Vth is VGS required to strongly
invert the surface of the substrate under the gate.) is calculated like that of a
MOS structure with one slight modification in QB .

7.3.1 Body Effect

We have considered a transistor to be a three-terminal device with gate, source,
and drain. However, the body is an implicit fourth terminal. The potential
difference between the source and body Vsb affects the threshold voltage. The
threshold voltage can be modeled as in that threshold voltage equation. where
Vt0 is the threshold voltage when the source is at the body potential, ψ is the
surface potential at threshold. These in turn depend on the doping level describe
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how a body bias can intentionally be applied to alter the threshold voltage, per-
mitting tradeoffs between performance and subthreshold leakage current.

7.4 MOS inverter

Complementary MOS (CMOS) Inverter analysis makes use of both NMOS and
PMOS transistors in the same logic gate. All static parameters of CMOS in-
verters are superior to those of NMOS inverters. CMOS is the most widely used
digital circuit technology in comparison to other logic families.

· lowest power dissipation · highest packing density
It has increased process complexity (to provide isolated transistors of both po-
larity types)

Here, nMOS and pMOS transistors work as driver transistors; when one
transistor is ON, other is OFF.This configuration is called complementary MOS
(CMOS). The input is connected to the gate terminal of both the transistors
such that both can be driven directly with input voltages. Substrate of the
nMOS is connected to the ground and substrate of the pMOS is connected to
the power supply.
So, VSB = 0 for both the transistors.
VGS,n = Vin

VDS,n = Vout

and, VGS,p = Vin - VDD

VDS,p = Vout - VDD

When the input of nMOS is smaller than the threshold voltage (Vin ¡ VTO,n),
the nMOS is cut – off and pMOS is in linear region. So, the drain current of
both the transistors is zero.
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ID,n = ID,p = 0
Therefore, the output voltage VOH is equal to the supply voltage.
Vout = VOH = VDD

When the input voltage is greater than the VDD + VTO,p, the pMOS transistor
is in the cutoff region and the nMOS is in the linear region, so the drain current
of both the transistors is zero.
ID,n = ID,p = 0
Therefore, the output voltage VOL is equal to zero.
Vout = VOL = 0
The nMOS operates in the saturation region if Vin > VTO and if following con-
ditions are satisfied.
VDS,n ≥ VGS,n - VTO,n

Vout ≥ Vin - VTO,n

The pMOS operates in the saturation region if Vin < VDD + VTO,p and if fol-
lowing conditions are satisfied.
VDS,p ≤ VGS,p - VTO,p

Vout ≤ Vin - VTO,p

For different value of input voltages, the operating regions are listed in the above
table for both transistors.

Regions of operation
The operation of CMOS inverter can be divided into five regions .The behavior
of n- and p-devices in each of region may be found using
Region A: This region is defined by 0 =< Vin < Vtn in which the n-device is

cut off (Idsn =0), and the p-device is in the linear region. Since Idsn = –IIdsp,
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the drain-tosource current Idsp for the p-device is also zero. But for Vdsp =
Vout– VDD, with Vdsp = 0, the output voltage is Vout=VDD.

Region B: This region is characterized by Vtn =< Vin < VDD 2 in which
the p-device is in its nonsaturated region (Vds != 0) while the n-device is in sat-
uration. The equivalent circuit for the inverter in this region can be represented
by a resistor for the p-transistor and a current source for the n-transistor. The
saturation current Idsn for the n-device is obtained by setting Vgs = Vin. This
results in

Vout = Vin-Vtp+[(Vin-Vtp)2-2(Vin-VDD2-Vtp)VDD-βnβp(Vin-Vtn)21/2]
The current for the p-device can be obtained by noting that

Vgs = ( Vin – VDD ) and Vds = (Vout – VDD ).

Region C: In this region both the n- and p-devices are in saturation.
The saturation currents for the two devices are given by

Which implies that region C exists only for one value of Vin. We have as-
sumed that a MOS device in saturation behaves like an ideal current soured with
drain-to-source current being independent of Vds.In reality, as Vds increases,
Ids also increases slightly; thus region C has a finite slope. The significant factor
to be noted is that in region C, we have two current sources in series, which is an
“unstable” condition. Thus a small input voltage as a large effect at the output.
This makes the output transition very steep, which contrasts with the equiva-
lent nMOS inverter characteritics. characteritics. The above expression of Vth
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is particularly useful since it provides the basis for defining the gate threshold
Vinv which corresponds to the state where Vout=Vin .This region also defines
the “gain” of the CMOS inverter when used as a small signal amplifier.

Region D This region is described by VDD/2 <Vin =< VDD+ Vtp.The
p-device is in saturation while the n-device is operation in its nonsaturated re-
gion. The two currents may be written as

Region E: This region is defined by the input condition Vin >= VDD -Vtp,
in which the pdevice is cut off (Idsp =0), and the n-device is in the linear mode.
Here, Vgsp= Vin - VDD Which is more positive than Vtp. The output in this
region is Vout=0 From the transfer curve , it may be seen that the transition
between the two states is v.

7.4.1 Noise Margin

Noise margin is a parameter closely related to the input-output voltage charac-
teristics. This parameter allows us to determine the allowable noise voltage on
the input of a gate so that the output will not be affected. The specification
most commonly used to specify noise margin (or noise immunity) is in terms of
two parameters- The LOW noise margin, NML, and the HIGH noised margin,
NMH.NML is defined as the difference in magnitude between the maximum
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LOW output voltage of the driving gate and the maximum input LOW voltage
recognized by the driven gate. Thus,
NML = |VILmax - VOLmax|
The value of NMH is difference in magnitude between the minimum HIHG out-
put voltage of the driving gate and the minimum input HIGH voltage recognized
by the receiving gate.

Thus,
NMH = |VOHmin - VIHmin|

Where,
VIHmin = minimum HIGH input voltage.
VILmax = maximum LOW input voltage.
VOHmin= minimum HIGH output voltage.
VOLmax= maximum LOW output voltage.

7.5 NMOS and Pseudo NMOS

The inverter that uses a p-device pull-up or load that has its gate permanently
ground. An n-device pull-down or driver is driven with the input signal. This
roughly equivalent to use of a depletion load is Nmos technology and is thus
called ‘Pseudo-NMOS’. The circuit is used in a variety of CMOS logic circuits.
In this, PMOS for most of the time will be linear region. So resistance is low
and hence RC time constant is low. When the driver is turned on a constant
DC current flows in the circuit.

The Different configurations of NMOS inverter is shown in the below diagram
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CMOS summary
Logic consumes no static power in CMOS design style. However, signals have
to be routed to the n pull down network as well as to the p pull up network.
So the load presented to every driver is high. This is exacerbated by the fact
that n and p channel transistors cannot be placed close together as these are in
different wells which have to be kept well separated in order to avoid latchup.

Pseudo nMOS Design Style

The CMOS pull up network is replaced by a single pMOS transistor with its
gate grounded. Since the pMOS is not driven by signals, it is always ‘on’. The
effective gate voltage seen by the pMOS transistor is Vdd. Thus the overvoltage
on the p channel gate is always Vdd -VTp. When the nMOS is turned ‘on’, a
direct path between supply and ground exists and static power will be drawn.
However, the dynamic power is reduced due to lower capacitive loading.
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7.6 BiCMOS technology

BiCMOS circuits consist of both bipolar junction transistors (BJTs) and MOS-
FETs on a single substrate. The existence of parasitic bipolar transistors in
CMOS structures is well know; for example, latch-up and subthreshold current
flow are commonly analyzed using bipolar models. BiCMOS technology is dif-
ferent from the classical analysis in that the process flow is specifically designed
to allow for both bipolar and MOS transistors. Combining technologies in this
manner allows for circuits which have the ”best of both worlds”: fast switching
due to bipolar transistors and low-power/high integration density of CMOS.
This evolving field has generated much excitement in recent years.

The most common approach among many different approaches is to use
MOSFETs to implement the logic and bipolar transistors to provide a fast,
high-current output driver stage. This structuring can be seen in the general-
ized BiCMOS logic gate shown in Figure

The inputs are connected to MOSFETs through the logic blocks shown as F
and F in the drawing. The logic blocks are constructed using transistor switch
arrays. Bipolar transistors Q1 and Q2 are connected in a non-inverting stack to
drive the output capacitance. When F = 1, Q1 is turned on and provides charg-
ing current to Gout; the circuit specifics determine VOH for this case. If F = 0
so that F = 1, Q2 obtains bias from the output node and conducts to ground.
This drains charge off of Cout and defines the value of Vout. Two additional
impedance devices (Zl and Z2 in the drawing) are included to provide a path
to remove base charge when the bipolar transistors are switching off. These are
used to increase the switching speed. Either passive resistors or active loads
may be used for this purpose.
The intent of this chapter is to introduce the basic properties of BiCMOS logic
circuits.
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CMOS circuitry exhibits very low power dissipation, but Bipolar logic achieves
higher speed and current drive capability. It achieves low standby dissipation
like CMOS, but high speed and current drive capability like TTL and ECL.
The disadvantage of BiCMOS is fabrication complexity (up to 30 masking steps,
compared to about 20 for bipolar logic or CMOS). This translates into higher
cost and longer design cycles.

BiCMOS Inverter VTC

For highly-capacitive off-chip loads, fast switching is possible due to the high
current driving capability of the bipolar transistors. The speed is limited by the
parasitic capacitances of the QP, which must be driven by the P1 - N3 CMOS
circuit. For on-chip loads presenting very little capacitance, BiCMOS offers no
advantage if

CL < CBCP

BiCMOS integrated circuits are really CMOS on the inside.

Applications of BiCMOS

• Modern BiCMOS, invented by Intel, hit the market in 1992.

• Ever-increasing clock frequencies on motherboards of PC’s and worksta-
tions may require that the VLSI / ULSI chips be made in BiCMOS. (Wit-
ness the Intel, AMD, and Cyrix mP chips.)

• Central Processing Units (CPU’s) of “minisupercomputers” can be imple-
mented in BiCMOS, with packing density and dissipation advantages over
ECL. (e.g., the Cray Research “Baby Cray” J916 Computer)
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• TTL will soldier on in motherboard SSI and MSI applications, where
BiCMOS does not boast an advantage.

• But . . . the BiCMOS party may be over when supply voltages drop below
1.8 V. BJT’s have a fixed turn-on voltage; MOSFET thresholds can be
reduced to at least 0.3V for room temperature operation.

7.7 Transmission gate

Connecting PMOS and NMOS devices together in parallel we can create a basic
bilateral CMOS switch, known commonly as a “Transmission Gate”. Note that
transmission gates are quite different from conventional CMOS logic gates as
the transmission gate is symmetrical, or bilateral, that is, the input and out-
put are interchangeable. This bilateral operation is shown in the transmission
gate symbol below which shows two superimposed triangles pointing in opposite
directions to indicate the two signal directions.

Two MOS transistors are connected back-to-back in parallel with an inverter
used between the gate of the NMOS and PMOS to provide the two complemen-
tary control voltages. When the input control signal, VC is LOW, both the
NMOS and PMOS transistors are cut-off and the switch is open. When VC is
high, both devices are biased into conduction and the switch is closed.

Thus the transmission gate acts as a “closed” switch when VC = 1, while the
gate acts as an “open” switch when VC = 0 operating as a voltage-controlled
switch. The bubble of the symbol indicating the gate of the PMOS FET.

Transmission Gate Boolean Expression
As with traditional logic gates, we can define the operation of a transmission
gate using both a truth table and boolean expression as follows.

Transmission gate truth table

We can see from the above truth table, that the output at B relies not only
the logic level of the input A, but also on the logic level present on the control
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input. Thus the logic level value of B is defined as both A AND Control giving
us the boolean expression for a transmission gate of:

B = A.Control

Since the boolean expression of a transmission gate incorporates the logical
AND function, it is therefore possible to implement this operation using a stan-
dard 2-input AND gate with one input being the data input while the other is
the control input as shown.

AND gate Implementation

One other point to consider about transmission gates, a single NMOS or a
single PMOS on its own can be used as a CMOS switch, but the combination of
the two transistors in parallel has some advantages. An FET channel is resistive
so the ON-resistances of both transistors are effectively connected in parallel.

As a FETs On-resistance is a function of the gate-to-source voltage, VGS,
as one transistor becomes less conducting due to the gate drive, the other tran-
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sistor takes over and becomes more conducting. Thus the combined value of
the two ON-resistances (as low as 2 or 3ohm) stays more or less constant than
would be the case for a single switching transistor on its own.
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Transmission Gate ON-resistance

Transmission gate summary
We have seen here that connecting a P-channel FET (PMOS) with an N-channel
FET (NMOS) we can create a solid-state switch which is digitally controlled
using logic level voltages and is commonly called a “transmission gate”.

The Transmission Gate, (TG) is a bilateral switch where either of its termi-
nals can be the input or the output. As well as the input and output terminals,
the transmission gate has a third connection called the control, where the control
input determines the switching state of the gate as an open or closed (NO/NC)
switch.

This input is typically driven by a digital logic signal that toggles between
ground (0V) and a set DC voltage, usually VDD. When the control input is low
(Control = 0), the switch is open, and when the control input is HIGH (Control
= 1) the switch is closed.

Transmission gates act like voltage-controlled switches, and being switches,
CMOS transmission gates can be used for switching both analogue and digital
signals passing the full range of voltages (from 0V to VDD) in either direction,
which as discussed is not possible with a single MOS device.

The combination of an NMOS and a PMOS transistor together within a
single gate means that the NMOS transistor will transfer a good logic “0” but a
poor logic “1”, while the PMOS transistor transfers a good logic “1” but a poor
logic “0”. Therefore, connecting an NMOS transistor with a PMOS transistor
in parallel provides a single bilateral switch which offers efficient output drive
capability for CMOS logic gates controlled by a single input logic level.

8 Unit - II(CMOS processing and layout tech-
nology

With rapid miniaturization and efficient high-volume processing, over 1019 tran-
sistors (or a billion for every person in the world) are produced every year.
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Massive integration of transistors has made complex circuits in the form of in-
tegrated circuits (ICs) inexpensive and a wide range of electronic applications
practical and affordable. Semiconductor devices are responsible for the arrival
of the “computer age” or the “second industrial revolution.” At the heart of
the information and communication technologies, ICs of all descriptions also
find applications in consumer electronics, automobiles, medical equipment, and
industrial electronics. As a result, semiconductor devices are making contri-
butions to every segment of the global economy and every branch of human
endeavors.
Many large semiconductor companies both design and fabricate ICs. They are
called integrated semiconductor companies. An even larger number of compa-
nies only design the circuits. They are called fabless design companies. They
leave the fabrication to silicon foundries, which specialize in manufacturing. So
an IC company may or may not fabricate the chips that they design.

Starting with an uniformly doped silicon wafer, the fabrication of integrated
circuits (IC’s) needs hundreds of sequential process steps. The most important
process steps used in the semiconductor fabrication are

Lithography

Lithography is used to transfer a pattern from a photomask to the surface of
the wafer. For example the gate area of a MOS transistor is defined by a specific
pattern. The pattern information is recorded on a layer of photoresist which is
applied on the top of the wafer. The photoresist changes its physical properties
when exposed to light (often ultraviolet) or another source of illumination (e.g.
X-ray). The photoresist is either developed by (wet or dry) etching or by con-
version to volatile compounds through the exposure itself. The pattern defined
by the mask is either removed or remained after development, depending if the
type of resist is positive or negative. For example the developed photoresist can
act as an etching mask for the underlying layers.

Etching

Etching is used to remove material selectively in order to create patterns.
The pattern is defined by the etching mask, because the parts of the material,
which should remain, are protected by the mask. The unmasked material can
be removed either by wet (chemical) or dry (physical) etching. Wet etching
is strongly isotropic which limits its application and the etching time can be
controlled difficultly. Because of the so-called under-etch effect, wet etching
is not suited to transfer patterns with sub-micron feature size. However, wet
etching has a high selectivity (the etch rate strongly depends on the material)
and it does not damage the material. On the other side dry etching is highly
anisotropic but less selective. But it is more capable for transfering small struc-
tures.
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Deposition

A multitude of layers of different materials have to be deposited during the
IC fabrication process. The two most important deposition methods are the
physical vapor deposition (PVD) and the chemical vapor deposition (CVD).
During PVD accelerated gas ions sputter particles from a sputter target in a
low pressure plasma chamber. The principle of CVD is a chemical reaction of
a gas mixture on the substrate surface at high temperatures. The need of high
temperatures is the most restricting factor for applying CVD. This problem can
be avoided with plasma enhanced chemical vapor deposition (PECVD), where
the chemical reaction is enhanced with radio frequencies instead of high temper-
atures. An important aspect for this technique is the uniformity of the deposited
material, especially the layer thickness. CVD has a better uniformity than PVD.

Chemical Mechanical Planarization

Processes like etching, deposition, or oxidation, which modify the topogra-
phy of the wafer surface lead to a non-planar surface. Chemical mechanical
planarization (CMP) is used to plane the wafer surface with the help of a chem-
ical slurry. First, a planar surface is necessary for lithography due to a correct
pattern transfer. Furthermore, CMP enables indirect pattering, because the
material removal always starts on the highest areas of the wafer surface. This
means that at defined lower lying regions like a trench the material can be left.
Together with the deposition of non-planar layers, CMP is an effective method
to build up IC structures.

Oxidation

Oxidation is a process which converts silicon on the wafer into silicon dioxide.
The chemical reaction of silicon and oxygen already starts at room temperature
but stops after a very thin native oxide film. For an effective oxidation rate the
wafer must be settled to a furnace with oxygen or water vapor at elevated tem-
peratures. Silicon dioxide layers are used as high-quality insulators or masks for
ion implantation. The ability of silicon to form high quality silicon dioxide is an
important reason, why silicon is still the dominating material in IC fabrication.

Ion Implantation

Ion implantation is the dominant technique to introduce dopant impurities
into crystalline silicon. This is performed with an electric field which accelerates
the ionized atoms or molecules so that these particles penetrate into the target
material until they come to rest because of interactions with the silicon atoms.
Ion implantation is able to control exactly the distribution and dose of the
dopants in silicon, because the penetration depth depends on the kinetic energy
of the ions which is proportional to the electric field. The dopant dose can be
controlled by varying the ion source. Unfortunately, after ion implantation the
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crystal structure is damaged which implies worse electrical properties. Another
problem is that the implanted dopants are electrically inactive, because they are
situated on interstitial sites. Therefore after ion implantation a thermal process
step is necessary which repairs the crystal damage and activates the dopants.

