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1 Introduction

1. Introduction

The present manual introduces the design and simulation of CMOS integrated circuits, in an attractive way thanks to

user-friendly PC tools Dsch2 and Microwind?2.

About Dsch2
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The DSCH2 program is alogic editor and simulator. DSCH2 is
used to validate the architecture of the logic circuit before the
microelectronics design is started. DSCH2 provides a user-
friendly environment for hierarchical logic design, and
simulation with delay analysis, which alows the design and
validation of complex logic structures. A key innovative
feature is the possibility to estimate the power consumption
of the circuit. Some techniques for low power design are

described in the manual.

The MICROWIND?2 program allows the student to design and
simulate an integrated circuit at physical description level.
The package contains a library of common logic and analog
ICs to view and simulate. MICROWIND2 includes all the
commands for a mask editor as well as origina tools never
gathered before in a single module (2D and 3D process view,
VERILOG compiler, tutorial on MOS devices). You can gain
access to Circuit Smulation by pressing one single key. The
electric extraction of your circuit is automatically performed
and the analog simulator produces voltage and current curves

immediately.

The chapters of this manual have been summarized below. Chapter 2 describes the technology scale down and the major

improvements given by deep sub-micron technologies. Chapter 3 is dedicated to the presentation of the single MOS

device, with details on the device modeling, simulation at logic and layout levels. Chapter 4 presents the CMOS Inverter,

the 2D and 3D views, the comparative design in micron and deep-submicron technologies. Chapter 5 concerns the basic

logic gates (AND, OR, XOR, complex gates), Chapter 6 the arithmetic functions (Adder, comparator, multiplier, ALU).

The latches and memories are detailed in Chapter 7.

20/01/02
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As for Chapter 8, analog cells are presented, including voltage references, current mirrors, operational amplifiers and
phase lock loops. Chapter 9 concerns analog-to-digital and digital to analog converter principles. The input/output
interfacing principles areillustrated in Chapter 10.

The detailed explanation of the design rulesis in Chapter 11. Electrical rules are described in chapter 12. The program

operation and the details of all commands are given in the help files of the programs.

7 20/01/02
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2 Technology Scale Down

2. Technology Scale Down

The evolution of integrated circuit (1C) fabrication techniques is a unique fact in the history of modern
industry. The improvements in terms of speed, density and cost have keep constant for more than 30 years.
By the end of 2000, “System-on-Chips’ with about 100,000,000 transistors will be fabricated on asingle
piece of silicon no larger than 2x2 cm. In this chapter, we present some information illustrating the

technology scale down.

2.1 Evolution of Microprocessors and Memories

Figure 2-1 describes the evolution of Intel ® microprocessors, figure 2-2 describes the evolution of memory
size during the last decades. In figure 3, it is shown that industry has started to produce ICs in deep
submicron technology starting 1995. Research has aways kept around 5 years ahead mass production.

Nbr of devices Memory size (hit)
1GIGA _ .| 10GIGA T G -
TTarmurTT o
— uf — 256M
100 MEG Pentium 11_g4 LaiGA
10MEG — i PenfiumIl 100 MEG — %
pentium
80486 16M
1MEG — . 10MEG — Mm
100K 1MEG—] 256K
32 hits
10K o I I I I I I 100K~ I I I I I I 1
82 8 89 92 9 98 01 04 P2 85 ® 9% 9 0 o
Year Y ear
Fig.2-1: Evolution of microprocessors Fig.2-2: Evolution of memories
wnanner (Jm
2.0 — fg—ﬁﬁ‘a— — — — Deep submicron
B M 80386 technology
- %= — — B-gMHz peatum. . _
—_—. —_ —
03 _ S ;ﬂ?g_MHZ: — T | — Industry
- / . Pentium I8

% - - - = ‘“.‘306MHZ_ l_DSQOMHZ

Research 0.1

0.05

Fig. 2-3: Evolution of lithography
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2.2 Frequency Improvements

0.5 ym

0.25 um 0.12um

MOS Devices 1995 1998|:I:| 2001 I:I:I
3 layers 5 layers 7 layers

| |
[

Interconnects - - - - || | | H

frequency _/_\_/_\

120MHz 350MHz 800 MHz

Fig. 2-4: Reduced device features and increased interconnect layers

Figure 2-4 illustrates the main improvements in terms of feature size reduction for MOS devices,
increased number of metal interconnects to link MOS together within the chip. Consequently, the clock
frequency of the chip has never stopped increasing, with an expected 800MHz in 2001. An illustration is
given below (Figure 5), with aring oscillator made from 3 inverters, smulated with MICROWIND?2 using
0.8um and 0.25um technologies. Although the supply voltage has been cut by half (VDD is5V in 0.8um,

2.5in 0.25um), thegainin frequency is closefrom afactor of f|ve
L5 DD----: --------------------------- L - demeean [T lemmemes

Sotte 1hv3 1,0.845n5 | L 0.415n5
X | 1.183GHZ V. 1.093GHZ
! 1

. ‘
00 02 04 0508 101204 16 18 s
._2 502 353, 2.356 2355 2356 2356 2354 _a_238E__,_ 2355 : 23585

025 Hm NAUNA VA DV AN AN AT

D 224ns 0.228ns 0.224ns D 224ns 1 0.228ns :

Sorie IhV 0.224ns 0. 228ns 0.224ns
4 464GHZ 4. 3866H 4 464GHZ 4 464GH 4 386GH 4 464GHZ [4. 464GH 4 386GHZ
o 5 \0 4 | o, 4 '\0. )

————————————————————————————————————————————————————————————————————————————————

Fig. 2-5: Improvement in speed thanks to deep submicron technol ogy

HOW TO SIMULATE

® Start Microwind2. By default the software is configured with 0.25um technology. Click “File -> Open”.
@ Sdect “INV3'. Click “Simulate-> Start Simulation”. The oscillation (figure 2-5) appears. Click “Close”.
® Click “File -> Select Foundry”. Click “cmos08.rul”.

@ Run again the simulation. Observe the change of VDD and the dow down of the oscillating frequency.

9 20/01/02
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Increased Layers

2. Technology Scale Down

the increasing number of input/output pads available on asingle die.

