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Introduction

The present document introduces the design and simulation of CMOS integrated circuits, in an attractive
way thanks to user-friendly PC tools DsCH and MICROWIND. The lite version of these tools only includes a
subset of available commands. The lite version is freeware, available on the web site www.microwind.net.

The complete version of the tools is available through ni2designs India (www.ni2designs.com).

About DscH The DscH program is a logic editor and simulator.

SR \Te AR e A URREE b DscH is used to validate the architecture of the logic
-| JFaurinscsn

circuit before the microelectronics design is started.
DscH provides a user-friendly environment for

"‘L'. : I m oo :3"' hierarchical logic design, and fast simulation with delay

e W “ - | analysis, which allows the design and validation of

:"__l e complex logic structures. DscH also features the

-I symbols, models and assembly support for 8051 and

18f64 microcontrollers. DsScH also includes an interface
to WInSPICE.

The MICROWIND program allows the student to design

and simulate an integrated circuit at physical

cH[sraeRan Ky

description level. The package contains a library of

common logic and analog ICs to view and simulate.

MICROWIND includes all the commands for a mask

editor as well as original tools never gathered before in

a single module (2D and 3D process view, Verilog

compiler, tutorial on MOS devices). You can gain

IO W5 - P P A - B

access to Circuit Simulation by pressing one single key.
The electric extraction of your circuit is automatically
performed and the analog simulator produces voltage
and current curves immediately.


http://www.microwind.net/�
http://www.ni2designs.com/�
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The chapters of this manual have been summarized below. Chapter 2 is dedicated to the presentation of the
single MOS device, with details on the device modeling, simulation at logic and layout levels.

Chapter 3 presents the CMOS Inverter, the 2D and 3D views, the comparative design in micron and deep-
submicron technologies. Chapter 4 concerns the basic logic gates (AND, OR, XOR, complex gates),
Chapter 5 the arithmetic functions (Adder, comparator, multiplier, ALU). Microcontroller models are
explained in Chapter 6, the latches and memories are detailed in Chapter 7 & 8.

As for Chapter 9, analog cells are presented, including voltage references, current mirrors, operational
amplifiers and phase lock loops. Radio-frequency circuits are introduced in Chapter 10. The input/output
interfacing principles are illustrated in Chapter 11.

The detailed explanation of the design rules is in Chapter 12. The program operation and the details of all
commands are given at the end of this document.

What is New ?

Here are new features & functions added to the NEW 3.5 Version.

Software based licensing technique to reduce overheads in evaluation of software.

Floating license server for easy distribution of license.

Added a new screen for Process/VVoltage/Temperature Min, Typ, max modes

Process variations button added in simulation for direct access.

User Palette improved with “protect/unprotect” icon at the bottom to ease all protect, all unprotect and zoom
navigator improved for layout navigation.

3D viewer tuned for 65, 45 and 32nm technologies based on Intel/lbm technologies, and now accessible
through one single icon.

Improved 32nm rule file.

Retune 0.12pm, 90nm techno, 65nm with lon/loff dispersion.

Added lon/loff and technology spreading menu to get close to technology files (Ibm, Intel)

Improved simulation runtime.

Corrected some software bugs and functions.
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3D Viewer

A spectacular command “Simulate — 3D View of the IC” has been added to Microwind v3.5 which enables
to draw real-time images of the layout and navigate in fill-3D on the surface or inside the IC. This command
is based on OpenGL and offers outstanding picture quality. The user can modify the viewing position in

INTRODUCTION

X,Y,Z and play with light sources to create illustrative views of the layout.

3D Package Viewer

Information

30 infarmation

> coordinates inx 1 142
> coordinates in'' 1 193
> w starts 1 32

> xstops - 215

3’73 Transo

1
[T

Light pasttion
[

Sensitivity

[ Draw oxide

v Draw Substrate
™ NA B

3 Demo

X Close

Figure 1: Access to real-time 3D-view of the layout using OpenGl

Help on Design Rules

L] Design rules for CMOS 45nm - HighK/Metal - 3rd generation Strain - 8 Metal copper,

Summary | Wells |
1201 Minimum N+

usion
i

12013 lambda [0.06 um)

1202 Between two P+ and N+
diffusio

ns
1202=3 lambda (006 um]

1203: Extra nusell after P+ diffusion
12033 lambida (0.06 um|

| Poysiicon | Contact | Metal, Via | Metalz, Via2 | Metal3, Vi3 | Metald, Viad | Metal5, Metalf | Metal? Metal2 | Fads |

1204: Between N+ diffusion and
ell

s
1204=3 lambda (0.06 um)

1205 Barder af el after e
polarization

1205=0 lambda (0.00 um]

1206: Between N+ and P+
polarization
12064 lambda (0.08 um]

1207 Border of Nwel for P+
polarization
1207=1 lambda [0.02 um)

1210: Minimum diffusion aiea
1210=16 lambda™2 [0.01 um2]

NESE N

P+ polarization

o 0K |

Techna: CMOS 45nm - HighK /M etal - 3rd generation Strain - 8 Metal copper loaded from file *'C:\Progiam Files\Microwind 3.5 Betat\Microwind3,

Figure 2 : illustration of design rules using the command Help — Design Rules
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Silicon Tool

The software “silicon” is able to give a user’s controlled 3D view of silicon atoms such as SiO2, Si lattice,
Carbon nanotube, etc. (figure 3).

Silicon Atom ‘?‘
Selection—————
" SiAlone

© Sistoms

502

© Silattice

© Silattice Boron

" Silattice Phosp.

¥ Tarbon nanoiubd

" Carbon Fullerens

Optians

Fows: |10
Atoms: |12

30 Contral——————

Palstte |
 Giay scale
= Hot scale
" Color scale

s
Bar size

Licht postion
—

Move the mouss inside the window (Left button down) to move atoms ¥ Chse |

Figure 3 : the silicon lattice and a boron dopant

Metal Layers

As seen in the figure 4 of palette, the available metal layers in 45nm technology range from metall to
metal8. The layer metall is situated at the lowest altitude, close to the active device, while metal8 is nearly
10um above the silicon surface. Metal layers are labeled according to the order in which they are fabricated,

from the lower level (metall) to the upper level (metal8).
x
Doogw
WETwm
tiF Ve

Options:
New layers Metal8 [
introduced in 65-nm Thetaz i
technology node

Metal 6
Metal5 BB
| |
7]

Metal 4

Metal 3

IIIII}'IIIIII}'II'I

Figure 4 : Microwind window with the palette of layers including 8 levels of metallization
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In Microwind3.5, the macros which ease the addition of contacts in the layout have been updated to handle

up to 8 layers of metal.

Global Crosstalk Evaluation

An evaluation of the crosstalk effect based on analytical approximations of the coupling amplitude is
available using the command Analysis— Global Crosstalk analysis to access to this command. The
example of the complete crosstalk calculation of each interconnect for the layout “AddBCD.MSK” is
displayed in figure 5. The formulations used for the computation of the crosstalk voltage AV are shown

below.
W

victim Laffector

I—victim W

Cp
C

C

X

X =

victim affector

With

C12 = crosstalk capacitance (Farad)

Cvictim
(Farad)
W = width of MOS device (m)

= length of MOS device (m)
Vdd = supply voltage (V)

capacitance of victim

INTRODUCTION

C, 1
AV =Vy ————
1+ CX 1+ X
Caffe:tor cv1:t1m
Substrate (Ground)
42 l! Nﬂ\ngﬂhr ‘z‘
=i W VaeVddin List
g I™ Filter {100 um
£l 050V
é{ Colorscale
3 J_I
=
o |

i'| L=t U ]
III | Il II | \I

i

e T

ﬂ _nni{

I"l‘“'i‘l ki

1 [

ikt Lm B

= s e | 1 1 1 |

ol - 0.278v, (28%),

ol = 0.276Yv, (20%),
=0.271V, (27%),
= 0. 268V, (27 %),

= 0447V, (45%),
N - 0.443v, (4430),
= 0416V, (42%),
~0.39GY, (40%),
= 0,390V, (39%),
= 0.383V, (38%),
> 0,379V, (38%),
= 0.372V, (37%),
» 0,365V, (36%),
= 0,364V, (36%),

~ 0,357V, (36%),
: = 0.325Y, (33%), "

= 0,324V, (32%),

» 0322V, (32%),

= 0311V, (31%), "K2"
> 0307V, (31%), "
= 0.296V, (30%),
»0.292V, (29%),
= 0203V, (28%), "

«f Hide | Unselect

"iowa"
“i0w10"
*i0wa"
“iTdd”
"iTwed"
iTwt
w2
"iow2"
it
T3
w3
¥or22_faddd_Add

1>

"i0wE"
w3
2
nmost_itwl 4"
e

e
nmos2_itw1 3"
pmost_ilw11"
“vdd*

"3t

"vdd2"

Figure 5: Global crosstalk extraction and classification of dangerous nodes (AddBCD.MSK)

In figure 5, the nodes in red correspond to the highest crosstalk noise, while the nodes in blue have almost
no noise due to lateral coupling. Vss and Vdd nodes may be removed from the list, and interconnects with
length less than a user’s defined value may also be removed.
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The values higher that 30% of VDD may jeopardize the safe behavior of signal propagation. In the list, three
internal nodes (i0w9, iow10, iow4) may suffer noise above that limit. However, the evaluation takes into
account a worst-case situation where all potential aggressors switch synchronously. A time domain
simulation should be conducted including the evaluation of crosstalk noise for these 3 victim nodes to verify
that the noise do not reach this worst-case value.

Global Delay Evaluation

At integrated circuit level, there exist a possibility to evaluate the delay of each interconnect, in a global
way, thanks to analytical approximations. We implemented in Microwind from version 3.1, consisting of
very simple approximations of the delay within interconnects, using the following formulations:

delay=0.43*Rline*Cline+0.92*(Rline*Cgate+Rd_mos*(Cline+Cgate))
with
delay = RC delay of the propagation, (in s)
Rline= resistance of the line (in Q)
Cline = capacitance of the interconnect (in Farad)
Cgate = capacitance of the loading gates (in Farad)
Rd_mos = equivalent on resistance of the MOS device driving the interconnect
Click Analysis — Global Delay Evaluation within MICROWIND to access to this command. The example
of the complete delay calculation of each interconnect is displayed in figure 6. The classification of each
nodes by decreasing delay appears in the navigator window. The worst delay appears at node Y1, with a
delay estimated to 412 ps.

m MNavigator E|
& W YssvWddin List

-

9 [ Filter [100 um

0.10n
Color scalg

a,
5 Compute

0oy

ay

|Ommns |Device |Pmps|

Durmp

=0.212ns,"v1", c=4311F r=2886ahr &
= (.155ns, "Sup1 0", c=16.5F, r=1801
=0.124ns, 3.31F, 1=8800hm
=0.113ns,
=0.100ns,
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Figure 6 : RC delay estimation at chip level (AddBDC.MSK)
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Invert Diffusion N <-> P

This command is useful to invert the nature of the diffusion. All N+ diffusions included in the given are
become P+, and vice versa, as illustrated in figure 7.

Figure 7: inverting the nature of the diffusion

Label List
The most convenient way to find a text in the layout is to invoke View — Label List. The list of text labels
appears in the navigator menu. If you click on the desired text, the screen is redrawn so that the text label is
at the center of the window, with two lines drawing a cross at the text location. Its properties appear in the
navigator menu.

e Click on Hide to close the navigator window.

e Click on Extract to add the electrical properties of the selected text if the layout has not been

previously extracted.

In the case of a very long text list, select the first letter of the text at hand, press that letter on the keyboard.
This will automatically effect and alphabetic research and the selector will move to the first label starting
with the selected letter.

Mathematical Signal Description
A user’s defined equation may be entered to create virtually any type of waveform. Examples are given

below. The full list of functions is reported in table 1.
Add a mathematical expression g|

Label name : |sinus1

DC Supplyl Clock ] Pulse ] Sinus ]Variable] Ground] Pyl Math l
Enter the mathermatical function

Equation:

Abs Absolute value -
Arcos Inwert cosine
List of priritives:  Arcsin Invert sinus
Arctan  Inwert tangent
Abs Absolute value v

& Cancel | | @ visible in simu
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Abs
Arcos
Arcsin
Arctan
Abs
Avg
Cos
CosH
Exp
Gauss
Int
Logic

Norm
Pi

P2
Pos
RMS
Sin
SinH
Sqr
Sgrt
White

TAN
VDD
VDDH

Absolute value

Invert cosine

Invert sinus

Invert tangent

Absolute value

Average of the signal

Cosine

Hyperbolic Cosine

Exponent

Gaussian noise; the parameter is the variance
Integral

Random logic value between VDD and VSS, changed at period given as a
parameter.

Normal distribution

3.1415927

2*pi

Positive value of the signal

Root mean square

Sinus

Hyperbolic Sinus

Square

Square root

White noise; the parameter is the amplitude
Time in seconds

Tangent

Voltage supply; given in the technology file
High Voltage supply; given in the technology file

Time in seconds

Zoom In Navigator

Table 1: Functions provided in the MATH simulation property

The zoom navigator is now merged with palette for easy access for zoom functions.
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INSTALLATION

INTRODUCTION

Connect to the web page www._microwind.net for the latest information about how to download the

lite version of the software. Once installed, two directories are created, one for MICROWIND35, one for
DscH35, as illustrated below.

C:\Program Files\Microwind

/

Microwind35 Dsch35
711 \ A [
Il 1 \‘ II ’: || \\ ‘~~‘~~
;N b/ o N e N
] ' \ -
examples ] \ html examples K ' html ieee
] ]
] T ! T
*MSK ! \ Help files *SCH J \ Help files Symbol
v v v \i library
rules system rules system (*SYM)
* RUL * EXE *TEC *EXE

Figure 0-1: The architecture of Microwind and Dsch

Once installed, two directories are created, one for MICROWIND35, one for DSCH35. In each directory, a
sub-directory called html contains help files. In MICROWIND35, other sub-directories include example files

(*.MSK), design rules (*.RUL) and system files (mainly microwind35.exe). In DscH35, other sub-
directories include example files (*.SCH and *.SYM), design rules (*.TEC) and system files (mainly
dsch35.exe).
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1 Technology Scale Down

The Moore’s Law

Recognizing a trend in integrated circuit complexity, Intel co-founder Gordon Moore extrapolated the
tendency and predicted an exponential growth in the available memory and calculation speed of
microprocessors which, he said in 1965, would double every year [Moore]. With a slight correction (i.e.
doubling every 18 months, see figure 1-1 ), Moore’s Law has held up to the Itanium® 2 processor which has
around 400 million transistors.

Circuit Complexity

1GIGA -
i Itanium ® o
Moore’s law with a P /
i _Pentium N
100 MEG douk;::ng each 18 s K
months / Pentium I11® 79 AN
/ \\
/
10 MEG Moore’law with a i A i
doubling eachyear \ /A Pentium 11® //

®

1 MEG 1 48%/\\‘ P
v R S<Pentium gras
/" 3g6™ I/ N TSeelooie- --"7 32 bits
[ Z/E \\
100K . i
/

10K i 2

<>0 8080 | 8 bits

K S
b 4004, _

Year
1970 1975 1980 1985 1990 1995 2000 2005 2010

Figure 1-1 : Moore’s law compared to Intel processor complexity from 1970 to 2010.
Scaling Benefits

The trend of CMOS technology improvement continues to be driven by the need to integrate more functions
within a given silicon area. Table 1 gives an overview of the key parameters for technological nodes from
180 nm, introduced in 1999, down to 22 nm, which is supposed to be in production around 2011.

Technology node 130 nm 90 nm 65 nm 45 nm 32 nm 22 nm
First production 2001 2003 2005 2007 2009 2011
Effective gate 70 nm 50 nm 35 nm 25 nm 17 nm 12 nm
length

Gate material Poly Poly Poly Metal Metal Metal
Gate dielectric SiOo, SiOo, SiON High K High K High K
Kgates/mm® 240 480 900 1500 2800 4500
Memory point (u?) | 2.4 1.3 0.6 0.3 0.15 0.08
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Gate Dielectric High voltage
Thickness (nm) MOS (double Technology
gate oxide) addressed in

10nm = 0.25m A“"i'\&'\ ---- ;-] ----------- Microwind 3.5  --
— 01gm Ko A
' n

0.13 ""/‘/' -----------
— /Im90 m e
650m A 45nm
1nm B =iy R T
= Low voltage BN ALLE
— MOS (minimu
— gate oxide) 22nm
— I
b |
0.ANM === m=mmmemmmmmmamaee SION (£7=4.2-6.5) == -=-- === -=ommemmmmon e
Si02 (5=3.9)
e ] Year
| | | |
1995 2000 2005 2010 2015

Figure 1-2 : The technology scale down towards nano-scale devices

At each lithography scaling, the linear dimensions are approximately reduced by a factor of 0.7, and the
areas are reduced by factor of 2. Smaller cell sizes lead to higher integration density which has risen to

nearly 1.5 million gates per mm? in 45 nm technology (table 1).

Gate Material and Oxide

For 40 years, the SiO2 gate oxide combined with polysilicon have been serving as the key enabling
materials for scaling MOS devices down to the 90nm technology node (Fig. 1). One of the struggles the IC
manufacturers went through was being able to scale the gate dielectric thickness to match continuous
requirements for improved switching performance. The thinner the gate oxide, the higher the transistor
current and consequently the switching speed. However, thinner gate oxide also means more leakage
current. Starting with the 90nm technology, SiO2 has been replaced by SiON dielectric, which features a
higher permittivity and consequently improves the device performances while keeping the parasitic leakage
current within reasonable limits. Starting with the 45-nm technology, leakage reduction has been achieved
through the use of various high-K dielectrics such as Hafnium Oxide HfO, (g=12), Zyrconium Oxide ZrO,
(e=20), Tantalum Oxide Ta,Os (er=25) or Titanium Oxide TiO, (er=40). This provides much higher device
performance as if the device was fabricated in a technology using conventional SiO, with much reduced
“equivalent SiO, thickness”.

For the first time in 40 years of CMOS manufacturing, the poly gate has been abandoned. Nickel-Silicide
(NiSi), Titanium-Nitride (TiN) etc. are the types of gate materials that provide acceptable threshold voltage
and alleviate the mobility degradation problem (Fig. 3). In combination with Hafnium Oxide (HfO,, £,=12),
the metal/high-k transistors feature outstanding current switching capabilities together with low leakage.
Increased on current, decreased off current and significantly decreased gate leakage are obtained with this

novel combination. The sheet resistance is around 5Q/square for the metal gate.

18



MICROWIND & DSCH V3.5 - USER'S MANUAL 1. TECHNOLOGY SCALE DOWN

Low resistive

Polysificon Tow resistive layer (SN}
gate . layer (SiN)
Nervel METAL
gate (Nickel
S0z Hafuim Silicide)
Gate Gate

oxide oxide l /
|

1. 2nm ]

)
1
2.0mm E
E=3.9 E=12.0 i
Sonrce ' Drain Souree ! H Drain
\ h i
".‘ ! Equivalent to 0.6 nm Y
' '4' SiO02, which means a '-‘
Low capacitance s A higher capacitance i
._‘,f’ (slow device) \‘-._ o ffast device) e
- High gate leakage -~ - Reduced gate leakage o

0-nm genegration

Figure 1-3 : The metal gate combined with High-K oxide material enhance the MOS device performance in terms of

switching speed and significantly reduce the leakage

Drain current (A/pum) Effective Electron
lon current mobility (cm?/V.s) Ontimized
A Poly - SiO, increase Ti?\l/HfOz
A
10° = Q-
10* 250 o.-> PolyIsio;
£
10° — R
A w
10° 200 — N\ .~
I

107 _ 0

/ o Poly/HfO,
10t —/ loff current 150 — /

/ decrease 4
10° —f---- _
@ 1 MV/cm
10" — 100 —
[ ' [ ' [ 4 [ ' [ ' [ g
0.0 0.5 1.0 0.0 1.0 2.0
Gate voltage (V) Equivalent Gate Oxide (nm)

Figure 1-4 : The metal gate combined with High-K oxide material enhances the lon current and drastically reduces the

loff current (left). Electron mobility vs. Equivalent gate oxide thickness for various materials (right).

The effective electron mobility is significantly reduced with a decrease of the equivalent gate oxide
thickness, as seen in Fig. 1-4, which compiles information from [Chau2004] [Lee2005][Song2006]. It can
be seen that the highest mobility is obtained with optimized TiN/HfO,, while Poly/ HfO, do not lead to
suitable performances.