Diffusion

Diffusion is the movement of impurity atoms in a semiconductor material
at high temperatures. The driving force of diffusion is the concentration gradi-
ent. There is a wide range of diffusivities for the various dopant species, which
depend on how easy the respective dopant impurity can move through the ma-
terial. Diffusion is applied to anneal the crystal defects after ion implantation
or to introduce dopant atoms into silicon from a chemical vapor source. In
the last case the diffusion time and temperature determine the depth of dopant
penetration. Diffusion is used to form the source, drain, and channel regions
in a MOS transistor. But diffusion can also be an unwanted parasitic effect,
because it takes place during all high temperature process steps.

8.1 CMOS Fabrication(Basic n-well process)

The n-well CMOS fabrication technology requires both n-channel and p-channel
transistors which cab built on the same chip substrate. To accommodate this,
special regions are created with a semiconductor type opposite to the substrate
type. The regions thus formed are called wells or tubs. In an n-type substrate,
we can create a p-well or alternatively, an n-well is created in a p-type sub-
strate. We present here a simple n-well CMOS fabrication technology, in which
the NMOS transistor is created in the p-type substrate, and the PMOS in the
n-well, which is built-in into the p-type substrate.

Historically, fabrication started with p-well technology but now it has been
completely shifted to n-well technology. The main reason for this is that, ”n-well
sheet resistance can be made lower than p-well sheet resistance” (electrons are
more mobile than holes).

The simplified process sequence (shown in the below Figure) for the fabri-
cation of CMOS integrated circuits on a p-type silicon substrate is as follows:

• N-well regions are created for PMOS transistors, by impurity implantation
into the substrate.

• This is followed by the growth of a thick oxide in the regions surround the
NMOS and PMOS active regions.

• The thin gate oxide is subsequently grown on the surface through thermal
oxidation.
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• After this n+ and p+ regions (source, drain and channel-stop implants)
are created.

• The metallization step (creation of metal interconnects) forms the final
step in this process.

The integrated circuit may be viewed as a set of patterned layers of doped
silicon, polysilicon, metal and insulating silicon dioxide, since each processing
step requires that certain areas are defined on chip by appropriate masks. A
layer is patterned before the next layer of material is applied on the chip. A
process, called lithography, is used to transfer a pattern to a layer. This must
be repeated for every layer, using a different mask, since each layer has its own
distinct requirements.

We illustrate the fabrication steps involved in patterning silicon dioxide
through optical lithography, using below figure which shows the lithographic
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sequences.

First an oxide layer is created on the substrate with thermal oxidation of the
silicon surface. This oxide surface is then covered with a layer of photoresist.
Photoresist is a light-sensitive, acid-resistant organic polymer which is initially
insoluble in the developing solution. On exposure to ultraviolet (UV) light, the
exposed areas become soluble which can be etched away by etching solvents.
Some areas on the surface are covered with a mask during exposure to selec-
tively expose the photoresist. On exposure to UV light, the masked areas are
shielded whereas those areas which are not shielded become soluble. There are
two types of photoresists, positive and negative photoresist. Positive photoresist
is initially insoluble, but becomes soluble after exposure to UV light, where as
negative photoresist is initially soluble but becomes insoluble (hardened) after
exposure to UV light. The process sequence described uses positive photoresist.
Negative photoresists are more sensitive to light, but their photolithographic
resolution is not as high as that of the positive photoresists. Hence, the use of
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negative photoresists is less common in manufacturing high-density integrated
circuits. The unexposed portions of the photoresist can be removed by a sol-
vent after the UV exposure step. The silicon dioxide regions not covered by the
hardened photoresist is etched away by using a chemical solvent (HF acid) or
dry etch (plasma etch) process. On completion of this step, we are left with
an oxide window which reaches down to the silicon surface. Another solvent is
used to strip away the remaining photoresist from the silicon dioxide surface.
The patterned silicon dioxide feature is shown in Figure.

The sequence of process steps illustrated in detail actually accomplishes a
single pattern transfer onto the silicon dioxide surface. The fabrication of semi-
conductor devices requires several such pattern transfers to be performed on
silicon dioxide, polysilicon, and metal. The basic patterning process used in all
fabrication steps, however, is quite similar to the one described earlier. Also note
that for accurate generation of highdensity patterns required in submicron de-
vices, electron beam (E-beam) lithography is used instead of optical lithography.

Now we will examine the main processing steps involved in fabrication of an
n-channel MOS transistor on a p-type silicon substrate.

The first step of the process is the oxidation of the silicon substrate, which
creates a relatively thick silicon dioxide layer on the surface. This oxide layer is
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called field oxide. The field oxide is then selectively etched to expose the silicon
surface on which the transistor will be created. After this the surface is covered
with a thin, high-quality oxide layer. This oxide layer will form the gate oxide
of the MOS transistor. Then a polysilicon layer is deposited on the thin oxide.
Polysilicon is used as both a gate electrode material for MOS transistors as
well as an interconnect medium in silicon integrated circuits. The resistivity of
polysilicon, which is usually high, is reduced by doping it with impurity atoms.
Deposition is followed by patterning and etching of polysilicon layer to form the
interconnects and the MOS transistor gates. The thin gate oxide not masked
by polysilicon is also etched away exposing the bare silicon surface. The drain
and source junctions are to be formed. Diffusion or ion implantation is used
to dope the entire silicon surface with a high concentration of impurities (in
this case donor atoms to produce n-type doping). There are two n-type regions
(source and drain junctions) in the p-type substrate as doping penetrates the
exposed areas of the silicon surface. The penetration of impurity doping into
the polysilicon reduces its resistivity. The polysilicon gate is patterned before
the doping and it precisely defines the location of the channel region and hence,
the location of the source and drain regions. Hence this process is called a self-
aligning process.

The entire surface is again covered with an insulating layer of silicon dioxide
after the source and drain regions are completed. Next contact windows for the
source and drain are patterned into the oxide layer. Interconnects are formed
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by evaporating aluminium on the surface, which is followed by patterning and
etching of the metal layer. A second or third layer of metallic interconnect can
also be added after adding another oxide layer, cutting (via) holes, depositing
and patterning the metal.

We now return to the generalized fabrication sequence of n-well CMOS in-
tegrated circuits. The following figures illustrate some of the important process
steps of the fabrication of a CMOS inverter by a top view of the lithographic
masks and a crosssectional view of the relevant areas. The n-well CMOS process
starts with a moderately doped (with impurity concentration typically less than
1015 cm-3) p-type silicon substrate. Then, an initial oxide layer is grown on
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the entire surface. The first lithographic mask defines the n-well region. Donor
atoms, usually phosphorus, are implanted through this window in the oxide.
Once the nwell is created, the active areas of the nMOS and pMOS transistors
can be defined

The creation of the n-well region is followed by the growth of a thick field
oxide in the areas surrounding the transistor active regions, and a thin gate
oxide on top of the active regions. The two most important critical fabrication
parameters are the thickness and quality of the gate oxide. These strongly affect
the operational characteristics of the MOS transistor, as well as its long-term
stability.

Chemical vapor deposition (CVD) is used for deposition of polysilicon layer
and patterned by dry (plasma) etching. The resulting polysilicon lines function
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as the gate electrodes of the nMOS and the pMOS transistors and their inter-
connects. The polysilicon gates also act as self-aligned masks for source and
drain implantations.
The n+ and p+ regions are implanted into the substrate and into the n-well
using a set of two masks. Ohmic contacts to the substrate and to the n-well are
also implanted in this process step.

CVD is again used to deposit and insulating silicon dioxide layer over the
entire wafer. After this the contacts are defined and etched away exposing the
silicon or polysilicon contact windows. These contact windows are essential to
complete the circuit interconnections using the metal layer, which is patterned
in the next step. Metal (aluminum) is deposited over the entire chip surface
using metal evaporation, and the metal lines are patterned through etching.
Since the wafer surface is non-planar, the quality and the integrity of the metal
lines created in this step are very critical and are ultimately essential for circuit
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reliability.
The composite layout and the resulting cross-sectional view of the chip, show-
ing one nMOS and one pMOS transistor (built-in nwell), the polysilicon and
metal interconnections. The final step is to deposit the passivation layer (for
protection) over the chip, except for wire-bonding pad areas.

8.2 Layout and Design rules

In VLSI design, as processes become more and more complex, need for the de-
signer to understand the intricacies of the fabrication process and interpret the
relations between the different photo masks is really trouble some. Therefore,
a set of layout rules, also called design rules, has been defined. They act as an
interface or communication link between the circuit designer and the process
engineer during the manufacturing phase. The objective associated with lay-
out rules is to obtain a circuit with optimum yield (functional circuits versus
non-functional circuits) in as small as area possible without compromising relia-
bility of the circuit. In addition, Design rules can be conservative or aggressive,
depending on whether yield or performance is desired. Generally, they are a
compromise between the two. Manufacturing processes have their inherent lim-
itations in accuracy. So the need of design rules arises due to manufacturing
problems like –
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• Photo resist shrinkage, tearing.
• Variations in material deposition, temperature and oxide thickness.
• Impurities.
• Variations across a wafer.

These lead to various problems like :
• Transistor problems:
Variations in threshold voltage: This may occur due to variations in oxide thick-
ness, ion-implantation and poly layer.
Changes in source/drain diffusion overlap.
Variations in substrate.
• Wiring problems:
Diffusion: There is variation in doping which results in variations in resistance,
capacitance.
Poly, metal: Variations in height, width resulting in variations in resistance,
capacitance. Shorts and opens.
• Oxide problems:
Variations in height.
Lack of planarity.
Via problems:
Via may not be cut all the way through.
Undersize via has too much resistance.
Via may be too large and create short.

To reduce these problems, the design rules specify to the designer certain ge-
ometric constraints on the layout artwork so that the patterns on the processed
wafers will preserve the topology and geometry of the designs. This consists of
minimum-width and minimum-spacing constraints and requirements between
objects on the same or different layers. Apart from following a definite set of
rules, design rules also come by experience.

Types of design rules

The design rules primary address two issues:
1. The geometrical reproduction of features that can be reproduced by the
maskmaking and lithographical process ,and
2. The interaction between different layers.

There are primarily two approaches in describing the design rules.
1. Linear scaling is possible only over a limited range of dimensions.
2. Scalable design rules are conservative .This results in over dimensioned and
less dense design.
3. This rule is not used in real life.

1.Scalable Design Rules (e.g. SCMOS, -based design rules):
In this approach, all rules are defined in terms of a single parameter . The
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rules are so chosen that a design can be easily ported over a cross section of
industrial process ,making the layout portable .Scaling can be easily done by
simply changing the value of.

2. bsolute Design Rules (e.g. -based design rules ) : In this approach,
the design rules are expressed in absolute dimensions (e.g. 0.75m) and therefore
can exploit the features of a given process to a maximum degree. Here, scaling
and porting is more demanding, and has to be performed either manually or
using CAD tools .Also, these rules tend to be more complex especially for deep
submicron. The fundamental unity in the definition of a set of design rules
is the minimum line width .It stands for the minimum mask dimension that
can be safely transferred to the semiconductor material .Even for the same
minimum dimension, design rules tend to differ from company to company, and
from process to process. Now, CAD tools allow designs to migrate between
compatible processes.

CMOS ’λ’ Design Rules :

The MOSIS stands for MOS Implementation Service is the IC fabrication
service available to universities for layout, simulation, and test the completed
designs. The MOSIS rules are scalable λ rules.

The MOSIS design rules are as follows :

(1) Rules for N-well as shown in Figure below.
1. Minimum width = 10λ
2. Wells at same potential with spacing = 6λ
3. Wells at same potential = 0λ
4. Wells of different type, spacing = 8λ

(2) Rules for Active area shown in Figure below. 1. Minimum width = 3λ
2. Minimum spacing = 3λ
3. Source/Drain active to well edge = 5λ
4. Substrate/well contact active to well edge = 3λ
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3) Rules for poly 1 as shown in Figure below.

1. Minimum width = 2λ
2. Minimum spacing = 2λ
3. Minimum gate extension of active = 2λ
4. Minimum field poly to active = 1λ

(4) Rules for contact to poly 1 as shown in Figure below.
1. Exact contact size = 2 λ 2λ
2. Minimum poly 1 overlap = 1 λ
3. Minimum contact spacing = 2 λ
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(5) Rules for contact to active as shown in Figure below.
1. Exact contact size = 2λ 2λ
2. Minimum active overlap = 1λ
3. Minimum contact spacing = 2λ
4. Minimum spacing to gate of transistor = 2λ

(6) Rules for metal 1 as shown in Figure below.
1. Minimum width = 3λ
2. Minimum spacing = 3λ
3. Minimum overlap of poly contact = 1λ
4. Minimum overlap of active contact = 1λ

(7) Rules for via 1 as shown in Figure below.
1. Minimum size = 2λ λ
2. Minimum spacing = 3λ
3. Minimum overlap by metal 1 = 1λ
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(8) Rules for metal 2 as shown in Figure below.
1. Minimum size = 3λ
2. Minimum spacing = 4λ

(9) Rules for metal 3 as shown in Figure below.
1. Minimum width = 6λ
2. Minimum spacing = 4λ

Layer Representation

With increase of complexity in the CMOS processes, the visualization of all
the mask levels that are used in the actual fabrication process becomes inhib-
ited. The layer concept translates these masks to a set of conceptual layout
levels that are easier to visualize by the circuit designer. From the designer’s
viewpoint, all CMOS designs have the following entities:

• Two different substrates and/or wells: which are p-type for NMOS and
n-type for PMOS.
• Diffusion regions (p+ and n+): which defines the area where transistors can
be formed. These regions are also called active areas. Diffusion of an inverse
type is needed to implement contacts to the well or to substrate.These are called
select regions.
• Transistor gate electrodes : Polysilicon layer
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• Metal interconnect layers
• Interlayer contacts and via layers.
The layers for typical CMOS processes are represented in various figures in
terms of:
• A color scheme (Mead-Conway colors).
• Other color schemes designed to differentiate CMOS structures.
• Varying stipple patterns
• Varying line styles

An example of layer representations for CMOS inverter using above design
rules is shown below
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8.3 Stick diagram

Another popular method of symbolic design is ”Sticks” layout. In this, the de-
signer draws a freehand sketch of a layout, using colored lines to represent the
various process layers such as diffusion, metal and polysilicon .Where polysilicon
crosses diffusion, transistors are created and where metal wires join diffusion or
polysilicon, contacts are formed.

This notation indicates only the relative positioning of the various design
components. The absolute coordinates of these elements are determined au-
tomatically by the editor using a compactor. The compactor translates the
design rules into a set of constraints on the component positions, and solve a
constrained optimization problem that attempts to minimize the area or cost
function.

The advantage of this symbolic approach is that the designer does not have
to worry about design rules, because the compactor ensures that the final lay-
out is physically correct. The disadvantage of the symbolic approach is that the
outcome of the compaction phase is often unpredictable. The resulting layout
can be less dense than what is obtained with the manual approach. In addition,
it does not show exact placement, transistor sizes, wire lengths, wire widths,
tub boundaries.

For example, stick diagram for CMOS Inverter is shown below.

Basic steps of Stick diagram

• Normally, the first step is to draw two parallel metal (blue) VDD and
GND rails.

• There should be enough space between them for other circuit

• Draw Demarcation line (Brown) at center of VDD and GND rails. This
line represents the well (n/p-well).

• Next, Active (Green/yellow) paths must be drawn for required PU PD
transistors above below DL. elements.
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• Draw vertical poly crossing both diffusions (Green yellow)

• Remember, Poly (Red) crosses Active (Green/yellow), where transistor is
required.

• No Diffusion can cross demarcation line.

• Only poly and metal can cross demarcation line

• N-diffusion and p-diffusion are joined using a metal wire.

• Place all PMOS above an

• d NMOS below demarcation line.

• Connect them using wires (metal).

• Blue may cross over red or green, without connection.

• Connection between layers is specified with X.

• Metal lines on different layer can cross one another, connections are done
using via.
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NAND Stick diagram

NOR stick diagram

8.4 Scaling

The reduction of the dimensions of a MOSFET has been dramatic during the
last three decades. Starting at a minimum feature length of 10 mm in 1970 the
gate length was gradually reduced to 0.15 mm minimum feature size in 2000,
resulting in a 13% reduction per year. Proper scaling of MOSFET however
requires not only a size reduction of the gate length and width but also requires
a reduction of all other dimensions including the gate/source and gate/drain
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alignment, the oxide thickness and the depletion layer widths. Scaling of the
depletion layer widths also implies scaling of the substrate doping density.
In short, we will study simplified guidelines for shrinking device dimensions to
increase transistor density operating frequency and reduction in power dissipa-
tion gate delays.

Types of Scaling

Two types of scaling are common:
1) constant field scaling and
2) constant voltage scaling.
Constant field scaling yields the largest reduction in the power-delay product of
a single transistor. However, it requires a reduction in the power supply voltage
as one decreases the minimum feature size. Constant voltage scaling does not
have this problem and is therefore the preferred scaling method since it provides
voltage compatibility with older circuit technologies.
The disadvantage of constant voltage scaling is that the electric field increases
as the minimum feature length is reduced. This leads to velocity saturation,
mobility degradation, increased leakage currents and lower breakdown voltages.
After scaling, the different Mosfet parameters will be converted as given by ta-
ble below:
Before Scaling After Constant Field Scaling After Constant Voltage Scaling
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9 Unit - III(MOS circuit performance and CMOS
logic circuits)

Resistance Estimation
The concept of sheet resistance is being used to know the resistive behavior of
the layers that go into formation of the MOS device. Let us consider a uniform
slab of conducting material of the following characteristics .
Resistivity- ρ
Width - W
Thickness - t
Length between faces – L as shown next

Regular 3-D conductor, resistance R is:

R = ρL/A = ρ L/Wt
where ρ is the resistivity (Ωm), A is the cross-section area, and L is the length.

We know that the resistance is given by RAB= ρL/A Ω. The area of the
slab considered above is given by A=Wt. There fore RAB= ρL/Wt Ω. If the
slab is considered as a square then L=W. therefore RAB=ρ/t which is called
as sheet resistance represented by Rs.The unit of sheet resistance is ohm per
square. It is to be noted that Rs is independent of the area of the slab. Hence
we can conclude that a 1um per side square has the same resistance as that of
1cm per side square of the same material.
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The resistance of the different materials that go into making of the MOS device
depend on the resistivity and the thickness of the material. For a diffusion
layer the depth defines the thickness and the impurity defines the resistivity.
The table of values for a 5u technology is listed below.5u technology means
minimum line width is 5u and =2.5u.The diffusion mentioned in the table is
n diffusion, p diffusion values are 2.5 times of that of n. The table of standard
sheet resistance value follows.