The table below lists a set of key parameters, and their evolution with the technology. Worth of interest is the
increased number of metal interconnects the reduction of the power supply VDD and the reduction of the gate
oxide down to atomic scale values. Notice aso the dow decrease of the threshold voltage of the MOS device and

Lithography |Year | Metal VDD Oxide | Threshold I nput/output Microwind2 rule
layers supply (V) | (nm) voltage (V) pads file

1.2um 1986 |2 5.0 25 0.8 250 Cmos12.rul
0.7um 1988 (2 5.0 20 0.7 350 Cmos08.rul
0.5um 1992 |3 33 12 0.6 600 Cmos06.rul
0.35um 194 |5 3.3 7 05 800 Cmos035.rul
0.25um 1996 |6 25 6 0.45 1000 Cmos025.rul
0.18um 1998 |6 20 5 0.40 1500 Cmos018.rul
0.12um 2000 (7 15 4 0.30 1800 Cmos012.rul
0.10um 2002 |8 10 3 0.20 2000 Cmos010.rul
0.07um 2005 |8 0.8 2 0.15 3000 Cmos007.rul

2-metal Layer technology

Hiate

3 irwerter ring oscillator

Fig. 2-6: A three-inverter ring oscillator routed with 2-metal layers and 5-metal layers technologies

As can be noticed, the number of meta layers used for interconnects has been continuoudly increasing in
the course of the past ten years. More layers for routing means a more efficient use of the silicon surface,
as for printed circuit boards. Active areas, i.e MOS devices can be placed closer from each other if many
routing layers are provided (Figure 2-6).

HOW TO SIMULATE

@® Start Microwind2. By default the software is configured with 0.25um technology. Click “File =»Open”.
@ Sdect “INV3'. Click “Simulate=» Process section in 2D”.

® Draw aline representing the location for 2D-process view. The 2D view appears.Click “OK”.

@ Click “Simulate = Start Smulation”. Observe the oscillator frequency.

® Click “File = Select Foundry”. Sdlect “ams08.rul” (0.8um technology).

® Ask again for the 2D view. Observe the change in the process aspect.

@ Ask again for analog simulation. Observe the change in frequency and voltage supply.

10 20/01/02



MICROWIND & DSCH USER'S MANUAL 4. The Inverter

3 The MOS device

3.1

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.

The MOS as a switch

The MOS transistor is basicaly a switch. When used in logic cdl 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-channd (or NnMQOS) and p-
channel MOS (or pMOS) devices exist. The nMOS and pMOS symbols are reported below. The n-channel
MOS is built usng polysilicon as the gate materid and N+ diffusion to build the source and drain. The p-
channd MOS is built using polysilicon as the gate materia and P+ diffusion to build the source and drain. The
symbols for the ground voltage source (0 or VSS) and the supply (1 or VDD) are aso reported in figure 3-1.

drain SOUCE
gate gate
nmos
[ |

prgos
source drain

r-channel MOS p-channel MOS
Ground {aor WSS Supply (or vDD)

nm oz_{ JO— %

|:|—n| 0 1
pMOS VV -
Fig. 3-1: the MOS symbol and switch
The n-channel MOS device requires alogic 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 equivaent to a resstance. The order of range of this ‘on’ resistance is 100W-5KW. The ‘off’
resistance is considered infinite at first order, asits vaueis several MW.
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3.3

MICROWIND & DSCH USER'S MANUAL 4. The Inverter
Logic Simulation of the MOS

At logic leve, the MOS is consdered as a smple switch. Moreover, the logic switch is unidirectiond,
meaning that the logic signa aways flows from the source to the drain. This mgjor restriction has no physical
background. In reality, the current may flow both ways. The reason why the logic MOS device enables the
signd to propagate only from source to drain is purdly a software implementation problem. In the logic
smulator of DSCH2, an arrow indicates whether or not the current flows, and its direction (Figure 3.2).
When the device is OFF, the drain keepsiits last logic value, thus acting as an elementary memory.

Notice that you cannot pass any logic information from the drain to the source. Such a circuit would fail.

|:|||=Gate gate The arrow indicates that
the channdl isON

nrnog
o Fo, | ]
Dats source drain nOS_Cut
| / i N
source ‘ drain  pOS_Out
When OFF, the node e — J\

: . N I
keepsits previous value

gate

Data goes to pMos_out

Fig. 3-2: the logic simulation of the MOS device (MosExplain.SCH)

MOS layout

We use MICROWIND?2 to draw the MOS layout and simulate its behavior. Go to the directory in which the
software has been copied (By default MICROWIND?2). Double-click on the Microwind2 icon.

The MICROWIND2 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 () units. The
lambda unit is fixed to haf of the minimum available lithography of the technology. The default technology is
aCMOS 6-metd layers 0.25um technology, consequently lambdais 0.125 pm.

" Mimmwind 2 - example

B Yem Edi Zda Cople pazkes  Heln
|B|u¢rgﬂ~_~qq='|§1.|g e @ oAa%lEd 2 DN
§ b - - UEEQ

A
0 A

[Wiaitama 4o Wicrawind 3a- 04.111090 Ma Emar AT0. 350 -6
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Fig. 3-3 The MICROWIND2 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. Initialy
the selected layer in the paette is polysilicon. By using the following procedure, you can create a manua
design of the n-channel MOS.

O  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 3-4. The box width should not be inferior to 2 | , which is the minimum width of the
polysilicon box.

®  Change the current layer into N+ diffusion by a click on the paette of the Diffuson 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 3-4. N-diffusion boxes are represented in green. The intersection between diffusion and
polysilicon creates the channel of the NMOS device.

Fig. 3-4. Creating the N-channel MOS transistor

3.4 Vertical aspect of the MOS

=
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.

13 20/01/02
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Interlayer
oxide \

=14
Gate
Field oxide Lateral drain
\ diffusion
=n

- 2itsiiaid Thin gate
oxide

Fig. 3-5. The cross-section of the nMOS devices.

In the example of Figure 3-5, 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.

The physica 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 polysilicon 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 eectron channel and enables current to flow. A low voltage disables the channdl.

Static Mos Characteristics

£

Click on the MOS characteristics icon. The screen shown in Figure 2-6 appears. It represents the 1d/Vd
static characteristics of the nMOS device.

14 20/01/02
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Fig. 3-6. N-Channel MOS characteristics.

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 3-6, the MOS width is 3.25um and the
length is 0.25um. A high gate voltage (Vg =2.5V) corresponds to the highest I1d/Vd curve. For Vg=0, no
current flows. A maximum current around 1.5mA is obtained for Vg=2.5V, Vd=2.5V, with Vs=0.0. The
MOS parameters correspond to SPICE Level 3. A tutoriad on MOS model parameters is proposed later in
this chapter.

3.6 Dynamic MOS behavior

This paragraph concerns the dynamic smulation 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 S . [y ﬁ J-U ﬂ. 4] '1

V'SS property J /
Clock property

© Apply aclock to the gate. Click on the Clock icon and then, click on the polysilicon gate. The
clock menu appears again. Change the name into « VVgate» and click on OK to apply a clock with
2.1nsperiod (Insat O, 50psrise, Insat 1, S0psfdl).