Strained Silicon

Strained silicon has been introduced starting with the 90-nm technology [Sicard2005b], [Sicard2006b] to
speed-up the carrier mobility, which boosts both the n-channel and p-channel transistor performances.
PMOS transistor channel strain has been enhanced by increasing the Germanium (Ge) content in the
compressive SiGe (silicium-germanium) film. Both transistors employ ultra shallow source-drains to further
increase the drive currents.
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Figure 1-5 : Tensile strain generated by a silicon-nitride capping layer which increases the distance between atoms

underneath the gate, which speeds up the electron mobility of n-channel MOS devices
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Figure 1-6 : Compressive strain to reduce the distance between atoms underneath the gate, which speeds up the hole

mobility of p-channel MOS devices

Let us assume that the silicon atoms form a regular lattice structure, inside which the carriers participating
to the device current have to flow. In the case of electron carriers, stretching the lattice (by applying tensile
strain) allows the electrons to flow faster from the source to the drain, as depicted in Fig. 1-5. The mobility
improvement exhibits a linear dependence on the tensile film thickness. In a similar way, compressing the
lattice slightly speeds up the p-type transistor, for which current carriers consist of holes (Fig. 1-6). The
combination of reduced channel length, decreased oxide thickness and strained silicon achieves a substantial
gain in drive current for both nMOS and pMOS devices.

Market

The integrated circuit market has been growing steadily since many years, due to ever-increasing demand
for electronic devices. The production of integrated circuits for various technologies over the years is
illustrated in Fig. 1-7. It can be seen that a new technology has appeared regularly every two years, with a
ramp up close to three years. The production peak is constantly increased, and similar trends should be
observed for novel technologies such as 45nm (forecast peak in 2010).

20



MICROWIND & DSCH V3.5 - USER'S MANUAL 1. TECHNOLOGY SCALE DOWN

Production
32nm
45nm

65nm
90nm

| | Year

1995 2000 2005 2010 2015

Figure 1-7 : Technology ramping every two years introducing the 45 nm technology

Prototype 45-nm processes have been introduced by TSMC in 2004 [Tsmc2004] and Fujitsu in 2005
[Fujitsu2005]. In 2007, Intel announced its 45-nm CMOS industrial process and revealed some key features
about metal gates. The “Common Platform” [Common2007] including IBM, Chartered Semiconductor, The
transistor channels range from 25 nm to 40 nm in size (25 to 40 billionths of a meter). Some of the key
features of the 45 nm technologies from various providers are given in Table 2.

Parameter Value
Vpp (V) 0.85-1.2 V
Effective gate length (nm) 25-40

lon N (WA/um) at 1V 750-1000
lon P (WA/um) at 1V 350-530
loff N (nA/um) 5-100

loff P (nA/um) 5-100
Gate dielectric SiON, HfO2, ZrO, Ta,05 TiO,
Equivalent oxide thickness 11-15
(nm)

# of metal layers 6-10
Interconnect layer

permittivity K 2.2-2.6

Table 2: Key features of the 45 nm technology

Compared to 65-nm technology, most 45-nm technologies offer:

- 30 % increase in switching performance

- 30 % less power consumption

- 2 times higher density

- X 2 reduction of the leakage between source and drain and through the gate oxide

45-nm process variants
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There may exist several variants of the 45-nm process technology. One corresponds to the highest possible
speed, at the price of a very high leakage current. This technology is called “High speed” as it is dedicated
to applications for which the highest speed is the primary objective: fast microprocessors, fast DSP, etc.

Parasitic

leakage

cnrrent .
Microwind 45-

N nm rule file Networking

High-end
Higch (x 10) ’ SEeIVers
Computing | Servers

Consumer :
Mobile
Computing

High speed
Moderate L gh ¢ Pt
igital camera phones
«1) Digital 3G pl varian
2G phones
i Personal org.
i Low leakage Speed
(L(o)“1) variant
x 0.

Low Moderate Fast
-50% 2 +50%
(-50%) (0%) (+30%)

Figure 1-8 : Introducing three variants of the 45-nm technology

This technology has not been addressed in Microwind’s 45nm rule file. The second technological option
called “General Purpose” (Fig. 1-8) is targeted to standard products where the speed factor is not critical.
The leakage current is one order of magnitude lower than for the high-speed variant, with gate switching
decreased by 50%. Only this technology has been implemented in Microwind [Sicard2007].

There may also exist a third variant called low leakage (bottom left of Fig. 1-8). This variant concerns
integrated circuits for which the leakage current must remain as low as possible, a criterion that ranks first
in applications such as embedded devices, mobile phones or personal organizers. The operational voltage is
usually from 0.8 V to 1.2 V, depending on the technology variant. In Microwind, we decided to fix VDD at
1.0 V in the cmos45nm.RUL rule file, which represents a compromise between all possible technology
variations available for this 45-nm node [Sicard2007].

In 2010, Microwind 3.5 has also been tuned to the 32-nm node [Sicard2010], with the introduction of
lon/loff trends and process variability, as described in Fig. 1-9. Further improvements have been achieved
for unmatched MOS performances (very high lon, reasonable loff).
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2 The MOS device

This chapter presents the CMOS transistor, its layout, static characteristics and dynamic characteristics. The
vertical aspect of the device and the three dimensional sketch of the fabrication are also described.

Logic Levels

Three logic levels 0,1 and X are defined as follows:

Logical value | Voltage Name Symbol in DscH Symbol in MICROWIND
0 0.0v VSS e K}

(Green in logic simulation) (Green in analog simulation)

1 1.0V in cmos|VDD

65nm L% r

(Red in logic simulation) (Red in analog simulation)

X Undefined X (Gray in simulation) (Gray in simulation)

The MOS as a switch

The MOS transistor is basically a switch. When used in logic cell design, it can be on or off. When on, a
current can flow between drain and source. When off, no current flow between drain and source. The MOS
is turned on or off depending on the gate voltage. In CMOS technology, both n-channel (or nMOS) and p-
channel MOS (or pMOS) devices exist. The nMOS and pMOS symbols are reported below. The symbols
for the ground voltage source (0 or VSS) and the supply (1 or VDD) are also reported in figure 2-1.

The n-channel MOS device requires a logic value 1 (or a supply VDD) to be on. In contrary, the p-channel
MOS device requires a logic value 0 to be on. When the MSO device is on, the link between the source and
drain is equivalent to a resistance. The order of range of this ‘on’ resistance is 100 Q-5 KQ. The ‘off’
resistance is considered infinite at first order, as its value is several Mega-Q.

<L % -
A ——

Figure 2-1 : the MOS symbol and switch
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MOS layout

LL

We use MICROWIND to draw the MOS layout and simulate its behavior. Go to the directory in which the

Microwind35.exe
Microwind3, 5
IMSA,

software has been copied (By default Microwind35 ). Double-click on the MICROWIND icon.
The MICROWIND display window includes four main windows: the main menu, the layout display window,
the icon menu and the layer palette. The layout window features a grid, scaled in lambda (A) units. The
lambda unit is fixed to half of the minimum available lithography of the technology. The default technology
is a CMOS 8-metal layers 45 nm technology. In this technology, lambda is 0.02 pum (40 nm).

M Microwingias - example —1olx]

Ele WVew Edit Simulate Comple Analysis Help

B S PIRAAE e 2o d B ATER 3
ﬂamhda . P . L Lo . '! Pl il
...... . L L QEEER

...... . L5 e

...... L e

0.100pm

Options
Metald [
...... . P . . Lo . Metsl 7 EiE
Metal s [E
Metals B
...... . o . . L . r—
............ . . L . v @
............. . .o Lo . mets2 [l
...... . L . . L . etall B
it get=2 [l
Contact
i gete [l
p+ Ditfusion [l
1+ Ditfusion [l
...... . o . . L . el ]

...... . — A |-

H

rrrr R

[Show palette menu... Hit 18 [CMOS 45nm - Hidhi Metal/Strain - 81 2

Figure 2-2 :The MICROWIND window as it appears at the initialization stage..

The palette is located in the lower right corner of the screen. A red color indicates the current layer. Initially
the selected layer in the palette is polysilicon. By using the following procedure, you can create a manual
design of the n-channel MOS.

©  Fix the first corner of the box with the mouse. While keeping the mouse button pressed, move the
mouse to the opposite corner of the box. Release the button. This creates a box in polysilicon layer as
shown in Figure 2-3. The box width should not be inferior to 2 A, which is the minimum width of the
polysilicon box.

®  Change the current layer into N+ diffusion by a click on the palette of the Diffusion N+ button. Make
sure that the red layer is now the N+ Diffusion. Draw a n-diffusion box at the bottom of the drawing
as in Figure 2-3. N-diffusion boxes are represented in green. The intersection between diffusion and
polysilicon creates the channel of the nMOS device.
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Figure 2-3 : Creating the N-channel MOS transistor

Vertical aspect of the MOS

2

Click on this icon to access process simulation (Command Simulate — Process section in 2D). The cross-
section is given by a click of the mouse at the first point and the release of the mouse at the second point. In
the example of Figure 2-4, three nodes appear in the cross-section of the n-channel MOS device: the gate
(red), the left diffusion called source (green) and the right diffusion called drain (green), over a substrate
(gray). A thin oxide called the gate oxide isolates the gate. Various steps of oxidation have lead to stacked
oxides on the top of the gate.

Inter-layer oxide
(low permittivity) ) )
Compressive strain
around the NMOS gate

field oxide MOS gate
(S102) (TiN)

NMOS drain
(N+ doped)

NMOS source
(N+ doped)

Shallow trench igolation
(STI, built in (5102)

Silicon substrate
(lightly doped P)

Figure 2-4 : The cross-section of the nMOS devices.
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The physical properties of the source and of the drain are exactly the same. Theoretically, the source is the
origin of channel impurities. In the case of this nMOS device, the channel impurities are the electrons.
Therefore, the source is the diffusion area with the lowest voltage. The metal gate floats over the channel,
and splits the diffusion into 2 zones, the source and the drain. The gate controls the current flow from the
drain to the source, both ways. A high voltage on the gate attracts electrons below the gate, creates an
electron channel and enables current to flow. A low voltage disables the channel.

Static Mos Characteristics

£

Click on the MOS characteristics icon. The screen shown in Figure 2-5 appears. It represents the I1d/Vd
static characteristics of the nMQOS device. The MOS size (width and length of the channel situated at the
intersection of the polysilicon gate and the diffusion) has a strong influence on the value of the current. In
Figure 2-5, the MOS width is 580 nm and the length is 40 nm. A high gate voltage (Vg = 1.0V) corresponds
to the highest 1d/Vd curve. For Vg=0, almost no current flows, Ids is close to 0.

You may change the voltage values of Vd, Vg, Vs by using the voltage cursors situated on the right side of
the window.

A maximum current around 0.55 mA is obtained for Vg=1.0 V, Vd=1.0 V, with Vs=0.0. The MOS
parameters correspond to SPICE model “BSIM4” [Liu2001].
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Figure 2-5 : N-Channel MOS characteristics
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Dynamic MOS behavior

This paragraph concerns the dynamic simulation of the MOS to exhibit its switching properties. The most
convenient way to operate the MOS is to apply a clock to the gate, another to the source and to observe the
drain. The summary of available properties that can be added to the layout is reported below.

VDD property _Vt t 75 m J} n
High voltage property / / 4 ’l& \

N Node visible
VSS property Sinusoidal wave
Clock property

Pulse property

O Apply a clock to the gate. Click on the Clock icon and then, click on the polysilicon gate. The
clock menu appears again. Change the name into Vgate and click on OK to apply a clock with
0.1 ns period (45 ps at “0”, 5 ps rise, 45 ps at “1”, 5 ps fall).

Add a Clock il

Label narne ; |HENS

DC Supply  Clock |F'u|se | Sinus |'\:‘ariab|e| Grnundl Pyl | hlath |

—Pararmeter
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Figure 2-6 : The clock menu and the clock property insertion directly on the MOS layout

® Apply a clock to the drain. Click on the Clock icon, click on the left diffusion. The Clock menu
appears. Change the name into Vdrain and click on OK. A default clock with 0.2 ns period is
generated. The Clock property is sent to the node and appears at the right hand side of the desired
location with the name Vdrain.
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© Waitch the output: Click on the Visible icon and then, click on the right diffusion. Click OK. The
Visible property is then sent to the node. The associated text s1 is in italic, meaning that the
waveform of this node will appear at the next simulation.

Always save BEFORE any simulation. The analog simulation algorithm may cause run-time errors leading
to a loss of layout information. Click on File — Save as. A new window appears, into which you enter the
design name. Type for example Mosn .MSK. Then click on Save. The design is saved under that filename.

Analog Simulation

Click on Simulate — Start Simulation. The timing diagrams of the nMOS device appear, as shown in
Figure 2-7. Select the appropriate time scale (500 ps) to see the chronograms of the simulation. Click
“Reset” to restart simulation at any time.
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Figure 2-7 : Analog simulation of the MOS device.

When vgate is at zero, no channel exists so the node vsource is disconnected from the drain. When the gate
is on (vgate=1.0 V), the source copies the drain. It can be observed that the nMOS device drives well at zero
but poorly at the high voltage. The highest value of vsource is around 0.6 V, that is VDD minus the
threshold voltage. This means that the n-channel MOS device do not drives well logic signal 1, as
summarized in figure 2-8. Click on More in order to perform more simulations. Click on Close to return to
the editor.
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Figure 2-8 : The nMOS device behavior summary

The MOS Models

Mos Level 1

For the evaluation of the current Ids between the drain and the source as a function of Vd,Vg and Vs, you
may use the old but nevertheless simple LEVEL1 described below. The parameters listed in table 2-1
correspond to “low leakage” MOS option, which is the default MOS option in 45 nm technology. When
dealing with sub-micron technology, the model LEVEL1 is more than 4 times too optimistic regarding
current prediction, compared to real-case measurements.

g0 = 8.85 102 F/m is the absolute permittivity

g = relative permittivity, equal to 10 in the case of HfO, (no unit)

Mode Condition Expression for the current lds
CUT-OFF Vgs<0 Ids=0
LINEAR Vds<Vgs-Vt 2
1as=uo2efr W _wyv, Ve )y
TOX L ° 2
SATURATED Vds>Vgs-Vt
¢ 1ds=uo-0fr Wy _ypy
TOX L ¢
Mos Levell parameters
Parameter Definition Typical Value 45nm
NMOS PMOS
VTO Threshold voltage 0.18V -0.15V
uo Carrier mobility 0.016 m*/V-s 0.012 m*/V-s
TOXE Equivalent gate oxide thickness 3.5 nm 3.5 nm
PHI Surface  potential at  strong|0.15V 015V
inversion
GAMMA Bulk threshold parameter 0.4 V% 0.4 V'?
w MOS channel width 80 nm minimum 80 nm minimum
L MOS channel length 40 nm minimum 40 nm minimum

Table 2-1: Parameters of MOS level 1 implemented into Microwind

The High-K dielectric enabled a thinner “equivalent” oxide thickness while keeping leakage current low.

The “equivalent oxide thickness” TOXE is defined by Equ. 1. For the 45-nm technology, the high-K
30
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permittivity declared in the rule file is 10 (Parameter “GateK”), close to HfO, gate dielectric permittivity.
The physical oxide thickness is 3.5 nm, and by applying equ. 1, TOXE is 1.4nm. These parameters are in

close agreement with those in Song’s review on 45-nm gate stacks [Song2006].

TOXE :( Fsio: thigh_k] (Equ. 1)

Ehigh—k
Where
gsio2 = dielectric permittivity of SiO2 (3.9, no unit)
enign-k = High-K dielectric permittivity
thigh-« = High-K oxide thickness (m)

The MOS Level 3

For the evaluation of the current Ids as a function of Vd,Vg and Vs between drain and source, we commonly
use the following equations, close from the SPICE LEVEL 3 formulations [Lee]. The formulations are
derived from the LEVEL1 and take into account a set of physical limitations in a semi-empirical way.

Ids Model 1 would do this
Linear .
A . | e “Saturation in
Vds<vgs-vt T model 3
1
1
1
1
1
1
!
1
! Cutt-off
i / Vgs<Vit
1
! >
VdSAT Vds

Figure 2-9 : Introduction of the saturation voltage VdSat which truncates the equations issued from model 1

One of the most important change is the introduction of Vdsar, a saturation voltage from which the current
saturates and do not rise as the LEVEL1 model would do (figure 2-9). This saturation effect is significant
for small channel length.

The BSIM4 MOS Model

An advanced MOS model, called BSIM4, has been introduced in 2000 [Liu]. A simplified version of this
model is supported by MICROWIND in its full version and recommended for nanoscale technology
simulation. BSIM4 still considers the operating regions described in MOS level 3 (linear for low Vds,
saturated for high Vds, subthreshold for Vgs<Vt), but provides a perfect continuity between these regions.
BSIM4 introduces a new region where the impact ionization effect is dominant.
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The number of parameters specified in the official release of BSIM4 is as high as 300. A significant portion
of these parameters is unused in our implementation. We concentrate on the most significant parameters, for
educational purpose. The set of parameters is reduced to around 20, shown in the right part of figure 2-10.
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Figure 2-10 : Implementation of BSIM4 within Microwind (full version only)

The PMOS Transistor

The p-channel transistor simulation features the same functions as the n-channel device, but with opposite
voltage control of the gate. For the nMOS, the channel is created with a logic 1 on the gate. For the pMOS,
the channel is created for a logic O on the gate. Load the file pmos.msk and click the icon MOS
characteristics. The p-channel MOS simulation appears, as shown in Figure 2-11.
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Figure 2-11 : Layout and simulation of the p-channel MOS (mypmos.MSK)

Note that the pMOS gives approximately half of the maximum current given by the nMOS with the same
device size. The highest current is obtained with the lowest possible gate voltage, that is 0. From the
simulation of figure 2-11, we see that the pMOS device is able to pass well the logic level 1. But the logic
level 0 is transformed into a positive voltage, equal to the threshold voltage of the MOS device (0.35 V).
The summary of the p-channel MOS performances is reported in figure 2-12.

0 1

PMOS W /

— T

0 0

0 W (Poof\;t(; 1 W Good 1

Figure 2-12 : Summary of the performances of a pMOS device

MOS device options

The default MOS device in Microwind 3.5 is the “low leakage MOS”. There exist a possibility to use a
second type of MOS device called “High-speed”. The device I/V characteristics of the low-leakage and
high-speed MOS devices listed in Table 3 are obtained using the MOS model BSIM4 (See [Sicard2005a]
for more information about this model). The cross-section of the low-leakage and high-speed MOS devices
do not reveal any major difference (Fig. 2-13), except a reduction of the effective channel length.
Concerning the low-leakage MOS, the I/V characteristics reported in Fig. 2-14 demonstrate a drive current
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capability of around 0.9 mA/um for W=1.0um at a voltage supply of 1.0 V. For the high speed MOS, the
effective channel length is slightly reduced as well as the threshold voltage, to achieve an increased drive
current of around 1.2 mA/um.

] high speed nmas
low leakage MvIOS - I b v

Low leakage High speed

Coniact to oS nMOS
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Figure 2-13 : Cross-section of the nMOS devices (allMosDevices.MSK)

Parameter NMOS NMOS
Low leakage High speed

Drawn length (nm) 40 40

Effective length (nm) 35 30

Threshold voltage (V) 0.20 0.18

lon (mA/um) at VDD=1.0V 0.9 1.2

loff (nA/pm) 7 200

Table 3: nMOS parameters featured in the CMOS 45-nm technology provided in Microwind
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Figure 2-14 : 1d/Vd characteristics of the low leakage and high speed nMOS devices
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Figure 2-15 : 1d/Vg characteristics (log scale) of the low leakage and high-speed nMOS devices

The drawback of the high-speed MOS current drive is the leakage current which rises from 7 nA/um (low

leakage) to 200 nA/um (high speed), as seen in the 1d/Vg curve at the X axis location corresponding to Vg=
0V (Fig. 2-15b).

High-Voltage MOS

At least three types of MOS devices exist within the 45-nm technology implemented in Microwind : the

low-leakage MOS (default MOS device), the high-speed MOS (higher switching performance but higher

leakage) and the high voltage MOS used for input/output interfacing. In Microwind’s cmos45nm rule file,

the 1/0O supply is 1.8 V. Most foundries also propose 2.5 V and 3.3 V interfacing.
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Figure 2-16 : Changing the MOS type through the option layer

The MOS type is changed using an option layer, situated at the upper part of the palette. The option layer
box should completely surround the MOS device layout. Double click the option layer. The Navigator menu
is set to the “Options” menu (Fig. 2-16). The default MOS type corresponds to the option “low leakage”
(Fig. 2-16). Change the option to “High Speed” and lauch the simulation again.