9.1 MOS capacitance model

Capacitance voltage measurements of MOS capacitor structure provide a wealth
of information about the structure which is of direct interest when one evaluates
an MOS process. Since the MOS structure is simple to fabricate the technique
is widely used.
To understand capacitance-voltage measurements one must first be familiar with
the frequency dependence of the measurement. This frequency dependence oc-
curs primarily in inversion since a certain time is needed to generate the minority
carriers in the inversion layer. Thermal equilibrium is therefore not obtained
immediately.

The low frequency or quasi-static measurement maintains thermal equilib-
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rium at all times. This capacitance is the difference in charge divided by the
difference in gate voltage while the capacitor is in equilibrium at each voltage.
A typical measurement is performed with an electrometer which measured the
charge added per unit time as one slowly varies the applied gate voltage.

The high frequency capacitance is obtained from a small signal capacitance
measurement at high frequency. The gate voltage is varied slowly to obtain the
capacitance versus voltage. Under such conditions one finds that the charge in
the inversion layer does not change from the equilibrium value corresponding to
the applied DC voltage. The high frequency capacitance therefore reflects the
charge variation in the depletion layer and the (rather small) movement of the
inversion layer charge.

Here, we first derive the simple capacitance model which is based on the
full depletion approximations and our basic assumption. The comparison with
the exact low frequency capacitance reveals that the largest error occurs at the
flatband voltage. We therefore derive the exact flatband capacitance using the
linearized Poisson’s equation. Then we discuss the full exact analysis followed by
a discussion of deep depletion as well as the non-ideal effects in MOS capacitors.

Simple Capacitance model

The capacitance of an MOS capacitor is obtained using the same assump-
tions as in the analysis in section 6.5. The MOS structure is treated as consisting
of a series connection of two capacitors: the capacitance of the oxide and the
capacitance of the depletion layer. In accumulation there is no depletion layer.
The remaining capacitor is the oxide capacitance, so that the capcitance equals:

CLF = CHF = Cox, for VG ≤ VFB

In depletion the MOS capacitance is obtained from the series connection of the
oxide capacitance and the capacitance of the depletion layer, or:

CLF = CHF = 1 1
Cox

+xd
εs for VFB≤ VG≤VT

where xd is the variable depletion layer width which is calculated from:

In order to find the capacitance corresponding to a specific value of the gate
voltage we also need to use the relation between the potential across the deple-
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tion region and the gate voltage, given by:

In inversion the capacitance becomes independent of the gate voltage. The
low frequency capacitance equals the oxide capacitance since charge is added
to and from the inversion layer in a low frequency measurement. The high
frequency capacitance is obtained from the series connection of the oxide capac-
itance and the capacitance of the depletion layer having its maximum width,
xd,max. The capacitances are given by:

The capacitance of an MOS capacitor as calculated using the simple model
is shown in the figure below.

Flat Band capacitance
The simple model predicts that the flatband capacitance equals the oxide capac-
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itance. However, the comparison with the exact solution of the low frequency
capacitance as shown in the above figure reveals that the error can be substan-
cial. The reason for this is that we have ignored any charge variation in the
semiconductor. We will therefore now derive the exact flatband capacitance.
To derive the flatband capacitance including the charge variation in the semi-
conductor we first linearize Poisson’s equation. Since the potential across the
semiconductor at flatband is zero, we expect the potential to be small as we
vary the gate voltage around the flatband voltage. Poisson’s equation can then
be simplified to:

The solution to this equation is:

where LD is called the Debye length. The solution of the potential enables
the derivation of the capacitance of the semiconductor under flatband condi-
tions, or:

The flatband capacitance of the MOS structure at flatband is obtained by
calculating the series connection of the oxide capacitance and the capacitance
of the semiconductor, yielding:

Deep depletion capacitance
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Deep depletion occurs in an MOS capacitor when measuring the high-frequency
capacitance while sweeping the gate voltage ”quickly”. Quickly here means that
the gate voltage must be changed fast enough so that the structure is not in
thermal equilibrium. One then observes that when ramping the voltage from
flatband to threshold and beyond the inversion layer is not or only partially
formed as the generation of minority carriers can not keep up with the amount
needed to form the inversion layer. The depletion layer therefore keeps increas-
ing beyond its maximum thermal equilibrium value, xd,T resulting in a capaci-
tance which further decreases with voltage. The time required to reach thermal
equilibrium when abruptly biasing the MOS capacitor at a voltage larger then
the threshold voltage can be estimated by taking the ratio of the total charge in
the inversion layer to the thermal generation rate of minority carriers. A com-
plete analysis should include both a surface generation rate as well as generation
in the depletion layer and the quasi-neutral region. A good approximation is
obtained by considering only the generation rate in the depletion region xd,dd.
This yields the following equation:

where the generation in the depletion layer was assumed to be constant. The
rate of change required to observe deep depletion is then obtained from:

This equation enables to predict that deep depletion is less likely at higher
ambient temperature since the intrinsic concentration ni increases exponentially
with temperature, while it is more likely to occur in MOS structures made with
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wide bandgap materials (for instance SiC for which Eg = 3 eV) as the intrinsic
concentration decreases exponentially with the value of the energy bandgap. In
silicon MOS structures one finds that the occurance of deep depletion can be
linked to the minority carrier lifetime: while structures with a long (0.1 ms)
lifetime require a few seconds to reach thermal equilibrium which results in a
pronounced deep depletion effect at room temperature , structures with a short
(1 ms) lifetime do not show this effect.

Carrier generation due to light will increase the generation rate beyond the
thermal generation rate which we assumed above and reduce the time needed to
reach equilibrium. Deep depletion measurements are therefore done in the dark.

Experimental results

As an example we show below the measured low frequency (quasi-static) and
high frequency capacitance-voltage curves of an MOS capacitor. The capaci-
tance was measured in the presence of ambient light as well as in the dark as
explained in the figure caption.

The figure illustrates some of the issues when measuring the capacitance of
an MOS capacitance. First of all one should measure the devices in the dark;
the presence of light causes carrier generation in the capacitor which affects the
measured capacitance. In addition one must avoid the deep depletion effects
such as the initial linearly varying capacitance of the high frequency capaci-
tance measured in the dark on the above figure (bottom curve). The larger the
carrier lifetime, the slower the voltage is to be changed to avoid deep depletion.

The low frequency measured is compared to the theorical value in the figure
below. The high frequency capacitance measured in the presence of light is also
shown on the figure. The figure illustrates the agreement between experiment
and theory. A comparison of the experimental low (rather than high) frequency
capacitance with theory is somewhat easier to carry out since the theoretical
expression is easier to calculate while the low frequency measurement tends to

59



be less sensitive to deep depletion effects.

Non-ideal effects in MOS capacitance

Non-ideal effects in MOS capacitors include fixed charge, mobile charge and
charge in surface states. All three types of charge can be identified by perform-
ing a capacitance-voltage measurement. Fixed charge in the oxide simply shifts
the measured curve. A positive fixed charge at the oxide-semiconductor inter-
face shifts the flatband voltage by an amount which equals the charge divided
by the oxide capacitance. The shift reduces linearly as one reduces the position
of the charge relative to the gate electrode and becomes zero if the charge is
located at the metal-oxide interface. A fixed charge is caused by ions which are
incorporated in the oxide during growth or deposition.

The flatband voltage shift due to mobile charge is described by the same
equation as that due to fixed charge. However the measured curves differ since
a positive gate voltage causes mobile charge to move away from the gate elec-
trode, while a negative voltage attracts the charge towards the gate. This causes
the curve to shift towards the applied voltage. One can recognize mobile charge
by the hysteresis in the high frequency capacitance curve when sweeping the
gate voltage back and forth. Sodium ions incorporated in the oxide of silicon
MOS capacitors are known to yield mobile charge. It is because of the high sen-
sitivity of MOS structures to a variety of impurities that the industry carefully
controls the purity of the water and the chemicals used.

Charge due to electrons occupying surface states also yields a shift in flatband
voltage. However as the applied voltage is varied, the fermi energy at the oxide-
semiconductor interface changes also and affects the occupancy of the surface
states. The interface states cause the transition in the capacitance measurement
to be less abrupt. The combination of the low frequency and high frequency
capacitance allows to calculate the surface state density. This method provides
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the surface state density over a limited (but highly relevant) range of energies
within the bandgap. Measurements on n-type and p-type capacitors at different
temperatures provide the surface state density throughout the bandgap.

9.2 Distributed RC effect

The distributed RC delay can be modeled by breaking up a wire into one or
more segments and using a lumped model for each segment. If each segment
has resistance R and capacitance C, popular lumped models include:

Note that R and C depend on the length of the segment. The Pi model and
T model, named for their shapes, are both good models. The Pi model can
be slightly more convenient because it has fewer circuit nodes. The L model
is much less accurate, requiring many more segments for the same accuracy of
delay estimation. For example, the delay of a line can be modeled to within 5%
accuracy with 4 Pi segments or 64 L segments! Thus, it is usually reasonable
to model long wires with 4 Pi segments in simulation and with a single Pi seg-
ment for hand calculation. The delay of the driver must also be included when
estimating the delay of a wire. For example, we can compute the delay of an
inverter driving an L mm wire with resistance R/ mm and capacitance C/mm,
inverter drive resistance Rinv, drain capacitance Cdiff, and total load on the
wire Cload:
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Rinv (Cdiff + CL/2) + (Rinv + RL) (CL/2 + Cload)

This can be rewritten as:

Rinv (Cdiff + CL) + RCL2/2 + RLCload

This expression has three terms. The first represents the inverter driving it’s
own diffusion, the load capacitance, and the lumped capacitance of the wire.
The second is the quadratic delay of the wire’s self-loading. It is proportional
to RC/2, rather than RC, because the capacitance is distributed along the wire
rather than lumped at the end. The third term is the extra delay contributed
by the wire resistance discharging the load capacitance.
Remember that the units in this equation are somewhat curious. Rinv is ω. R
is ω*µm. Cdiff and Cload are fF, while C is fF/µm.

9.3 Switching characteristics of CMOS

Figure shows the circuit diagram of a static CMOS inverter. Its operation is
readily understood with the aid of the simple switch model of the MOS transis-
tor, the transistor is nothing more than a switch with an infinite offresistance (for
‖V GS‖‖V T‖), andafiniteon− resistance(for‖V GS‖¿‖V T‖).Thisleadstothe

following interpretation of the inverter. When Vin is high and equal to VDD,
the NMOS transistor is on, while the PMOS is off. This yields the equivalent
circuit of below Figure. A direct path exists between Vout and the ground node,
resulting in a steady-state value of 0 V. On the other hand, when the input volt-
age is low (0 V), NMOS and PMOS transistors are off and on, respectively. The
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equivalent circuit of below Figure shows that a path exists between VDD and
Vout, yielding a high output voltage. The gate clearly functions as an inverter.

A number of other important properties of static CMOS can be derived from
this switchlevel view:

• The high and low output levels equal VDD and GND, respectively; in
other words, the voltage swing is equal to the supply voltage. This results
in high noise margins.

• The logic levels are not dependent upon the relative device sizes, so that
the transistors can be minimum size. Gates with this property are called
ratioless. This is in contrast with ratioed logic, where logic levels are
determined by the relative dimensions of the composing transistors.

• In steady state, there always exists a path with finite resistance between
the output and either VDD or GND. A well-designed CMOS inverter,
therefore, has a low output impedance, which makes it less sensitive to
noise and disturbances. Typical values of the output resistance are in kW
range.

• The input resistance of the CMOS inverter is extremely high, as the gate
of an MOS transistor is a virtually perfect insulator and draws no dc input
current. Since the input node of the inverter only connects to transistor
gates, the steady-state input current is nearly zero. A single inverter can
theoretically drive an infinite number of gates (or have an infinite fan-out)
and still be functionally operational; however, increasing the fan-out also
increases the propagation delay, as will become clear below. So, although

63



fan-out does not have any effect on the steady-state behavior, it degrades
the transient response.

• No direct path exists between the supply and ground rails under steady-
state operating conditions (this is, when the input and outputs remain
constant). The absence of current flow (ignoring leakage currents) means
that the gate does not consume any static power

The nature and the form of the voltage-transfer characteristic (VTC) can be
graphically deduced by superimposing the current characteristics of the NMOS
and the PMOS devices. Such a graphical construction is traditionally called a
load-line plot. It requires that the I-V curves of the NMOS and PMOS devices
are transformed onto a common coordinate set. We have selected the input
voltage Vin, the output voltage Vout and the NMOS drain current IDN as the
variables of choice. The PMOS I-V relations can be translated into this variable
space by the following relations (the subscripts n and p denote the NMOS and
PMOS devices, respectively):

IDSP
= - IDSn

VGSn
= Vin ; VGSp

= Vin-VDD

VDSn = Vout ; VDSp = Vout - VDD

The load-line curves of the PMOS device are obtained by a mirroring around
the xaxis and a horizontal shift over VDD. This procedure is outlined in Figure
below, where the subsequent steps to adjust the original PMOS I-V curves to
the common coordinate set Vin, Vout and IDn are illustrated.

The resulting load lines are plotted in below Figure For a dc operating points
to be valid, the currents through the NMOS and PMOS devices must be equal.
Graphically, this means that the dc points must be located at the intersection
of corresponding load lines. A number of those points (for Vin = 0, 0.5, 1, 1.5,
2, and 2.5 V) are marked on the graph. As can be observed, all operating points
are located either at the high or low output levels. The VTC of the inverter
hence exhibits a very narrow transition zone. This results from the high gain
during the switching transient, when both NMOS and PMOS are simultane-
ously on, and in saturation. In that operation region, a small change in the
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input voltage results in a large output variation.

Before going into the analytical details of the operation of the CMOS in-
verter, a qualitative analysis of the transient behavior of the gate is appropriate
as well. This response is dominated mainly by the output capacitance of the
gate, CL, which is composed of the drain diffusion capacitances of the NMOS
and PMOS transistors, the capacitance of the connecting wires, and the in-
put capacitance of the fan-out gates. Assuming temporarily that the transistors
switch instantaneously, we can get an approximate idea of the transient response
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by using the simplified switch model again. Let us consider the low-to-high tran-
sition first (Figure 5.6a). The gate response time is simply determined by the
time it takes to charge the capacitor CL through the resistor Rp. We learned
that the propagation delay of such a network is proportional to the its timecon-
stant RpCL. Hence, a fast gate is built either by keeping the output capacitance
small or by decreasing the on-resistance of the transistor. The latter is achieved
by increasing the W/L ratio of the device. Similar considerations are valid
for the high-to-low transition, which is dominated by the RnCL time-constant.
The reader should be aware that the on-resistance of the NMOS and PMOS
transistor is not constant, but is a nonlinear function of the voltage across the
transistor. This complicates the exact determination of the propagation delay.

[t]
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9.4 Combinational and Sequential circuits using CMOS

NMOS transistor in series parallel connection

Transistors can be thought as a switch controlled by its gate signal. NMOS
switch closes when switch control input is high
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NMOS passes a strong 0 but a weak 1

PMOS transistor in Series Parallel connection

PMOS switch closes when switch control input is low
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PMOS passes a strong 1 but a weak 0

Combine series PDN and parallel PUN or parallel PDN and series PUN to
complete the logic design to output good 1 and 0

Complementary CMOS Logic Style Construction

PUN is the DUAL of PDN (can be shown using DeMorgan’s Theorems)

A+B = AB

AB = A+B

The complementary gate is inverting
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– Implements NAND, NOR, etc.
– Non-inverting boolean function needs an inverter

The NAND circuit

The NOR circuit
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Example CMOS logic
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10 Unit - IV(Subsystem Design Testing)

General Considerations

• Lower unit cost

• Higher reliability

• Lower power dissipation, lower weight and lower volume

• Better performance

• Enhanced repeatability

• Possibility of reduced design/development periods

Some Problems

• How to design complex systems in a reasonable time with reasonable
effort.

• The nature of architectures best suited to take full advantage of VLSI and
the technology

• The testability of large/complex systems once implemented on silicon
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Some solution

Problem 1 & 3 are greatly reduced if two aspects of standard practices are
accepted.
1. a) Top-down design approach with adequate CAD tools to do the job
b) Partitioning the system sensibly
c) Aiming for simple interconnections
d) High regularity within subsystem
e) Generate and then verify each section of the design
2. Devote significant portion of total chip area to test and diagnostic facility
3. Select architectures that allow design objectives and high regularity in real-
ization

Illustration of design process

1. Structured design begins with the concept of hierarchy

2. It is possible to divide any complex function into less complex subfunc-
tions that is up to leaf cells

3. Process is known as top-down design

4. As a systems complexity increases, its organization changes as different
factors become relevant to its creation
5. Coupling can be used as a measure of how much submodels interact

6. It is crucial that components interacting with high frequency be physi-
cally proximate, since one may pay severe penalties for long, high-bandwidth
interconnects

7. Concurrency should be exploited – it is desirable that all gates on the
chip do useful work most of the time

8. Because technology changes so fast, the adaptation to a new process must
occur in a short time.

Hence representing a design several approaches are possible. They are:
• Conventional circuit symbols
• Logic symbols
• Stick diagram
• Any mixture of logic symbols and stick diagram that is convenient at a stage
• Mask layouts
• Architectural block diagrams and floor plans
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General arrangements of a 4 – bit arithmetic processor

The basic architecture of digital processor structure is as shown. Here the
design of datapath is only considered.

Datapath is as shown below in figure. It is seen that the structure comprises
of a unit which processes data applied at one port and presents its output at a
second port.

Alternatively, the two data ports may be combined as a single bidirectional
port if storage facilities exist in the datapath. Control over the functions to be
performed is effected by control signals as shown.

Datapath can be decomposed into blocks showing the main subunits. In do-
ing so it is useful to anticipate a possible floor plan to show the planned relative
decomposition of the subunits on the chip and hence on the mask layouts.
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Nature of the bus architecture linking the subunits is discussed below. Some
of the possibilities are:

Sequence:
1. 1st operand from registers to ALU. Operand is stored there.
2. 2nd operand from register to ALU and added.
3. Result is passed through shifter and stored in the register

Two bus architecture

Sequence:
1. Two operands (A & B) are sent from register(s) to ALU & are operated
upon, result S in ALU.
2. Result is passed through the shifter stored in registers.

Sequence:
Two operands (A B) are sent from registers, operated upon, and shifted result
(S) returned to another register, all in same clock period.
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In pursuing this design exercise, it was decided to implement the structure
with a 2 – bus architecture. A tentative floor plan of the proposed design which
includes some form of interface to the parent system data bus

The proposed processor will be seen to comprise a register array in which
4-bit numbers can be stored, either from an I/O port or from the output of the
ALU via a shifter. Numbers from the register array can be fed in pairs to the
ALU to be added (or subtracted) and the result can be shifted or not. The
data connections between the I/O port, ALU, and shifter must be in the form
of 4-bit buses. Also, each of the blocks must be suitably connected to control
lines so that its function may be defined for any of a range of possible operations.