Node visible
Sinusoidal wave

Pulse property

15 20/01/02
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Add a Clock

Label name : |WEIE

VDD | v8s  Clock | Pulse | Sinus | variable |
~Parameter
Lowe level £4: |0.00 High Level 04 |2 50

Time low Rise fime Time high Falltitme (ns)

[1.00 [0.05 [1.00 [0.05
JUT Slower | JUY Faster | C Invert L.l’Hl
W Assign | x Cancel | Iv visible in simulation

Fig. 3-7. The clock menu.

© Apply a clock to the drain. Click on the Clock icon, click on the left diffuson. The Clock menu
appears. Change the name into «Vdrain » and click on OK. A default clock with 4.2ns 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 ».

® Watch the output: Click on the Visble 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 itaic, meaning that the
waveform of this node will appear at the next smulation.

Always save BEFORE any smulation. The analog smulation agorithm may cause run-time errors leading to

aloss of layout information. Click on File -> Save as. A new window appears, into which you enter the
design name. Type, for example, myM os. 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 3-8.

16 20/01/02
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Fig. 3-8. Analog simulation of the MOS device.

When the gate is at zero, no channel exists so the node sl is disconnected from the drain. When the gate is
on, 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 sl is around 2.0V, that is VDD minus the threshold voltage. This means
that the n-channel MOS device do not drives well logic signa 1, as summarized in figure 3-9. Click on More
in order to perform more smulations. Click on Close to return to the editor.

nM(:j _/_ vy
1 / \
0 —/\/\/\—Goodo 1 _/\/V\_ Poor 1

(VDD-Vt)
Fig. 3- 9. The nMOS device behavior summary

Layout considerations

The safest way to create a MOS device is to use the MOS generator. In the palette, click the MOS
generator icon. A window appears as reported below. The programmable parameters are the MOS width,
length, the number of gatesin paralld and the type of device (n-channel or p-channdl). By default metal
interconnects and contacts are added to the drain and source of the MOS. Y ou may add a supplementary

metal 2 interconnect on the top of metal 1 for drain and source.
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Fig. 3-10. Analog simulation of the MOS device.

3.9 The MOS Model 1

For the evaluation of the current Ids between the drain and the source as a function of Vd,vVg and Vs, you
may use the old but nevertheless smple MODEL 1 described below.

M ODE CONDITION EXPRESSION FOR THE CURRENT IDS

CUT-OFF Vgs<0 Ids=0

LINEAR Vds<vgs ids= KPYE (VgsViVas Yo3)
Vt

SATURAT VdsVgs ids= KPI2 10 (VgsV1)2

ED Vt

With:
vt =VTO+ GAMMA+./(PHI - vb) - /PHI

M OS M ODEL 1 PARAMETERS
PARAMETE DEFINITION TYPICAL VALUE 0.25um
R
NMOS pMOS

VTO Theshold voltage 0.4V -0.4v
KP Transconductance coefficient | 300pA/V? 120pA/V?
PHI Surface potentia a  strong|0.3V 0.3V

inverson
GAMMA | Bulk threshold parameter 04V°? 0.4V°?
W MOS channel width 0.5-20um 0.5-40um
L MOS channd length 0.25um 0.25um
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Let us compare the simulation and the measurement, for a 10x10um device.

o
(2]
(3]

o

Click Simulate > M os characteristics (Or theicon = )

Click Add Measure.

Select the data file “Nb10x0,25.MES’. The “N” means an n-channel MOS device. The “b”
corresponds to a chip called “BETA” fabricated in 0.25um technology. The values 10x0,25 means
W=10um, L=0.25pm.

Select “Level 17 in the parameter list to compare LEVEL1 simulated characteristics with the
measurements.

185(MA) 1=10.000pm, L=0.250um simul.
25 1

10%0.25 ym Beta \
: Model 1 predicts

20 ¢

25mA maximum

e 0,

= SR BN

' I The measured

: s = —-— 1 . .

: o] maximum current is
o

0.00 1.00 2.00 6mA
vl

Fig. 3-11: The model 1 predict a current 4 times higher than the measurement

When dedling with sub-micron technology, the model 1 is more than 4 times too optimistic regarding current

prediction, compared to real-case measurements, as shown above for a 10x0,25um n-channel MOS.

3.10 The MOS Model 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 moded 3 formulations. The formulations are

derived from the model 1 and take into account a set of physica limitationsin a semi-empirical way.

CUT-OFF MODE. Vgs<0

Ids=0

NORMAL MODE. Vgs>Von

with

19

lds= Keff W (1+KAPPA vds) Vde ((Vgs-vth)- V_de))
LEFF 2

von=12 vth
vth=VTO + GAMMA(+/PHI - vb - +/PHI )
vde = min ( vds, vdsat)

vdsat = vc+ vsat - 4/ve? +vsat?
vsat = vgs-vth

20/01/02
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vc=VMAX E
0.06

LEFF=L-2LD

Keff = KP
(1+THETA (vgs-vth))

SUB-THRESHOLD MODE. Vgs<Von. Vdsis replaced by von in the above equations.

Ids = Ids(von,vds) e M
nkT

TEMPERATURE EFFECTS
UN = prp (T-300) e°
up = ppp (T-300) €
vt = vt,-0.002(T-300)

M OS M ODEL 3 PARAMETERS
PARAMETE DEFINITION TYPICAL VALUE 0.25um
R

NMOS pMOS
VTO Theshold voltage 0.4V -0.4V
KP Transconductance coefficient 300pA/NV? 120uA/NV?
PHI Surface potentil a  strong|0.3V 0.3v

inversion

LD Lateral diffusion into channel 0.01um 0.01um
GAMMA | Bulk threshold parameter 04V°° 04V°°
KAPPA Saturation field factor 0.01V* 0.01V™"
VMAX Maximum drift velocity 150Km/s 100Km/s
THETA Mobility degradation factor 03V* 03Vv?!
NSS Substhreshold factor 007 V" 0.07 V"
wW MOS channel width 0.5-20pum 0.5-40pum
L MOS channel length 0.25um 0.25um

The curve shown in Figure 3-12 is used to fit VTO, KP and GAMMA. Act on VTO cursorsin order to shift
the curves right or left, KP to adjust the dope, and GAMMA to fit the spacing between curves.

85 WA _yy=10.000urm, L=10.000pm sirmul,

10%10 pm Beta

VTO

| .

0.0

0.a0

Fig. 3-12. The Id/Vg curves used to fit KP, VTO and GAMMA (Nb10x10.MES)
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The BSIM4 MOS Model

A family of models has been developed at the University of Berkeley for the accurate simulation of sub-
micron technology. The Berkeley Short-channel IGFET Model (BSIM) exist in several version (BSIM1,
BSIM2, BSIM3). The BSIM3v3 version, promoted by the Electronic Industries Alliance (EIA) is an industry
standard for deep-submicron device simulation.

A new MOS mode, caled BSIM4, has been introduced in 2000. A simplified version of this moddl is
supported by Microwind2, and recommended for ultra-deep submicron technology simulation. BSIM4 till
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.