MOS Variability

One important challenge in nano-CMOS technology is process variability. The fabrication of millions of
MOS devices at nano-scale induces a spreading in switching performances in the same IC. The most
important parameters affected by process variability are the threshold voltage, the carrier mobility and the
effective channel length. Variations are handled in Microwind using random values in a Gaussian
distribution, which is expressed by the formulation of Equ. 2. An illustration of the variation in electron
mobility (parameter UQ) for nearly a thousand MOS device samples is reported in Fig. 2-17.

l _(X_m)z

f:\/2_ e 2o (Equ. 2)
o

where

f = probability density of the random variable (x axis in Fig.)
x = variable (y axis in Fig. 11)
o = deviation

m = mean value
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Figure 2-17 The extracted mobility of 1000 MOS samples shows an important variability around 320 V.cm™

The effect of process variability on the MOS loff/lon characteristics is plotted using the menu “loff vs. lon”
under the “MOS 1I/V curve” menu (Fig. 2-18). It can be seen that the MOS devices have a wide variability in
performances. The 3 MOS types (low leakage, high speed, high voltage) are situated in well defined space
in the loff/lon domain. The low leakage is in the middle (medium lon, low loff), the high speed on the upper
right corner (high lon, high loff), and the high voltage is at the lower left side of the graphics (low lon, very

low loff). Note that the exact locations of the dots will change for each MOS characteristics plotted because
it is a random process.
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Figure 2-18loff/lon calculated by Microwind on 100 samples of n-channel MOS with random distribution of VT, UO,

and LINT with a Gaussian distribution around the nominal value
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Figure 2-19 Finding compromises between high current drive and high leakage current

Concerning “worst case” and “best case”, notice that
« Slow devices have high VT, low mobility U0 and long channel (LINT>0)
« Fast devices have low VT, high mobility U0, and short channel (LINT<0)

The Transmission Gate

Both NMOS devices and PMOS devices exhibit poor performances when transmitting one particular logic
information. The nMOS degrades the logic level 1, the pMOS degrades the logic level 0. Thus, a perfect
pass gate can be constructed from the combination of nMOS and pMOS devices working in a
complementary way, leading to improved switching performances. Such a circuit, presented in figure 2-20,
is called the transmission gate. In DScH , the symbol may be found in the Advance menu in the palette. The
transmission gate includes one inverter, one nMQOS and one pMOS.

4 O N %

DataCut

—

tgate
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Figure 2-20 : Schematic diagram of the transmission gate (Tgate.SCH)

Transmission gateEL{1>
. EF-AED

Figure 2-21 : Layout of the transmission gate (TGATE.MSK)

The layout of the transmission gate is reported in figure 2-21. The n-channel MOS is situated on the bottom
the p-channel MOS on the top. Notice that the gate controls are not connected, as ~Enable is the opposite of
Enable.

Metal Layers

As seen in the palette (Fig. 2-22), the available metal layers in 45nm technology range from metall to
metal8. The layer metall is situated at the lowest altitude, close to the active device, while metal8 is nearly
10um above the silicon surface. Metal layers are labeled according to the order in which they are fabricated,
from the lower level (metall) to the upper level (metal8).

In Microwind, specific macros are accessible to ease the addition of contacts in the layout. These macros
can be found in the palette. As an example, you may instantiate a design-error free metal7/metal8 contact by
selecting metal8, followed by a click on the upper left corner icon in the palette.
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Figure 2-22 : Microwind window with the palette of layers including 8 levels of metallization
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Figure 2-24: Examples of layer connection using the complex contact command from Microwind (Contacts.MSK)

A metall/metal8 contact is depicted in Fig. 2-23. Additionally, access to complex stacked contacts is
proposed thanks to the icon "complex contacts” situated in the palette, in the second column of the second
row. The screen shown in Fig. 2-23 appears when you click on this icon. By default it creates a contact from
poly to metall, and from metall to metal2. Tick more boxes “between metals” to build more complex
stacked contacts, as illustrated in the 2D cross-section reported in Fig. 2-24.

Each layer is embedded into a low dielectric oxide (referred to as “interconnect layer permittivity K” in
Table 2), which isolates the layers from each other. A cross-section of a 45-nm CMQOS technology is shown
in Fig. 2-24. In 45-nm technology, the layers metall.metal4 have almost identical characteristics.
Concerning the design rules, the minimum width w of the interconnect is 3 A. The minimum spacing is 4 A.
Layers metal5 and metal6 are a little thicker and wider, while layers metal7 and metal8 are significantly
thicker and wider, to drive high currents for power supplies. The design rules for metal8 are 25 A (0.5um)
width, 25 A (0.5um) spacing.

Added Features in the full version

BSIM4 The state-of-the art MOS model for accurate simulation of nano-scale technologies,
including a tutorial on key parameters of the model.

High Speed Mos New kinds of MOS device has been introduced in deep submicron technologies, starting the
0.18um CMOS process generation. The MOS called high speed MOS (HS) is available as
well as the normal one, recalled Low leakage MOS (LL).

High Voltage MOS For 1/Os operating at high voltage, specific MOS devices called "High voltage MOS" are
used. The high voltage MOS is built using a thick oxide, two to three times thicker than the
low voltage MOS, to handle high voltages as required by the 1/O interfaces..

Temperature Effects Three main parameters are concerned by the sensitivity to temperature: the threshold voltage
VTO, the mobility UO and the slope in sub-threshold mode. The modeling of the temperature
effect is described and illustrated .
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Process Variations

Due to unavoidable process variations during the hundreds of chemical steps for the
fabrication of the integrated circuit, the MOS characteristics are never exactly identical from
one device to another, and from one die to an other. Monte-carlo simulation, min/max/typ
simulations are provided in the full version.

lon/loff trends

The screen "lon vs. loff" enables to see the ION/IOFF trends for a set of MOS devices with
random distribution of VT, U0 and LEFF as detailed in the Process Variations menu. The
three types of MOS devices (high speed, low leakage, high voltage) are displayed.
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3 The lnverter

This chapter describes the CMOS inverter at logic level, using the logic editor and simulator DSCH , and at
layout level, using the tool MICROWIND .

The Logic Inverter

In this section, an inverter circuit is loaded and simulated. click File— Open in the main menu. Select

INV.SCH in the list. In this circuit are one button situated on the left side of the design, the inverter and a
led. Click Simulate— Start simulation in the main menu.

D’@;"*DQ—%HA DA_—DD_‘ """ %nﬁ'«

Figure 3-1 : The schematic diagram including one single inverter (Inverter.SCH)

Now, click inside the buttons situated on the left part of the diagram. The result is displayed on the leds. The

red value indicates logic 1, the black value means a logic 0. Click the button Stop simulation shown in the
picture below. You are back to the editor.

Simulstion Cortral - IEI Iil
ST B Slow

¥ Show wire state [~ Pinstate [ Swmbal state _I

Figure 3-2 : The button Stop Simulation

Click the chronogram icon to get access to the chronograms of the previous simulation (Figure 3-3). As
seen in the waveform, the value of the output is the logic opposite of that of the input.

__— 00 200 400  EOO 800 1000
Ornside
S

A [button]
s [light1]

Figure 3-3 : Chronograms of the inverter simulation (Cmosinv.SCH)

43



MICROWIND & DSCH V3.5 - USER'S MANUAL 3. The Inverter

Double click on the INV symbol, the symbol properties window is activated. In this window appears the
VERILOG description (left side) and the list of pins (right side). A set of drawing options is also reported in
the same window. Notice the gate delay (3 pico-second in the 45-nm technology), the fanout that represents
the number of cells connected to the output pin (1 cell connected), and the wire delay due to this cell

connection (an extra 2 ps delay).

The CMOS inverter

The CMOS inverter design is detailed in the figure below. Here the p-channel MOS and the n-channel MOS
transistors function as switches. When the input signal is logic 0 (Figure 3-4 left), the nMOS is switched off
while PMOS passes VDD through the output. When the input signal is logic 1 (Figure 3-4 right), the pMOS
is switched off while the nMOS passes VSS to the output.

O | | —0)
D{im ......... « o .LJ1 . in2 jm{%z
(

Figure 3-4 : The MOS Inverter (File Cmoslnv.sch)

The fanout corresponds to the number of gates connected to the inverter output. Physically, a large fanout
means a large number of connections, that is a large load capacitance. If we simulate an inverter loaded with
one single output, the switching delay is small. Now, if we load the inverter by several outputs, the delay
and the power consumption are increased. The power consumption linearly increases with the load
capacitance. This is mainly due to the current needed to charge and discharge that capacitance.

Manual Layout of the Inverter

In this paragraph, the procedure to create manually the layout of a CMOS inverter is described. Click the
icon MOS generator on the palette. The following window appears. By default the proposed length is the
minimum length available in the technology (2 lambda), and the width is 10 lambda. In 45-nm technology,
where lambda is 20 nm (0.02 pum), the corresponding size is 0.02 um for the length and 0.04 pm for the
width. Simply click Generate Device, and click on the middle of the screen to fix the MOS device.
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Figure 3-5 : Generating a nMOS device

Click again the icon MOS generator on the palette. Change the type of device by a tick on p-channel, and
click Generate Device. Click on the top of the nMOS to fix the pMOS device.

The MOS generator is the safest way to create a MOS device compliant to design rules. The programmable
parameters are the MOS width, length, the number of gates in parallel and the type of device (n-channel or
p-channel). By default metal interconnects and contacts are added to the drain and source of the MOS. You
may add a supplementary metal 2 interconnect on the top of metal 1 for drain and source.

Connection between Devices

Within CMOS cells, metal and polysilicon are used as interconnects for signals. Metal is a much better
conductor than polysilicon. Consequently, polysilicon is only used to interconnect gates, such as the
bridge (1) between pMOS and nMOS gates, as described in the schematic diagram of figure 3-6.
Polysilicon is rarely used for long interconnects, except if a huge resistance value is expected.

LN o my VDD

(1) Bridge

between nMos .
(3) Bridge between

and pMos gates
\ / nMos and pMos
| (4) Connexion to
(2) Contact to

output
mput

T e (6) Connexion to

ground

Figure 3-6 : Connections required to build the inverter (Cmosinv.SCH)
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(1) Polysilicon Bridge
between pMOS and
nMOS gates

3. The Inverter

2 lambda polyzilicon gate
size to achieve fastest

switching

Figure 3-7 : Polysilicon bridge between nMOS and pMOS devices (InvSteps.MSK)

In the layout shown in figure 3-7, the polysilicon bridge links the gate of the n-channel MOS with the gate
of the p-channel MOS device. The polysilicon serves as the gate control and the bridge between MOS gates.

Useful Editing Tools

The following commands may help you in the layout design and verification processes.

Command Icon/Short cut Menu Description
UNDO CTRL+U Edit menu Cancels the last editing operation
DELETE F Edit menu Erases some layout included in the
given area or pointed by the mouse.
CTRL+X
STRETCH i Edit menu Changes the size of one box, or moves
the layout included in the given area.
COPY g Edit Menu Copies the layout included in the given
area.
CTRL+C
VIEW ]—f— View Menu Verifies the electrical net connections.
ELECTRICAL
NODE CTRL+N
2D CROSS-| & Simulate Menu Shows the aspect of the circuit in
SECTION s vertical cross-section.

Create inter-layer contacts

As the gate material has a high resistivity, metal is preferred to interconnect signals and supplies.
Consequently, the input connection of the inverter is made with metal. Metal and TiN are separated by an

oxide which prevents electrical connections. Therefore, a box of metal drawn across a box of TiN does not

Figure 3-8 : A set of useful editing tools

allow an electrical connection (Figure 3-9).
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Metal (4 X min) Contact

N (@2
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/I Enlarged TiN area
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min)
(poly in 65-nm and
above, TinN in 45-

nm)\

Figure 3-9 : Physical contact between metal and TiN

i S Metal bridge between
= g nMOS and pMOS
N / gates drains

Metal extension for 7

future interconnection O

Figure 3-10 : Adding a poly contact, poly and metal bridges to construct the CMOS inverter (InvSteps.MSK)

Thick oxide

fO2 B \
Ho2) g Metal 1
NMOS gate
(TiN)
Ground
polanzation

Source (N+
diffusion)

Drain (N+
diffusion)

Figure 3-11 : The 2D process section of the inverter circuit near the nMOS device (InvSteps.MSK)
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To build an electrical connection, a physical contact is needed. The corresponding layer is called "contact".
You may insert a metal-to-TiN contact in the layout using a direct macro situated in the palette.

The Process Simulator shows the vertical aspect of the layout, as when fabrication has been completed. This
feature is a significant aid to understand the circuit structure and the way layers are stacked on top of each
other. A click of the mouse on the left side of the n-channel device layout and the release of the mouse at the
right side give the cross-section reported in figure 3-10.

Supply Connections

The next design step consists in adding supply connections, that is the positive supply VDD and the ground
supply VSS. We use the metal2 layer (Second level of metallization) to create horizontal supply
connections. Enlarging the supply metal lines reduces the resistance and avoids electrical overstress. The
simplest way to build the physical connection is to add a metal 1 /metal 2 contact that may be found in the
palette. The connection is created by a plug called "via" between metal 2 and metal layers.

The final layout design step consists in adding polarization contacts. These contacts convey the VSS and
VDD voltage supply close to the bulk regions of the device. Remember that the n-well region should always
be polarized to a high voltage to avoid short-circuit between VDD and VSS. Adding the VDD polarization
in the n-well region is a very strict rule.

Via to connect metal2 —
and metal 1

N+/Nwell contact and
bridge to VDD

P+/Pwell contact and
bridge to VSS

Figure 3-12 : Adding polarization contacts

Process steps to build the Inverter

At that point, it might be interesting to illustrate the steps of fabrication as they would sequence in a
foundry. MICROWIND includes a 3D process viewer for that purpose. Click Simulate — Process steps in

3D. The simulation of the CMOS fabrication process is performed, step by step by a click on Next Step.
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Figure 3-13 : The step-by-step fabrication of the Inverter circuit (InvSteps.MSK)

On figure 3-13, the picture on the left represents the nMOS device, pMOS device, common polysilicon gate
and contacts. The picture on the right represents the same portion of layout with the metal layers stacked on
top of the active devices.

Inverter Simulation

The inverter simulation is conducted as follows. Firstly, a VDD supply source (1.0 V) is fixed to the upper
metal 2 supply line, and a VSS supply source (0.0 V) is fixed to the lower metal2 supply line. The
properties are located in the palette menu. Simply click the desired property , and click on the desired
location in the layout. Add a clock on the inverter input node (The default node name clockl has been
changed into Vin)and a visible property on the output node Vout.

VDD property

e .
Visible node
property
o, QEORER
this node
\ i€ = % e UL
w out1
£ 8% AN
° rd (4 h v -
VDD — \ ™~ Siuus
VS propetty / High VDD Vs Clock Pulse

Figure 3-14 : Adding simulation properties (InvSteps.MSK)
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Figure 3-15 : Transient simulation of the CMOS inverter (InvSteps.MSK)

The command Simulate — Run Simulation gives access to the analog simulation. Select the simulation
mode Voltage vs. Time. The analog simulation of the circuit is performed. The time domain waveform,
proposed by default, details the evolution of the voltages inl and outl versus time. This mode is also called
transient simulation, as shown in figure 3-15.

The truth-table is verified as follows. A logic “0” corresponds to 0 V a logic “1” to a 1. 0 V. When the input
rises to “1”, the output falls to “0”, with a 7 pico-second delay (7.10-12 second). The reason why the delay
is larger before time 1.0 ns is that the circuit is “warming up” as the voltage supply suddenly rises from 0 to
VDD at time= 0.0ns. The steady-state is reached at time=1.0 ns.

Ring Inverter Simulation

The ring oscillator made from 5 inverters has the property of oscillating naturally. We observe the
oscillating outputs in the circuit of Fig. 3-15 and measure their corresponding frequency. The ring oscillator
circuit can be simulated easily at layout level with Microwind using various technologies. The time-domain
waveform of the output is reported in Fig. 3-16 for 0.8 um, 0.18 um and 45-nm technologies (high-speed
option). Although the supply voltage (VDD) has been reduced (VDD is 5V in 0.8 um, 2V in 0.18um, and
1.0 V in 45-nm), the gain in frequency improvement is significant.
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Ring oscillator with 3 inverters
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Figure 3-15: Schematic diagram and layout of the ring oscillator used for simulation (INV5.MSK)
Use the command File — Select Foundry to change the configuring technology. Select sequentially the
c¢cmos08.RUL rule file which corresponds to the CMOS 0.8-um technology, the cmos018.RUL rule file
(0.18um technology), and eventually cmos45nm.RUL which configures Microwind to the CMOS 45-nm

technology. When you run the simulation, observe the change of VDD and the significant change in
oscillating frequency.

Technology Supply | Oscillation Chronograms
0.8 um 5V 0.76 GHz S —— ~
= e \ 131005 \ e \
; /a?sq ; jorse i i /o.lrsc i
gﬂ gﬁ :EEI :EE :7E| :75 :EEI :EE :EU :95 Time(ns
0.18 um 2V 7.5 GHz P R SN N
| \ NER )/ \
s HaY HE T TP \ D 13dns \
H : \\ H THE6T : \\ LTG0 ‘\
A\ i A /
: \\ I Jr.l \.\ }"’ \\
-:1000 i.ESO -:1 100 i‘SO 4200 -i 50 4,300
45 nm 10V 41 GHz
sh
i.000 1050 100 i 180 1200 i 250 1300 i 350 i 400

Figure 3-16: Oscillation frequency improvement with the technology scale down (Inv5.MSK)
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Added Features in the Full version

Power estimation

Analysis of the inverter consumption, the leakage, etc...

3-state inverter

A complete description of the 3-state circuits, with details on the structure, behavior.

Inverter sizing effects

Impact of the width and length of MOS devices on the inverter characteristics.

Real-time 3D view

Information
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> coordinates in i 80
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Exercises

Some basic exercises related to the inverter design and its static/dynamic performances.
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4 Basic Gates

Introduction

Table 4-1 gives the corresponding symbol to each basic gate as it appears in the logic editor window as well
as the logic description. In this description, the symbol & refers to the logical AND, | to Or, ~to INVERT,
and ” to XOR. A complete description of basic gate implementation may be found in [Backer].

Name Logic symbol Logic equation
INVERTER Lo Out=~in;

AND ] Out=a&b;
NAND e Out=~(a.b);
OR iy Out=(a|b);
NOR e Out=~(al|b);
XOR % Out=a"b;
XNOR b Out=~(a’b);

Table 4-1. The list of basic gates

The Nand Gate

The truth-table and logic symbol of the NAND gate with 2 inputs are shown below. In DsScH , select the
NAND symbol in the palette, add two buttons and one lamp as shown above. Add interconnects if necessary
to link the button and lamps to the cell pins. Verify the logic behavior of the cell.

=
inl in2  Out int
|:| ! outl
0 0 1 inz
0 1 1
1 0 1
1 1 0

Figure 4-1 : The truth table and symbol of the NAND gate

In CMOS design, the NAND gate consists of two nMOS in series connected to two pMOS in parallel. The
schematic diagram of the NAND cell is reported below. The nMOS in series tie the output to the ground for
one single combination A=1, B=1.
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T

Ot
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Figure 4-2 : The truth table and schematic diagram of the CMOS NAND gate design (NandCmos.SCH)

For the three other combinations, the nMOS path is cut, but a least one pMOS ties the output to the supply
VDD. Notice that both nMOS and pMOS devices are used in their best regime: the nMQOS devices pass “0”,
the pMOS pass “1”.

You may load the NAND gate design using the command File — Read—>NAND.MSK. You may also
draw the NAND gate manually as for the inverter gate. An alternative solution is to compile directly the
NAND gate into layout with MICROWIND . In this case, complete the following procedure:

In MiCcROWIND , click on Compile—Compile One

7 CMOS Cell Compiler x|| Line. Select the line corresponding to the 2-input
ELETOHIERD NAND description as shown above. The input and
= [ output names can be by the user modified.
}, Cnmpilel x Cancel | 2 Help |

Click Compile. The result is reported above.

The compiler has fixed the position of VDD power
supply and the ground VSS. The texts A, B, and S have
also been fixed to the layout. Default clocks are

Pmos
devices

assigned to inputs A and B.

HAND2

e OULPUL

Nmos
devices

Figure 4-3 : A NAND cell created by the CMOS compiler.
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The cell architecture has been optimized for easy supply and input/output routing. The supply bars have the
property to connect naturally to the neighboring cells, so that specific effort for supply routing is not
required. The input/output nodes are routed on the top and the bottom of the active parts, with a regular

4. Basic Gates

spacing to ease automatic channel routing between cells.

The AND gate

As can be seen in the schematic diagram and in the compiled results, the AND gate is the sum of a NAND2
gate and an inverter. The layout ready to simulate can be found in the file AND2.MSK. In CMOQOS, the
negative gates (NAND, NOR, INV) are faster and simpler than the non-negative gates (AND, OR, Buffer).
The cell delay observed in the simulation of figure 4-4 are significantly higher than for the NAND2 gate
alone, due to the inverter stage delay. Notice the “warm-up” phase due to the progressive setup of the power

supply, followed by a steady state (time=1.0ns).