During the design process, and in particular when defining the interconnec-
tion strategy and designing the stick diagrams, care must be taken in allocating
the layers to the various data or control paths. Points to be noted:
1. Metal can cross poly or diffusion
2. Poly crossing diffusion form a transistor
3.Whenever lines touch on the same level an interconnection is formed
4. Simple contacts can be used to join diffusion or poly to metal.
5. Buried contacts or a butting contacts can be used to join diffusion and poly
6. Some processes use 2nd metal
7. 1st and 2nd metal layers may be joined using a via
8. Each layer has particular electrical properties which must be taken into ac-
count
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9.For CMOS layouts, p-and n-diffusion wires must not directly join each other
10. Nor may they cross either a p-well or an n-well boundary

10.1 Design of a 4-bit shifter

Any general purpose n-bit shifter should be able to shift incoming data by up
to n – 1 place in a right-shift or left-shift direction. Further specifying that all
shifts should be on an end-around basis, so that any bit shifted out at one end
of a data word will be shifted in at the other end of the word, then the problem
of right shift or left shift is greatly eased. It can be analyzed that for a 4-bit
word, that a 1-bit shift right is equivalent to a 3-bit shift left and a 2-bit shift
right is equivalent to a 2-bit left etc. Hence, the design of either shift right or
left can be done. Here the design is of shift right by 0, 1, 2, or 3 places. The
shifter must have:

• input from a four line parallel data bus

• four output lines for the shifted data

• means of transferring input data to output lines with any shift from 0 to
3 bits

Consider a direct MOS switch implementation of a 4 X 4 crossbar switches
shown. The arrangement is general and may be expanded to accommodate n-bit
inputs/outputs. In this arrangement any input can be connected to any or all
the outputs.
Furthermore, 16 control signals (sw00 – sw15), one for each transistor switch,
must be provided to drive the crossbar switch, and such complexity is highly
undesirable.
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An adaptation of this arrangement recognizes the fact that we couple the
switch gates together in groups of four and also form four separate groups cor-
responding to shifts of zero, one, two and three bits. The resulting arrangement
is known as a barrel shifter and a 4 X 4 barrel shifter circuit diagram

The interbus switches have their gate inputs connected in a staircase fash-
ion in groups of four and there are now four shift control inputs which must
be mutually exclusive in the active state. CMOS transmission gates may be
used in place of the simple pass transistor switches if appropriate. Barrel shifter
connects the input lines representing a word to a group of output lines with
the required shift determined by its control inputs (sh0, sh1, sh2, sh3). Control
inputs also determine the direction of the shift. If input word has n – bits and
shifts from 0 to n-1 bit positions are to be implemented.

Design of an ALU subsystem
Having designed the shifter, we shall design another subsystem of the 4-bit data
path. An appropriate choice is ALU as shown.

The heart of the ALU is a 4-bit adder circuit. A 4-bit adder must take sum
of two 4-bit numbers, and there is an assumption that all 4-bit quantities are
presented in parallel form and that the shifter circuit is designed to accept and
shift a 4-bit parallel sum from the ALU. The sum is to be stored in parallel at
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the output of the adder from where it is fed through the shifter and back to
the register array. Therefore, a single 4-bit data bus is needed from the adder
to the shifter and another 4-bit bus is required from the shifted output back to
the register array. Hence, for an adder two 4-bit parallel numbers are fed on
two 4-bit buses. The clock signal is also required to the adder, during which
the inputs are given and sum is generated. The shifter is unclocked but must
be connected to four shift control lines.

Design of a 4-bit adder:

The truth table of binary adder is as shown.

As seen from the table any column k there will be three inputs namely Ak ,
Bk as present input number and Ck-1 as the previous carry. It can also be seen
that there are two outputs sum Sk and carry Ck.

From the table one form of the equation is:

Sum Sk = HkCk-1
’+Hk

’Ck-1

New carry Ck = AkBk+HkCk-1

where Halfsum Hk=Ak
’Bk + AkBk

’

Adder element requirements

Table reveals that the adder requirement may be stated as:

If Ak = Bk then Sk = Ck-1

else Sk = Ck-1
’
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And for the carry Ck

If Ak = Bk then Ck=Ak = Bk

Thus the standard adder element for 1-bit is as shown.

Implementing ALU functions with an adder:
An ALU must be able to add and subtract two binary numbers, perform

logical operations such as And, Or and Equality (Ex-or) functions. Subtraction
can be performed by taking 2’s complement of the negative number and per-
form the further addition. It is desirable to keep the architecture as simple as
possible, and also see that the adder performs the logical operations also. Hence
let us examine the possibility.
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Propagation:

If we are able to localize a chain of bits ak ak+1...ak+p and bk bk+1...bk+p

for which ak not equal to bk for k in [k,k+p], then the output carry bit of this
chain will be equal to the input carry bit of the chain.
These remarks constitute the principle of generation and propagation used to
speed the addition of two numbers.
All adders which use this principle calculate in a first stage.

pk = ak XOR bk

gk = akbk
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Manchester carry – chain

This implementation can be very performant (20 transistors) depending on
the way the XOR function is built. The carry propagation of the carry is con-
trolled by the output of the XOR gate. The generation of the carry is directly
made by the function at the bottom. When both input signals are 1, then the
inverse output carry is 0.

In the schematic of Figure, the carry passes through a complete transmission
gate. If the carry path is precharged to VDD, the transmission gate is then
reduced to a simple NMOS transistor. In the same way the PMOS transistors
of the carry generation is removed. One gets a Manchester cell.

The Manchester cell is very fast, but a large set of such cascaded cells would
be slow. This is due to the distributed RC effect and the body effect making
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the propagation time grow with the square of the number of cells. Practically,
an inverter is added every four cells, like in Figure.

Adder Enhancement Techniques

The operands of addition are the addend and the augend. The addend
is added to the augend to form the sum. In most computers, the augmented
operand (the augend) is replaced by the sum, whereas the addend is unchanged.
High speed adders are not only for addition but also for subtraction, multipli-
cation and division. The speed of a digital processor depends heavily on the
speed of adders. The adders add vectors of bits and the principal problem is to
speed- up the carry signal. A traditional and non optimized four bit adder can
be made by the use of the generic one-bit adder cell connected one to the other.
It is the ripple carry adder. In this case, the sum resulting at each stage need
to wait for the incoming carry signal to perform the sum operation. The carry
propagation can be speed-up in two ways. The first –and most obvious– way is
to use a faster logic circuit technology. The second way is to generate carries by
means of forecasting logic that does not rely on the carry signal being rippled
from stage to stage of the adder.

Carry Skip Adder

Depending on the position at which a carry signal has been generated, the
propagation time can be variable. In the best case, when there is no carry gen-
eration, the addition time will only take into account the time to propagate the
carry signal. Figure is an example illustrating a carry signal generated twice,
with the input carry being equal to 0. In this case three simultaneous carry
propagations occur. The longest is the second, which takes 7 cell delays (it
starts at the 4th position and ends at the 11th position). So the addition time
of these two numbers with this 16-bits Ripple Carry Adder is 7.k + k’, where
k is the delay cell and k’ is the time needed to compute the 11th sum bit using
the 11th carry-in.

With a Ripple Carry Adder, if the input bits Ai and Bi are different for
all position i, then the carry signal is propagated at all positions (thus never
generated), and the addition is completed when the carry signal has propagated
through the whole adder. In this case, the Ripple Carry Adder is as slow as it
is large. Actually, Ripple Carry Adders are fast only for some configurations of
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the input words, where carry signals are generated at some positions.
Carry Skip Adders take advantage both of the generation or the propagation of
the carry signal. They are divided into blocks, where a special circuit detects
quickly if all the bits to be added are different (Pi = 1 in all the block). The
signal produced by this circuit will be called block propagation signal. If the
carry is propagated at all positions in the block, then the carry signal entering
into the block can directly bypass it and so be transmitted through a multiplexer
to the next block. As soon as the carry signal is transmitted to a block, it starts
to propagate through the block, as if it had been generated at the beginning of
the block. Figure shows the structure of a 24-bits Carry Skip Adder, divided
into 4 blocks.

Optimization of the carry skip adder

It becomes now obvious that there exist a trade-off between the speed and
the size of the blocks. In this part we analyze the division of the adder into
blocks of equal size. Let us denote k1 the time needed by the carry signal to
propagate through an adder cell, and k2 the time it needs to skip over one
block. Suppose the N-bit Carry Skip Adder is divided into M blocks, and each
block contains P adder cells. The actual addition time of a Ripple Carry Adder
depends on the configuration of the input words. The completion time may be
small but it also may reach the worst case, when all adder cells propagate the
carry signal. In the same way, we must evaluate the worst carry propagation
time for the Carry Skip Adder. The worst case of carry propagation is depicted
in Figure.
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The configuration of the input words is such that a carry signal is generated
at the beginning of the first block. Then this carry signal is propagated by all
the succeeding adder cells but the last which generates another carry signal. In
the first and the last block the block propagation signal is equal to 0, so the
entering carry signal is not transmitted to the next block. Consequently, in the
first block, the last adder cells must wait for the carry signal, which comes from
the first cell of the first block. When going out of the first block, the carry
signal is distributed to the 2nd, 3rd and last block, where it propagates. In
these blocks, the carry signals propagate almost simultaneously (we must ac-
count for the multiplexer delays). Any other situation leads to a better case.
Suppose for instance that the 2nd block does not propagate the carry signal (its
block propagation signal is equal to zero), then it means that a carry signal is
generated inside. This carry signal starts to propagate as soon as the input bits
are settled. In other words, at the beginning of the addition, there exist two
sources for the carry signals. The paths of these carry signals are shorter than
the carry path of the worst case. Let us formalize that the total adder is made
of N adder cells. It contains M blocks of P adder cells. The total of adder cells
is then.

N = M.P

The time T needed by the carry signal to propagate through P adder cells
is

T = k1.P

The time T’ needed by the carry signal to skip through M adder blocks is

T’ = k1.P

The problem to solve is to minimize the worst case delay which is:

Tworstcase = 2.P.k1+(M-2).k2

Tworstcase = 2.N/M.k1+(M-2).k2
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The Carry-Select Adder
This type of adder is not as fast as the Carry Look Ahead (CLA) presented in
a next section. However, despite its bigger amount of hardware needed, it has
an interesting design concept. The Carry Select principle requires two identical
parallel adders that are partitioned into four-bit groups. Each group consists
of the same design as that shown on Figure 6.18. The group generates a group
carry. In the carry select adder, two sums are generated simultaneously. One
sum assumes that the carry in is equal to one as the other assumes that the
carry in is equal to zero. So that the predicted group carry is used to select one
of the two sums.
It can be seen that the group carries logic increases rapidly when more high-
order groups are added to the total adder length. This complexity can be de-
creased, with a subsequent increase in the delay, by partitioning a long adder
into sections, with four groups per section, similar to the CLA adder.

Optimization of the carry select adder

• Computational time T = K1n

• Dividing the adder into blocks with 2 parallel paths T = K1n/2 + K2

• For a n-bit adder of M-blocks and each block contains P adder cells in
series T = PK1 + (M – 1) K2 ; n = M.P minimum value for T is when
M=
√

(K1n / K1 )

The Carry Look-Ahead Adder

The limitation in the sequential method of forming carries, especially in the
Ripple Carry adder arises from specifying ci as a specific function of ci-1. It is
possible to express a carry as a function of all the preceding low order carry
by using the recursivity of the carry function. With the following expression a
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considerable increase in speed can be realized.

Usually the size and complexity for a big adder using this equation is not
affordable. That is why the equation is used in a modular way by making groups
of carry (usually four bits). Such a unit generates then a group carry which give
the right predicted information to the next block giving time to the sum units
to perform their calculation.

Such unit can be implemented in various ways, according to the allowed
level of abstraction. In a CMOS process, 17 transistors are able to guarantee
the static function. However this design requires a careful sizing of the transis-
tors put in series.

The same design is available with less transistors in a dynamic logic design.
The sizing is still an important issue, but the number of transistors is reduced.

Multipliers

Introduction

Multiplication can be considered as a series of repeated additions. The num-
ber to be added is the multiplicand, the number of times that it is added is the
multiplier, and the result is the product. Each step of the addition generates
a partial product. In most computers, the operands usually contain the same
number of bits. When the operands are interpreted as integers, the product is
generally twice the length of the operands in order to preserve the information
content. This repeated addition method that is suggested by the arithmetic
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definition is slow that it is almost always replaced by an algorithm that makes
use of positional number representation.

It is possible to decompose multipliers in two parts. The first part is ded-
icated to the generation of partial products, and the second one collects and
adds them. As for adders, it is possible to enhance the intrinsic performances
of multipliers. Acting in the generation part, the Booth (or modified Booth)
algorithm is often used because it reduces the number of partial products. The
collection of the partial products can then be made using a regular array, a
Wallace tree or a binary tree

Serial-Parallel Multiplier

This multiplier is the simplest one, the multiplication is considered as a suc-
cession of additions.

If A = (a0an-1......a0) and B = (bnbn-1....b0)

The product A.B is expressed as :

A.B = A.2n.bn+A.2n-1.bn-1+...+A.20.b0
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The structure of Figure is suited only for positive operands. If the operands
are negative and coded in 2’s complement:

• The most significant bit of B has a negative weight, so a subtraction has
to be performed at the last step.

• Operand A.2k must be written on 2N bits, so the most significant bit
of A must be duplicated. It may be easier to shift the content of the
accumulator to the right instead of shifting A to the left.

Braun Parallel Multiplier
The simplest parallel multiplier is the Braun array. All the partial products
A.bk are computed in parallel, and then collected through a cascade of Carry
Save Adders. At the bottom of the array, the output of the array is noted in
Carry Save, so an additional adder converts it (by the mean of carry propaga-
tion) into the classical notation. The completion time is limited by the depth
of the carry save array, and by the carry propagation in the adder. Note that
this multiplier is only suited for positive operands. Negative operands may be
multiplied using a Baugh-Wooley multiplier.
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Baugh-Wooley Multiplier

This technique has been developed in order to design regular multipliers,
suited for 2’s-complement numbers.

Let us consider 2 numbers A and B:
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We see that subtraction cells must be used. In order to use only adder cells,
the negative terms may be rewritten as:
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A and B are n-bits operands, so their product is a 2n-bits number. Conse-
quently, the most significant weight is 2n-1, and the first term -22n-1 is taken
into account by adding a 1 in the most significant cell of the multiplier. The
implementation is shown in figure.
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Booth Algorithm
This algorithm is a powerful direct algorithm for signed-number multiplication.
It generates a 2n-bit product and treats both positive and negative numbers
uniformly. The idea is to reduce the number of additions to perform. Booth al-
gorithm allows in the best case n/2 additions whereas modified Booth algorithm
allows always n/2 additions.
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In fact, the modified Booth algorithm converts a signed number from the
standard 2’s-complement radix into a number system where the digits are in
the set -1,0,1. In this number system, any number may be written in several
forms, so the system is called redundant. The coding table for the modified
Booth algorithm is given in Table. The algorithm scans strings composed of
three digits. Depending on the value of the string, a certain operation will be
performed. A possible implementation of the Booth encoder is given on Figure.
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Wallace Trees

For this purpose, Wallace trees were introduced. The addition time grows
like the logarithm of the bit number. The simplest Wallace tree is the adder
cell. More generally, an n-inputs Wallace tree is an n-input operator and log2(n)
outputs, such that the value of the output word is equal to the number of “1” in
the input word. The input bits and the least significant bit of the output have
the same weight. An important property of Wallace trees is that they may be
constructed using adder cells. Furthermore, the number of adder cells needed
grows like the logarithm log2(n) of the number n of input bits. Consequently,
Wallace trees are useful whenever a large number of operands are to add, like in
multipliers. In a Braun or Baugh-Wooley multiplier with a Ripple Carry Adder,
the completion time of the multiplication is proportional to twice the number n
of bits. If the collection of the partial products is made through Wallace trees,
the time for getting the result in a carry save notation should be proportional
to log2(n).

99



Figure represents a 7-inputs adder: for each weight, Wallace trees are used
until there remain only two bits of each weight, as to add them using a classical
2-inputs adder. When taking into account the regularity of the interconnections,
Wallace trees are the most irregular.

10.2 Memories

System timing considerations:

1. Two phase non-overlapping clock
2. 1 leads 2
3. Bits to be stored are written to register and subsystems on 1
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4. Bits or data written are assumed to be settled before 2
5. 2 signal used to refresh data
6. Delays assumed to be less than the intervals between the leading edge of 1 2
7. Bits or data may be read on the next 1
8. There must be atleast one clocked storage element in series with every closed
loop signal path

Storage / Memory Elements:

The elements that we will be studying are:
• Dynamic shift register
• 3T dynamic RAM cell
• 1T dynamic memory cell
• Pseudo static RAM / register cell
• 4T dynamic 6T static memory cell
• JK FF circuit
• D FF circuit

3T dynamic RAM cell:

Circuit diagram
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Working
• RD = low, bit read from bus through T1, WR = high, logic level on bus sent
to Cg of T2, WR = low again
• Bit level is stored in Cg of T2, RD=WR=low
• Stored bit is read by RD = high, bus will be pulled to ground if a 1 was stored
else 0 if T2 non-conducting, bus will remain high.