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 parametersis reduced to around 20.

5 MOS5 Wiewer For Nway Widih=10.020. Lengih=0.12] pw ﬂ
I v Ve | e v | logiichve v | Thrashnld voksge | wabilite| Dabug | Level | Levely [ESTW |
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Fig.3-13: Implementation of BS M4 within Microwind2

The general equation of the threshold voltage is presented below.

Vth=VTHO+KL(F, - Vbs- |[F_) - K2Vbs+ DVtg. +DVt,,, , +DVt, o
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where VTHO is the long channel threshold voltage at Vbs=0 (Around 0.5V), K1 is the first order body bias coefficient
(05VY3), Fsisthe surface potential, Vbs s the bulk-source voltage, K2 is the second order body bias coefficient, DVts

isthe short channel effect on Vt, DVtyy, p isthe non-uniform lateral doping effect, and DVtp,g, isthe drain-induced barrier

lowering effect of short channel on V1.

Concerning the formulations for mobility of channel carriers, he generic parameter is UO, the mobility of
electrons and holes. The effective mobility myis reduced due to severa effects: the bulk polarization, and the
gate voltage. The eguation implemented in Microwind2 is the most recent mobility model proposed in BSIM4,

4. The Inverter

reported in 3-xxx.
Nk =
- V. +2(VTHO- V. - f
1+ (UA+ UGV, g o ()(—2281 (TOXE o~ Ts) e
where

= UA isthelow fidd mohility, in mf/V-s. Its default value is around 0.06 for n-channe MOS and 0.025 for

p-channe MOS.
= UA isthefirst order mobility degradation coefficient, in m/V. Its default value is around 10

= UC isthe body-effect coefficient of mobility degradation, in m/V2. Its default value is -0.045x10™.

= VFB istheflat band voltage, in V.
= TOXE isthe oxide thickness, in m. A typical vaue for TOXE in 0.12um is 3nm (3.10°m).
= EU isacoefficient equal to 1.67 for n-channel MOS, and 1.0 for p-channel MOS.

The current Ids is computed using one single equation, as described below.

Idso:Weff eft ad, Voo (1- AouikV dseft Vsett
Leff TOXE (Ve +4.V1) A+ V yeeft )
P
Parameter Description NMOSvalue | NMOSvaluein
in 0.12um 0.12um
VTHO Long channel threshold voltage at Vbs= 0V 0.3V 0.3V
VFB Flat-band voltage -0.9 -0.9
K1 First-order body bias coefficient 045V1/2 045V1/2
K2 Second-order body bias coefficient 01 01
LPEO Lateral non-uniform doping parameter at Vbs=0 2.3%-10 2.3-10
DVTO First coefficient of short-channel effect on threshold 22 22
voltage
DVT1 Second coefficient of short-channel effect onVth 053 0.53
ETAO Draininduced barrier lowering coefficient 0.08 0.08
NFACTOR | Sub-threshold turn-on swing factor. Controlsthe 1 1
exponential increase of current with\Vgs.
uo L ow-field mobility 0060 m2/Vs | 0.025 m2/Vs
UA Coefficient of first-order mobility degradation dueto 11.0e-15m/V | 11.0e-15 m/V
vertical field
ucC Coefficient of mobility degradation dueto body-bias | -0.04650e-15 | -0.04650e-15 V-1
effect V-1
VSAT Saturation velocity 8.0e4 m/s 8.0ed n/s
22 20/01/02
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WINT Channel-width offset parameter 0.01°-6um 0.01°-6um

LINT Channel-length offset parameter 0.01°-6um 0.01°-6um

PSCBEL First substrate current induced body-effect mobility 4.24e8V/m 4.24e8V/m
reduction

PSCBE2 Second substrate current induced body-effect mobility | 4.24e8 V/m 4.24e8V/m
reduction

KT1 Temperature coefficient of the threshold voltage. -0V -0.1vV

UTE Temperature coefficient for the zero-field mobility UO. | -1.5 -15

VOFF Offset voltage in subthreshold region. -0.08vV -0.08V

PCLM Parameter for channel length modulation 12 12

3.12 Low leakage MOS

A new kind of MOS device has been introduced in deep submicron technologies, starting the 0.18um
CMOS process generation. The new MOS, caled " low leakage” or "High-Vt" MOS device is available as
well as the norma one, recaled "high-speed MOS'. The main objective is to reduce significantly the loff
current, that is the small current that flows from between drain and source with a gate voltage O (Supposed
to be no current in first order approximation). On the figure below, the low leakage MOS device (right side)
has an loff current reduced by afactor 50, thanks to a higher threshold voltage (0.45V rather than 0.35V).

Small lon
e B I reduction

Vt=0.45V

Fig. 3-14: Low |leakage MOSfor lower loff current

The main drawback of the "Low leakage’ MOS device is a 30% reduction of the lon current, leading to a
dower switching. High speed MOS devices should be used in the case of fast operation linked to critical
nodes, while low leskage MOS should be placed whenever possible, for al nodes where a maximum
switching speed is not required.
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Fig. 3-15: High speed and Low leakage MOS layout. The only difference is the option layer

configured for the low leakage option

3.13 High voltage MOS

Integrated circuits with low voltage internal supply and high voltage 1/0 interface are getting common in deep
sub-micron technology. The interna logic of the integrated circuit operates at very low voltage (Typicaly
1.0V in 0.12um), while the I/O devices operate in standard voltages (2.5, 3.3 or 5V). The input/output
structures work at high voltage thanks to specific MOS devices with thick oxide, while the internal devices
work at low voltage with optimum performances.

3.3V
1.2v

1/Os at high voltag
Core logic
operating at low
voltage

D

a

Fig. 3-16: Interfacing low voltage logic signals with high voltage I/Os requires specific circuits

operating in high voltage mode.

For 1/Os operating at high voltage, specific MOS devices cdled "High voltage MOS" are used. We cannot
use high-speed or low leakage devices as their oxide is too smal. A 2.5V voltage would damage the gate
oxide of a high-speed MOS in 0.12um technology. 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 I/O interfaces.
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Fig. 3-17: High speed, low leakage and high voltage MOS. The high voltage MOS has a minimum

length longer than for the other MOS. The gate oxide is also thicker to handle high voltage operation.