Danbs

04 05 0B 07 08 0.8 Time{ns)

Figure 4-4 : Layout and simulation of the AND gate (and2.msk)

The XOR Gate

The truth-table and the schematic diagram of the CMOS XOR gate are shown above. There exist many
possibilities for implementing the XOR function into CMOS. The least efficient design, but the most

forward, consists in building the XOR logic circuit from its Boolean equation.
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{:1

XOR 2 inputs a

A B ouT out
0 0 0 b

0 1 1

1 0 1 #or

1 1 0

The proposed solution consists of a transmission-gate implementation of the XOR operator. The truth table
of the XOR can be read as follow: IF B=0, OUT=A, IF B=1, OUT = Inv(A). The principle of the circuit
presented below is to enable the A signal to flow to node N1 if B=1 and to enable the Inv(A) signal to flow
to node N1 if B=0. The node OUT inverts N1, so that we can find the XOR operator. Notice that the nMOS
and pMOS devices situated in the middle of the gate serve as pass transistors.

D?{T

D

N1

Fs)

Figure 4-5 : The schematic diagram of the XOR gate (XORCmos.SCH)
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Figure 4-6 : Layout and simulation of the XOR gate (XOR.MSK).
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You may use DSCH to create the cell, generate the Verilog description and compile the resulting text. In
MICROWIND , the Verilog compiler is able to construct the XOR cell as reported in Figure 4-6. You may add
a visible property to the intermediate node which serves as an input of the second inverter.

See how the signal, called internal, is altered by Vtn (when the nMOS is ON) and Vtp (when the pMOS is
ON). Fortunately, the inverter regenerates the signal. However, the output signal “Xor” is not a clean
CMOS signal, and this type of compact design may be abandoned and replaced by more conventional XOR

circuits.

Multiplexor

Multiplexing means transmitting a large amount of information through a smaller number of connections. A
digital multiplexor is a circuit that selects binary information from one of many input logic signals and
directs it to a single input line. The main component of the multiplexor is a basic cell called the transmission

gate. The transmission gate let a signal flow if Enable is asserted.

Sel In0 Inl T
0 X 0 0
0 X 1 1
1 0 X 0
1 1 X 1

Iifino : __1

~{m

Sel=0: =in0 Sel=1: =in1

—

O > e >

clk i

nn
f F f f

ML

clk2 i

s Sel sel

Figure 4-7 : The transmission gate used as a multiplexor (MUX.SCH)
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In DscH , a transmission gate symbol exists (Figure 4-7). It includes the nMOS, pMOS and inverter cells.
Concerning the layout, the channel length is usually the minimum length available in the technology, and
the width is set large, in order to reduce the parasitic ‘on’ resistance of the gate.

Added Features in the Full version

Basic Gates

Truth-table and schematic diagram of the three-input OR gate. AND 4 inputs.
Generalization.

Complex Gates

The technique produces compact cells with higher performances in terms of spacing and
speed than conventional logic circuits. The concept of complex gates is illustrated through
concrete examples. The logic implementation of complex gates in DscH is also described.

Multiplexor Description of a 2" input lines and n selection lines whose bit combinations determine
which input is selected. Transmission gate implementation of the 8 to 1 multiplexor.

Interconnect layers and | Description of the interconnect materials: metall..metal6, supply metals, via, RC effects in

RC behavior interconnects, as well as basic formulations for the resistance, inductance and capacitance.
Ilustration of the crosstalk effect in interconnects.

Exercises XOR, complex gates, design considerations.
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5 Arithmetics

This chapter introduces basic concepts concerning the design of arithmetic gates. The adder circuit is
presented, with its corresponding layout created manually and automatically. Then the comparator,
multiplier and the arithmetic and logic unit are also discussed. This chapter also includes details on a
student project concerning the design of binary-to-decimal addition and display.

Unsigned Integer format

The two classes of data formats are the integer and real numbers. The integer type is separated into two
formats: unsigned format and signed format. The real numbers are also sub-divided into fixed point and
floating point descriptions. Each data is coded in 8,16 or 32 bits. We consider here unsigned integers, as
described in figure 5-1.

’27 26 25| 28| 28| 22 |2t [2°

Unsigned integer, 8 bit

’215 I PYRIPCE PR PR Y

210=1024

215 =32768
22°=1048576
2%0=1073741824
2%1= 2147483648

Unsigned integer, 16 bit

231 230 229 . . . 24 23 22 21 20

Unsigned integer, 32 bit

Figure 5-1 : Unsigned integer format

Half-Adder Gate

The Half-Adder gate truth-table and schematic diagram are shown in Figure 5-2. The SUM function is made
with an XOR gate, the Carry function is a simple AND gate.

00 0

01

0
1 0 .
10 1 0
11 0 1
. Carry

Figure 5-2 : Truth table and schematic diagram of the half-adder gate (HADD.MSK).

HALF ADDER
A B SuM __ CARRY :IIA } ______
Ii' B
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FULL You may create the layout of the half-adder fully by hand in order to
CUSTOM | create a compact design. Use the polysilicon and metall layers for short
LAYOUT | connections only, because of the high resistance of these materials. Use
Poly/Metal, Diff/Metal contact macros situated in the upper part of the
Palette menu to link the layers together.

LAYOUT | Load the layout design of the Half-Adder using File - Open and loading
LIBRARY |the file Hal fAdder .MSK.

VERILOG COMPILING. Use DscH to create the schematic diagram of the half-adder. Verify the circuit
with buttons and lamps. Save the design under the name HalfAdder .sch using the command File —
Save As. Generate the Verilog text by using the command File —» Make Verilog File. The text file
HalfTAdder.v is created. In MICROWIND , click on the command Compile — Compile Verilog File.
Select the text file Hal fAdder .v. Click Compile. When the compiling is complete, the resulting layout
appears shown below. The XOR gate is routed on the left and the AND gate is routed on the right. Now,
click on Simulate —»Start Simulation. The timing diagrams of figure 5-3 appear and you should verify the
truth table of the half-adder.
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Figure 5-3 : Compiling and simulation of the half-adder gate (HalfAdder.MSK)

Full-Adder Gate

The truth table and schematic diagram for the full-adder are shown in Figure 5-4. The SUM is made with
two XOR gates and the CARRY is a combination of NAND gates, as shown below. The most
straightforward implementation of the CARRY cell is AB+BC+AC. The weakness of such a circuit is the
use of positive logic gates, leading to multiple stages. A more efficient circuit consists in the same function
but with inverting gates.
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Full Adder
A B C Sum Carry
0 0 0 0 0 DA >
0 0 1 1 0
0 1 0 1 0 s sum
0 1 1 0 1
1 0 0 1 0 |:|
1 0 1 0 1 D £
1 1 0 0 1
1 1 1 1 1
Carry

i

Figure 5-4 : The truth table and schematic diagram of a full-adder(FADD.SCH)

Full-Adder Symbol in DSCH

When invoking File - Schema to new symbol, the screen of figure 5-5 appears. Simply click OK. The
symbol of the full-adder is created, with the name fadd.sym in the current directory. A Verilog description
of the circuit is attached to the symbol.

We see that the XOR gates are declared as primitives while the complex gate is declared using the Assign
command, as a combination of AND (&)and OR (|) operators. If we used AND and OR primitives instead,
the layout compiler would implement the function in a series of AND and OR CMOS gates, loosing the
benefits of complex gate approach in terms of cell density and switching speed.

Use the command Insert — User Symbol to include the full-adder symbol into a new circuit. For example,
a 4-bit adder is proposed in figure 5-6. The two displays are connected to the identical data, but are
configured in different mode: hexadecimal format for the right-most display, and integer mode for the left-
most display.

I ] - Symbal previe

module faddi ¢, B, A, Carry,Sum);
DI-L input C,B,4;
QuULput Carry, Jum;
Sum wire wS,w6,ws,wil; T Sum
s [ | A4~ )/ S xor #(18) =or2_1iws,A,B); L
:|'—‘ " nand #(18) nand2_2 (wé, 4,C);
: nand (18] nandz_3 (w8, B, 4] 7 — "
: xor #(18) xorZ_4(Sum,us,C);
C nand # (18] nand3_5{Carry,ws,wid,w);
D" """"""""""""" nand #(18) nand2_6 (w10, B, <) 5
B endmodule

: Carry £ Refresh | & =
| - Symbol Propertie
; Narme facid
3 — Tille fradd
Save as DDocuments and =]
v o | 1

¥ Cncel

Figure 5-5 : Verilog description of the full adder (fadd.SYM)
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Figure 5-6 : Schematic diagram of the four-bit adder and some examples of results (Add4.SCH).

Comparator

The truth table and the schematic diagram of the comparator are given below. The A=B equality represents
an XNOR gate, and A>B, A<B are operators obtained by using inverters and AND gates.

Comparator

i el )] 2
or - A=B

0 1 0 1 0 B!

1 0 1 0 0 :

1 1 0 0 1 D—aa

Figure 5-7 : The truth table and schematic diagram of the comparator (COMP.SCH).

Using DscH , the logic circuit of the comparator is designed and verified at logic level. Then the conversion
into Verilog is invoked (File - Make verilog File). MICROWIND compiles the verilog text into layout. The
simulation of the comparator is given in Figure 5-8. The XNOR gate is located at the left side of the design.
The inverter and NOR gates are at the right side. After the initialization, A=B rises to 1. The clocks A and B
produce the combinations 00,01,10 and 11.
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Figure 5-8 : Simulation of a comparator (COMP.MSK).

Fault Injection and test vector extraction

Design of logic integrated circuits in CMOS technology is becoming more and more complex since VLSI is
the interest of many electronic IC users and manufacturers. A common problem to be solved by designers,
manufacturers and users is the testing of these ICs. In DSCH 3.5, we introduce the concept of fault,
concentrate on stuck-at-0 and stuck-at-1 hypothesis, and show how these faults may appear. Then, using
DSCH, we show how to build a reference truth-table, and how to simulate these faults applied to input and
output nodes of the circuit under test. We investigate how test patterns detect these faults. The ultimate goal
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is to classify the efficiency of test patterns, in order to select the most efficient test vectors, and therefore
reduce the number of test patterns.

Faults considered in DSCH are called “stuck-at” faults. We consider two types of “Stuck-at” : stuck-at-0
and stuck-at-1 faults. Figure 5-9 illustrates a possible origin for a node stuck at 0 voltage: the
implementation is close to a VSS node (here situated close, same layer), and a faulty metal bridge makes a

robust connection to the ground.

Node
under test Bridge

VSS

Designed Fabricated
interconnects interconnects with
stuck-at-0 fault

Figure 5-9 : Physical origin of a node fault stuck at 0.

There are several ways to nominate stuck-at faults, all having the same meaning. In DSCH, we shall use
“N@0” for node N stuck-at 0 and “N@1” for node N stuck-at-1. In DSCH version 3.5, build a simple circuit
as shown in Fig. 5-10, including 2 inputs and one output, and click “Simulate”— “Logic Circuit Testing”.
The screen shown in Fig. 5-11 corresponds to the construction of the reference truth-table. In the table
situated in the left part of the screen, all inputs and outputs are displayed, and the input values are pre-
positioned. In the case of the AND gate, two inputs A and B are listed.

03 5 - D \Documents and Settingshsicardibdes documents\sofwars\Duch\Dech3S\dachas heximplestin M=k |
Fie Bk Ieart View Simulste Hep

e B WP e L BB A FE NG LR 1D
] ]
i | advanced|

i

o

YWY e T e o

e 8Y Yy s v+a

l
L

¢ A Y 9 @ O v E D

Symbal list

Figure 5-10 : testing an AND gate
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& Circuit Testing ;lglﬁl

Truth-Table | TestVectors

Z-Inject Fault | 3- Analyse vectors |

) B = —Information

Step 1 - Generate Reference Truth Table -

The list of inputs and outputs is extracted
10z are classified by alphabetic arder, —

1) 1}
1) 1
1 1}
1 1 Press "Logic Simulation" to execute the clock

assignement and simulate the circuit.
- Al inputs will be assigned clocks. ﬂ

- Parameter 5

Basic clock period :

10 ns 28 Update 10 List

% Logic Simulation |

| Chronograms
1] 10ne
[
B Estract Truth table |
Prevmusl 1 Mt | ¥ Close |

Figure 5-11 : Building the reference truth-table (And2_test.SCH)

Click “Logic Simulation”, click “Chronograms” to see how DSCH has simulated the circuit: clocks have
been automatically assigned to inputs, with period multiplied by 2 in order to cover the whole truth-table in
one single simulation. Click “Extract Truth-table” to feed the table with the values obtained in the
chronograms of the circuit logic simulation (Fig. 5-12).

Click “Next”. The tool moves to 2" section “2- Inject Fault”. The menu shown in Fig. 10 corresponds to the
fault injection. Select the type of fault (stuck-at-0, stuck-at-1, both), the nodes on which these models will
be applied and the output considered for test. By default, s@0 is applied to all inputs, and the first output
declared in the list is observed.

&l Circuit Testing _I— _ID ﬁl
Truth-Takle |TestVector5 | 2-Inject Fault| 3- Anelyse vectors |

A B =

0 0 Step 1 - Generate Reference Truth Takle -

0 1 0 The list of inputs and outputs is extracted.

7 i ] |05 are classified by alphabetic order,

1 1 1 Press "Logic Simulation” to execute the clock

mssignement and simulate the circuit.
- Allinputs will be assigned clocks LI

Pal

Basic clock period

1.0 ns B8 Update 10 List
= Logic Simulation

{m Chronograms

H Extract Truth table |

Prevmusl [ Next | ¥ Clase |

Figure 5-12 : Computing the reference truth-table from logic simulation (And2_test.SCH)
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Figure 5-13 : Two logic simulations are necessary to extract the response to the A@0 and B@O faults (And2_test.SCH)

Click “Generate Faults” to list the desired faults in the test vector grid situated on the left of the screen.
Notice that each column corresponds to one test vector. As we have 2 inputs, we have 4 columns, each
corresponding to one test vector for inputs AB, respectively 00, 01, 10, and 11. The two faults considered
here are A@0 and B@0.

In order to compute the response of the circuit to the A@O0 and B@O0 faults, proceed as follow:

- Click “Simulate fault n°1 — A@0”. Click “Chronograms” to see the response. The node A is stuck-at-0,
and consequently, the output C is 0.

LU | 1 00 10 20
- L L N O Y Y Y B
Node A “Stuck-at-0 . .

=

EB

c T

Figure 5-14 : Chronograms showing the node A stuck-at-0 (And2_test.SCH)

- Click “Extract Fault Response”. The logic values are transferred to the corresponding line.
- Click “Simulate fault n°2 - B@0”.

- Click “Extract Fault Response”. The circuit response to the 2™ fault is also transferred

By selecting “Stuck-at 0 & stuck-at 1”, and applying it to Inputs & Outputs, we obtain the following
response to the 6 faults:
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Figure 5-15 : Response of the circuit to all possible stuck-at faults (And2_test.SCH)
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Figure 5-16 : Detection score for all test patterns (And2_test.SCH)

Click “Next”. The tool moves to 3" section “3- Analyse Vectors”. Click “Highlight Detection Vectors”.
From the results computed in Fig. 5-15, we may see that not all test vectors have the same detection
efficiency. The test vector <11> (last column) is able to detect 4 faults upon the total of 6. This means that
applying 11 to inputs A,B leads to a result on C different from the reference logic value 1 (line “C(Fault-
Free)”, which enables the test vector 11 to alert the user from the possibility of 4 possible faults: A@O,
B@0, B@1, C@0. All faults may be tested (100% coverage) using three vectors: 01, 10 and 11.
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Added Features in the Full version

Adders Full layout of the 4-bit adder. Structure of the carry look-ahead adder. Details on the
routing and supply strategy.

Arithmetic and  Logic | Basic principles of micro-operations on 8 bit format.
Units

Testing Complete case studies with full-adder, complex gates
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6. Microcontroller Model

6 Microcontroller Model

This chapter details the implementation of a simplified model of two microcontroller: the 8051 from Intel

and the 1654 from PIC.
8051 Model

The 8051 core includes an arithmetic and logic unit to support a huge set of instructions. Most of the data
format is in 8 bit format. We consider here the following instructions, listed in table 1. Some instructions do

not appear in this list, such as the multiplication and division.
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Mnemonic | Type Description

CLR Clear Clear the accumulator

CPL Complement Complements the accumulator, a bit or a memory contents.
All the bits will be reversed.

ADD Addition Add the operand to the value of the accumulator, leaving the
resulting value in the accumulator.

SUBB Substractor Subtracts the operand to the value of the accumulator, leaving
the resulting value in the accumulator.

INC Increment Increment the content of the accumulator, the register or the
memory.

DEC Decrement Decrement the content of the accumulator, the register or the
memory.

XRL XOR operator Exclusive OR operation between the accumulator and the
operand, leaving the resulting value in the accumulator.

ANL AND operator AND operation between the accumulator and the operand,
leaving the resulting value in accumulator.

ORL OR operator OR operation between the accumulator and the operand,
leaving the resulting value in accumulator.

RR Rotate right Shifts the bits of the accumulator to the right. The bit 0 is
loaded into bit 7.

RL Rotate left Shifts the bits of the accumulator to the left. The bit 7 is

loaded into bit 0.

Table 1. Some important instructions implemented in the ALU of the 8051 micro-controller

OpCode
input

Accumulator A

Immediate value

Registers RO..R7

L
/‘/ 8 bits

Memory contents

/N/B bits

<—— Carryln

Avrithmetic and
Logic Unit

8 bits

Result S CarryOut
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Figure 6-1 : The arithmetic and logic unit of the 8051

For example:

ADD A RO (Opcode 0x28) overwrites the accumulator with the result of the addition of A and the
content of RO.

SUBB A #2 (Opcode 0x94 0x02) overwrites the accumulator with the result of the subtraction of A
and the sum of the Carry and the byte 0x02.

INC A (0x04) increments the content of the accumulator.

DEC A (0x14) Decrements the content of the accumulator.

ANL A#10 (0x54) overwrites the accumulator with by the AND-gating of A and the constant
0x10.

ORL A,R7 (0x4F) overwrites the accumulator with by the OR-gating of A and the content of R7.
XRL A, R1 (0x69) overwrites the accumulator with the result of the XOR-gating of A and the
content of the internal register R1.

Inside the 8051

A simplified model of the 8-bit micro-controller 8051 exists through the symbol “8051.SYM” accessible

using the command Insert — User Symbol. The symbol is also directly accessible through the symbol

palette starting version 3.5.

Symbol lior

Baszic
Electrical

W =

B =

Sources

g @
Display, V0=

(I
Switches

4+ & I

S
Misc..

— 0
E3051 iafaq

Figure 6-2 : Access to the 8051 symbol from the palette, in the “Advanced” list

The symbol consists mainly of general purpose input/output ports (P0,P1,P2 and P3), a clock and a reset

control signals. The basic connection consists of a clock on the Clock input and a button on the Reset input
(Figure 5).
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_P1_|O P30
_P1_|1 P31
1.2 P32
_P'l_|3 P33
_P1_|4 | P34
P15 P35
_P1_|6 5051 P36
_P1_:7 P37
_Po_lo P20
_PO_|1 P21
P02 P22
P03 P23
_PO_|4 P24
_PO_|5 P25
_PO_|6 P26
P07 P27

Figure 6-3 : The 8051 symbol and its embedded software (8051.SCH)

After a double-click in the symbol, the embedded code appears. That code may be edited and modified
(Figure 6-3). When the button Assembly is pressed, the assembly text is translated into executable binary
format. Once the logic simulation is running, the code is executed as soon as the reset input is deactivated.
The value of the program counter, the accumulator A, the current op_code and the registers is displayed.

Minimum features for running the 8051

The user should
1. Add aclock on input “Clock”
Add a button on input “RST”
3. Double click on the symbol and click “Assembly” so that the editable text of the code is converted into
assembly code
Run the logic simulator
Click the “RST” button (RST=1, button red) so that Reset is INACTIVE

In the chronograms of Fig. 6-4, the accumulator variations versus the time are displayed. It can be noticed

that this core operates with one single clock cycle per instruction, except for some instructions such as
MOV (Move data) and AJMP (Jump to a specific address).
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Figure 6-4 : The simulation of the arithmetic and logic operation using the 8051 micro-controller (8051.SCH)

Traffic light Example

An example of code and schematic diagram for traffic light control is proposed below. Notice the subroutine
call through the instruction “AJUMP”.

.P1TO |30
_P1T1 L_aF3_1 %
.P1T2 P3_2
.P1T3 P3_3
.P1T4 P3_4 %
_P1T5 c0s P35
_P1T6 P36
_P1TT P37
_POTO P2 0
_P0T1 P2 _1
_POTQ P2 4
_POTS L P2 g
_P0T4 L 2 4 3 ]
_POTS | 2.9 —'&]
of
L} — —a —
Clock rst
’i‘_c\‘ockﬂ RST

Figure 6-5 : A simple code for 8051 micro-controller for traffic light control (8051 _traffic_lights.sch)

Ports are activated using control commands such as “MOV P3,#0”, while port input pins are tested through
the instruction such as “JB P2.2,URG”. See table 2 for the complete code embedded in the 8051 processor.