Dissipation

• Static dissipation is nil
• Depends on bus pull-up on duration of RD signal switching frequency

Volatility
• Cell is dynamic, data will be there as long as charge remains on Cg of T2

1T dynamic memory cell:

Circuit diagram

Working

• Row select (RS) = high, during write from R/W line Cm is charged
• data is read from Cm by detecting the charge on Cm with RS = high
• cell arrangement is bit complex.
• solution: extend the diffusion area comprising source of pass transistor, but
Cd¡¡¡ Cgchannel
• another solution : create significant capacitor using poly plate over diffusion
area.
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• Cm is formed as a 3-plate structure
• with all this careful design is necessary to achieve consistent readability

Dissipation
• no static power, but there must be an allowance for switching energy during
read/write

Pseudo static RAM / register cell:

Working
• dynamic RAM need to be refreshed periodically and hence not convenient
• static RAM needs to be designed to hold data indefinitely
• One way is connect 2 inverter stages with a feedback.
• say 2 to refresh the data every clock cycle
• bit is written on activating the WR line which occurs with 1 of the clock
• bit on Cg of inverter 1 will produce complemented output at inverter 1 and
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true at output of inverter 2
• at every 2 , stored bit is refreshed through the gated feedback path
• stored bit is held till 2 of clock occurs at time less than the decay time of
stored bit
• to read RD along with 1 is activated
Note:
• WR and RD must be mutually exclusive
• 2 is used for refreshing, hence no data to be read, if so charge sharing effect,
leading to destruction of stored bit
• cells must be stackable, both side-by-side top to bottom
• allow for other bus lines to run through the cell

4T dynamic 6T static memory cell:

Working
• uses 2 buses per bit to store bit and bit’
• both buses are precharged to logic 1 before read or write operation.
• write operation
• read operation

Write operation
• both bit bit’ buses are precharged to VDD with clock 1 via transistor T5 T6
• column select line is activated along with φ2
• either bit or bit’ line is discharged along the I/O line when carrying a logic 0
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• row column select signals are activated at the same time => bit line states
are written in via T3 & T4, stored by T1 & T2 as charge

Read operation

• bit and bit’ lines are again precharged to VDD via T5 & T6 during φ1
• if 1 has been stored, T2 ON & T1 OFF
• bit’ line will be discharged to VSS via T2
• each cell of RAM array be of minimum size hence will be the transistors
• implies incapable of sinking large charges quickly
RAM arrays usually employ some form of sense amplifier
• T1, T2, T3 T4 form as flip-flop circuit
• if sense line to be inactive, state of the bit line reflects the charge present on
gate capacitance of T1 & T3
• current flowing from VDD through an on transistor helps to maintain the
state of bit lines

10.3 Testing

VLSI Realization Process
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VLSI Design Cycle

Role of Testing

If you design a product, fabricate, and test it, and it fails the test, then there
must be a cause for the failure

• Test was wrong

• The fabrication process was faulty

• The design was incorrect

• The specification problem

The role of testing is to detect whether something went wrong and the role of
diagnosis is to determine exactly what went wrong. Correctness and effective-
ness of testing is most important for quality products.

Benefits of Testing
Quality and economy are two major benefits of testing

• The two attributes are greatly dependent and can not be defined without
the other

• Quality means satisfying the user’s needs at a minimum cost

• The purpose of testing is to weed out all bad products before they reach
the user
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• The number of bad products heavily affect the price of good products

• A profound understanding of the principles of manufacturing and test is
essential for an engineer to design a quality product

Trends of Testing
Two key factors are changing the way of VLSI ICs testing

1. The manufacturing test cost has been not scaling
2. The effort to generate tests has been growing geometrically along with prod-
uct complexity

Need of testing
The Physical defects are likely in manufacturing like

• Missing connections (opens)

• Bridged connections (shorts)

• Imperfect doping, processing steps

• Packaging

The yields here in this are generally low( Yield = Fraction of good die per wafer).
It needs to weed out bad die before assembly. There is a need to test during
operation like Electromagnetic interference, mechanical stress, electromigration,
alpha particles
The testing levels are wafer, packaged chip, Board, system, field and concurrent
checking.

10.3.1 Fault and Fault Models

A fault model is a model of how a physical or parametric fault manifests itself
in the circuit Operation. Fault tests are derived based on these models
Physical Faults are caused due to the following reasons:
1. Defect in silicon substrate
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2. Photolithographic defects
3. Mask contamination and scratches
4. Process variations and abnormalities
5. Oxide defects

Physical faults cause Electrical and Logical faults Logical Faults are:

1. Single/multiple stuck-at (most used)
2. CMOS stuck-open
3. CMOS stuck-on
4. AND / OR Bridging faults
Electrical faults are due to short, opens, transistor stuck on, stuck open, exces-
sive steady state currents, resistive shorts and open.

Defects are too many and too difficult to explicitly enumerate. Abstraction
(technology independence): presence of physical defect is modeled by changing
the logic function (or delay). Reduced complexity: distinct physical defects may
be represented by the same logical fault. Generality: tests derived for logical
faults may detect vaguely-understood or hard-to-analyze physical defects. A
test pattern detects a fault from the fault model.

Instead of targeting specific defects, fault models are used to capture the
logical effect of the underlying defect. Fault models considered in this chapter:
1. Stuck-at fault
2. Bridging fault
3. Transition fault
4. Path-delay fault

10.3.2 ATPG

Automatic Test Pattern Generation (ATPG)
Algorithms generating sequence of test vectors for a given circuit based on spe-
cific fault models.

Important ATPG algorithms

• D algorithm (Roth, 1966)
• PODEM (Goel, 1981) (Path Oriented Decision Making (PODEM) Algorithm)
• FAN (Fujiwara and Shimino, 1983)
• SOCRATES (Schulz et al., 1988)
• EST (Giraldi and Bushnell., 1990)
• Recursive Learning (Kunz and Pradhan., 1992)

Automatic Test Equipment (ATE)
Test application is performed by automatic test equipment (ATE)
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ATE consists of
• Computer – for central control and flexible test measurement for different
products
• Pin electronics fixtures – to apply test patterns to pins sample responses
• Test program – controls timing of test patterns compares response to known
good responses

•ATPG stands for automatic test pattern generation.
•Procedure involves generation of input patterns that can ascertain
presence or absence of fault(s) at some location(s) in a circuit.
(i) fault simulation and (ii) sensitization–propagation –justification

These techniques are based on Boolean logic manipulations and are most
widely used.
• ATPG technique that requires thermal imaging technique.
• Images of the silicon (of the circuit) and then drawing conclusions based on
temperature profile of various regions of the silicon.
• For example, when a net say A, has stuck-at-0 fault and primary inputs are
applied such that net A gets 1, then temperature in A will be abnormally higher,
due to high short circuit current.

The advantage is, we need not have to worry about propagating the effect
of the fault to primary outputs, as all internal points are observable in terms
of temperature profile. So, sensitization is enough to generate a test pattern.
However, the instrumentation cost for thermal imaging is high. So, widely used
ATPG algorithms are based on logic manipulations.

10.3.3 Design for Testability(DFT)

It is generally incorporated in design. The mail goal of DFT is to improve
controllability and/or observability of internal nodes of a chip or PCB.

Three Basic Approaches
• Ad-hoc techniques
• Scan design
• Partial Scan
• Boundary Scan
• Built-In Self-Test (BIST)

1. Design the circuit in such a manner that testing becomes fast, with high
fault coverage and economical
2. Integration of Design and Test is referred to as DFT.
3. DFT refers to hardware design styles or added hardware that reduces test
generation complexity.

Two key concepts
• Observability
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• Controllability
DFT often is associated with design modifications that provide improved access
to internal circuit elements such that the local internal state can be controlled
(controllability) and/or observed (observability) more easily. The design modifi-
cations can be strictly physical in nature (e.g., adding a physical probe point to a
net) and/or add active circuit elements to facilitate controllability/observability
(e.g., inserting a multiplexer into a net). While controllability and observability
improvements for internal circuit elements definitely are important for test, they
are not the only type of DFT.

Design for testability (DFT) refers to those design techniques that make the
task of subsequent testing easier. There is definitely no single methodology that
solves all embedded system-testing problems. There also is no single DFT tech-
nique, which is effective for all kinds of circuits. DFT techniques can largely be
divided into two categories, i.e., ad hoc techniques and structured (systematic)
techniques.
DFT methods for digital circuits:
1. Ad-hoc methods
2. Structured methods
3. Scan
4. Partial Scan
5. Built-in self-test
6. Boundary scan

Ad-hoc DFT methods
Good design practices learnt through experience are used as guidelines for ad-
hoc DFT. Some important guidelines are given below.

Things to be followed

1. Large circuits should be partitioned into smaller sub-circuits to reduce
test costs. One of the most important steps in designing a testable chip is to first
partition the chip in an appropriate way such that for each functional module
there is an effective (DFT) technique to test it. Partitioning must be done at
every level of the design process, from architecture to circuit, whether testing
is considered or not. Partitioning can be functional (according to functional
module boundaries) or physical (based on circuit topology). Partitioning can
be done by using multiplexers and/or scan chains.

2. Test access points must be inserted to enhance controllability observ-
ability of the circuit. Test points include control points (CPs) and observation
points (OPs). The CPs are active test points, while the OPs are passive ones.
There are also test points, which are both CPs and OPs. Before exercising test
through test points that are not PIs and POs, one should investigate into addi-
tional requirements on the test points raised by the use of test equipments.
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3. Circuits (flip-flops) must be easily initializable to enhance predictability.
A power-on reset mechanism controllable from primary inputs is the most ef-
fective and widely used approach.

4. Test control must be provided for difficult-to-control signals.

5. Automatic Test Equipment (ATE) requirements such as pin limita-
tion, tri-stating, timing resolution, speed, memory depth, driving capability,
analog/mixed-signal support, internal/boundary scan support, etc., should be
considered during the design process to avoid delay of the project and unnec-
essary investment on the equipments. 6. Internal oscillators, PLLs and clocks
should be disabled during test. To guarantee tester synchronization, internal
oscillator and clock generator circuitry should be isolated during the test of the
functional circuitry. The internal oscillators and clocks should also be tested
separately.

7. Analog and digital circuits should be kept physically separate. Analog
circuit testing is very much different from digital circuit testing. Testing for
analog circuits refers to real measurement, since analog signals are continuous
(as opposed to discrete or logic signals in digital circuits). They require differ-
ent test equipments and different test methodologies. Therefore they should be
tested separately.

Things to be avoided

1. Asynchronous(unclocked) logic feedback in the circuit must be avoided. A
feedback in the combinational logic can give rise to oscillation for certain inputs.
Since no clocking is employed, timing is continuous instead of discrete, which
makes tester synchronization virtually impossible, and therefore only functional
test by application board can be used.

2. Monostables and self-resetting logic should be avoided. A monostable
(one-shot) multivibrator produces a pulse of constant duration in response to
the rising or falling transition of the trigger input. Its pulse duration is usu-
ally controlled externally by a resistor and a capacitor (with current technology,
they also can be integrated on chip). One-shots are used mainly for 1) pulse
shaping, 2) switch-on delays, 3) switch-off delays, 4) signal delays. Since it is
not controlled by clocks, synchronization and precise duration control are very
difficult, which in turn reduces testability by ATE. Counters and dividers are
better candidates for delay control.

3. Redundant gates must be avoided.

4. High fanin/fanout combinations must be avoided as large fan-in makes
the inputs of the gate difficult to observe and makes the gate output difficult to
control.
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5. Gated clocks should be avoided. These degrade the controllability of
circuit nodes.

Testing combinational logic

The solution to the problem of testing a purely combinational logic block is a
good set of patterns detecting ”all” the possible faults. The first idea to test an N
input circuit would be to apply an N-bit counter to the inputs (controllability),
then generate all the 2N combinations, and observe the outputs for checking
(observability). This is called ”exhaustive testing”, and it is very efficient... but
only for few- input circuits. When the input number increase, this technique
becomes very time consuming.

Sensitized Path Testing

Most of the time, in exhaustive testing, many patterns do not occur during
the application of the circuit. So instead of spending a huge amount of time
searching for faults everywhere, the possible faults are first enumerated and a
set of appropriate vectors are then generated. This is called ”single-path sensi-
tization” and it is based on ”fault oriented testing”.

The basic idea is to select a path from the site of a fault, through a sequence
of gates leading to an output of the combinational logic under test. The process
is composed of three steps :
• Manifestation : gate inputs, at the site of the fault, are specified as to generate
the opposite value of the faulty value (0 for SA1, 1 for SA0).
• Propagation : inputs of the other gates are determined so as to propagate
the fault signal along the specified path to the primary output of the circuit.
This is done by setting these inputs to ”1” for AND/NAND gates and ”0” for
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OR/NOR gates.
• Consistency : or justification. This final step helps finding the primary input
pattern that will realize all the necessary input values. This is done by tracing
backward from the gate inputs to the primary inputs of the logic in order to
receive the test patterns.

D – Algorithm:

Given a circuit comprising combinational logic, the algorithm aims to find
an assignment of input values that will allow detection of a particular internal
fault by examining the output conditions. Using this algorithm the system can
either be said as good or faulty. The existence of a fault in the faulty machine
will cause a discrepancy between its behavior and that of the good machine for
some particular values of inputs. The D-algorithm provides a systematic means
of assigning input values for that particular design so that the discrepancy is
driven to an output where it may be observed and thus detected. The algorithm
is time-intensive and computing intensive for large circuits.

Practical design for test guidelines

Practical guidelines for testability should aim to facilitate test processes in
three main ways:
• facilitate test generation
• facilitate test application
• avoid timing problems
These matters are discussed as below:

Improve Controllability and Observability

All ”design for test” methods ensure that a design has enough observability
and controllability to provide for a complete and efficient testing. When a node
has difficult access from primary inputs or outputs (pads of the circuit), a very
efficient method is to add internal pads acceding to this kind of node in order,
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for instance, to control block B2 and observe block B1 with a probe.

It is easy to observe block B1 by adding a pad just on its output, without
breaking the link between the two blocks. The control of the block B2 means
to set a 0 or a 1 to its input, and also to be transparent to the link B1-B2. The
logic functions of this purpose are a NOR- gate, transparent to a zero, and a
NAND-gate, transparent to a one. By this way the control of B2 is possible
across these two gates.

Another implementation of this cell is based on pass-gates multiplexers per-
forming the same function, but with less transistors than with the NAND and
NOR gates (8 instead of 12).

The simple optimization of observation and control is not enough to guaran-
tee a full testability of the blocks B1 and B2. This technique has to be completed
with some other techniques of testing depending on the internal structures of
blocks B1 and B2.

Use Multiplexers

This technique is an extension of the precedent, while multiplexers are used
in case of limitation of primary inputs and outputs.

In this case the major penalties are extra devices and propagation delays due
to multiplexers. Demultiplexers are also used to improve observability. Using
multiplexers and demultiplexers allows internal access of blocks separately from
each other, which is the basis of techniques based on partitioning or bypassing
blocks to observe or control separately other blocks.

Partition Large Circuits

Partitioning large circuits into smaller sub-circuits reduces the test-generation
effort. The test- generation effort for a general purpose circuit of n gates is as-
sumed to be proportional to somewhere between n2 and n3. If the circuit is
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partitioned into two subcircuits, then the amount of test generation effort is
reduced correspondingly.

Logical partitioning of a circuit should be based on recognizable sub-functions
and can be achieved physically by incorporating some facilities to isolate and
control clock lines, reset lines and power supply lines. The multiplexers can
be massively used to separate sub-circuits without changing the function of the
global circuit.

Divide Long Counter Chains

Based on the same principle of partitioning, the counters are sequential ele-
ments that need a large number of vectors to be fully tested. The partitioning
of a long counter corresponds to its division into sub-counters. The full test of
a 16-bit counter requires the application of 216 + 1 = 65537 clock pulses. If
this counter is divided into two 8-bit counters, then each counter can be tested
separately, and the total test time is reduced 128 times (27). This is also useful
if there are subsequent requirements to set the counter to a particular count for
tests associated with other parts of the circuit: pre-loading facilities.

Initialize Sequential Logic
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One of the most important problems in sequential logic testing occurs at the
time of power-on, where the first state is random if there were no initialization.
In this case it is impossible to start a test sequence correctly, because of memory
effects of the sequential elements.

The solution is to provide flip-flops or latches with a set or reset input, and
then to use them so that the test sequence would start with a known state.
Ideally, all memory elements should be able to be set to a known state, but
practically this could be very surface consuming, also it is not always necessary
to initialize all the sequential logic. For example, a serial-in serial-out counter
could have its first flip-flop provided with an initialization, then after a few clock
pulses the counter is in a known state. Overriding of the tester is necessary some
times, and requires the addition of gates before a Set or a Reset so the tester
can override the initialization state of the logic.

Avoid Asynchronous Logic
Asynchronous logic uses memory elements in which state-transitions are con-
trolled by the sequence of changes on the primary inputs. There is thus no way
to determine easily when the next state will be established. This is again a
problem of timing and memory effects.
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Asynchronous logic is faster than synchronous logic, since the speed in asyn-
chronous logic is only limited by gate propagation delays and interconnects. The
design of asynchronous logic is then more difficult than synchronous (clocked)
logic and must be carried out with due regards to the possibility of critical races
(circuit behavior depending on two inputs changing simultaneously) and haz-
ards (occurrence of a momentary value opposite to the expected value).

Non-deterministic behavior in asynchronous logic can cause problems during
fault simulation. Time dependency of operation can make testing very difficult,
since it is sensitive to tester signal skew.

Avoid Logical Redundancy

Logical redundancy exists either to mask a static-hazard condition, or un-
intentionally (design bug). In both cases, with a logically redundant node it
is not possible to make a primary output value dependent on the value of the
redundant node. This means that certain fault conditions on the node cannot
be detected, such as a node SA1 of the function F.

Another inconvenience of logical redundancy is the possibility for a nonde-
tectable fault on a redundant node to mask the detection of a fault normally-
detectable, such a SA0 of input C in the second example, masked by a SA1 of
a redundant node.

Avoid Delay Dependent Logic

Automatic test pattern generators work in logic domains, they view delay
dependent logic as redundant combinational logic. In this case the ATPG will
see an AND of a signal with its complement, and will therefore always compute
a 0 on the output of the AND-gate (instead of a pulse). Adding an OR-gate
after the AND-gate output permits to the ATPG to substitute a clock signal
directly.
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Avoid Clock Gating

When a clock signal is gated with any data signal, for example a load signal
coming from a tester, a skew or any other hazard on that signal can cause an
error on the output of logic. This is also due to asynchronous type of logic.
Clock signals should be distributed in the circuit with respect to synchronous
logic structure.

Distinguish Between Signal and Clock

This is another timing situation to avoid, in which the tester could not be
synchronized if one clock or more are dependent on asynchronous delays (across
D-input of flip-flops, for example).

Avoid Self Resetting Logic

The self resetting logic is more related to asynchronous logic, since a reset
input is independent of clock signal.

Before the delayed reset, the tester reads the set value and continues the nor-
mal operation. If a reset has occurred before tester observation, then the read
value is erroneous. The solution to this problem is to allow the tester to over-
ride by adding an OR-gate, for example, with an inhibition input coming from
the tester. By this way the right response is given to the tester at the right time.

PUse Bused Structure

This approach is related, by structure, to partitioning technique. It is very
useful for microprocessor-like circuits. Using this structure allows the external
tester the access of three buses, which go to many different modules.

The tester can then disconnect any module from the buses by putting its
output into a high- impedance state. Test patterns can then be applied to each
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module separately.

Separate Analog and Digital Circuits

Testing analog circuit requires a completely different strategy than for digi-
tal circuit. Also the sharp edges of digital signals can cause cross-talk problem
to the analog lines, if they are close to each other.