3.14 Temperature effects on the MOS

The MOS device is senditive to temperature. Two main parameters are concerned: the threshold voltage
VTO and the transconductance coefficient KP that decrease with temperature increase. The physical
background is the degradation of mobility of electrons and holes when the temperature incresse, due to a
higher atomic volume of the crystal underneath the gate, and consequently less space for the current carriers.
The modeling of the temperature effect is as follows:

KP(T) = KP(To) (T- Tg) €*°
VTO(T) = VTO(T()-0.002 (T- To)
With T =300°K generally

Ids(pa)
75 |
70|
B5 }
B0 |
55 |
50 |
45 |
40 |
35 |
30 |
ig i Wb 00
15|
101
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Fig. 3-18. Effect of temperature on the MOS device characteristics

To obtain this curve, proceed as follows:
= (1) Click the icon MOS characteristics

(2] Select one MOS in the design or click anywhere
(3] Sdlect the curve 1d/Vg

E’ (4] Enable the screen memory mode by a click on this

Temp'c [10000 5 Change the temperature. The change in the slope is shown.
Y ou may reduce the number of Id curves by putting a0.0 in the
fidd ‘For VbfromOto ..
In Microwind2, you can get access to temperature using the command Simulate -> Simulation

Parameters. The screen below appears. The temperatureis given in °C.

3.15 The PMOS Transistor

The p-channd transistor smulation 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 alogic 1 on the gate. For the pMOS,
the channel is created for a logic O on the gate. Load the file "pmosmsk” and click the icon "MOS
characteristics'. The p-channd MOS smulation appears, as shown in Figure 3-19. 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.

Fig. 3-19. Layout and simulation of the p-channel MOS (pMOS.MSK)
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pMOS VYV /
0 / \ 0
oW Ao

Fig. 3-20. Summary of the performances of a pMOS device

From the smulation of figure 3-19, we see that the pMOS device is able to pass well the logic level 1. But the
logic level O is transformed into a positive voltage, equa to the threshold voltage of the MOS device. The
summary of the p-channel MOS performances is reported in figure 3-20.
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3.16 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 the logic level 0. Thus, a perfect pass gate can
be congtructed from the combination of NMOS and pM OS devices, leading to improved performances.

Enahle

. Enf ity * J) signalln signalOut
pmos %

. .
Dsignalln VLI :‘/;U S Signalout

IMOs
T ¥w=2.0uL=0.25u

L

Fig. 3-21. The transmission gate

The transmission gate let a signd flow if Enable is asserted. To pass logic signals well, both a n-channel
device and a p-channel device are used, as shown in figure 3-21. The main drawback is the need for two

control signals Enable and /Enable, thus an inverter is usually required.
o

1

T —/— —W—
Transmissi::\ / \

gate 0

o—/\/\/\—Goodo 1 _/\/\/\_Goodl

Fig. 3-22 The transmission gate used to pass logic signals
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- fransmission without losE
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Fig. 3-23. Layout of the transmission gate (TGATE.MSK)
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The layout of the transmission gate is reported in figure 3-23. 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 nEnable is the opposite
of Enable. The operation of the transmission gate is illustrated in figure 3-24. A sinusoidal wave with a
frequency of 2GHz is assigned to Dataln. With a zero on Enable (And a 1 on nEnable), the switch is off,
and no signd is transferred. When Enable is asserted, the sinusoidal wave appears nearly identical to the

outpLt.
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Fig. 3-24. Smulation of the transmission gate (TGATE.MSK)
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4 The Inverter

This chapter describes the CMOS inverter at logic level, using the logic editor and ssmulator DSCH2, and at
layout level, using the tool MICROWIND?2.

41 The LOGIC Inverter

In this section, an inverter circuit is loaded and sSimulated.

@ Click on the icon above to activate the Dsch2 software.

@ Click File=> Open in the main menu. Select “INV.SCH” in the list. In this circuit are on button

stuated on the left side of the design, namely A, an inverter and aled.

® Click Smulate> Sart simulation in the main menu.

Fig. 4.1: The schematic diagram including one single inverter (Inverter.SCH)

@ Now, click insde the buttons situated on the left part of the diagram. The result is displayed on
the lamps. The red vaue indicates logic 1, the black value means alogic O.

® Click the button “ Stop simulation” shown in the above picture. Y ou are back to the editor.

® Click the above icon to get access to the chronograms of the simulation.

Double click on the INV symbol, the symbol properties window is activated. In this window appears the
VERILOG description (left sde) and the list of pins (right side). A set of drawing options is aso reported in
the same window. Notice the gate delay (0.06ns in the default 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 0.1ns delay).
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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 islogic O (Fig. 4-2 left), the nMOS is switched off
while PMOS passes VDD through the output. When the input signd islogic 1 (Fig. 4-3 right), the pMOS is
switched off while the M OS passes V SS to the outpuit.

irrl

SOUrce
WES

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

The inverter consumes power during transitions, due to two separate effects. The first is short circuit power
arising from momentary short-circuit current that flow from VDD to VSS when the transistor functions in the
incomplete-on/off state. This state occurs briefly during trangitions of the output, either from 0 to 1 or from 1
to O (Fig. 4-4).

Short circuit
—
ate %
in1 N out1
\
¥ ‘\ anout
gate |
: Load_Capa
|

Charge/Discharge

Fig. 4-4: Short circuit current in CMOS inverters

The second is the charging/discharging power, which depends on the output wire capacitance. With small
loading, the short circuit current is dominant. But as the number of gates connected to the inverter increase,
the load capacity increases. Consequently, the charging and discharging current starts to dominate the short

circuit current.
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Fanout effect

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 alarge load capacitance. An inverter circuit is smulated using
different clock, fanout and supply conditions. The initial configuration is a 100MHz clock, one output
connected to the inverter and a supply voltage 2.5V. To investigate the fanout effect on the consumption, we
smulate first the inverter with one single output. In the smulation chronograms, we observe that 0.018 mw
with afanout 1. The corresponding fileis FANOUT1.SCH.

Now, we add other lights to the output node, thus increasing the charge capacitance. In the smulation
chronograms, both the inverter delay and the power consumption have increased (0.059 mW with a fanout of
4). The power consumption linearly increases with the load capacitance. This is mainly due to the current
needed to charge and discharge that capacitance. The corresponding file is FANOUT4.SCH
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Fig. 4-5: Power consumption increase with the fanout (Fanout1.SCH and Fanout4.SCH)
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In summary, three factors contribute to the power consumption: the load capacitance C, the supply voltage
VDD and the clock frequency f. For a CMOS inverter, this relation is represented by the equation below.
The equation remains valid for more complex gates, athough some extra considerations have to be taken into

account.
P=k CVDDf

Where:
k: technological factor (close from 1)
C: Output load capacitance (Farad)
VDD: supply voltage (V)
f: Clock frequency (Hz)

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 paette. The following window appears. The proposes size is 1.25um for the
width, 0.25um for the length. Simply click “ Generate Device’, and click on the middle of the screen to fix the
MOS device. Click again theicon “MOS generator” on the palette. Change the type of device by atick on
“p-channd”, and click “Generate Device’. Click on the top of the nMOS to fix the pMOS device. The result
isdisplayed in figure 3-7.