// Traffic Lights E. Sicard FJ1 ACALL TEMPO { Temporisation}
// 11 _nov.01 MOV P3,#50H TEMPO NOP
L1 MOV P3,#84H ACALL TEMPO NOP
ACALL TEMPO {iJ. r} NOP
{ Feul=r,F2=vert } MOV P3,#90H NOP
JB P2.2,URG ACALL TEMPO NOP
JB P2.1,FJ {r,r NOP
AIMP L1 MOV P3,#84H NOP
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FJ ACALL TEMPO AJMP L1
MOV P3,#88H

{ Feul=r,F2=jaune}
ACALL TEMPO
MOV P3,#90H
ACALL TEMPO

{r, r}

L2 MOV P3,#30H

{v.r}
JB P2.2,URG
JB P2.0,FJ1
AIMP L2

6. Microcontroller Model

RET

{ Urgence }

URG MOV P3,#48H
NOP
MOV P3,#0
JNB P2.2,L1
AIMP URG

Table 6-2. Code embedded in the traffic light controller (8051 _traffic_lights.sch)
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Model of the PIC 1684

DscH3 includes the model of the PIC16f84 micro-controller.

Activating Ports of the 1684

The following program is used to activate the Port B as output. The schematic diagram which implements
this code is “16f84.SCH” (Fig. 6-6). The corresponding simulation is reported in Fig. 6-7.

; PIC16¥84 by Etienne Sicard for Dsch
; Simple program to put 10101010 on port B
01010101 on port B

PortB equ 0x06 ; declares the address of output port B

org 0

loop movlw Ox55 ; load W with a pattern (hexa format)
movwf PortB ; Moves the pattern to port B
movlw Oxaa ; load W with an other pattern
movwf PortB ; Moves the pattern to port B

goto loop ; and again

Code | Assombly| Symbols |

[Jpeeut A2 | A ]
| | i FICI6£84 by Etienne 3icaxd for Dach
: Simple progeas to pue 10101010 en peer B
AS o0 3 UL010201 n port B
| 16rE4 :
A Clkin MainClack Farth equ f0é : declacea the nddress of cutguc port B
I - L ,
)
L-Raset +MCLR el g loop moviw @55 ; load ¥ with a patcern (hexa formac)
| Py o FOCLE ; Noves the pattemn to port B

moviv Oxan @ load W with an other pactern

VSS Yo} 1 ] ;
v | nowe FOXth ; Moves Ehe pattern £o port B

:. | ar woto  loop : and again
777 B0 SET ]Jed.l’[_]

4B SR I:ua
| A
B2 FES odﬁlj]j

|
FEI RBA
|

Le(ﬁm Assembty | £rep |

T:ﬂ’% v oo | [Kowme]
e |

Figure 6-6 : Simulation of the PIC 16f84 (16f84.SCH)

R L Clkln, JMainClock
[y

. P
77;T _______ R _.RBY%dT%
R RB6 Ied6%
R RES |ed5%
% RE B4 led4

b

\edZ%
\ed'llj%l
lodD

Figure 6-7 : Activating output ports of the PIC 16f84 (16f84.SCH)
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7 Latches

This chapter details the structure and behavior of latch circuits. The RS Latch, the D Latch, the
edge-sensitive register and the counter are presented.

Basic Latch

The basis for storing an elementary binary value is called a latch. The simplest CMOS circuit is

made from 2 inverters.

Q=1
0
/ >
1
Q
>
2 stable Q=0
memory 1
states E—
0

\

Figure 7-1 : Elementary memory cell based on an inverter loop

RS Latch

The RS Latch, also called Set-Reset Flip Flop (SR FF), transforms a pulse into a continuous
state. The RS latch can be made up of two interconnected NOR or NAND gates, inspired from
the two chained inverters of figure 6-2. In the case of RS-NOR, the Reset and Set inputs are
active high. The memory state corresponds to Reset=Set=0. The combination Reset=Set=1
should not be used, as it means that Q should be Reset and Set at the same time.

RS Latch (NOR)

R S Q nQ
0 0 Q nQ
0 1 1 0
1 0 0 1
1 1 1 1
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Figure 7-2 : The truth table and schematic diagram of a RS latch made (RSNor.SCH)

FULL CUSTOM LAYOUT. You may create the layout of RS latch manually. The two NOR
gates may share the VDD and VSS supply achieving continuous diffusions.

LAYOUT COMPILING. Use DscH to create the schematic diagram of the RS latch. Verify the
circuit with buttons and lamps. Save the design under the name RS .sch using the command
File —» Save As. Generate the Verilog text file (.v appendix) by using the command File —
Make Verilog File. In MICROWIND , click on the command Compile — Compile Verilog File.
Select the text file RS.v. Click on Compile. When the compiling is complete, the resulting
layout appears as shown below. The NOR implementation of the RS gate is completed.

module RSNor( Reset,Set,Q,nQ);
input Reset,Set;
output Q,nQ;
nor norl(Q,nQ,Reset);
nor nor2(nQ,Set,Q);
endmodule

With the Reset and Set signals behaving like clocks, the memory effect is not easy to illustrate.
A much better approach consists in declaring pulse signals with an active pulse on Reset
followed by an active pulse on Set. Consequently, you must change the clock property into a
pulse property. For NOR implementation, the pulse is positive.

1. Select the Pulse icon. Click on the node Reset.

2. Click the brush to clear the existing pulse properties of the pulse.
Enter the desired start time (0.48 ns in this example) and pulse duration, and click Insert
(see figure 6-3).

Acd & Pulse x|

Lakel name : IRESEt |

| sinus | variable | Ground | PwiL | math |

—FParameters
Level 1 0: IW % “Wlt:tr :T".—---Ievel*l
ts | '
Level O &9 0.000 I level 0 __4 t

Time start its) Rise time Time pulse ity Fall fime iith

IEI.4BEI ns IEI.EIEEI ns ID.#BEI ns IEI.EIEI:I ns

T Larger | [ shaorter | B ~LastF'ulse|

o Aasign X cancel | | 7 Yigible in simu

Figure 7-3 : The pulse property used to control the Reset of the latch (RsNor.MSK)
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Figure 7-4 : Layout of the RS latch made (RSNor.MSK)

4. Repeat the same procedure to change the clock into a pulse for node Set. The start time is
now fixed to 1.48 ns to generate a pulse later than for the Reset signal.
5. Click on Simulate —»Start Simulation. The timing diagrams of figure 6-4 appear.

In the simulation of figure 6-4, a positive pulse on Set turns Q to a stable high state. Notice that
when Set goes to 0, Q remains at 1, which is called the *‘memory’ state. When a positive pulse
occurs on Reset, Q goes low, nQ goes high. In this type of simulation, the combination
Reset=Set=1 is not present.

Edge Trigged Latch

This edge-trigged latch is one of the most widely used cells in microelectronics circuit design.
The cell structure comprises two master-slave basic memory stages. The most compact
implementation of the edge-trigged latch is reported below (figure 6-5). The schematic diagram
is based on inverters and pass-transistors. On the left side, the two chained inverter are in
memory state when the pMOS loop transistor P1 is on, that is when Clk=0. The two-chained
inverters on the right side act in an opposite way. The reset function is obtained by a direct
ground connection of the master and slave memories, using nMOS devices.

When clock is high, the master latch is updated to a new value of the input D. The slave latch
produces to the output Q the previous value of D. When clock goes down, the master latch
turns to memory state. The slave circuit is updated. The change of the clock from 1 to O is the
active edge of the clock. This type of latch is a negative edge flip flop.
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Use the Verilog compiler to generate the edge-trigged latch description in Verilog format, or by
creating a schematic diagram including the “D” register symbol, in the symbol palette of DSCH .

DFF wvith pass transistors (Fall edge sensitive)

Master=0 Slave transparent _%Q

Q=0
Data ‘D Q

Clock =0

Master transparent

—
T _E[_
Clock =1 Fall edge ofthe clock

v
Slave transparent %
Master=1
aster —— o
Data % i{> ; j: @ Qupdated to 1

o

=]

= =

ol T ]

Clock
Clock =0

v

Dat

a

Clock

Figure 7-5 : The edge-trigged latch and its logic simulation (Dreg.MSK)
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As can be seen, the register is built up from one single call to the primitive dreg. For
simulation:
o Reset is active on a level 1. Reset is activated twice, at the beginning and later, using a
piece-wise linear description included in the pulse property.
e Clkisaclock with 10ns at 0 and 10ns at 1.
e D is the data chosen here not synchronized with Clk, in order to observe various
behaviors of the register.

To compile the DREG file, use the command Compile—>Compile Verilog Text. The
corresponding layout is reported below. The piece-wise-linear data is transferred to the text
label “Reset” appearing in the lower corner of the D flip flop layout of figure 6-6.

For testing the Dreg, the Reset signal is activated twice, at the beginning and later, using a
piece-wise linear property (figure 6-6). The Clock signal has a 2 ns period. D is the data chosen
here not synchronized with Clock, in order to observe various behaviors of the register.

The simulation of the edge-trigged D-register is reported in figure 6-6. The signals Q and nQ
always act in opposite. When Reset is asserted, the output Q is 0, nQ is 1. When Reset is not
active, Q takes the value of D at a fall edge of the clock. For all other cases, Q and nQ remain in
memory state. The latch is thus sensitive to the fall edge of the clock.

Master memory loop

Slave memaory loop

Reset master o ER co Reset slave =
s Wy o = (g o g L Ly
bz Recar b2 e T,

R A A A Ao = A= |
L=

}’//////////////////! /////////////////////////////////////////////////////////////////E’////////////@ ’

Figure 7-6 : Compiled version of the Edge-trigged D Flip Flop (DregCompile.MSK)
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Figure 7-7 : Piece-wise-linear property used for sophisticated control of input signals
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Figure 7-8 : Simulation of the DREG cell (DregCompile.MSK)

Added Features in the Full version

Latches The truth table and schematic diagram of the static D latch, also called Static D-
Flip-Flop are described. The main characteristics of the latch switching are
presented.

Counters The one-bit counter is able to produce a signal featuring half the frequency of a
clock. The implementation is detailed. Up and down counters are also
described.

Registers Shift registers, serial registers are described.
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8 Memory Circuits

Basic Memory Organization

Figure 7-1 shows a typical memory organization layout [Sharma]. It consists of a memory array,
a row decoder, a column decoder and a read/write circuit. The row decoder selects one row
from 2", thanks to a N-bit row selection address. The column decoder selects one row from 2",
thanks to a M-bit column selection address. The memory array is based on 2" rows and 2"
columns of a repeated pattern, the basic memory cell. A typical value for N and M is 10,
leading to 1024 rows and 1024 columns, which corresponds to 1048576 elementary memory
cells (1Mega-bit).

2" rows Selected
/ Selected row memory cell
2V x 2" bit of
a DYDY Y TYARY ] 4vvvvvvvvvvw memory
Row — VAR
N R R R R RRK
N 7 SRR RIS RS K SRR
R R R R R RIRRRRR
0 PRARRASRARASRAAS KA
w SRARARRASEACRARARR A RASRAKK
PR R R AR
s SRRARRAEARARARR A RASRAKK
E SRR KRR RIS RS
L SRR ALK RS
E PR R R AR
c SRRARRARACRAKARRARASRAKK
T PRRRRARRIRARARAIRARARARARAK
SRR EARAKI R ARAGRAK 2 columns
PRSI KA LA
AN /\J\AJ\J\J\AJ\AJ\J\J\‘?ﬂ
| | Selected column
TN N I B B
Column Select
catar m i
| Read/Write Circuit |
Lo 4T
DataOut Dataln
Figure 8-1 : Typical memory organization
RAM Memory

The basic cell for static memory design is based on 6 transistors, with two pass gates instead of
one. The corresponding schematic diagram is given in Figure 7-2. The circuit consists of the 2
cross-coupled inverters, but uses two pass transistors instead of one.
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Bit Line (BL)  Mernary Cell ~Eit Line (~BL)

Drat ~Diata
g
~

Word Line (W

Figure 8-2 : The layout of the 6 transistor static memory cell (RAM6T.SCH)

4:x4 Matriz of BT memory cells

CallBsH Esl s
o [Py
>l e e |
o [P iy
e e |
o [Ty
>l | e |
o ST Py

BLI0] BL[1] BL[2] BL[3]
Figure 8-3 : An array of 6T memory cells, with 4 rows and 4 columns (RAM6T.SCH)

The cell has been designed to be duplicated in X and Y in order to create a large array of cells.
Usual sizes for Megabit SRAM memories are 256 column x 256 rows or higher. A modest
arrangement of 4x4 RAM cells is proposed in figure 7-3. The selection lines WL concern all the
cells of one row. The bit lines BL and ~BL concern all the cells of one column.

The RAM layout is given in Figure 7-4. The BL and ~BL signals are made with metal2 and
cross the cell from top to bottom. The supply lines are horizontal, made with metal3. This

allows easy matrix-style duplication of the RAM cell.
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Figure 8-4 : The layout of the static RAM cell (RAM6T.MSK).

WRITE CYCLE. Values 1 or 0 must be placed on Bit Line, and the data inverted value on ~Bit
Line. Then the selection Word Line goes to 1. The two-inverter latch takes the Bit Line value.
When the selection Word Line returns to 0, the RAM is in a memory state.

READ CYCLE. The selection signal Word Line must be asserted, but no information should be
imposed on the bit lines. In that case, the stored data value propagates to Bit Line, and its
inverted value ~Data propagates to ~Bit Line.

SIMULATION. The simulation parameters correspond to the read and write cycle in the RAM.
The proposed simulation steps consist in writing a “0”, a “1”, and then reading the “1”. In a
second phase, we write a “1”, a “0”, and read the “0”. The Bit Line and ~Bit Line signals are
controlled by pulses (Figure 7-5). The floating state is obtained by inserting the letter "x"
instead of 1 or O in the description of the signal.

Add a Piece-wise-linear x|
Floating state |
described by « x »
DC Supply | Clock | Pulse | Sinus | varianie e T | math |
~Parameters

Level 00 [o.000 Fd—‘ /_

Level 1 (v): [1.000

Label name : [Bit Line (BL)

rInsert sequence in table
Seq: [010

x:.?—stafe, r=rahdom
O=Viss, 1=Vdd, 2=HVdq, ~_Insen ez |
1 clear I )CIn\rertl

o Assign I X cancel | I > Visible in simu

Figure 8-5 : The bit Line pulse used the "x" floating state to enable the reading of the memory cell
(RamStatic6 T.MSK)
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Bit Line =0 BitLine =1 Bit Line floating Bit Line =0
(Write cycle) (Write cycle) (Read cycle) (Write cycle)

Cell activated

H | H ] i H H H i : oc
0.0 05 1.0 15 20 25 30 35 4.0 45 Timeins
Figure 8-6 : Write cycle for the static RAM cell (RamStatic6T.MSK).

The simulation of the RAM cell is proposed in figure 7-6. At time 0.0, Data reaches an
unpredictable value of 1, after an unstable period. Meanwhile, ~Data reaches 0. At time 0.5 ns,
the memory cell is selected by a 1 on Word Line. As the Bit Line information is 0, the memory
cell information Data goes down to 0. At time 1.5 ns, the memory cell is selected again. As the
Bit Line information is now 1, the memory cell information Data goes to 1. During the read
cycle, in which Bit Line and ~Bit Line signals are floating, the memory sets these wires
respectively to 1 and 0, corresponding to the stored values.

Selection Circuits

The row selection circuit decodes the row address and activates one single row. This row is
shared by all word line signals of the row. The row selection circuit is based on a multiplexor
circuit. One line is asserted while all the other lines are at zero.

In the row selection circuit for the 16x4 array, we simply need to decode a two-bit address.
Using AND gates is one simple solution. In the case of a very large number of address lines, the
decoder is split into sub-decoders, which handle a reduced number of address lines.

The column decoder selects a particular column in the memory array to read the contents of the
selected memory cell (Figure 7-8) or to modify its contents. The column selector is based on
the same principles as those of the row decoder. The major modification is that the data flows
both ways, that is either from the memory cell to the DataOut signal (Read cycle), or from the
Dataln signal to the cell (Write cycle).
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Figure 8-8 : The column selection circuit principles
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A Complete 64 bit SRAM

The 64 bit SRAM memory interface is shown in figure 7-9. The 64 bits of memory are
organized in words of 4 bits, meaning that Dataln and DataOut have a 4 bit width. Each data
DO0..D15 occupies 4 contiguous memory cells in the array. Four address lines are necessary to
decode one address among 16. The memory structure requires two address lines A0 and Al for
the word lines WL[0]..WL[3] and two address lines A2 and A3 for the bit line selection. The
final layout of the 64 bit static RAM is proposed in Figure 7-10.

Chip Enable A
\b 0.1
cE — D3 . 07 D§11 Di5
A WL, —> | |
SN . .
Qfsdress —> Az D2 | D6 D0 Dil4
— A WL, —>) ! :
Ao 64 bit SRAM , :
Read/Write WE (16x4 bit) tI)Data out Wl ) B1 i Bs E?g D13
us ! |
Clock —= Clk Do, I Do D4 D8 D12
—>! Dis goz >
i 0. — >
bDuasta In { %ﬁ B:i Do: < Each Data has a 4 bit size
—>1 i
Figure 8-9 : The architecture of the 64 bit RAM (RAM64.MSK)
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Figure 8-10 : The complete RAM layout (RAM64.MSK)
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Dynamic RAM Memory

The dynamic RAM memory has only one transistor, in order to improve the memory matrix
density by almost one order of magnitude. The storage element is no longer the stable inverter
loop, as for the static RAM, but only a capacitor Cs, also called the storage capacitor. The write
and hold operation for a "1" is shown in figure 7-11. The data is set on the bit line, the word
line is then activated and Cs is charged. As the pass transistor is n-type, the analog value
reaches VDD-Vt. When WL is inactive, the storage capacitor Cs holds the "1".

Precharged

Oy o Ly T
S o

Precharged

= =
e~ ] IL';B;;\ 1

Figure 8-11 : Simulation of the Read cycle for the 1 transistor dynamic RAM cell (RAM1T.SCH)

The reading cycle is destructive for the stored information. Suppose that Cs holds a 1. The bit
line is precharged to a voltage Vp (Usually around VDD/2). When the word line is active, a
communication is established between the bit line, loaded by capacitor CBL, and the memory,
loaded by capacitor CS. The charges are shared between these nodes, and the result is a small
increase of the voltage Vp by AV, thanks to the injection of some charges from the memory.

The cross-section of the DRAM capacitor is given in figure 7-12. The bit line is routed in
metal2, and is connected to the cell through a metall and diffusion contact. The word line is the
polysilicon gate. On the right side, the storage capacitor is a sandwich of conductor material
connected to the diffusion, a thin oxide (SiO2 in this case) and a second conductor that fills the
capacitor and is connected to ground by a contact to the first level of metal.
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Figure 8-12 : The stacked capacitor cell and its cross-section (DramEdram.MSK)

The capacitance is around 20fF in this design. Higher capacitance values may be obtained using
larger option layer areas, at the price of a lower cell density.

EEPROM

The basic element of an EEPROM (Electrically Erasable PROM) memory is the floating-gate
transistor. The concept was introduced several years ago for the EPROM (Erasable PROM). It
is based on the possibility of trapping electrons in an isolated polysilicon layer placed between
the channel and the controlled gate. The charges have a direct impact on the threshold voltage
of a double-gate device. When there is no charge in the floating gate (Figure 7-13, upper part),
the threshold voltage is low, meaning that a significant current may flow between the source
and the drain, if a high voltage is applied on the gate. However, the channel is small as
compared to a regular MOS, and the lon current is 3 to 5 times lower, for the same channel size.

Floating gate discharged
d |
On . Off
g |
5

Floating gate charged with electrons

A, T AL

Figure 8-13 : The two states of the double gate MOS (EepromExplain.SCH)
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Figure 8-14 : The double gate MOS generated by Microwind (Eeprom.MSK)

When charges are trapped in the floating polysilicon layer (Figure 7-14, left), the threshold
voltage is high, almost no current flows through the device, independently of the gate value. As
a matter of fact, the electrons trapped in the floating gate prevent the creation of the channel by
repealing channel electrons. Data retention is a key feature of EEPROM, as it must be
guaranteed for a wide range of temperatures and operating conditions. Optimum electrical
properties of the ultra thin gate oxide and inter-gate oxide are critical for data retention. The
typical data retention of an EEPROM is 10 years.

The double gate MOS layout is shown in figure 7-14. The structure is very similar to the n-
channel MOS device, except for the supplementary poly2 layer on top of the polysilicon. The
lower polysilicon is unconnected, resulting in a floating node. Only the poly2 upper gate is
connected to a metal layer through a poly2/metal contact situated at the top. The cross-section
of figure 7-14 right reveals the stacked poly/poly2 structure, with a thin oxide in between.