If it is necessary to route digital signals near analog lines, then the digital
lines should be properly balanced and shielded. Also, in the cases of circuits
like AnalogDigital converters, it is better to bring out analog signals for obser-
vation before conversion. For Digital-Analog converters, digital signals are to
be brought out also for observation before conversion.

Ad-Hoc DFT Method

Good design practices learnt through experience are used as guidelines:
• Avoid asynchronous (unclocked) feedback.
• Make flip-flops initializable.
• Avoid redundant gates. Avoid large fan-in gates.
• Provide test control for difficult-to-control signals.
• Avoid gated clocks.
• Avoid delay dependant logic.
• Avoid parallel drivers.
• Avoid monostable and self-resetting logic.

Disadvantages of ad-hoc DFT methods:
• Experts and tools not always available.
• Test generation is often manual with no guarantee of high fault coverage.
• Design iterations may be necessary.
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Scan Design Techniques

The set of design for testability guidelines presented above is a set of ad
hoc methods to design random logic in respect with testability requirements.
The scan design techniques are a set of structured approaches to design (for
testability) the sequential circuits.
The major difficulty in testing sequential circuits is determining the internal
state of the circuit. Scan design techniques are directed at improving the con-
trollability and observability of the internal states of a sequential circuit. By
this the problem of testing a sequential circuit is reduced to that of testing a
combinational circuit, since the internal states of the circuit are under control.

Scan Path

The goal of the scan path technique is to reconfigure a sequential circuit, for
the purpose of testing, into a combinational circuit. Since a sequential circuit
is based on a combinational circuit and some storage elements, the technique
of scan path consists in connecting together all the storage elements to form a
long serial shift register. Thus the internal state of the circuit can be observed
and controlled by shifting (scanning) out the contents of the storage elements.
The shift register is then called a scan path.

The storage elements can either be D, J-K, or R-S types of flip-flops, but
simple latches cannot be used in scan path. However, the structure of storage
elements is slightly different than classical ones. Generally the selection of the
input source is achieved using a multiplexer on the data input controlled by an
external mode signal. This multiplexer is integrated into the D-flip-flop, in our
case; the D-flip-flop is then called MD-flip-flop (multiplexed-flip-flop).
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The sequential circuit containing a scan path has two modes of operation: a
normal mode and a test mode which configure the storage elements in the scan
path.

As analyzed from figure 8.13, in the normal mode, the storage elements are
connected to the combinational circuit, in the loops of the global sequential cir-
cuit, which is considered then as a finite state machine.

In the test mode, the loops are broken and the storage elements are con-
nected together as a serial shift register (scan path), receiving the same clock
signal. The input of the scan path is called scan-in and the output scan-out.
Several scan paths can be implemented in one same complex circuit if it is nec-
essary, though having several scan-in inputs and scan-out outputs.

A large sequential circuit can be partitioned into sub-circuits, containing
combinational sub-circuits, associated with one scan path each. Efficiency of
the test pattern generation for a combinational sub-circuit is greatly improved
by partitioning, since its depth is reduced.

Before applying test patterns, the shift register itself has to be verified by
shifting in all ones i.e. 111...11, or zeros i.e. 000...00, and comparing.

The method of testing a circuit with the scan path is as follows:
1. Set test mode signal, flip-flops accept data from input scan-in
2. Verify the scan path by shifting in and out test data
3. Set the shift register to an initial state
4. Apply a test pattern to the primary inputs of the circuit
5. Set normal mode, the circuit settles and can monitor the primary outputs of
the circuit
6. Activate the circuit clock for one cycle 7. Return to test mode
8. Scan out the contents of the registers, simultaneously scan in the next pattern

Level sensitivity scan design (LSSD)

The level-sensitive aspect means that the sequential network is designed so
that when an input change occurs, the response is independent of the compo-
nent and wiring delays within the network.
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The scan path aspect is due to the use of shift register latches (SRL) em-
ployed as storage elements. In the test mode they are connected as a long serial
shidt register. Each SRL has a specific design similar to a master-slave FF. it is
driven by two nonoverlapping clocks which can be controlled readily from the
primary inputs to the circuit.

Input D1 is the normal data input to the SRL; clocks CK1 and CK2 control
the normal operation of the SRL while clocks CK3 and CK2 control scan path
movements through the SRL. The SRL output is derived at L2 in both modes
of operation, the mode depending on which clocks are activated.

Advantages:
• Circuit operation is independent of dynamic characteristics of the logic ele-
ments
• ATP generation is simplified
• Eliminate hazards and races
• Simplifies test generation and fault simulation

Boundary Scan Test (BST)

Boundary Scan Test (BST) is a technique involving scan path and self-testing
techniques to resolve the problem of testing boards carrying VLSI integrated cir-
cuits and/or surface mounted devices (SMD).

Printed circuit boards (PCB) are becoming very dense and complex, espe-
cially with SMD circuits, that most test equipment cannot guarantee good fault
coverage.

BST consists in placing a scan path (shift register) adjacent to each com-
ponent pin and to interconnect the cells in order to form a chain around the
border of the circuit. The BST circuits contained on one board are then con-
nected together to form a single path through the board.

The boundary scan path is provided with serial input and output pads and
appropriate clock pads which make it possible to:

• Test the interconnections between the various chip
• Deliver test data to the chips on board for self-testing
• Test the chips themselves with internal self-test

The advantages of Boundary scan techniques are as follows :
• No need for complex testers in PCB testing
• Test engineers work is simplified and more efficient
• Time to spend on test pattern generation and application is reduced
• Fault coverage is greatly increased.
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10.3.4 Built-in-self test

1. To reduce test pattern generation cost
2. To reduce volume of test data
3. To reduce test time

Built-in Self Test, or BIST, is the technique of designing additional hard-
ware and software features into integrated circuits to allow them to perform
self-testing, i.e., testing of their own operation (functionally, parametrically, or
both) using their own circuits, thereby reducing dependence on an external au-
tomated test equipment (ATE).

BIST is a Design-for-Testability (DFT) technique, because it makes the elec-
trical testing of a chip easier, faster, more efficient, and less costly. The concept
of BIST is applicable to just about any kind of circuit, so its implementation
can vary as widely as the product diversity that it caters to. As an example, a
common BIST approach for DRAM’s includes the incorporation onto the chip
of additional circuits for pattern generation, timing, mode selection, and go-
/no-go diagnostic tests.

Advantages of implementing BIST include:
1) Lower cost of test, since the need for external electrical testing using an ATE
will be reduced, if not eliminated
2) Better fault coverage, since special test structures can be incorporated onto
the chips
3) Shorter test times if the BIST can be designed to test more structures in
parallel
4) Easier customer support and
5) Capability to perform tests outside the production electrical testing environ-
ment.
The last advantage mentioned can actually allow the consumers themselves to
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test the chips prior to mounting or even after these are in the application boards.

Disadvantages of implementing BIST include:

1) Additional silicon area and fab processing requirements for the BIST cir-
cuits
2) Reduced access times
3) Additional pin (and possibly bigger package size) requirements, since the
BIST circuitry need a way to interface with the outside world to be effective
and
4) Possible issues with the correctness of BIST results, since the on-chip testing
hardware itself can fail.

Techniques are:
• compact test: signature analysis
• linear feedback shift register
• BILBO
• self checking technique

Compact Test: Signature analysis

Signature analysis performs polynomial division that is, division of the data
out of the device under test (DUT). This data is represented as a polynomial
P(x) which is divided by a characteristic polynomial C(x) to give the signature
R(x), so that
R(x) = P(x)/C(x)

Linear feedback shift register (LFSR):
An LFSR is a shift register that, when clocked, advances the signal through
the register from one bit to the next most-significant bit. Some of the outputs
are combined in exclusive-OR configuration to form a feedback mechanism. A
linear feedback shift register can be formed by performing exclusive-OR (Figure
8.16) on the outputs of two or more of the flip-flops together and feeding those
outputs back into the input of one of the flip-flops.

LFSR technique can be applied in a number of ways, including random num-
ber generation, polynomial division for signature analysis, and n-bit counting.
LFSR can be series or parallel, the differences being in the operating speed and
in the area of silicon occupied; Parallel LFSR being faster but larger than serial
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LFSR.

Built-in logic block observer (BILBO):
BILBO is a built-in test generation scheme which uses signature analysis in
conjunction with a scan path. The major component of a BILBO is an LFSR
with a few gates.
A BILBO register (built-in logic block observer) combines normal flipflops with
a few additional gates to provide four different functions. The example circuit
shown in the applet realizes a four-bit register. However, the generalization to
larger bitwidths should be obvious, with the XOR gates in the LFSR feedback
path chosen to implement a good polynomial for the given bit-width.

When the A and B control inputs are both 1, the circuit functions as a nor-
mal parallel D-type register.

When both A and B inputs are 0, the D-inputs are ignored (due to the AND
gate connected to A), but the flipflops are connected as a shift-register via the
NOR and XOR gates. The input to the first flipflop is then selected via the
multiplexer controlled by the S input. If the S input is 1, the multiplexer trans-
mits the value of the external SIN shift-in input to the first flipflop, so that the
BILBO register works as a normal shift-register. This allows to initialize the
register contents using a single signal wire, e.g. from an external test controller.

If all of the A, B, and S inputs are 0, the flipflops are configured as a shiftreg-
ister, again, but the input bit to the first flipflop is computed by the XOR gates
in the LFSR feedback path. This means that the register works as a standard
LFSR pseudorandom pattern generator, useful to drive the logic connected to
the Q outputs. Note that the start value of the LFSR sequence can be set by
shifting it in via the SIN input.

Finally, if B and S are 0 but A is 1, the flipflops are configured as a shift-
register, but the input value of each flipflop is the XOR of the D-input and the
Q-output of the previous flipflop. This is exactly the configuration of a standard
LFSR signature analysis register.

Because a BILBO register can be used as a pattern generator for the block
it drives, as well provide signature-analysis for the block it is driven by, a whole
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circuit can be made self-testable with very low overhead and with only minimal
performance degradation (two extra gates before the D inputs of the flipflops).
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11 Unit - V(Programmable logics)

11.1 Read only memories

Read-Only Memory (ROM) is the primary memory unit of any computer system
along with the Random Access Memory (RAM), but unlike RAM, in ROM, the
binary information is stored permanently . Now, this information to be stored is
provided by the designer and is then stored inside the ROM . Once, it is stored,
it remains within the unit, even when power is turned off and on again .

The information is embedded in the ROM, in the form of bits, by a process
known as programming the ROM . Here, programming is used to refer to the
hardware procedure which specifies the bits that are going to be inserted in the
hardware configuration of the device . And this is what makes ROM a Pro-
grammable Logic Device (PLD) .

A read-only memory (ROM) is a device that includes both the decoder and
the OR gates within a single IC package. The connections between the outputs
of the decoder and the inputs of the OR gates can be specified for each partic-
ular configuration.
A ROM is essentially a memory (or storage) device in which permanent binary
information is stored. The binary information must be specified by the designer
and is then embedded in the unit to form the required interconnection pattern.
ROMs come with special internal electronic fuses that can be ”programmed”
for a specific configuration. Once the pattern is established, it stays within the
unit even when power is turned off and on again.
It consists of n input lines and m output lines. Each bit combination of the
input variables is called an address. Each bit combination that comes out of
the output lines is called a word. The number of bits per word is equal to
the number of output lines, m. An address is essentially a binary number that
denotes one of the min terms of n variables. The number of distinct addresses
possible with n input variables is 2n . An output word can be selected by a
unique address, and since there are 2n distinct addresses in a ROM, there are
2n distinct wordsthat are said to be stored in the unit. The word available on
the output lines at any given time depends on the address value applied to the
input lines. A ROM is characterized by the number of words 2n nd the number
of bits per word m.

Consider a 32 x 8 ROM. The unit consists of 32 words of 8 bits each. This
means that there are eight output lines and that there are 32, distinct words
stored in the unit, each of which may be applied to the output lines. The partic-
ular word selected that is presently available on the output lines is determined
from the five input lines. There are only five inputs in a 32 x 8 ROM because
25 = 32, and with five variables, we can specify 32 addresses or min terms. For
each address input, there is a unique selected word. Thus, if the input address
is 00000, word number 0 is selected and it appears on the output lines. If the
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input address is 11111, word number 31 is selected and applied to the output
lines. In between, there are 30 other addresses that can select the other 30 words.

ROM Application:-
1. Preprogrammed toy circuit,
2. Preprogrammed robot circuit,
3. Standard look up table,
4. Arithmetic function table generator,
5. User defined code generator,
6. Character generator,
7. Printable or displayable fonts table

128



Types of Memories
Integrated-circuit RAM units are available in two possible operating modes,
static and dynamic. The static RAM consists essentially of internal flip-flops
that store the binary information. The stored information remains valid as
long as power is applied to the unit. The dynamic RAM stores the binary in-
formation in the form of electric charges that are applied to capacitors. The
capacitors are provided inside the chip by MOS transistors. The stored charge
on the capacitors tends to discharge with time and the capacitors must be pe-
riodically recharged by refreshing the dynamic memory. Refreshing is done by
cycling through the words every few milliseconds to restore the decaying charge.
Dynamic RAM offers reduced power consumption and larger storage capacity
in a single memory chip, but static RAM is easier to use and has shorter read
and write cycles.

11.2 Programmed Logic Array (PLA):-

The canonic sum-of-products implementation of a logic function is wasteful in
two ways: in the number of AND gates used (as many as there are min terms,
2n ) and in the number of inputs to each AND gate n .Suppose we contem-
plate a reduced (possibly minimal) sum-of-products implementation. Given a
logic function of n variables, the largest number of terms in a minimal sum-
of-products expression representing this function is 2n-1 -just half the number
ofmin terms. That means a savings of 50 percent in AND gates for the worst
single-output case. Since there will be a reduced set of inputs to the AND gates,
this saving in gates is paid for by the need to program not only the outputs of
the AND gates but their inputs as well. The structure of the circuit that results
is called a programmable (or programmed) logic array (PLA).
The diagram in given Figure is not a circuit diagram but a schematic diagram.
A single line is shown to represent all inputs to each AND and OR gate. The
number of input lines to each AND gate should be 2n, twice the number of
inputs, to accommodate the possibility of connecting each variable or its com-
plement to each AND gate. The number of input lines to each OR gate should
equal the number of AND gates, say p. (For simplicity and without fear of con-
fusion, even the gate symbols can be omitted.) The programmed connections
between the inputs and the AND gates, and between the AND-gate outputs
and the OR gates for a specific set of output functions are shown by the heavy
dots at the intersections.

Maps of the four output functions and minimal sum-of-products expressions
are shown in below Figure. In this example, a total of only four product terms
covers all functions, so only four AND gates are needed in the implementation.
Two sets of lines must be programmed: the inputlines and the output lines. To
do this, we construct a programming tableas follows:
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• The implicants (product terms) are listed as row headings.

• • In one set of columns, the headings are the input variables; this part of
the table must provide the information that tells which variables (or their
complements) are factors in each implicant.

• • In a second set of columns, the headings are theoutput functions; this
part of the table must provide the information that indicates the output
gate to which each implicant (AND-gate output) is directed.

In the first set of columns, if a variable ( uncomplemented) is present in a par-
ticular row, the corresponding entry is 1; if its complement is present, the entry
is 0. If neither is present, the entry can be left blank, but it is preferable to
show some symbol instead; a dash is often used.

In the second set of columns, corresponding to the output functions, if a
particular function covers a particular implicant, then the corresponding entry
is 1; otherwise it could be left blank, but it is customary to enter a dot. To
illustrate, consider row 4. Since the implicant is y’z, the entry in column zis 1,
that in column y is 0, and that in x is a dash. In the output columns, only f1
does not cover implicant y’z; hence, the entry will be 1 in every column in row
4 exceptthe f1 column. Confirm the remaining rows.

Once the programming is done, fabricating the links (connection points) in
a PLA is carried out in a similar manner as for the ROM. The PLA is either
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mask programmable or field programmable (FPLA). In the case of the FPLA,
with p= the number of AND gates, there will be 2nplinks at the inputs and
mplinks at the outputs.

In the example, the number of links is 4(6 + 4) = 40. Only 16 of these are
to be kept, meaning that, during field programming, 24 links are to be blown
out. Typical PLAs have many more inputs, outputs, and ANDgates than are
shown in the example.
When a set of switching functions is presented for implementation with a PLA,
a design goal would be reduction in p(the number of AND gates). The economy
achieved is not derived from a reduction in the production cost of gates. (The
production cost of an IC is practically the same for one with 40 gates as it is
for one with 50 gates.) Rather, the removal of one AND gate eliminates 2n+m
links; the main source of savings is the elimination of a substantial number of
links due to the elimination of each AND gate. On the other hand, reduction
of the number of AND gates to a minimum does not mean that each function
should be minimized or that all implicants should be prime implicants. The
implicants should be chosen so that as many as possible of them are common
to many of the output functions.

11.3 Programmable Arrays Logic (PAL)

The PAL has many features in common with PROM and PLA. The PAL is a
special case of the of the PLA in which the array is programmable and the array
is fixed by the manufacturer. Because for PAL only AND array is programmable
it is cheaper than PLA; it is also easier to program and therefore often used.

The PAL is a special case of a programmable logic array in which the AND
array is programmable and OR array is fixed. Because only the AND array is
programmable, the PAL is less expensive than the more general PLA, and the
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PAL is easier to program. For this reason, logic designers frequently use PAL
to replace individual logic gates when several logic functions must be realised.
The below figure represents a segment of an unprogrammed PAL. The symbol
represents an input buffer with noninverted and inverted outputs. A buffer is
used, since each PAL input must drive many AND gate inputs. When the PAL
is programmed, the fusible links are selectively blown to leave the desired con-
nections to the AND gate inputs. Connections to the AND gate inputs in a
PAL are represented by Xs,as shown.
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11.4 Sequential Programmable Devices:-

The most simple sequential PLD = PLA (PAL) + Flip-Flops

Complex PLD:- Complex digital systems often require the connection of
several devices to produce the complex specification More economical to use a
complex PLD (CPLD). CPLD is a collection of individual PLDs on a single IC
with programmable interconnection structure.
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Programmable Logic Device
A Programmable Logic Device (PLD) is an IC (Integrated Circuit) with

internal logic gates connected through electronic paths that behave similar to
fuses . In the original state, all the fuses are intact, but when we program these
devices, we blow away certain fuses along the paths that must be removed to
achieve a particular configuration. And this is what happens in ROM, ROM
consists of nothing but basic logic gates arranged in such a way that they store
the specified bits.

Typically, a PLD can have hundreds to millions of gates interconnected
through hundreds to thousands of internal paths . In order to show the internal
logic diagram of such a device a special symbology is used.