. Lapout Generabos

Pats | induetor | Gontacts | Bus WIS |path | Logn |

¥os Pararneters
Infidth MOE |'|.1'5|:I Hm
Lengih MOg |IZI 240 Hm
hbr of Gales |1
™ Add rretal2 odrain and Souice
T ?:ml'_':l'_"ﬁ__ ol unis
1 m-Channzl A Eal & in rnicmn (pmj
# Er-Channel A
AL e HiG el e |
.:. Genam@le Denca | x Cancal |

Fig. 4-6. nMOS and pMOS devices placed on the layout
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— | VDD supply

PMQOS device

Output node

Syl nA

..

NMOS device

V SS supply

5 l[ambda

Nwell

Poly Gate

Output routing

Input routing

LA

Ha

‘Inverter’ compiled into layout

Fig. 4-7. The circuit

4.5 Analog simulation of the INVERTER

Click Smulate—> Start Smulation or the icon above. The simulation of the circuit is performed. Y ou may

verify the correct behavior of the inverter cell.

uit ‘Inverter. MSK’ using Microwind2

Fig. 4-8: The analog simulation of th

IcCl

eC

20/01/02

34



4.6

4.7

MICROWIND & DSCH USER'S MANUAL 4. The Inverter

2D View of the Process

The Process Smulator shows the vertical aspect of the layout, as when fabrication has been completed.

This feature is a significant aid to understand the fabrication principles. A click of the mouse at the first point
and the release of the mouse at the second point give the cross-section.

Metal 2
NMOS gate
(Polysilicon)
" Insulator
oxides (S02)

Thick oxide
(Si02) _\A

Drain (N+
diffusion)

Source (N+
diffusion)

Fig. 4-9 The 2D process section of the ‘Inverter’ circuit near the nMOS device

3D View of the Process

Click Smulate—> Process steps in 3D or the icon above. The simulation of the CMOS fabrication processis
performed, step by step. On figure 4-10, the picture represents the nMOS device, pMOS device, common
polysilicon gate and contacts, together with the metal layers stacked on the top of the active devices.

Fig.4-10 The step-by-step fabrication of the ‘Inverter’ circuit
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3-STATE INVERTER

Until now al the symbols produced the value logic ‘0" and logic ‘1. However, if two outputs are connected
together, as the left circuit shown below, it will provoke a circuit error. In order to avoid such conflicts,
specific symbols are used, featuring the possibility to remain in a‘high impedance’ state.

The 3-state symbol used below is Bufifl, and it consists of the logic buffer and an enable control. There also
exists a 3-state inverter Notifl. The output remains in ‘high impedance’ as long as the enable ‘En’ is set to
level ‘0'. Thetruth table of the 3-state inverter is reported below.

NoTIF1
I n En Qut
0 H
1

Fig. 4-11 : Truth table of the three state-inverter
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5 Basic Gates

5.1 The Nand Gate

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

A

00
01
10
11

Out

nandz2

O r L L |

Fig. 5-1. 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 parald. The
schematic diagram of the NAND cdll is reported below. The nMOS in series tie the output to the ground for
one single combination A=1, B=1. For the three other combinations, the nMOS path is cut, but a least one
pMOS ties the output to the supply VDD. Natice that both nMOS and pMOS devices are used in their best
regime: the NMOS devices pass “0”, the pMOS pass “1”.

025im{0rsm

&

d
Mo

025am*0rsm

Fig. 5-2. The truth table and schematic diagram of the CMOS NAND gate design.
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You may load the NAND gate design using the command File -> Read->NAND.MSK. You may aso
draw the NAND gate manually as for the inverter gate. An dternative solution is to compile directly the
NAND gate into layout with Microwind2. In this case, complete the following procedure:

i CHOS Cell Compiler

Sttt eaaion In Microwind2, click on Compile->Compile One Line.

Select the line corresponding to the 2-input NAND

description as shown above. The input and output names

,‘,, Compile | H Showy gridi x Cancel |

can be by the user modified.

5 lambda

Click “Compile’. The result is reported above.

The compiler has fixed the position of VDD power supply

and the ground VSS. Thetexts A, B, and S have aso been

fixed to the layout. Default clocks are assigned to inputs A

and B.

Fig. 5-3. A NAND cell created by the CMOS compiler.

The 2D-process viewer is a useful tool to display the two nMOS in series and the two pMOS in parald.
Select the corresponding icon and draw an horizontal line in the layout in the middle of the nMOS channels.
The figure below appears. In fig. 5-4, the output is connected to the VSS supply only if A=1 and B=1.

g8 o

Fig. 5-4. The nMOS devicesin serial in the NAND gate
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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 aregular 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 aNAND2
gate and an inverter. The layout ready to simulate can be found in the file “AND2.MSK”. In CMOS, the
negative gates (NAND, NOR, INV) are faster and simpler than the non-negative gates (AND, OR, Buffer).
The cell delay observed in the figure 5-5 are significantly higher than for the NAND2 gate alone, due to the
inverter stage delay.

-2.40

-2.40

_andz? 75ps H48ps 75ps H47ps 75ps H47ps 74ps i146ps

10 20 a0 4.0 5.0 6.0 7.0 8.0 4.0 ng

0o
Fig. 5-5: Layout and simulation of the AND gate

The 3-Input OR Gate

The truth-table and the schematic diagram of the three-input OR gate are shown in Figure 5-6. Y ou may use
the DSCH2 logic editor to design a schematic diagram based on the OR gate, generate a Verilog description,
and compile the text file in Microwind2. As can be seen again in the fina layout, the OR gate is the sum of a
NOR3 gate and an inverter.
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OR 3 Inputs
A B C Or3 . arl
0 0 0 0
0 0 1 1 12 ord out
0 1 0 1
0 1 1 1 o3
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 1
Fig. 5-6. The truth table and symbol of the OR3 gate
§ lambda 20
e - !
Fig. 5-7. Layout and simulation of the OR3 gate (OR3.MK).
5.4 The XOR Gate
XOR 2 inputs D B a
A B ouT HOr2 ot KOR
b
00 0
01 1 |:| i
10 1
11 0

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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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)
sgna 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.

prmos pmos
b 0.25um*2 Jum mos b 0.25um*2 0um

“0.250m*2 Dum %
T N
] ' OR
N
& L N
nmos — nmos
b 0.250m*0.7-3um Timgs b 0.250m*0.73um
o®
L N

urm*0. 7 50m

TR vrrra
Fig. 5-8. The schematic diagram of the XOR gate (XORCmos.SCH)

You may use DSCH2 to create the cell, generate the Verilog description and compile the resulting text. In
Microwind2, the Verilog compiler is able to congtruct the XOR cell as reported in Figure 5-9. You may add a
visible property to the intermediate node which serves as an input of the second inverter. See how the signd,
caled “internd”, is dtered by Vtn (when the nMOS is ON) and Vtp (when the pMOS is ON). Fortunately,
the inverter regenerates the signal.