Flash Memories

Flash memories are a variation of EEPROM memories. Flash arrays can be programmed
electrically bit-by-bit but can only be erased by blocks. Flash memories are based on a single
double poly MOS device, without any selection transistor (Figure 7-15). The immediate
consequence is a more simple design, which leads to a more compact memory array and more
dense structures. Flash memories are commonly used in micro-controllers for the storage of
application code, which gives the advantage of non volatile memories and the possibility of

reconfiguring and updating the code many times.
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Figure 8-15 : The flash memory point and the principles for charge/discharge (FlashMemory.SCH)

The Flash memory point usually has a "T-shape”, due to an increased size of the source for
optimum tunneling effect. The horizontal polysilicon2 is the bit line, the vertical metal2 is the
word line which links all drain regions together. The horizontal metal line links all sources
together (7-16).
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Figure 8-16 : The flash memory point and the associated cross-section (Flash8x8.MSK)
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Memory Interface

All inputs and outputs of the RAM are synchronized to the rise edge of the clock, and more

than one word can be read or written in sequence. The typical chronograms of a synchronous

RAM are shown in figure 7-17. The active edge of the clock is usually the rise edge. One read

cycle includes 3 active clock edges in the example shown in figure 7-17. The row address

selection is active at the first rise edge, followed by the column address selection. The data is

valid at the third fall edge of the system clock.

Address

Write Enable (WE)

Data Out (Dout)

Read cycle (trc) New cycle

Active edge

N

H '

System Clock (Clock) \ \ m j_/
i :
T

Row Address Selection (RAS) \ / i i \ /
i i
! |

Column Address Selection (CAS) \ ! i
i :

. Xro

| | (Rea%d)

% (oo )

K X )

1
Column Access Cycle? teac
1

Row Access Cycle trac

Figure 8-17 : Synchronous RAM timing diagram

Added Features in the Full version

World of

Semiconductor memories are vital components in modern integrated circuits. The introductory

memories part details the main families of memories.

Memories Compact memory cell obtained by sharing all possible contacts: the supply contact, the ground
contact and the bit line contacts. Detailed information about ROM memories.

Double-gate | The programming of a double-poly transistor involves the transfer of electrons from the source

MOS to the floating gate through the thin oxide. Details are provided on the programming and

charge removal.

Ferroelectric
RAM

FRAM memories are the most advanced of the Flash memory challengers. The FRAM
memory point is based on a two-state ferroelectric insulator. A complete description and
simulation of the FRAM is proposed.

Interfacing

Some information is provided about the Double data Rate memories, which involve both the
rise and fall edge of the clock.
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9 Analog Cells

This chapter deals with analog basic cells, from the simple resistor and capacitor to the operational
amplifier. A very complete description of analog cells may be found in [Razavi], and details on analog
layout techniques may be found in [Hastings].

Resistor

An area-efficient resistor available in CMOS process downto 65-nm consists of a strip of polysilicon. The
resistance between s1 and s2 is usually counted in a very convenient unit called "ohm per square”, noted
Q/[1. The default value polysilicon resistance per square is 10Q2, which is quite small, but rises to 200Q if
the salicide material is removed (Figure 8-1).

polysilicon Metalfpoly contact

\L \l Tx100= 700

R : ool VT ol FAVAVAY
\ s1 s2
sl One square 52
accounts for 1002
Option layer which
removes the salicide
77777777777777777777777777777777777777 Tx2000= 14002
e B
BN 7 v — "NV
\ s1 52
SL s 2

accounts for 20002

Figure 9-1 : The polysilicon resistance with unsalicide option

As the default technology in Microwind 3.5 is 45-nm, where polysilicon has been replaced by metal, use
File —> Select Foundry and choose “cmos65nm.RUL” to reconfigure the software to a CMOS process using
polysilicon as gate material. In the cross-section shown in figure 8-2, the salicide material deposited on the
upper interface between the polysilicon layer and the oxide creates a metal path for current that reduces the
resistance dramatically. Notice the shallow trench isolation and surrounding oxide that isolate the resistor
from the substrate and other conductors, enabling very high voltage biasing (up to 100V). However, the
oxide is a poor thermal conductor which limits the power dissipation of the polysilicon resistor.

The salicide is part of the default process, and is present at the surface of all polysilicon areas. However, it
can be removed thank to an option layer programmed by a double click in the option layer box, and a tick at
"Remove Salicide". In the example shown in figure 8-3, the default resistance is 76 Q, and the unsalicide
resistance rises to 760 Q.
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Figure 9-2 : Removing the salicide material to increase the sheet resistance (ResPoly.MSK)
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Figure 9-3 : Removing the salicide material thanks to an option layer

Other resistors consist of N+ or P+ diffusions. An interesting feature of diffusion resistor is the ability to
combine a significant resistance value and a diode effect. The diffusion resistor is used in input/output
protection devices. In 45-nm technology, the metal gate has a low resistance (5 Q/square), thus N+ diffusion
material might be used to generate resistances instead of gate layer.

The resistor value varies because of lithography and process variations. In the case of the poly resistance,
the width, height and doping may vary (Figure 8-4 left). Polysilicon resistors are rarely designed with the
minimum 2 lambda width, but rather 4 or 6 lambda, so that the impact of the width variations is smaller. But
the equivalent resistance is smaller, meaning less silicon efficiency. A variation AW of 0.2\ on both edges
results in a 20% variation of the resistance on a 2A width resistor, but only a 10% variation for a larger
resistor designed with a width of 4.
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Figure 9-4 : Resistance variations with the process

In CMOS 45-nm technology, the gate material features a low resistivity as it is based on metal materials
(See section 1).

Capacitor

Capacitors are used in analog design to build filters, compensation, decoupling, etc.. Ideally, the value of the
capacitor should not depend on the bias conditions, so that the filtering effect would be situated at constant
frequencies.

Diodes in reverse mode exhibit a capacitor behavior, however, the capacitance value is strongly dependent
on the bias conditions. A simple N+ diffusion on a P-substrate is a NP diode, which may be considered as a
capacitor as long as the N+ region is polarized at a voltage higher than the P-substrate voltage which is
usually the case as the substrate is grounded (0V). In 0.12um, the capacitance is around 300aF/um2 (1 atto-
Farad is equal to 10™ Farad).

The typical variation of the capacitance with the diffusion voltage Vy is given in figure 8-6. The capacitance
per um? provided in the electrical rules is a rude approximation of the capacitance variation. A large voltage
difference between Vy and the substrate result in a thick zone with empty charges, which corresponds to a
thick insulator, and consequently to a small capacitance. When Vy is lowered, the zone with empty charges
is reduced, and the capacitance increases. If Vy goes lower than the substrate voltage, the diode starts to
conduct.

P- N+ Vo<V

Very small
current

-I- Ven>Vr
Large current

Figure 9-5 : The diffusion over substrate as a non-linear capacitor (Capa.MSK)
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Figure 9-6 : The diffusion capacitance varies with the polarization voltage

Poly-Poly2 Capacitor

Most deep-submicron CMOS processes incorporate a second polysilicon layer (poly2) to build floating gate
devices for EEPROM. An oxide thickness around 20 nm is placed between the poly and poly2 materials,
which induces a plate capacitor around 1,7 fF/um?® In MICROWIND , the command "Edit — Generate —
Capacitor" gives access to a specific menu for generating capacitor (Figure 8-7). The parameter in the
design rule file (cmos45nm.RUL for the 45-nm technology) used to configure the poly-poly2 capacitor is
CP2PO.

The poly/poly2 capacitor simply consists of a sheet of polysilicon and a sheet of poly2, separated by a

specific dielectric oxide which is 20-nm in the case of the default CMOS 45-nm process.
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Diode-connected MOS

The schematic diagram of the diode-connected MOS is proposed in figure 8-8. This circuit features a high
resistance within a small silicon area. The key idea is to build a permanent connection between the drain
and the gate. Most of the time, the source is connected to ground in the case of n-channel MOS, and to VDD

in the case of p-channel MOS.

AN AN
T{Ed ids\\/ — gHighR ﬂd idj\ — %HighR

e s

Figure 9-8 : Schematic diagram of the MOS connected as a diode (MosRes.SCH)

To create the diode-connected MOS, the easiest way is to use the MOS generator. Enter a large length and a
small width, for example W=0.14pm and L=1.4pm. This sizing corresponds to a long channel, featuring a
very high equivalent resistance. Add a poly/metal contact and connect the gate to one diffusion. Add a clock
on that node. Add a VSS property to the other diffusion. The layout result is shown in figure 8-9.

Now, click Simulation on Layout. In a small window, the MOS characteristics are drawn, with the
functional point drawn as a color dot (Figure 8-10). It can be seen that the I/V characteristics correspond to
a diode. The resistance is the invert value of the slope in the 1d/Vd characteristics. For Vds larger than 0.6V,
the resistance is almost constant. As the current Ids increases of 10pA in 0.4V, the resistance can be
estimated around 40KQ. A more precise evaluation is performed by MICROWIND if you draw the slope
manually. At the bottom of the screen, the equivalent resistance appears, together with the voltage and

current.

I(l :
{_

18l
]

gl

N-MOS conmected as a diode

i pMOS ccénneicteui:l asia diodé

Figure 9-9 : Schematic diagram of the MOS connected as a diode (ResMos.MSK)
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Figure 9-10 : Using the Simulation on Layout to follow the characteristics of the diode-connected MOS (ResMos.MSK)

In summary, the MOS connected as a diode is a capacitance for Vgs<Vt, a high resistance when Vgs is
higher than the threshold voltage Vt. The resistance obtained using such a circuit can easily reach 100KQ in
a very small silicon area.

Voltage Reference

The voltage reference is usually derived from a voltage divider made from resistance. The output voltage
Vref is defined by equation 8-1.
RN

V,.=—"V Eqg. 8-1
ref RN+RP DD ( q )

with

Vpp=power supply voltage (1.0 V in 65-nm)
Rn=equivalent resistance of the n-channel MOS (Q)
Re=equivalent resistance of the p-channel MOS (Q)

Notice that two n-MOS or two p-MOS properly connected feature the same function. P-MOS devices offer
higher resistance due to lower mobility, compared to n-channel MOS. Four voltage reference designs are
shown in figure 8-11. The most common design uses one p-channel MOS and one n-channel MOS
connected as diodes.
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Figure 9-11 : Voltage reference using PMOS and NMOS devices as large resistance

. ?\i*d+,

0.5"dd

0.25"dd

: }rJemeos'

_“v..a = C . . . . .
L= 18 Two pMOS

Figure 9-12 : Voltage reference circuits (a) with one nMOS and one pMOS (b) with two pMOS (Vref.MSK)

The alternative solutions consist in using two n-channel MOS devices only (Left lower part of figure 8-12),
or their opposite built from p-channel devices only. Not only one reference voltage may be created, but also
three, as shown in the right part of the figure, which use four n-channel MOS devices connected as diodes.

Amplifier

The goal of the amplifier is to multiply by a significant factor the amplitude of a sinusoidal voltage input
Vin, and deliver the amplified sinusoidal output Vout on a load. The single stage amplifier may consist of a
MOS device (we choose here a n-channel MOS) and a load. The load can be a resistance or an inductance.
In the circuit, we use a resistance made with a p-channel MOS device with gate and drain connected (Figure
8-13). The pMOS which replaces the passive load is called an active resistance.
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“in Gain Wout

; Load load Load
Wout

Armplifier with resistor load Amplifier with pMOS load Armplifier with inductar load

Figure 9-13 : Single stage amplifier design with MOS devices (AmpliSingle.SCH)

Most
interesting
Output A zone
voltage (V) <
The gain (slope)
is high in this
region
VOUT

»

»

VIN_ow VN VIN_nigh Input voltage (V)

Figure 9-14 : The amplifier has a high gain in a certain input range, where a small input signal vin is amplified to a

large signal vout.

The single stage amplifier characteristics between Vin and Vout have a general shape shown in figure 8-14.
The most interesting zone corresponds to the input voltage range where the transfer function has a linear
shape, that is between VIN_low and VIN_high. Outside this voltage range, the behavior of the circuit does
not correspond anymore to an amplifier. If we add a small sinusoidal input vi, to V,y, a small variation of
current iy is added to the static current Ips, which induces a variation v, of the output voltage Vour. The
link between the variation of current iy and the variation of voltage v;, can be approximated by equation 8-2.

lgs = Vs (Equ. 8-2)
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Figure 9-15 : Single stage amplifier layout with a pMOS as a load resistor (AmpliSingle.MSK)

In figure 8-15, a nMOS device with large width and minimum length is connected to a high resistance
pMOS load. A 50 mV sinusoidal input (vin) is superimposed to the static offset 0.5 V (V,y). What we expect
is a 500 mV sinusoidal wave (vout) with a certain DC offset (Vout).

What we need now is to find the characteristics Vout/Vin in order to tune the offset voltage V. In the
simulation window, click Voltage vs voltage” and More, to compute the static response of the amplifier
(Figure 8-16). The range of voltage input that exhibits a correct gain appears clearly. For V,, higher than 0.1
V and lower than 0.25 V, the output gain is around 6. Therefore, an optimum offset value could be 0.15 V.
Change the parameter Offset of the input sinusoidal wave to place the input voltage in the correct
polarization and verify the amplification of the output signal according to DC predictions. By increasing the
Vin frequency, you may observe the cut-off frequency of the amplifier (Fig. 8-17).

VOUT+vout
100
090
080 Linear amplification
(Gain maximuin
070 : around 6.0)
060
050 i
Iaa‘awv 4\/]:\//
0 4u{ 1
030
0.20 e
Valid input

—> voltage range
0.10
- : IN+vin

} 020 0.40 080 080

Figure 9-16 : Single stage amplifier static response showing the valid input voltage range (AmpliSingle.MSK)
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Figure 9-17 : Simulation with Vin input offset tuned to optimum gain (AmpliSingle.MSK)

Simple Differential Amplifier

The goal of the differential amplifier is to compare two analog signals, and to amplify their difference. The
differential amplifier formulation is reported below (Equation 8-3). Usually, the gain K is high, ranging
from 10 to 1000. The consequence is that the differential amplifier output saturates very rapidly, because of
the supply voltage limits.

Vout = K(Vp —Vm) (Equ. 8-3)
The schematic diagram of a basic differential amplifier is proposed in figure 8-18. An nMOS device has
been inserted between the differential pair and the ground to improve the gain. The gate voltage Vbias
controls the amount of current that can flow on the two branches. This pass transistor permits the
differential pair to operate at lower Vds, which means better analog performances and less saturation effects.

The best way to measure the input range is to connect the differential amplifier as a follower, that is Vout
connect to Vm. The Vm property is simply removed, and a contact poly/metal is added at the appropriate
place to build the bridge between Vout and Vm. A slow ramp is applied on the input Vin and the result is
observed on the output. We use again the « Voltage vs. Voltage » to draw the static characteristics of the
follower.
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Figure 9-18 : An improved differential amplifier (AmpliDiff.SCH)

The simulation of the circuit is performed here using the CMOS 45-nm technology. You may also simulate
the circuit in other technologies using the command File — Select Foundry. As can be seen from the
resulting simulation reported in figure 8-19, a low Vbias features a larger voltage range, specifically at high
voltage values. The follower works properly starting 0.2 V, independently of the Vbias value (Fig. 8-20). A
high Vbias leads to a slightly faster response, but reduces the input range and consumes more power as the
associated nMOS transistor drives an important current. The voltage Vbias is often fixed to a value a little
higher than the threshold voltage Vtn. This corresponds to a good compromise between switching speed and
input range.

Label ued to force BSIMA ., BSIM4(Used to force BSIM4 model by default}
model at simulation, rather than

Model 3 S AR LALLALLLEARASER SRR RDERE RS B
R SEMIiror-- -

PMOS current mirror
with large length

oMOS differential
pair with large length

T OpAmp connected as
a follower

Voltage control of the
glabal cuirent consumption

AL LS LS LSS L A
S AL LSS LIS 77 AR
SLLI LSS

AL AL LS LSS

Figure 9-19 : The layout corresponding to the improved differential amplifier (AmpliDiffFollow.MSK)
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Figure 9-20 : DC simulation of the differential amplifier as follower (AmpliDiffFollow.MSK)



MICROWIND & DSCH V3.5 - USER'S MANUAL 9. Analog Cells

Added Features in the Full version

Amplifiers The push-pull amplifier is built using a voltage comparator and a power output stage. Its
schematic diagram and performances are detailed.

Improved layout | A set of design techniques can improve the current mirror behavior: MOS orientation,

techniques channel length modulation effects, dummy devices, MOS matching.

Resistor There exist efficient techniques to reduce the resistance variations within the same chip.
Layout techniques which minimize the effects of process variations are presented.

Capacitor The multiplication of metal layers create lateral and vertical capacitance effects of rising

importance. The spared silicon area in upper metal layers may be used for small size
capacitance. The implementation of these capacitor is described.

Current Mirror

The current mirror is one of the most useful basic blocs in analog design. It is primarily
used to copy currents. The principles and behavior of current mirrors are given in the full
version. The cascode current mirror is also presented, which has several advantages over
the simple current mirror.
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10 Radio Frequency Circuits

On-Chip Inductors

Inductors are commonly used for filtering, amplifying, or for creating resonant circuits used in
radio-frequency applications. The inductance symbol in DscH and MICROWIND is as follows
(Figure 9-1).

SV VL

L1
10nH
Inductar

Figure 10-1 : The inductance symbol

The quality factor Q is a very important metric to quantify the resonance effect. A high quality
factor Q means low parasitic effects compared to the desired inductance effect. The formulation
of the quality factor is not as easy as it could appear. An extensive discussion about the
formulation of Q depending on the coil model is given in [Lee]. We consider the coil as a serial
inductor L1, a parasitic serial resistor R1, and two parasitic capacitors C1 and C2 to the
ground, as shown in figure 9-2. Consequently, the Q factor is approximately given by equation

0-1.
L1
(C1+C2)
AR i s (Equ. 9-1)

R1
The inductor can be generated automatically by MICROWIND using the command Edit —

Generate — Inductor . The inductance value appears at the bottom of the window, as well as
the parasitic resistance and the resulting quality factor Q.

@7—/\/\/\ @

12nH 20

——10pF U R1 ——10pF
c c2

7 7

Figure 10-2 : The equivalent model of the 12nH default coil and the approximation of the quality factor

Q
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Figure 10-3 : The inductor generated by default (inductor12nH.MSK)

Using the default parameters, the coil inductance approaches 12 nH, with a quality factor of
Q=1.15. The corresponding layout is shown in figure 9-3. Notice the virtual inductance (L1)
and resistance (R1) symbols placed in the layout. The serial inductor is placed between A and B
and a serial resistance between B and C. If these symbols were omitted, the whole inductor
would be considered as a single electrical node.

The coil can be considered as a RLC resonant circuit. At very low frequencies, the inductor is a
short circuit, and the capacitor is an open circuit (Figure 9-4 left). This means that the voltage at
node C is almost equal to A, if no load is connected to node C, as almost no current flows
through R1. At very high frequencies, the inductor is an open circuit, the capacitor a short
circuit (Figure 9-4 right). Consequently, the link between C and A tends towards an open

circuit.
L1 L1
P e =04 E (A v 2
R1 R1
. C1 S C2 P f C2
e e T e
Low frequency behavior High frequency behavior

Figure 10-4 : The behavior of a RLC circuit at low and high frequencies (Inductor.SCH)
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Figure 10-5 : The behavior of a RLC circuit near resonance (Inductor3nHighQ.MSK)

At a very specific frequency the LC circuit features a resonance effect. The theoretical

formulation of this frequency is given by equation 9-2.
1

f =
27,/L1(C1+C2)

(Equ. 9-2)

We may see the resonance effect of the coil and an illustration of the quality factor using the
following procedure. The node A is controlled by a sinusoidal waveform with increased
frequency (Also called “chirp” signal). We specify a very small amplitude (0.1 V), and a zero
offset. The resonance can be observed when the voltage at nodes B and C is higher than the
input voltage A. The ratio between B and A is equal to the quality factor Q (Fig. 9-5).

Power Amplifier

The power amplifier is part of the radio-frequency transmitter, and is used to amplify the signal
being transmitted to an antenna so that it can be received at the desired distance. Most CMOS
power amplifiers are based on a single MOS device, loaded with a “Radio-Frequency Choke”
inductor Lgec, as shown in figure 9-6.

The inductor serves as a load for the MOS device (At a given frequency f, the inductor is
equivalent to a resistance L.2xf), with two significant advantages as compared to the resistor:
the inductor do not consume DC power, and the combination of the inductor and the load
capacitor CL creates a resonance. The power is delivered to the load RL, which is often fixed to
50 Q. This load is for example the antenna monopole, which can be assimilated to a radiation
resistance, as described in the previous section. The resonance effect is obtained between Lgrc
and C,.
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Figure 10-6 : The basic diagram of a power amplifier (PowerAmp.SCH)

An example of powerful MOS device is shown in figure 9-7. The maximum current is close to

10 mA in 45-nm technology. A convenient way to generate the polarization ring consists in

using the Path generator command, and selection the option Metal and p-diffusion. Then draw

the location for the polarization contacts in order to complete the ring.