11.5 Traffic light controller

As an example of using the 22V10, we design the sequential traffic-light con-
troller for the intersection of ”A” street and ”B” street. Each street has traffic
sensors, which detects the presence of vehicles approaching or stopped at the
intersection. Sa = 1 means a vehicle is approaching on ”A” street and Sb = 1
means a vehicle is approaching on ”B” street. ”A” street is a main street and
has a green light until a car approaches on ”B”. Then the light changes, and ”B”
has a green light. At the end of 50 seconds, the light changes back unless there
is a car on ”B” street and none on ”A”, in which case the ”B” cycle is extended
10 more seconds. When ”A” is green, it remains green at least 60 seconds, and
the light changes only when a car approaches on ”B” and then the light changes
only when a car approaches on ”B”. Figure shows the external connections to
the controller. Three of the outputs(Ga, Ya,Ra) drives the green, yellow and
red lights on ”A” street. The other three(Gb, Yb, Rb) drive the corresponding
lights on ”B” street.

Figure shows the moore state graph for the controller. For timing purpose,
the sequential network is driven by a clock with a 10-second period.Thus, a
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state change can occur at most once every 10 seconds. The following notation
is used: GaRb in a state means that Ga=Rb=1 and all other output variables
are 0. Sa

’Sb on an arc implies that Sa=0 and sb=1 will cause a transition along
that arc. An arc without a label implies that a state transition will occur when
the clock occurs, independent of the input variables. Thus the green ”A” light
will stay on for 6 clock cycles (60 seconds) and then change to yellow if a car is
waiting on ”B” street.

VHDL code for traffic light controller

entity traffic light is
port (clk, Sa, Sb: in bit;
Ra, Rb, Ga, Gb, Ya, Yb: inout bit);
end traffic light;
architecture behave of traffic light is
signal state, nextstate: integer range 0 to 12;
type light is (R, Y, G);
signal lightA, lightB: light; – define signals for waveform output
begin
process(state, Sa, Sb)
begin
Ra <= ’0’; Rb <= ’0’; Ga <= ’0’; Gb <= ’0’; Ya <= ’0’; Yb <= ’0’;
case state is
when 0 to 4 =¿ Ga ¡= ’1’; Rb ¡= ’1’; nextstate ¡= state+1;
when 5 => Ga <= ’1’; Rb <= ’1’; if Sb = ’1’ then nextstate <= 6; end if;
when 6 => Ya <= ’1’; Rb <= ’1’; nextstate <= 7;
when 7 to 10 => Ra <= ’1’; Gb <= ’1’;
nextstate <= state+1;
when 11 => Ra <= ’1’; Gb <= ’1’;
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if (Sa=’1’ or Sb=’0’) then nextstate <= 12;
end if;
when 12 => Ra <= ’1’; Yb <= ’1’; nextstate <= 0;
end case;
end process;
process(clk)
begin
if clk = ’1’ then state <= nextstate; end if; end process;
lightA <= R when Ra=’1’ else Y when Ya=’1’ else G when Ga=’1’;
lightB <= R when Rb=’1’ else Y when Yb=’1’ else G when Gb=’1’;
end behave;

11.6 FPGA:

-Gate array: a VLSI circuit with some pre-fabricated gates repeated thousands
of times
-Designers have to provide the desired interconnection patterns to the manufac-
turer (factory)
-A field programmable gate array (FPGA) is a VLSI circuit that can be pro-
grammed in the user’s location
-Easier to use and modify
-Getting popular for fast and reusable prototyping
-There are various implementations for FPGA

In the earlier 60’s it was discrete logic used by electronic industry. The
digital system would look like noodle like maze of wiring between components.
Once it is built it will be difficult to do rework on it. Sometimes the designers
would forget what they have designed for! Manufacturing such systems was very
difficult and redesign will be so eye-shutting just like making a PCB every time
we redesign. The chip manufactures resolved this issue by placing an uncon-
nected array of AND-OR gates in a single chip device called a programmable
logic device (PLD).

The PLD contains an array of fuses that could be blown open or left closed
to connect various pins to each AND gate. We can program a PLD with a
set of Boolean sum-of-product equations so tat would perform the needed logic
functions for our system.

A CPLD contains a bunch of PLD blocks whose inputs and outputs are
connected together by a global interconnection matrix. So a CPLD has two
levels of programmability: each PLD block can be programmed, and then the
interconnections between the PLDs can be programmed.

An FPGA takes a different idea. It has a clump of simple, configurable logic
blocks arranged in an array with interspersed switches that can rearrange the
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interconnections between the logic blocks. Each logic block is individually pro-
grammed to perform a logic function (such as AND, OR, XOR, etc.) and then
the switches are programmed to connect the blocks so that the complete logic
functions are implemented.
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Differences between FPGA and CPLD

FPGA CPLD
Suited for timing circuit because
they have more registers.

CPLD is suited for control circuit
because they have more combi-
national circuit.

Timing reports will be different
if same code is synthesized many
times.

Timing reports will be same re-
sult.

FPGA can be used to high-end
product

CPLD can be used to low-end
product

FPGA has more flexibility as
well as design capacity.

CPLD has less compared to
FPGA regarding design com-
plexity

FPGA can operate at very high
speed

CPLD has less

The FPGA are volatile in many
cases, that’s way they need a
configuration memory for work-
ing with programmed design.

CPLD devices are not volatile.
They contain flash or erasable
ROM memory in all of cases.

FPGA could not work untill the
configuration is done.

The CPLD could work immedi-
ately after power up.

FPGA is RAM base. CPLD is ROM base.
FPGAs are “fine-grain” devices.
That means that they contain a
lot (up to 100000) of tiny blocks
of logic with flip-flops.

CPLDs are “coarse-grain” de-
vices. They contain relatively
few (a few 100’s max) large
blocks of logic with flip-flops.

FPGAs have special routing
resources to implement effi-
ciently binary counters and
arithmetic functions (adders,
comparators. . . ). CPLDs do
not.

CPLDs have a faster input-to-
output timings than FPGAs (be-
cause of their coarse-grain archi-
tecture, one block of logic can
hold a big equation), so are bet-
ter suited for microprocessor de-
coding logic for example than
FPGAs.

FPGAs can contain very large
digital designs

CPLDs can contain small designs
only.

The highest capacity general purpose logic chips available today are the tra-
ditional gate arrays sometimes referred to as Mask-Programmable Gate Arrays
(MPGAs). MPGAs consist of an array of pre-fabricated transistors that can
be customized into the user’s logic circuit by connecting the transistors with
custom wires. Customization is performed during chip fabrication by specifying
the metal interconnect, and this means that in order for a user to employ an

138



MPGA a large setup cost is involved and manufacturing time is long. Although
MPGAs are clearly not FPDs, they are mentioned here because they motivated
the design of the user-programmable equivalent: FieldProgrammable Gate Ar-
rays (FPGAs). Like MPGAs, FPGAs comprise an array of uncommitted circuit
elements, called logic blocks, and interconnect resources, but FPGA configura-
tion is performed through programming by the end user. An illustration of a
typical FPGA architecture appears in Figure 2. As the only type of FPD that
supports very high logic capacity, FPGAs have been responsible for a major
shift in the way digital circuits are designed.

Writing configuration memory
This defines system function
– Input/Output Cells
– Logic in PLBs
– Connections between PLBs I/O cells
Changing configuration
memory data always changes
system function
– Can change at anytime
– Even while system function is in operation
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Xilinx 3000
Introduction

XC3000-Series Field Programmable Gate Arrays (FPGAs) provide a group
of high-performance, high-density, digital integrated circuits. Their regular, ex-
tendable, flexible, user-programmable array architecture is composed of a con-
figuration program store plus three types of configurable elements: a perimeter
of I/O Blocks (IOBs), a core array of Configurable Logic Bocks (CLBs) and
resources for interconnection. The general structure of an FPGA is shown in
Figure 2. The development system provides schematic capture and auto place-
and-route for design entry. Logic and timing simulation, and in-circuit emula-
tion are available as design verification alternatives. The design editor is used for
interactive design optimization, and to compile the data pattern that represents
the configuration program. The FPGA user logic functions and interconnec-
tions are determined by the configuration program data stored in internal static
memory cells. The program can be loaded in any of several modes to accommo-
date various system requirements. The program data resides externally in an
EEPROM, EPROM or ROM on the application circuit board, or on a floppy
disk or hard disk. On-chip initialization logic provides for optional automatic
loading of program data at power-up. The companion XC17XX Serial Configu-
ration PROMs provide a very simple serial configuration program storage in a
one-time programmable package. The XC3000 Field Programmable Gate Array
families provide a variety of logic capacities, package styles, temperature ranges
and speed grades.

XC3000 Series Overview

There are now four distinct family groupings within the XC3000 Series of
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FPGA devices:
• XC3000A Family
• XC3000L Family
• XC3100A Family
• XC3100L Family
All four families share a common architecture, development software, design and
programming methodology, and also common package pin-outs. An extensive
Product Description covers these common aspects. Detailed parametric infor-
mation for the XC3000A, XC3000L, XC3100A, and XC3100L product families
is then provided. (The XC3000 and XC3100 families are not recommended for
new designs.) Here is a simple overview of those XC3000 products currently
emphasized:

XC3000A Family — The XC3000A is an enhanced version of the basic
XC3000 family, featuring additional interconnect resources and other user-friendly
enhancements.

• XC3000L Family — The XC3000L is identical in architecture and features
to the XC3000A family, but operates at a nominal supply voltage of 3.3 V. The
XC3000L is the right solution for battery-operated and low-power applications.

• XC3100A Family — The XC3100A is a performance-optimized relative
of the XC3000A family. While both families are bitstream and footprint com-
patible, the XC3100A family extends toggle rates to 370 MHz and in-system
performance to over 80 MHz. The XC3100A family also offers one additional
array size, the XC3195A.

• XC3100L Family — The XC3100L is identical in architectures and features
to the XC3100A family, but operates at a nominal supply voltage of 3.3V.

Detailed Functional Description

The perimeter of configurable Input/Output Blocks (IOBs) provides a pro-
grammable interface between the internal logic array and the device package
pins. The array of Configurable Logic Blocks (CLBs) performs user-specified
logic functions. The interconnect resources are programmed to form networks,
carrying logic signals among blocks, analogous to printed circuit board traces
connecting MSI/SSI packages.

The block logic functions are implemented by programmed look-up tables.
Functional options are implemented by program-controlled multiplexers. In-
terconnecting networks between blocks are implemented with metal segments
joined by program-controlled pass transistors.

These FPGA functions are established by a configuration program which is
loaded into an internal, distributed array of configuration memory cells. The
configuration program is loaded into the device at power-up and may be reloaded
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on command. The FPGA includes logic and control signals to implement au-
tomatic or passive configuration. Program data may be either bit serial or
byte parallel. The development system generates the configuration program
bitstream used to configure the device. The memory loading process is inde-
pendent of the user logic functions.

Configuration Memory

The static memory cell used for the configuration memory in the Field Pro-
grammable Gate Array has been designed specifically for high reliability and
noise immunity. Integrity of the device configuration memory based on this
design is assured even under adverse conditions. The basic memory cell con-
sists of two CMOS inverters plus a pass transistor used for writing and reading
cell data. The cell is only written during configuration and only read during
readback. During normal operation, the cell provides continuous control and
the pass transistor is off and does not affect cell stability. This is quite differ-
ent from the operation of conventional memory devices, in which the cells are
frequently read and rewritten.

It is loaded with one bit of configuration program and controls one program
selection in the Field Programmable Gate Array.

The memory cell outputs Q and Q use ground and VCC levels and provide
continuous, direct control. The additional capacitive load together with the ab-
sence of address decoding and sense amplifiers provide high stability to the cell.
Due to the structure of the configuration memory cells, they are not affected by
extreme power-supply excursions or very high levels of alpha particle radiation.
In reliability testing, no soft errors have been observed even in the presence
of very high doses of alpha radiation. The method of loading the configura-
tion data is selectable. Two methods use serial data, while three use byte-wide
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data. The internal configuration logic utilizes framing information, embedded
in the program data by the development system, to direct memory-cell loading.
The serial-data framing and length-count preamble provide programming com-
patibility for mixes of various FPGA device devices in a synchronous, serial,
daisy-chain fashion.

I/O Block

Each user-configurable IOB shown in Figure, provides an interface between
the external package pin of the device and the internal user logic. Each IOB
includes both registered and direct input paths. Each IOB provides a pro-
grammable 3-state output buffer, which may be driven by a registered or direct
output signal. Configuration options allow each IOB an inversion, a controlled
slew rate and a high impedance pull-up. Each input circuit also provides in-
put clamping diodes to provide electrostatic protection, and circuits to inhibit
latch-up produced by input currents.

Each IOB includes input and output storage elements and I/O options se-
lected by configuration memory cells. A choice of two clocks is available on
each die edge. The polarity of each clock line (not each flip-flop or latch) is
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programmable.
A clock line that triggers the flip-flop on the rising edge is an active Low Latch
Enable (Latch transparent) signal and vice versa. Passive pull-up can only be
enabled on inputs, not on outputs. All user inputs are programmed for TTL or
CMOS thresholds.

The input-buffer portion of each IOB provides threshold detection to trans-
late external signals applied to the package pin to internal logic levels. The
global input-buffer threshold of the IOBs can be programmed to be compatible
with either TTL or CMOS levels. The buffered input signal drives the data
input of a storage element, which may be configured as either a flip-flop or a
latch. The clocking polarity (rising/falling edge-triggered flip-flop, High/Low
transparent latch) is programmable for each of the two clock lines on each of
the four die edges. Note that a clock line driving a rising edge-triggered flip-flop
makes any latch driven by the same line on the same edge Low-level transparent
and vice versa (falling edge, High transparent). All Xilinx primitives in the sup-
ported schematic-entry packages, however, are positive edge-triggered flip-flops
or High transparent latches. When one clock line must drive flip-flops as well
as latches, it is necessary to compensate for the difference in clocking polarities
with an additional inverter either in the flip-flop clock input or the latch-enable
input. I/O storage elements are reset during configuration or by the active-Low
chip RESET input. Both direct input (from IOB pin I) and registered input
(from IOB pin Q) signals are available for interconnect.

For reliable operation, inputs should have transition times of less than 100 ns
and should not be left floating. Floating CMOS input-pin circuits might be at
threshold and produce oscillations. This can produce additional power dissipa-
tion and system noise. A typical hysteresis of about 300 mV reduces sensitivity
to input noise. Each user IOB includes a programmable high-impedance pull-
up resistor, which may be selected by the program to provide a constant High
for otherwise undriven package pins. Although the Field Programmable Gate
Array provides circuitry to provide input protection for electrostatic discharge,
normal CMOS handling precautions should be observed.

Flip-flop loop delays for the IOB and logic-block flip-flops are short, provid-
ing good performance under asynchronous clock and data conditions. Short loop
delays minimize the probability of a metastable condition that can result from
assertion of the clock during data transitions. Because of the short-loop-delay
characteristic in the Field Programmable Gate Array, the IOB flip-flops can be
used to synchronize external signals applied to the device. Once synchronized
in the IOB, the signals can be used internally without further consideration of
their clock relative timing, except as it applies to the internal logic and routing-
path delays.

IOB output buffers provide CMOS-compatible 4-mA source-or-sink drive for
high fan-out CMOS or TTL- compatible signal levels (8 mA in the XC3100A
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family). The network driving IOB pin O becomes the registered or direct data
source for the output buffer. The 3-state control signal (IOB) pin T can con-
trol output activity. An open-drain output may be obtained by using the same
signal for driving the output and 3-state signal nets so that the buffer output is
enabled only for a Low.

Configuration program bits for each IOB control features such as optional
output register, logic signal inversion, and 3-state and slew-rate control of the
output.

Unlike the original XC3000 series, the XC3000A, XC3000L, XC3100A, and
XC3100L families include the Soft Startup feature. When the configuration
process is finished and the device starts up in user mode, the first activation
of the outputs is automatically slew-rate limited. This feature avoids potential
ground bounce when all outputs are turned on simultaneously. After start-
up, the slew rate of the individual outputs is determined by the individual
configuration option.

Xilinx 4000

XC4000 Series high-performance, high-capacity Field Programmable Gate
Arrays (FPGAs) provide the benefits of custom CMOS VLSI, while avoiding the
initial cost, long development cycle, and inherent risk of a conventional masked
gate array. The result of thirteen years of FPGA design experience and feedback
from thousands of customers, these FPGAs combine architectural versatility, on-
chip Select-RAM memory with edge-triggered and dual-port modes, increased
speed, abundant routing resources, and new, sophisticated software to achieve
fully automated implementation of complex, high-density, high-performance de-
signs.

For readers already familiar with the XC4000 family of Xilinx Field Pro-
grammable Gate Arrays, the major new features in the XC4000 Series devices
are listed in this section. The biggest advantages of XC4000E and XC4000X
devices are significantly increased system speed, greater capacity, and new ar-
chitectural features, particularly Select-RAM memory. The XC4000X devices
also offer many new routing features, including special high-speed clock buffers
that can be used to capture input data with minimal delay.

Any XC4000E device is pinout- and bitstream-compatible with the corre-
sponding XC4000 device. An existing XC4000 bitstream can be used to program
an XC4000E device. However, since the XC4000E includes many new features,
an XC4000E bitstream cannot be loaded into an XC4000 device.

XC4000X Series devices are not bitstream-compatible with equivalent array
size devices in the XC4000 or XC4000E families. However, equivalent array
size devices, such as the XC4025, XC4025E, XC4028EX, and XC4028XL, are
pinout-compatible.
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Description

XC4000 Series devices are implemented with a regular, flexible, programmable
architecture of Configurable Logic Blocks (CLBs), interconnected by a power-
ful hierarchy of versatile routing resources, and surrounded by a perimeter of
programmable Input/Output Blocks (IOBs). They have generous routing re-
sources to accommodate the most complex interconnect patterns. The devices
are customized by loading configuration data into internal memory cells. The
FPGA can either actively read its configuration data from an external serial or
byte-parallel PROM (master modes), or the configuration data can be written
into the FPGA from an external device (slave and peripheral modes).

XC4000 Series FPGAs are supported by powerful and sophisticated soft-
ware, covering every aspect of design from schematic or behavioral entry, floor
planning, simulation, automatic block placement and routing of interconnects,
to the creation, downloading, and readback of the configuration bit stream.
Because Xilinx FPGAs can be reprogrammed an unlimited number of times,
they can be used in innovative designs where hardware is changed dynamically,
or where hardware must be adapted to different user applications. FPGAs are
ideal for shortening design and development cycles, and also offer a cost-effective
solution for production rates well beyond 5,000 systems per month.