78ps! \Bls alps 1ps s lns 8lps 8103 783

Fig. 5-9. Layout and simulation of the XOR gate (XOR.MSK).
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Complex Gates

The complex gate design technique applies for any combination of operators AND and OR. The technique

produces compact cells with higher performances in terms of spacing and speed than conventional logic

circuits. To illustrate the concept of complex gates, et us take the example of the following Boolean equation:
F=/(A+(B.C))

The logic circuit corresponding to this equation is reported below. The circuit is built using a 2-input NOR and
a2-input AND cell, that is 10 transistors and three delay stages.

F=i2+(B.CY) 10 transiztors

==
|:| anc? ot
Z b nor2 ot F

Fig. 5-10: The conventional schematic diagram of the function F=/(A+ (B.C))

A much more compact existsin this case (Figure 5-11), consisting in the following steps.

1. For the nNMOS network, trandate the AND operator *." into nMOS in series, and the OR operator ‘+' in
NMOS in pardld.

2. For the pMOS network, trandate the AND operator ‘.’ into pMOS in pardlel, and the OR operator ‘+ in
pMOS in series.

3. If thefunction is non-inverting , as for ‘F=A+(B.C)’, an inverter is mandatory.

Rmas pmos
0.250m*2, A 0.250m*2.0um
pmos
0.25um*2.0um

F

MMmos
0.25um*0.75 C 0.25um*0 7 aum

nmos
0.25um*0.73um

A

F=i&+(B.C)) G transistors, 1 stage

Fig. 5-11: The complex gate implementation of the function F=/(A+(B.C))
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Microwind2 is able to generate the CMOS layout corresponding to any description based on the operators
AND and OR, using the command Compile -> Compile one line. Using the keyboard, enter the cell
equation, or modify the items proposed in the list of examples. In the one-line equation, the first parameter is
the output name. In the present case that nameiss. The sign '=" is obligatory. The '/’ sign corresponds to the
operation NOT and can be used only right after the '=" sign. The parenthesis '(* )" are used to build the
function, where'." isthe AND operator and '+' is the OR operator.

il
EE
i

00

33ps i|3Bps §32ps: i A6ps §32ps 24ps §33ps §3Bps {31ps {36ps f3ps 24ps {|33ps {36ps

00,

E 10.0 12.0 14.0 16.0 1.0 ns

Fig. 5-12. A compiled complex gate and its anal og simulation (ComplexABC.MK)

Multiplexor

Multiplexing means transmitting a large amount of information through a smaller number of connections. A
digitd multiplexer is a circuit that selects binary information from one of many input logic signas and directs it
to asingle input line. The main component of the multiplexer is a basic cell caled the transmisson gate. The
transmission gate let a signal flow if Enable is asserted. Remember that the n-channel MOS is only good for
low signds, and the p-channel MOS is only good for high signas. To pass logic signas well, both a n-channel
device and a p-channel device must be used, as shown in figure 5-13. The main drawback is the need for two

control signals Enable and /Enable, thus an inverter is required.

Enable

. Endle iy * J) signalln signalOut
pmos %

. “u
@Signalln VL :‘7U s Signalout

nmos
T WNE20u L=0.25u

Fig. 5-13. The transmission gate used as a multiplexor
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In DSCH2, a transmission gate symbol exists. It includes the nMOS, pMOS and inverter cells. Concerning
the layout, the channel length is usualy the minimum length available in the technology, and the width is set
large, in order to reduce the parasitic ‘on’ resistance of the gate.

5.7 4to 1 Multiplexer

The multiplexer is a very useful function and has a multitude of application. The salection of a particular input
line is controlled by a set of selection lines. Normally, there are 21 input lines and n sdlection lines whose bit
combinations determine which input is selected. Figure 5-14 shows the transmisson gate implementation of
the 4 to 1 multiplexer. In the configuration S1=1, S2=0, the input ‘C’ is connected to the output.

. =l 1 D =2 1
[
an
P—.— L [
o in aul. &
2 F—— -
f in .
en 2
D 3 in au
[:r
u adl
2n
: [as in i u
e [an
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> K -
o in au
[:r

Fig. 5-14: 4 to 1 multiplexing based on transmission gates (Mux4tol.sch)

5.8 Keyboard multiplexor

Figure 5-15 gives an example of 2 multiplexed hexadecimal keyboards sharing the same hexadecimal display, using

transmission gates. We use a clock to generate an alternative selection of the keyboard information.

r EI E |: _a‘ _i">:“:; In ann
[ I e

N - >§m_

IR s

(e Td[E]F = ap AR

A0k = ap 4=
RGN ap 4=

1 R DK

L™

Fig. 5-15 Keyboard multiplexing based on transmission gates (Mux2Kbd.sch)
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6 Arithmetics

6.1

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 aso discussed. This chapter also includes details on a student project

concerning the design of binary-to-decimal addition and display.

Half-Adder Gate

The Half-Adder gate truth-table and schematic diagram are shown in Figure 6-1. The SUM function is made
with an XOR gate, the Carry function is asimple AND gate.

HALF ADDER
A B U CARRY @A ~— out m
0 0 0 0 L HOr2
o 1 1 o ¥
1 0 1 0
1 1 0 1
-2
andD out Iy
L |

Fig. 6-1. Truth table and schematic diagram of the half-adder gate (HADD.MK).

FULL CUSTOM |You may create the layout of the haf-adder fully by hand in order to

LAYOUT create a compact design. Use the polysilicon and metall layers for short
connections only, because of the high resistance of these materials. Use
Poly/Metd, Diff/Meta 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 through the File -> Open and

LIBRARY HADD.M SK sequence.
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VERILOG COMPILING. Use DSCH2 to create the schematic diagram of the half-adder. Verify the circuit
with buttons and lamps. Save the design under the name ‘hadd.sch’ using the command File -> Save As.
Generate the Verilog text by using the command File -> Make Verilog File. In Microwind2, click on the
command Compile -> Compile Verilog File. Select the text file “hadd.txt’.

modul e Hadd( B, A, sumcarry);
i nput B, A
out put sumcarry;
xor xor1l(sum B, A);
and andl(carry, A, B);

endnodul e

Click on 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 6-2 appear and you should verify the truth table of the half-adder.
Click on Close to return to the editor

andi_arry §20ps 50ps. 628ps 50ps

Fig. 6-2. Compiling and simulation of the half-adder gate (Hadd.MSK)

Full-Adder Gate

The truth table and schematic diagram for the full-adder are shown in Figure 6-3. The SUM is made with
two XOR gates and the CARRY is a combination of NAND gates, as shown below. The most
graightforward implementation of the CARRY cdll is AB+BC+AC. The weakness of such a circuit is the
use of pogtive 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 i I %

A B C SUM _ CARRY DB—- r=1 Sum
0 0 0 0 0

0 0 1 1 0 C .