The distinction between class A,B,AB, etc.. amplifiers is mainly given with the polarization of

the input signal. A Class A amplifier is polarized in such a way that the transistor is always

conducting. The MOS device operates almost linearly.
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Figure 10-7 : The layout of the power MOS also includes a polarization ring, and the contacts to metal2

connections to VRF_in and VOut (PowerAmplifier.MSK)
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Figure 10-8 : The class A amplifier has a sinusoidal input (PowerAmplifierClassA.MSK)

The sinusoidal input offset is 0.7 V, the amplitude is 0.4V. The power MOS functional point
trajectory is plotted in figure 9-8, and is obtained using the command Simulate on Layout. We
see the evolution of the functional point with the voltage parameters: as Vgs varies from 0.3 V
to 1.1 V, Ids fluctuates between 10 mA and 30 mA. The MOS device is always conducting,
which corresponds to class A amplifiers.

Oscillator

The role of oscillators is to create a periodic logic or analog signal with a stable and predictable
frequency. Oscillators are required to generate the carrying signals for radio frequency
transmission, but also for the main clocks of processors. The ring oscillator is a very simple
oscillator circuit, based on the switching delay existing between the input and output of an
inverter. If we connect an odd chain of inverters, we obtain a natural oscillation, with a period
which corresponds roughly to the number of elementary delays per gate. The fastest oscillation
is obtained with 3 inverters (One single inverter connected to itself does not oscillate). The
usual implementation consists in a series of five up to one hundred chained inverters (Figure 9-
9).
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Figure 10-9 : A ring oscillator is based on an odd number of inverters (Inv3.SCH)

The main problem of this type of oscillators is the very strong dependence of the output
frequency on virtually all process parameters and operating conditions. This means that any
supply fluctuation has a significant impact on the oscillator frequency.

The LC oscillator proposed below is not based on the logic delay, as with the ring oscillator,
but on the resonant effect of a passive inductor and capacitor circuit. In the schematic diagram
of figure 9-10, the inductor L1 resonates with the capacitor C1 connected to S1 combined with
C2 connected to S2.

The layout implementation is performed using a 3 nH virtual inductor and two 1 pF capacitor.
The large width of active devices to ensure a sufficient current to charge and discharge the huge
capacitance of the output node at the desired frequency.

LE |
=1 . . v - .52
_ | e 3nH oo
— Self ——1pF
Capa Capa
N

| EMM[,

Figure 10-10 : A differential oscillator using an inductor and companion capacitor (OscillatorDiff. SCH)
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Figure 10-11 : Simulation of the differential oscillator (OscillatorDiff. MSK)

Using virtual capacitors instead of on-chip physical coils is recommended during the
development phase. It allows an easy tuning of the inductor and capacitor elements in order to
achieve the correct behavior. Once the circuit has been validated, the L and C symbols can be
replaced by physical components. The time-domain simulation (Figure 9-11) shows a warm-up
period around 1ns where the DC supply rises to its nominal value, and where the oscillator
effect reaches a permanent state after some nano-seconds.

The Fourier transform of the output s1 reveals a main sinusoidal contribution at f0 =3.725 GHz
as expected, and some harmonics at 2 x fO and 3 x fO (Figure 9-12). The remarkable property of
this circuit is its ability to remain in a stable frequency even if we change the supply voltage or
the temperature, which features a significant improvement as compared to the ring oscillator.
Furthermore, the variations of the MOS model parameters have almost no effect on the
frequency.
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Figure 10-12 : The frequency spectrum of the oscillator (OscillatorDiff. MSK)
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Analog to digital and digital to analog converters

The analog to digital converters (ADC) and digital to analog converters (DAC) are the main
links between the analog signals and the digital world of signal processing. The ADC and DAC
viewed as black boxes are shown in figure 9-13. On the right side, the ADC takes an analog
input signal Vin and converts it to a digital output signal A. The digital signal A is a binary
coded representation of the analog signal using N bits: Ayy ... Ag. The maximum number of
codes for N bits is 2". The digital signal is usually treated by a microprocessor unit (MPU) or
by a specific digital signal processor (DSP) before being restituted as an output B. Then, the
DAC, which has the opposite function compared to the ADC, converts the digital signal to the
final analog output signal Vout.

ViN | A, —] B, Vour
— A, — MPU B,
—1 ADC |— — DSP DAC [—
—AnN1 ] Bn-1

Figure 10-13 : Basic principle of N bits analog to digital and digital to analog converters.

The most basic DAC is based on a resistance ladder. This type of DAC consists of a simple
resistor string of 2" identical resistors, and a binary switch array whose inputs are a binary
word. The analog output is the voltage division of the resistors flowing via pass switches
(figure 9-14).

In the implementation shown in figure 9-15, the resistance ladder includes 8 identical resistors,
which generate 8 reference voltage equally distributed between the ground voltage and Vdac.
The digital-analog converter uses the three-bit input B (B[2],B[1],B[0]) to control the
transmission gate network which selects one of the voltage references (A portion of Vdac)
which is then transferred to the output Vout. A long path of polysilicon between VDD and VSS
may give intermediate voltage references required for the DAC circuit.
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B[2] B[1] B[0] Vout* Analog output Vout* (V) with
Vdac=1.0V

0 0 0 0/8 Vdac 0.0

0 0 1 1/8 Vdac 0.125

0 1 0 2/8 Vdac 0.25

0 1 1 3/8 Vdac 0.375

1 0 0 4/8 Vdac 0.5

1 0 1 5/8 Vdac 0.625

1 1 0 6/8 Vdac 0.75

1 1 1 7/8 Vdac 0.875

Figure 10-14 : The specifications of a 3-bit digital-to-analog converter
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Figure 10-15 : The sheet resistance is increased by removing the salicide deposit, thanks to an option

layer, for technologies above 65-nm (DAC.MSK)

The simulation of the R ladder DAC (Figure 9-16) shows a regular increase of the output
voltage Vout with the input B[0]..B[2] from “000” (0 V) to “111” (nearly 1.0 V). Each input
change provokes a capacitance network charge and discharge. The analog level Vout increases
regularly with increasing digit input B. The converter is monotonic.
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Figure 10-16 : Simulation of the digital-analog converter (DAC.MSK).
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Figure 10-17 : The schematic diagram of the 2-bit flash ADC converter (AdcFlash2bits.SCH)
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Figure 10-18 : Design of the analog-digital converter (ADC.MSK).

The analog to digital converter is considered as an encoding device, where an analog sample is

converted into a digital quantity with a number N of bits.

employing a variety of architectures. The 2-bit analog-digital converter converts an analog

value Vin into a two-bit digital value A coded on 2-bit A;,Aq.
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Figure 10-19 : Simulation of the analog-digital converter (ADC.MSK).

The flash converter uses three amplifiers which produce results C,,C; and C,, connected to a
coding logic to produce A; and A, in a very short delay (Figure 9-19). The flash converters are
widely used for very high sampling rates, a the cost of very important power dissipation.

The resistor ladder generates intermediate voltage references used by the voltage comparators
located in the middle of the layout. An unsalicide option layer multiplies the sheet resistance of
the polysilicon ladder for an area-efficient implementation. The resistance symbol R(poly) is
inserted in the layout to indicate to the simulator that an equivalent resistance must be taken
into account for the analog simulation. This approach is no more valid for 45-nm for which
polysilicon has been replaced by low-resistance metal layer.

Open-loop amplifiers are used as voltage comparators. The comparators address the decoding
logic situated to the right and that provides correct Aq and A, coding.

In the simulation shown in figure 9-19, the comparators C, and C; work well but the comparator
C, is used in the lower limit of the voltage input range. The generation of combinations "01",
"10" and "11" is produced rapidly but the generation of "00" is slow. The comparator C, may be
modified to provide a faster response in comparison with low voltage, by changing the biasing
conditions. An alternative is to reduce the input voltage range, which means that the resistance
scale would be supplied by Vdac- larger than VSS and Vdac+ smaller than VDD.

Added Features in the Full version

Voltage Controlled | The voltage controlled oscillator (VCO) generates a clock with a controllable
oscillator frequency. The VCO is commonly used for clock generation in phase lock loop
circuits, as described later in this chapter. The clock may vary typically by +/-
50% of its central frequency. A current-starved voltage controlled oscillator is
detailed.
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Gilbert mixer

The Gilbert mixer is used to shift the frequency of an input signal Vin to a high
frequency. The Gilbert cell consists of only six transistors, and performs a high
quality multiplication of the sinusoidal waves. The schematic diagram and the
physical implementation are described in the full version.

Phase-Lock-Loop

Each basic component of the PLL (Phase comparator, filter, VCO) and the
design issues are described, supported by a large set of simulations.

Digital
converter

to

analog

The R-2R ladder consists of a network of resistors alternating between R and
2R. For a N bits DAC, only N cells based on 2 resistors R and 2R in series are
required. The 4-bit and 8-bit implementation of this circuit are described.

Sample and Hold

The sample-and-hold main function is to capture the signal value at a given
instant and hold it until the ADC has processed the information The principles
and parasitic effects of the circuit are described.

Analog to

converter

digital

Successive approach analog to digital converter.
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11 Input/Output Interfacing

This chapter is dedicated to the interfacing between the integrated circuit and the external word.
After a brief justification of the power supply decrease, the input/output pads used to import
and export signals are dealt with. Then, the input pad protections against electrostatic discharge
and voltage overstress are described. The design of output buffers is also presented, with focus
on current drive.

The Bonding Pad

The bonding pad is the interface between the integrated circuit die and the package. The pad
has a very large surface (Almost giant compared to the size of logic cells) because it is the place
where the connection wire is attached to build the electrical link to the outside word. The pad is
approximately 50 um x 50 um. The basic design rules for the pad are shown in figure 10-1.

Soldier ball

MMetal 1.8 area Passwvation
j Via 1.5 area openmng limtts

/

Epl4 Passivation
v opening
_>i —
o
] i

Last metal  pmweet

Ep03 Passivation

Epl4
Rp02
(~50urm)

— Rp0S Metal 1 o .
Ep0l (~50pmy —
7 '

Active area

A

Figure 11-1 : The bonding pad design rules

The cross-section shown in figure 10-2 gives an illustration of the passivation opening and
associated design rule Rp04 on top of the metal and via stack. The thick oxide used for
passivation is removed so that a bonding wire or a bonding ball can be connected by melting to
the package. The pad can be generated by MICROWIND using the command Edit — Generate
— 1/O pads. The menu gives access to a single pad, with a default size given by the technology
(around 50um in this case), or to a complete pad rind, as detailed later.
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The Pad ring

The pad ring consists of several pads on each of the four sides of the integrated circuit, to
interface with the outside world. The default menu for an automatic generation of a pad ring is
shown in figure 10-2. The proposed architecture is based on 5 pads on each side, meaning a
total of 20 pads.

5 pads north

C @
=] 3]
Pads |mductor| Comacts| MOS | Fath | Logo | Bus | Res | Diudel Capal @ @
—Option
« P o ] J
" Single pad with size (prm [l 5 pads C
: west ore area S\pads
Fad Ring Genetator < @ @ e%l
Pads inX: |5 (Total 20 pads, size 1512x1512um ) £ Outer supply ring  —_| |
'\ (Usually Vss) ¥
Fadsin: |5 Wdd Vs s pairs : |2 3.3V
Inner supply ring
259 Usually VDD)
Ring Width |15 pm (« y
1.2V
[~ 10 list described in IBIS file Load [BIE e @ @ @ @ @
Limit of the
die \
::. Generate Pad | x Cancel | 5 pads SuGth

Figure 11-2 : The menu for generating the pad ring and the corresponding architecture

The supply rails

The supply voltage may be 5V, 3.3V, 25V, 1.8 V or 1.2 V as listed in the menu shown in
figure 10-2. Most designs in 45-nm use 1.0 V for the internal core supply and 2.5V for the
interfacing. This is because the logic circuits of the core operate at low voltage to reduce power
consumption, and the I/O structures operate at high voltage for external compatibility and
higher immunity to external perturbations. Usually, an on-chip voltage regulator converts the
high voltage into an internal low voltage.

A metal wire cannot drive an unlimited amount of current. When the average current density is
higher than 2.10° A/m® [Hastings], the grains of the polycrystalline aluminum interconnect start
to migrate (The phenomenon is called electro migration) and the conductor ultimately melts. To
handle very high current density, the supply metal lines must be enlarged. A typical rule of
thumb is 2 mA/um width for aluminum supply lines and 5 mA/um for copper, which means

that a copper interconnect is superior to aluminum in sustaining large currents.
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Block connection =
to VDD, VSS ! | !

Space left
for routing
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Metal 6 grid /

Figure 11-3 : The supply rails are routed in metal5 and metal6 with a regular grid to provide power

supply in all regions of the integrated circuit

A complex logic core may consume amperes of current. In that case, the supply lines must be
enlarged in order to handle very large currents properly. The usually design approach consists
in creating a regular grid structure, as illustrated in figure 10-3, which provides the supply
current at all points of the integrated circuit. In that test circuit, the VDD supply is assigned to
metal5, VSS to metal®.

Input Structures

The input pad includes some over-voltage and under-voltage protections due to external voltage
stress, electrostatic discharge (ESD) coupling with external electromagnetic sources, etc.. Such
protections are required as the oxide of the gate connected to the input can easily be destroyed
by over voltage. The electrostatic discharges may attain 1000 to 5000 V.

One of the most simple ESD protections is made up of one resistance and two diodes (Figure
10-4). The resistor helps to dissipate the parasitic energy and reduces the amplitude of the
voltage overstress. One diode handles the negative voltage flowing inside the circuit (N+/P
substrate diode), the other diode (P+/N well) handles the positive voltage. The combination of
the serial resistor and the diode bridge represents an acceptable protection circuit against
transient voltage overstress around +/-50 V.

AN AN
very low voltage ZS very high voltage T ZE{WEII

EL—ypnadln WV _ EIEpadIn .
' Ndiff ! _
| /N /\

Psub
prrr prrrs
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Figure 11-4 : Input protection circuit (IOPadIn.SCH)

Diodes are essential parts of the ESD protection. Used since the infancy stage of
microelectronics, the diodes are still widely used because of their efficiency and simplicity
[Dabral]. The native diodes in CMOS technology consist of an N+ diffusion in the p-substrate
and a P+ diffusion in the n-well.

The command used to generate a protection diode in MICROWIND is Edit — Generate —
Diode. Click either the P+/nwell diode or the N+/P substrate diode. By default, the diode is
quite large, and connected to the upper metal by a row of 10 contacts. The N+ diode region is
surrounded by a polarization ring made of P+ diffusion. The large number of rows ensures a
large current capability, which is very important in the case of ESD protection devices.

[l Layout Generatar ;IQI il

F'adsl Inductorl Contactsl MOS I Fath I Loga I Bus I Res Dinde |Capa|

rContact

P+ifwell  M+iP-sub Rows |1U

Pe H+
| S?N. Z}b | Columns |1
—Local Polarization—————————————————
EE—EHE g e :
ell - i\ am {* Diff K+ polarization on [wvell:

column

psub M

.‘|. Generate Diode | x Cancel |

Figure 10-5: The diode generating menu in Microwind (By default a P+/well diode)
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Figure 11-5 : The diodes clamp the positive and negative overstress so that the internal voltage keeps
close to the voltage range [0..VDDH] (loPadIN.MSK)

A protection circuit example is simulated in figure 10-5. It consists of a pad 50 x 50 pm, a serial
resistor around 200 Q and two diodes. When a very high sinusoidal waveform (+/- 10 V) is
injected, the diodes exhibit a clamping effect both for the positive and negative overstress.

The best simulation mode is Voltage and Currents. The internal voltage remains within the
voltage range [0..VDDH] while the voltage near the pad is —10 to +10 V wide. Notice that the
current flowing in the diodes is around 1mA (Figure 10-5).

High voltage MOS

The general diagram of an input structure is given in figure 10-6. A high voltage buffer is used
to handle voltage overstress issued from electrostatic discharges. The logic signal is then
converted into a low voltage signal to be used in the core logic. For interfacing with
input/output, specific high voltage MOS are introduced. These MOS devices are called high
voltage MOS. They use a double gate oxide to handle the high voltage of the 1/Os. The high
voltage device symbols are drawn with a double line. The symbol Vdd_HV represents the 1/0
voltage, which is usually 2.5 V in CMOS 65-nm.
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Figure 11-6 : The basic principles for an input circuit, including the ESD protection and the voltage
translator (IOPadIn.SCH)
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Figure 11-7 : Layout of the input MOS device (I0PadMos.MSK)

The high voltage MOS layout differs slightly from the normal MOS. The high voltage MOS
uses a gate width which is much larger than that of the regular MOS. Usually, the lateral drain
diffusion, which aims at limiting the hot-carrier effect at boosting the device lifetime, is
removed in high voltage MOS devices. In 45-nm, the gate oxide of the high voltage MOS is

around 3 nm.

The gate oxide is twice thicker than the low voltage MOS. The high voltage device
performance corresponds approximately to a 0.18 um MOS device. To turn a normal MOS into
a high voltage MOS, the designer must add an option layer (The dot rectangle in figure 10-7).
The tick in front of High voltage MOS assigns high voltage properties to the device : double
oxide, removed LDD, different rules for minimum length, and different MOS model

parameters.
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Level shifter

The role of the level shifter is to translate the low voltage logic signal Data_Out into a high
voltage logic signal which controls the buffer devices. Figure 10-8 gives the schematic diagram
of a level shifter circuit which has no problem of parasitic DC power dissipation. The circuit
consists of a low voltage inverter, the level shifter itself and the buffer. The circuit has two
power supplies: a low voltage VDD for the left-most inverter, and a high voltage VddHYV for the

T vddHY vddHY vddHY
vdd

Dﬁata ut |j‘ \2‘
| —
Low voltiiilwer;‘ E % E
o T

Level shifter Buffer stage

rest of the circuit.

[ 1

[
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[ 1

:

Figure 11-8 : Schematic diagram of a level shifter (IOPadOut.SCH)

2

et b

e el e dHigh++ .
e e e

. AT AT,

A

.
A e

ARERERIINSAS
0 Lk

]
AR
SR
NS
RS
SO

Level shifter translates low voitage clock into high voltage clock
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Figure 11-9 : Layout and simulation of the level shifter (LevelShift. MSK)

The layout of the level shifter is shown in figure 10-10. The left part works at low voltage 1.0
V, the right part works with high-voltage MOS devices, at a supply of 2.5V (VddHigh). The
data signal Data_Out has a 0-1.0 V voltage swing.

The output Vout has a 0-2.5V voltage swing. This time, no DC consumption appears except
during transitions of the logic signals, as shown in the simulation of figure 10-9.

Added Features in the Full version

Pad/Core limitation When the active area of the chip is the main limiting factor, the pad structure
may be designed in such a way that the width is large but the height is as small
as possible. This situation, called "Core Limited", as well as its opposite "Pad
limited" are detailed.

Schmitt trigger Using a Schmitt trigger instead of an inverter helps to transform a very noisy
input signal into a clean logic signal. The Schmitt trigger circuit switching is
illustrated and compared to the normal inverter.

Ibis IBIS is a standard for electronic behavioral specifications of integrated circuit
input/output analog characteristics. MICROWIND uses IBIS to pilot the
generation of pads.
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12 Design Rules

Select a Design Rule File

The software can handle various technologies. The process parameters are stored in files with

the appendix "RUL'. The default technology corresponds to a generic 8-metal 45-nm CMOS
process. The default file is CMOS45n.RUL.

- To select a new foundry, click on File —> Select Foundry and choose the appropriate

technology in the list.

- To set a specific foundry as the default foundry, click File — Properties , 'Set as Default

Technology'.
- Click Help — Design Ru

I! Design rules fo

Summary' Wells Paolysilico
1207 Minimum N+ and P+ diffusion
wii cth —

r201=3 lambda (0.06 urm)

r202: Betweaen two P+ and N+
diffusions
r2l2=3 lamkbda (0.06 um)

r203: Extra nwell after P+ diffusion
r203=3 lambda (0.06 urm)

r204: Betweaen M+ diffusion and
rrwvell
r204=3 lamkbda (0.06 um)

r205: Border of well after N+
polatization
r205=0lambda (0.00 um)

r206: Betwaen M+ and P+
polarization
r26=4 lambda (0.08 um)

1207 Border of Mwell for P+
polarization
r207=1 lambda (0.02 um)

r210: binimum diffusion area
1210=16 larnbda*2 (0.01 umz) J
w

les to display the design rules (figure 11-1).

Strain - 8 Metal copper

n | Contact | Metal, Via | Metal2, via2 | Metal3, via3 | Metald, viad | Mstals, Metals | Metal? Metal

Mwell polarization

P+ polarization

-1alx]

8| Pads

o 0K

Techno: CWOS 45nm - HighkMetal/Strain - 8 Metal copper loaded from file "default.rul®

Figure 12-1 : illustration of design rules using the command Help — Design Rules
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Lambda Units

The MICROWIND software works is based on a lambda grid, not on a micro grid. Consequently,
the same layout may be simulated in any CMOS technology. The value of lambda is half the
minimum polysilicon gate length. Table 11-1 gives the correspondence between lambda and
micron for all CMOS technologies available in version 3.5.