Taking Advantage of Re-configuration

FPGA devices can be re-configured to change logic function while resident in
the system. This capability gives the system designer a new degree of freedom
not available with any other type of logic.
Hardware can be changed as easily as software. Design updates or modifica-
tions are easy, and can be made to products already in the field. An FPGA
can even be re-configured dynamically to perform different functions at different
times. Re-configurable logic can be used to implement system self-diagnostics,
create systems capable of being re-configured for different environments or op-
erations, or implement multi-purpose hardware for a given application. As an
added benefit, using re-configurable FPGA devices simplifies hardware design
and debugging and shortens product time-to-market.

Detailed Functional Description

XC4000 Series devices achieve high speed through advanced semiconductor
technology and improved architecture. The XC4000E and XC4000X support
system clock rates of up to 80 MHz and internal performance in excess of 150
MHz. Compared to older Xilinx FPGA families, XC4000 Series devices are
more powerful. They offer on-chip edge-triggered and dual-port RAM, clock
enables on I/O flip-flops, and wide-input decoders. They are more versatile in
many applications, especially those involving RAM. Design cycles are faster due
to a combination of increased routing resources and more sophisticated software.

146



Basic Building Blocks

Xilinx user-programmable gate arrays include two major configurable ele-
ments: configurable logic blocks (CLBs) and input/output blocks (IOBs). •
CLBs provide the functional elements for constructing the user’s logic.
• IOBs provide the interface between the package pins and internal signal lines.
Three other types of circuits are also available: • 3-State buffers (TBUFs) driv-
ing horizontal longlines are associated with each CLB.
• Wide edge decoders are available around the periphery of each device.
• An on-chip oscillator is provided. Programmable interconnect resources pro-
vide routing paths to connect the inputs and outputs of these configurable ele-
ments to the appropriate networks.

The functionality of each circuit block is customized during configuration
by programming internal static memory cells. The values stored in these mem-
ory cells determine the logic functions and interconnections implemented in the
FPGA. Each of these available circuits is described in this section.

Configurable Logic Blocks (CLBs)

Configurable Logic Blocks implement most of the logic in an FPGA. The
principal CLB elements are shown in Figure. Two 4-input function generators
(F and G) offer unrestricted versatility. Most combinatorial logic functions need
four or fewer inputs. However, a third function generator (H) is provided. The
H function generator has three inputs. Either zero, one, or two of these inputs
can be the outputs of F and G; the other input(s) are from outside the CLB.
The CLB can, therefore, implement certain functions of up to nine variables,
like parity check or expandable-identity comparison of two sets of four inputs.

Each CLB contains two storage elements that can be used to store the func-
tion generator outputs. However, the storage elements and function generators
can also be used independently. These storage elements can be configured as
flip-flops in both XC4000E and XC4000X devices; in the XC4000X they can
optionally be configured as latches. DIN can be used as a direct input to either
of the two storage elements. H1 can drive the other through the H function
generator. Function generator outputs can also drive two outputs independent
of the storage element outputs. This versatility increases logic capacity and sim-
plifies routing. Thirteen CLB inputs and four CLB outputs provide access to
the function generators and storage elements. These inputs and outputs connect
to the programmable interconnect resources outside the block.

Function Generators

Four independent inputs are provided to each of two function generators
(F1 - F4 and G1 - G4). These function generators, with outputs labeled F’ and
G’, are each capable of implementing any arbitrarily defined Boolean function
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of four inputs. The function generators are implemented as memory look-up
tables. The propagation delay is therefore independent of the function imple-
mented.

A third function generator, labeled H’, can implement any Boolean function
of its three inputs. Two of these inputs can optionally be the F’ and G’ func-
tional generator outputs.

Alternatively, one or both of these inputs can come from outside the CLB
(H2, H0). The third input must come from outside the block (H1). Signals
from the function generators can exit the CLB on two outputs. F’ or H’ can be
connected to the X output. G’ or H’ can be connected to the Y output.

A CLB can be used to implement any of the following functions:
• any function of up to four variables, plus any second function of up to four
unrelated variables, plus any third function of up to three unrelated variables1
• any single function of five variables
• any function of four variables together with some functions of six variables
• some functions of up to nine variables. Implementing wide functions in a
single block reduces both the number of blocks required and the delay in the
signal path, achieving both increased capacity and speed.

The versatility of the CLB function generators significantly improves system
speed. In addition, the design-software tools can deal with each function gen-
erator independently. This flexibility improves cell usage.

Set/Reset

An asynchronous storage element input (SR) can be configured as either
set or reset. This configuration option determines the state in which each flip-
flop becomes operational after configuration. It also determines the effect of a
Global Set/Reset pulse during normal operation, and the effect of a pulse on
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the SR pin of the CLB. All three set/reset functions for any single flip-flop are
controlled by the same configuration data bit.

The set/reset state can be independently specified for each flip-flop. This
input can also be independently disabled for either flip-flop. The set/reset state
is specified by using the INIT attribute, or by placing the appropriate set or
reset flip-flop library symbol.

SR is active High. It is not invertible within the CLB
Global Set/Reset

A separate Global Set/Reset line sets or clears each storage element during
power-up, re-configuration, or when a dedicated Reset net is driven active. This
global net (GSR) does not compete with other routing resources; it uses a dedi-
cated distribution network. Each flip-flop is configured as either globally set or
reset in the same way that the local set/reset (SR) is specified.
Therefore, if a flip-flop is set by SR, it is also set by GSR. Similarly, a reset
flip-flop is reset by both SR and GSR.

GSR can be driven from any user-programmable pin as a global reset input.
To use this global net, place an input pad and input buffer in the schematic
or HDL code, driving the GSR pin of the STARTUP symbol. (See Figure 2.)
A specific pin location can be assigned to this input using a LOC attribute
or property, just as with any other user-programmable pad. An inverter can
optionally be inserted after the input buffer to invert the sense of the Global
Set/Reset signal.

Alternatively, GSR can be driven from any internal node.

Data Inputs and Outputs

The source of a storage element data input is programmable. It is driven by
any of the functions F’, G’, and H’, or by the Direct In (DIN) block input. The
flip-flops or latches drive the XQ and YQ CLB outputs.

A two-to-one multiplexer on each of the XQ and YQ outputs selects between
a storage element output and any of the control inputs. This bypass is some-
times used by the automated router to repower internal signals.

Control Signals

Multiplexers in the CLB map the four control inputs (C1 - C4) into the four
internal control signals (H1,DIN/H2, SR/H0, and EC). Any of these inputs can
drive any of the four internal control signals.
When the logic function is enabled, the four inputs are:
• EC — Enable Clock
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• SR/H0 — Asynchronous Set/Reset or H function generator Input 0
• DIN/H2 — Direct In or H function generator Input 2
• H1 — H function generator Input 1.
When the memory function is enabled, the four inputs are:
• EC — Enable Clock
• WE — Write Enable
• D0 — Data Input to F and/or G function generator
• D1 — Data input to G function generator (16x1 and 16x2 modes) or 5th
Address bit (32x1 mode).

Using FPGA Flip-Flops and Latches

The abundance of flip-flops in the XC4000 Series invites pipelined designs.
This is a powerful way of increasing performance by breaking the function
into smaller subfunctions and executing them in parallel, passing on the re-
sults through pipeline flip-flops. This method should be seriously considered
wherever throughput is more important than latency.

To include a CLB flip-flop, place the appropriate library symbol. For exam-
ple, FDCE is a D-type flip-flop with clock enable and asynchronous clear. The
corresponding latch symbol (for the XC4000X only) is called LDCE.

In XC4000 Series devices, the flip flops can be used as registers or shift
registers without blocking the function generators from performing a different,
perhaps unrelated task. This ability increases the functional capacity of the
devices.

The CLB setup time is specified between the function generator inputs and
the clock input K. Therefore, the specified CLB flip-flop setup time includes the
delay through the function generator.

Using Function Generators as RAM

Optional modes for each CLB make the memory look-up tables in the F’
and G’ function generators usable as an array of Read/Write memory cells.
Available modes are level-sensitive (similar to the XC4000/A/H families), edge-
triggered, and dual-port edge-triggered. Depending on the selected mode, a
single CLB can be configured as either a 16x2, 32x1, or 16x1 bit array.

Supported CLB memory configurations and timing modes for single- and
dual-port modes.

XC4000 Series devices are the first programmable logic devices with edge-
triggered (synchronous) and dual-port RAM accessible to the user.
Edge-triggered RAM simplifies system timing. Dual-port RAM doubles the ef-
fective throughput of FIFO applications. These features can be individually
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programmed in any XC4000 Series CLB.

bfAdvantages of On-Chip and Edge-Triggered RAM

The on-chip RAM is extremely fast. The read access time is the same as
the logic delay. The write access time is slightly slower. Both access times are
much faster than any off-chip solution, because they avoid I/O delays.

Edge-triggered RAM, also called synchronous RAM, is a feature never before
available in a Field Programmable Gate Array. The simplicity of designing with
edge-triggered RAM, and the markedly higher achievable performance, add up
to a significant improvement over existing devices with on-chip RAM.

Three application notes are available from Xilinx that discuss edge-triggered
RAM: “XC4000E Edge-Triggered and Dual-Port RAM Capability,” “Imple-
menting FIFOs in XC4000E RAM,” and “Synchronous and Asynchronous FIFO
Designs.” All three application notes apply to both XC4000E and XC4000X
RAM.

11.7 Altera CPLDs

Altera has developed three families of chips that fit within the CPLD category:
MAX 5000, MAX 7000, and MAX 9000. Here, the discussion will focus on the
MAX 7000 series, because it is widely used and offers state-of-the-art logic ca-
pacity and speed-performance. MAX 5000 represents an older technology that
offers a cost effective solution, and MAX 9000 is similar to MAX 7000, except
that MAX 9000 offers higher logic capacity (the industry’s highest for CPLDs).

The general architecture of the Altera MAX 7000 series is depicted in Fig-
ure 8. It comprises an array of blocks called Logic Array Blocks (LABs), and
interconnect wires called a Programmable Interconnect Array (PIA). The PIA
is capable of connecting any LAB input or output to any other LAB. Also, the
inputs and outputs of the chip connect directly to the PIA and to LABs. A
LAB can be thought of as a complex SPLD-like structure, and so the entire chip
can be considered to be an array of SPLDs. MAX 7000 devices are available
both based in EPROM and EEPROM technology. Until recently, even with
EEPROM, MAX 7000 chips could be programmable only “out-of-circuit” in a
special-purpose programming unit; however, in 1996 Altera released the 7000S
series, which is reprogrammable “in-circuit”.

The structure of a LAB is shown in Figure. Each LAB consists of two sets
of eight macrocells (shown in Figure 10), where a macrocell comprises a set of
programmable product terms (part of an AND-plane) that feeds an OR-gate
and a flip-flop. The flip-flops can be configured as D type, JK, T, SR, or can
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be transparent. As illustrated in Figure, the number of inputs to the OR-gate
in a macrocell is variable; the OR-gate can be fed from any or all of the five
product terms within the macrocell, and in addition can have up to 15 extra
product terms from macrocells in the same LAB. This product term flexibility
makes the MAX 7000 series LAB more efficient in terms of chip area because
typical logic functions do not need more than five product terms, and the archi-
tecture supports wider functions when they are needed. It is interesting to note
that variable sized OR-gates of this sort are not available in basic SPLDs (see
Figure 1). Similar features of this kind are found in other CPLD architectures
discussed shortly.

Besides Altera, several other companies produce devices that can be cate-
gorized as CPLDs. For example, AMD manufacturers the Mach family, Lattice
has the (i)pLSI series, Xilinx produces a CPLD series that they call XC7000
(unrelated to the Altera MAX 7000 series) and has announced a new family
called XC9500, and ICT has the PEEL array. These devices are discussed in
the following sub-sections.

12 Post MCQ

1. VLSI technology uses to
form integrated circuit.
a) transistors
b) switches
c) diodes
d) buffers

2. Medium scale integration has .
a) ten logic gates
b) fifty logic gates
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c) hundred logic gates
d) thousand logic gates

3. architecture is used to design VLSI.
a) system on a device
b) single open circuit
c) system on a chip
d) system on a circuit

4. Which provides higher integration density?

a) switch transistor logic
b) transistor buffer logic
c) transistor transistor logic
d) circuit level logic

5. Which is the high level representation of VLSI design?
a) problem statement
b) logic design
c) HDL program
d) functional design

6. Electronics are characterized by
a) low cost
b) low weight and volume
c) reliability
d) all the above

7. nMOS devices are formed in
a) p-type substrate of high doping level
b) n-type substrate of low doping level
c) p-type substrate of moderate doping level
d) n-type substrate of high doping level

8. Source and drain in nMOS device are isolated by
a) a single diode
b) two diodes
c) three diodes
d) four diodes

9. What is the condition for non saturated region?
a) Vds = Vgs – Vt
b) Vgs lesser than Vt
c) Vds lesser than Vgs – Vt
d) Vds greater than Vgs – Vt
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10. In enhancement mode, device is in condition.
a) conducting
b) nonconducting
c) partially conducting
d) insulating

11. nMOS is
a) donor doped
b) acceptor doped
c) all of the mentioned
d) none of the mentioned

12. Inversion layer in enhancement mode consists of excess of
a) positive carriers
b) negative carriers
c) both in equal quantity
d) neutral carriers

13. As source drain voltage increases, channel depth
a) increases
b) decreases
c) logarithmically increases
d) exponentially increases

14. What is the relationship between channel resistance and sheet resis-
tance?
a) R = Rs
b) R = Z*Rs
c) R = Z/Rs
d) R = Rs/Z

15. What is the relative capacitance of diffusion region of 5 micron technol-
ogy?
a) 1
b) 0.25
c) 1.25
d) 2

16. What is the value of gate capacitance?
a) 0.25 square Cg
b) 1 square Cg
c) 1.25 square Cg
d) 1.5 square Cg

17. Total wire capacitance is equal to
a) area capacitance
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b) fringing field capacitance
c) area capacitance + fringing field capacitance
d) peripheral capacitance

18. Which capacitance must be higher?
a) metal to polysilicon capacitance
b) metal to substrate capacitance
c) metal to metal capacitance
d) diffusion capacitance

19. The junction parasitic capacitance are produced due to
a) Source diffusion regions
b) Gate diffusion regions
c) Drain diffusion region
d) All of the mentioned

20. The total load capacitance is calculated as the sum of
a) Drain capacitance in series with input capacitance
b) Drain capacitance + interconnect capacitance +input capacitance
c) Drain capacitance + interconnect capacitance – input capacitance
d) Drain capacitance in parallel with input capacitance

21. The active capacitance is also called as
a) parasitic capacitance
b) interconnect capacitance
c) junction capacitance
d) diffusion capacitance

22. The active capacitance is also called as ?
a) 0.01pF
b) 0.0032pF
c) 0.0023pF
d) All of the mentioned

23. The scaling factor for the supply voltage VDD is:
a) 1
b) 0
c) 1/ alpha
d) 1/ beta

24. In Pseudo-nMOS logic, n transistor operates in
a) cut off region
b) saturation region
c) resistive region
d) non saturation region
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25. Pseudo-nMOS has higher pull-up resistance than nMOS device.
a) True
b) False

26. In clocked CMOS logic, rise time and fall time are
a) faster
b) lower
c) faster first and then slows down
d) slower first and then speeds up

27. CMOS domino logic occupies
a) smaller area
b) larger area
c) smaller larger area
d) none of the mentioned

28. In CMOS logic circuit the p-MOS transistor acts as:
a) Pull down network
b) Pull up network
c) Load
d) short to ground

29. Performance is better if power speed product is
a) low
b) high
c) very low
d) very high

30. Approach used for design process are
a) circuit symbols
b) logic symbols
c) stick diagrams
d) all of the above

31. Two metal layers can be joined by using
a) contact cut
b) wire
c) via
d) glass

32. Which occupies lesser area?
a) nMOS
b) pMOS
c) CMOS
d) BiCMOS
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33. Data storage time is
a) 1 millisecond
b) 1 second
c) 1 minute
d) 10 seconds

34. Current flows only when
a) RD is low
b) RD is high
c) RD raises exponentially high
d) RD comes exponentially down

35. The Lower Noise Margin is given by:
a) VOL – VIL
b) VIL – VOL
c) VIL VOL(Difference between VIL and VOL, depends on which one is
greater)
d) All of the Mentioned

36. The noise immunity with noise margin.
a) Decreases
b) increases
c) constant
d) None of the above

37. For enhancement mode n-MOSFET, the threshold voltage is:
a) Equal to 0
b) Greater than zero or Positive quantity
c) Negative voltage or lesser than zero
d) All of the mentioned

38. The CMOS inverter consists of:
a) Enhancement mode n-MOS transistor and depletion mode p-MOS transistor
b) Enhancement mode p-MOS transistor and depletion mode n-MOS transistor
c) Enhancement mode p-MOS transistor and enhancement mode p-MOS tran-
sistor
d) Enhancement mode p-MOS transistor and enhancement mode n-MOS tran-
sistor

39. When the input of the CMOS inverter is equal to Inverter Threshold
Voltage Vth, the transistors are operating in:
a) N-MOS is cutoff, p-MOS is in Saturation
b) P-MOS is cutoff, n-MOS is in Saturation
c) Both the transistors are in linear region
d) Both the transistors are in saturation region
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40. To improve controllability and observability is used.
a) three pads
b)eight transistors
c) three pads and eight transistors
d) four pads and eight transistors

41. How to reduce test time?
a) by reducing multiplexers
b) by reducing adders
c) by dividing circuit into subcircuits
d) by using the whole circuit as a single system

42. Exhaustive testing is suitable when N is
a) small
b) large
c) any value for N
d) very large

13 Conclusion

The demand for low power VLSI digital circuits in the growing area of portable
communications and computing systems will continue to increase in the future.
Cost and life cycle of these products will depend not only on low power synthesis
techniques but also on new DFT methods targeting power minimization during
test application. This is because the traditional DFT methods are not suitable
for testing low power VLSI circuits since they reduce the reliability and man-
ufacturing yield. Recent advances in manufacturing technology have provided
the opportunity to integrate millions of transistors on an SOC. Even though
the design process of embedded core-based SOCs is conceptually analogous to
the traditional board design their manufacturing processes are fundamentally
different. True inter-operability can be achieved only if the tests for these cores
can also be reused. Therefore novel problems need to be addressed and new
challenges arise for research community in order to provide unified solutions
that will simplify the VLSI design flow and provide a plug-and-play methodol-
ogy for core-based design paradigm. Due to the increasing complexity of future
SOCs combined with the multitude of factors that influence the cost of test a
new generation of power-conscious test techniques DFT automation tools struc-
tured methodologies with seamless integration into the design flow and novel
architecture-specific software-centered embedded structural and deterministic
test approaches are anticipated.
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