Technology file available In|Minimum gate |Value of lambda
version 3.5 length

Cmos12.rul 1.2 um 0.60 pum
Cmos08.rul 0.7 pm 0.35 um
Cmos06.rul 0.5 um 0.25 um
Cmos035.rul 0.4 pm 0.20 um
Cmos025.rul 0.25 um 0.125 pum
Cmos018.rul 0.20 um 0.100 pm
Cmos012.rul 0.12 pum 0.060 pum
soi1012.rul (SOl version) 0.12 pum 0.060 pum
Cmos90n.rul 0.10 um 0.050 pum
Cmos65n.rul 0.07 pum 0.035 um
Cmos45n.rul 0.05 pum 0.025 pum
Cmos32n.rul 0.036 pum 0.018 pum

Table 11-1: correspondence between technology and the value of lambda in pm

N-Well
r101 Minimum well size 12 A o i o E
r102 Between wells 12 i . !
ri10 Minimum well area 144 3? : R101 i i
2 : X |
nwell
Diffusion
r201 Minimum N+ and P+ diffusion width 4 i_“""""_"""}W{’;ﬁ ____________ |
r202 Between two P+ and N+ diffusions 4 ! polarization E
r203 Extra nwell after P+ diffusion : 6 A ' !
r204: Between N+ diffusion and nwell 6 A | 003 oy
r205 BmdaofwdlﬁErN+pqhﬁaﬂbn 29 L, P diff |20 i 1 w
r206 Between N+ and P+ polarization 0 ! N N - i
r207 Border of Nwell for P+ polarization 6 ! | <§f i
r210 Minimum diffusion area 24 )2 | 1201 1206 [
I mwell |
r204it 1207
N+ diff P+ P+ polarization
el
1206
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Polysilicon/Metal Gate

Starting 45-nm, the polysilicon gate material has been replaced by metal such as NiSi. We keep
the name “polysilicon” for convenience.

r30l Polysilicon width 2\

r302 Polysilicon gate on 2
diffusion

r303 Polysilicon gate on 4
diffusion  for  high
voltage MOS

r304 Between two 3 A
polysilicon boxes

r305 Polysilicon vs. other 22

diffusion
r306 Diffusion after 42

polysilicon 130
r307 Extra gate after 32

polysilicon
r310 Minimum surface 8 A’

High voltage MOS

2" Polysilicon/Metal gate Design Rules

r31l Polysilicon2 width 21

r312 Polysilicon2 gate on 2 A
diffusion

r320  Polysilicon2 minimum 8 2
surface

MOS option

rOpt  Border of “option” layer over diff N+ 7 aieiieiniiiateieieii !

and diff P+ |
o
D Nedif ég
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Contact

r401
r402
r403
r404
r405
r406

r4o7

Metal 1
r501

r502

r510

Via
r601
r602

r603

re04
ré05

Metal 2

r701

r702
r710
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Contact width

Between two contacts

Extra diffusion over contact

Extra poly over contact

Extra metal over contact

Distance between contact and

poly gate

Extra poly2 over contact

Metal width

Between two metals

Minimum surface

Via width

Between two Via

Between Via and
contact

Extra metal over via

Extra metal2 over via:

Metal width::

Between two metal2

Minimum surface

2A
5i
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Via 2

rgo1
rg02
rgo4
r805

Metal 3

rool
roo2
ra10

Via 3

ra0l
ra02
ra04
ra05

Metal 4

rb01
rb02
rb10

Via 4

rcol
rc02
rc04
rc05

129

Via2 width : 2 A

Between two Via2: 5 A
Extra metal2 over via2: 2 A
Extra metal3 over via2: 2 A

Metal3 width: 4 A
Between two metal3 : 4 A
Minimum surface : 32 A2

Via3 width : 2 A

Between two Via3: 5 A
Extra metal3 over via3: 2 A
Extra metal4 over via3: 2 A

Metal4 width: 4 A
Between two metal4 : 4 A
Minimum surface : 32 A2

Via4 width : 2 A

Between two Via4: 5 A
Extra metal4 over via2: 3
Extra metal5 over via2: 3 A

901

metal3

902

12. Design Rules

r804

Metal3

metal3

ra02

ra01

1h01

via3

Metald

~

1h02

ra04

Metal3,4

Metald
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rc01

Via

rc04

Metal4,5
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Metal 5

rd01
rd02
rd10

Via 5

re0l
re02
re04
re05

Metal 6
rfol

rf02
rf10

Via 6
rg01
rg02

rg04
rg05

Metal 7

rh01
rh02
rh10

Via7

130

Metal5 width: 8 A
Between two metal5 : 8 A
Minimum surface : 100 A2

Via5 width : 4 &

Between two Via5: 6 A
Extra metal5 over via5: 3 A
Extra metal6 over via5: 3 A

Metal6 width: 8 A
Between two metal6 : 15 A
Minimum surface : 300 A2

Via6 width : 4 &

Between two Via6: 6 A
Extra metal6 over via6: 3 A
Extra metal7 over via6: 3 A

Metal7 width: 8 A
Between two metal7 : 15 A
Minimum surface : 300 A2

12.

1d01

Design Rules
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riol
ri02
riod
rios

Metal 8
rjol

rjo2
rj10

Pads

The rules are presented below in pm. In .RUL files, the rules are given in lambda. As the pad

Via7 width : 4 A

Between two Via7: 6 A
Extra metal7 over via7: 3 A
Extra metal8 over via7: 3 A

Metal8 width: 8 A
Between two metal8 : 15 A
Minimum surface : 300 A2

12. Design Rules

1j02

size has an almost constant value in pm, each technology gives its own value in A.

rp01
rp02
rp03
rp04
rp05

131

Pad width: 50 um
Between two pads 50 pm
Opening in passivation v.s via : 5um
Opening in passivation v.s metals: ~ 5um
Between pad and unrelated active 20 pm
area :

ép03

1p02

rp01
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13 MicrowIND and DScH Menus

Microwind 3.5 menus
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SIMULATE MENU

Run the simulation and
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Simulate directly on the
layout, with a palette of
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Simulation parameters... —
UV exposure to disdwanbg!’at/gates_

Select model 1, model 3 or
BSIM4

Access to the SPICE model sand some
simulation options : VDD value,
temperature, simulation step

Discharge floating gates

sinulation

[& MOS characterisTt—————— e

= 20 vertical cross-segtion
: 3 Process steps in 3D
| AD view of the IC (OpenGl)

Access to static
characterigtics of the
MOS devices

View the process steps of the
layout fabrication in static 3D —/

Real-time view of the IC in
full animated 3D

2D view of the circuit at
the desired location

COMPILE MENU

|Compile Analysis Help

Compile one zingle
line (on-line)

Compile one Line
Compile Verilog Eile

Compile a Verilog file
generated by DSCH2

ANALYSIS MENU

Verifies the layout and highlight the
design rule violations

Evaluate the crosstalk effect n all
conductors using analytical
fornmlations

Evaluate the RC delay m all
conductors using analytical
formulations

Measure the distance in the
layout window, i pum and
lambda

Compute the resonant
frequency of LC components

Wnalysis Help

'ﬂ‘ Design Rule Checker Ctrl+D
Find Floating Modes

Global Crosstalk Evaluation Computes the influence of on
Global Delay Evaluatiog —~ parameter such as VDD, t°,
Parametric Analysis capacitance, on a set of paran

9,99 Measure Distance delay. frequency. etc...
Resonant frequency

Iferconnect analysis with FEM ~y Compute the capacitance,

resistance and inductance o
two conductors above grouy
planes
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PALETTE

Contact Poly/metal

[]

MOS generator

Stacked contacts

VDD, VDD _high, VSS
properties

Clock, pulse properties

Text layer

Define the
area to
ZOom

Contact diffn/metal

Contact diftp/metal

via/metal

Add virtual R, L,C on the
layout for simulation

Add virtual capacitor

Makes a node visible at
stmulation

Sinus property

Protectunprotect the
layer from editing

Protect/unprotect all

ka1
; L
=3
N\
Wetal 7 (| [\
Metsl 6 HE |
Metals B |
Metal4 B |
Metals B |
metal2 [l |
Metal 1 B
TiNgate2 [l |
Contact &=
Tingate [l |
P+ Diffusion [l |~
- ik
v
= /—layers
o

NAVIGATOR
WINDOW

IMame of the
selected node

Froperty of the
selected node

Visiblefunvisible
at simulation

Hides the navigater
window

rosstalk Props | D¢

N Nate “Vreft* |

Property: variable
T =3 - Notinsim

= 022

= 325 ohm

- Bpm

' 0.00nH

e,  ia
--MNode Properties--- i
CAPA(0.22(F)

Metal Capa:0.14 F

/S

Access to the
node properties

Evaluation of the
capacitor, resistor,
length and
inductor

—  Details onthenode

properties

Crosstalk:0.00
Diffusion :0 umg""

Gate 008 F

RESISTANCE:(3250hm)

NEl Ay :I

Details on the
node capacitance
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~Io| x|
1.00 : ] Display
Select the node from which W Delay
the delay counter 1s started at W Bus value

hetween...

each crossing of VDD/2
A . e -

The delay counter is

. and..
: stopped at each crossing of
0.0 : i VDD/2 and the delay 1s orz_Sum ¥
1.00 I S ; drawn P Evaluate
Frequency vs. time. All voltage on ] The minimum and maximum voltage 0.990  |T™ MinfmaxAy
the bottom, the switching frequency ofthe selected node are displayed. Freguency
of the selected node on the top. L J : |

- At each period of the selected

f node, the frequency 1s displayed

Voltage versus voltage. Only a DC : . .

simulation, ideal for inverter, Op Amp 'ﬂ"% Node selected for calculations (FFT, min, max, freq..) ISn :]
1. h - 7/

static characteristics

T T
Show the FFT of the selected signal

Sigp (ps)
I. L . { 0.100
Select the time scale within a list

Voltage and Cwrrents versus time. . . .
= m the menu. Shuft the tune.

All voltage on the bottom, all

currents on the top. Computational simulation step

Voltage versus time. Ench Restart simulation from time 0

Access to MIN,TYP, MAX and

visible node is displayed 5 Frint
MonteCarlo simulation
Power, T*
o Peig 810w
More simulation 2 7 0%
Evaluation of the power
i - Close
00 05 10 15 20 25 consumphon Time(ns)

“\Woltage vs. time {Vollages and currents /voltage vs. voltage {Frequency vs lime jEye diagram ]
Stop simulation.
Eve diagram. A zoom at each visible node

at the switching of a selected node

LIST OF ICONS

Open a layout file (MSK format) [ Extract and simulate the circuit
Save the layout file in MSK format Measure the distance in Iam_bda and micron between two
points
Draw a box using the selected layer = . .
of the palette = 2D vertical aspect of the device
Delete boxes or text. ﬂ Animated 3D view of the layout using OpenGL
|j| Copy boxes or text B Step by step fabrication of the layout in 3D
Design rule checking of the circuit. Errors are notified in
&:» Stretch or move elements
the layout
Add a text to the layout. The text may include simulation
Zoom In :
properties.
Z00m Out =t Connect the I_ower Fo the upper layers at the desired
location using appropriate contacts.
View all the drawing Static MOS characteristics
:I—f— Extract an_d view the electrical node View the palette
pointed by the cursor
4 : 3 Move the layout up, left, right, down
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File Menu

Edit Menu

136

Reset the program and
starts with a clean
screen

Read a
schematic file

Save the current schematic

diagram into the current
filename

Generates a VERILOG

text file corresponding to

the schematic diagram

Transform this diagram
into a user symbol

Switch to

monochrony/Color mode

Print the schematic diagram /

Cancel last editing command

Cut elements included in an
area

Duplicate elements included
i an area

Flip or rotate elements
mcluded in an area

Create a line

Add text in the schematic
diagram

13. Microwind and DSCH Menus

Fle\ Edit Insert View Simulate Help
MNe
Save Ctrl+S
Save As
Foundry
— Configure DSCH
Make Yerilog File Ctrl+E to a given
Generate SPICE File Cirl+G foundry
H) grhema to new symbol
Properties
P — Design properties :
Mongchrome/Color FS number of symbols,
PP\‘IEt nodes, etc...
LgAve Dscha\ Ctrl+Q

¥ Quit DSCH and returns

to Windows

Edit Insert “iew Simulate Help

Undao CtrtZ | Move elements included in
_/?‘ Cut Cerl+% an area
Paste Chrl+Yy
/ Copy Ctri+C
= Move Crl+M
otate Left Ctrl+R
jﬁotate Right
2= Flip Hotizontal Chrl+F

EI|EI Flip Yertical

Iv: Line /
-4' Connect
A Text

4

Add a connection between lines
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Insert Menu

View Menu

Simulate Menu
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Insert a uger symbol or a
library symbol not

accessible from the symbol

palette

Redraw all the
schematic diagral

Zoom In, Zoom out
the window

Extract the electrical
nodes

Show the timing
diagrams

Show the palette of
symbols

Detect unconnected
lines

Simulate options

—

Insert Wiew Simulate

User Symbol {,SYM)
Another Schema {,SCH)

Helpf

View Simulate Help
View all Crl+a

View Same -a—— Redraw the screen

Zoom In Ctri41
Q\ Zoom Out tHO
>
/ List of symbaols

Design hlerar

13. Microwind and DSCH Menus

Ingert an other
schematic
diagram

Gave the list of
symbols

Describes the design
structure

Electrical Net
Tlrnlng Diagra
ymhol Library ~___ Show details about

U lect All

Simulate Help

= Start simulation

/tRck Floating Line -
Show Critical Path

F2

Circuit Testing - Fault Ewrlﬂ

EEulate Options

the critical path

Unselect all the design

Show the critical path
(Longest switching path)

Start/stop logic simulation

Inject fault and optimize test
vectors
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Symbol Palette

Basic logic
symbol library

Button

Clock, led

Inv, Inv 3state, buffer
AND gates

NAND gates
NOR gates
XOR gates

NMOS and PMOS

Complex gates

Basic logic
symbol library

Resistance (short
circuit in logic
simulation)

OpAm

AND gates

Random pattern
generator (0, 1, x)

Complex display

XOR gates

Programmable switch
Electrical arrow

Dot box

Direct access to uC
models
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Advanced logic svmbol
library

V8S, VDD supply

—— Hexadecimal display

— Hexadecimal keyboard

= OR gates

/— Edge-trigged D-latch

Latch

Memory

Access to the complete
symbol list

lectrical

£

OLrces

=

B

Dizplay, W0s

Advanced logic
symbol library

Capacitance (open circuit in logic simulation)

Inductance (short circuit in logic simulation)

—— Diode (ignored in logic simulation)

—— Transmission line

+— Voltage source

Current source

10 pads
— Multiplexor

— Transmission gate

Information probe
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Silicon Menu

The software “silicon” is able to give a user’s controlled 3D view of silicon atoms such as SiO2 (figure 13-
1). The 3D view of the lattice shown in figure 12-3 shows the regular aspect of Si atoms and the very
specific properties of the material. One boron atom acts as a dopant in the structure.

Selectio

" Sidlone

S atome

& 5
 Silattice

" Silattice Boron
" Si lattice Phosp.
" Carbon nanotube
" Carbon Fullerene

Optiohs————— ]

Rows IEI
Atams: |3

3D Contrab—————————

Palette ———
" Gray scale
& Hot scale
" Color scale

Misc—————————
Bar size

Light position

Move the mouse inside the window [Left button down] to move atoms x Close |

Figure 13-1 : the « silicon » main menu
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Selection
 Gidlone

5 atoms
502

1 Silattice

% 5ilattice Boron
" §ilattice Phosp.

1 Carbon nanctube

" Carbon Fullerene

Dptlnn

Rows: |2

Atoms 5

3D Contab———
| A8 ’—' Z

Palette
" Gray scale

1+ Hat scale
" Color seale

Migc:
|7 Bar size

Marve the mouse inside the window [Left button down] to mave atoms x Cloze

Figure 13-2 : the silicon lattice and a boron dopant

Researchers are actively exploring the use of molecular materials such as carbon nanotubes (CNTSs)
in prototype molecular electronics devices. Atoms are bonded together into an array of hexagons
and rolled up to form molecular tubes or cylinders with 1 to 20 nm diameters and ranging from 100
nm to several mlcrons in length. The CNT shown in Fig. 13-3 is formed of 12 carbon atoms.

Selection
" SiAlone

" Siatams
 5i0z
 Silattice

" Sjlattice Boran
€ Silattice Phasp,
& Catbon nanotube
" Carbon Fullerene

Options————————

Rows: |10
Atoms: |12

30 Contrab—————————

Palette————————————
" Gray scale
& Hot scale

" Color scale

Move the mouse inside the window (Left button down] bo move atoms ¥ Clase |

Figure 13-3 : Carbon nano-tube
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The fullerene Cg is based on 60 carbon atoms as shown in fig. 13-4. This structure has a diameter of around
1-nm. It is one of key candidates for emerging nanotechnology, thanks to its absorbing properties,
outstanding mechanical resistance, energy storage capabilities as well as potential interaction with
biological tissues for therapy.

Selectio

" Silone

T Siatoms

i si02

™ Silattice

1 Silattice Boron
" Silattice Phosp.
" Carbon nanotube
1+ Carbon Fullerene

Options |

Rows: |
Ao [0

3D Controb————————————

[ [

Palette |
" Gray scale
* Hot scale

" Color scale

Mawe the mouse inside the window [Left buttan down) ta mave atoms x Cloze |

Figure 13-4: Fullerene Cg

Note: the CNT and fullerene have been implemented by INSA students Ryan FLOCH and Mathieu
OTHACEHE in 2010, as part of their 2nd year project in electronic design.

141



MICROWIND & DSCH V3.5 - USER'S MANUAL 14. Student Projects on-line

14 Student Projects on-line

www.microwind.org/students

The goal of this practical training is to illustrate the design of CMOS circuits with the help of Microwind.
The list of projects is illustrated in Fig. 14-1. For each project a report in PDF format is on-line.

| training in L ' 5 - |EI |£|
Fichier Edition  Affichage  Historique  Marque-pages  Outils | 7
v c P S I |http:,l',l'www.microwind.org,l'students > - )"
|.8] Les plus visités | INSA
J |j Practical training in CMOS design usi... | - F
-
Practical Training in CMOS design using Microwind & Dsch il
Travaux Pratiques de Conception CMOS utilisant Microwind & Dsch
Le bL.': dgr\?g;e‘?ﬂ.d-detuddes |85t-c! |I|Ius|,\:_rer la cdongepiﬂontde The goa! of #his practical training is to iflustrate the desion of
E,:I,rcusl = Al alaide !35t oglmg s.t |crm-;|n J’t Sd; ': " CMOE circuwits with the help of Microwing, Dsch and Winspice tools,
Inopice. FIUSIEUrS projets conduits par des studiants sam A selection of student projects s proposed below,
détaillés ci-dessous,
|Year |Institute |C0untr\,r |Student name |Advisor narme |Pr0ject title |M0re infarmation
INSA FLOCH Ryan Etienne Carbon nanotube and
‘2010 Toulouse AT ‘OTHACEHE Mathigu ‘SICARD fllizeme wity Gpemel |07 (e
RAMOMND Amelie
INSA CHEMIMADE Laic Sonia BEM
Toulouse France LACROUTE Thomas DHIA RFID Transponder POF report
RICO Matthieu
INSA e - |sonia BEN study of different
‘ Toulouse France ‘LALANNE Maité, SEME Sali DHIA pecillators ‘PDF repart
s France  |COX Paul, ELSANKARI Sami Eiizmme Radio-control receiver  [PDF report
Toulouse ! SICARD -
INEA ARMAL VYincent, MACIRI Etienne d-stage hinary :
‘2009 Toulouse France ‘.ﬁ.bdellatif ‘SICARD asynchronous counter RepERs, S e
DE FERLUC Regis, NGO . A .
INSA g Etienne 3-hit pipleline flash
i France Quang Tuan, KLEIBER SICARD P Report
Thormas
INSA DURRMAMM Antoine Sonia BEM .
‘ Toulouse [AFEmiEE ‘GEAMBLU Clément DHIA ‘3 it (DE HERErS
INSA MONTHEARD Romain, Saonia BEN 3-bit charge-scaling
‘ Toulouse AremEs ‘HADDAD Isrnael DHIA ‘D,.-’.C\ COnverter HEpars
Faculty of
Eralinearing MR, A proposed SRAM cell
and Malaysia Frabhu, &ja [l Vs Eaacy POF fenglish)
technal ¥ K ’S.J ﬁ consumption during g
sennalogy, umar =inah -, te operation
Melaka
Etude et implémentation
p d’un armplificateur
ISSAT At g Harmdi i .
2008 — Tunisie  |MOUMA Karmani BELGACEM opera}mnnel CMOS auto [PPT (francais)
contrilable par test
Idd _I
-
Termine >

Figure 14-1: student projects on-line, covering various aspects of circuit design
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