0 1 0 1 0 el

0 1 1 0 1 . N ) j
1 0o o0 1 o0 e L
1 0 1 0 1 -

1 1 o o0 1 -

1 1 1 1 1

Fig. 6-3. The truth table and schematic diagram of a full-adder(FADD.SCH)

6.3 Full-Adder Symbol in DSCH

[}1 50 bl | P
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Mamg  [t=dclepm
0 Inoeaeshgoder  § Ddmaadng onder Tids - Il.ddi
mh;{!’.‘ﬂ:nhzﬁ
[ D I » :.—ll A Hp |

Fig. 6-4. Create a symbol from the schematic diagram

In order to build hierarchical designs using the adder, we detail the procedure to generate the symbol of the
full-adder from its schematic diagram. In DSCH2, click the above icon, the screen of figure 6-4 appears.
Simply click ‘OK. The symbol of the full-adder is created, with the name ‘Fadd.sym’ in the current directory.
Use the command “Insert -> Symbol” to include this symbol into a new circuit.
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6.4 Full-Adder Layout
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Fig. 6-5. The full-custom implementation of the full-adder and its simulation (Full ADD.MK).

You may create the layout of the full-adder by hand in order to create a compact design. Notice that the
AND/OR combination of cells may be replaced by a complex gate. An example of full-custom layout of the
full-adder is proposed in Figure 6-5. Notice that the carry propagates vertically within the cell to ease multiple
addition. Thetypica delay isless than 100ps in 0.25um technology.

modul e ful l add(sumcarry, a, b, c);
i nput a,b,c;
out put sumcarry;
W re sunl

xor xor1(suni, a, b);

xor xor2(sum sunt, c¢);

and andl(cl, a, b);

and and2(c2, b, c);

and and3(c3, a, c);

or orl(carry,cl, c2,c3);
endnodul e

Alternatively, you may use DSCH2 to create the schematic diagram of the full-adder and compile it directly
into layout. Verify the circuit with buttons and lamps. Save the deign under the name ‘fadd.sch’ using the
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command File -> Save As. Generate the Verilog text by using the command File -> Make Verilog File.
In Microwind2, click on the command Compile -> Compile Verilog File. Select the text file ‘fadd.txt’.
Click on 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. Click on Simulate ->Start Simulation.
The timing diagrams appear (Figure 6-5) and you should verify the truth table of the full-adder.

250

A

0.

-2.40

orl_ca /186;:9 iﬂams (183;@5 202ps

AT

0.0 10 2 30 4.0 5.0 B.0 1.0 8.0 an ns

Fig. 6-5. Smulation of a full-adder (File FADD.MSK).

6.5 Four-Bit Adder

The four-bit adder circuit includes adders in seria to perform the arithmetic addition. The result of each stage
propagates to the next one, from the top to the bottom. The circuit alows a four-bit addition between two
numbers A3, A2,A1A0 and B3,B2,B1,BO. Insert the user-defined ‘Fadd.sym’ symbol using the command
Insert -> User Symbol. In DSCH2, the A and B numbers are generated by keyboard symbols, as reported
below. Also notice the hexadecimal display with a ground connected to the K input to activate the display.

C|d|E|F =g -
BlOjd|k T n -can\r %ﬂﬁﬁ\‘
Ul13(h| 1= R [
0 [e[3F=; L
’7EK
R | }
C[[E]F = "* [ TTT I
B O]d]L s P —
W[5 (0] 1 —
Of 2] = -
o
-n _.carn;
C Frledder -Slm
. .
A FullAddersm

Fig. 6-6. Schematic diagram of the four-bit adder (ADD4.SCH).
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Figure 6-7 details the four-bit adder layout based on the full-custom cell design, with the corresponding
smulation. In Microwind2, the command Edit -> Duplicate X,Y has been used to duplicate the full-adder
layout vertically.

HEC T
HAT 1]
T

AQ ;L
250 00
1 0o :
250 000
2,50
A2 oo
BXi
A g
750 0,00
2.50
B0 g
750
Bl ing
250 i
B2 NIl
250 0,00
B3 i :

I H
m.ﬁﬂ 0.00
244
il [0 [ /.
.50
Surnt foip !
.50 0.00
249
8um2 Qn [
.50
Sum3 oip r\

-2.50 0.00

Sumd i

0.00
ns

Fig. 6-7. Design and simulation of the four-bit adder (ADD4.MK).
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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 invertersand AND gates.

Comparator E‘\ . %
A B A>B A<B A=B b ot =B
DB ¥Nor2
° 0 0 0 1 - ot =B
0 1 0 1 0 and2
1 0 1 0 0 n nt
mynot
1 1 0 0 1 B
out =B
- and2
ol ot
mynot

Fig. 6-8 The truth table and schematic diagram of the comparator (COMP.SCH).

Using DSCH2, the logic circuit of the comparator is designed and verified at logic level. Then the conversion
into Verilog isinvoked (File -> M ake verilog File). Microwind2 compiles the verilog text into layout. The
simulation of the comparator is given in Figure 6-9. 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 risesto 1. The clocks A and B
produce the combinations 00,01,10 and 11.

-2.50

0.0

0.00
-2.40

2.50

- L] Il

and2_ssB /143;15 \ /{1 43ps

,,,,,,,,,,, 2 )

30 35 4.0 45 ns

SR

Fig. 6-9. Smulation of a cbmparator (COM P.MK fil'e).
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Arithmetic and logic Units (ALU)

The digita function that implements the micro-operations on the information stored in registers is commonly
caled an arithmetic logic unit (ALU). The ALU receives the information from the registers and performs a
given operation as specified by the control.

A very smple ALU design is proposed to illustrate its principle. The control unit is made up of a 4-1
multiplexor. The operation part consists of four kinds of operations listed as follows. and, or, addition and
subtraction. The ‘and’ and ‘or’ operation are realized by using the basic logic gates. The addition and
subtraction are realized using the ADDER user symbols. A digital multiplexer made from MOS devices

selects one of the 4 operations results and directs it to a single output line « Result ».

S1 SO Operation
0 0 or
0 1 and
1 0 full substraction
1 1 full addition
[
21 |52
C fadd | Sum %
B _.Carr Carry 3um
.E— Borrow
O
I
| bdusxAt
B = tadd M50k, _gf uxdtagutls ResAlu
| e =
1 l_.Ell Cafry :
A
Carryln C
- L B
= 2 Al
- -
- ==1
1

Fig. 6-10. The 1-bit ALU operates the and, or, addition and substraction (ALU1bit.SCH)
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7 Latches & Memories

7.1

This chapter details the structure and behavior of latches and memory circuits. The RS Latch,
the D Latch and the edge-senditive register are presenter. Then , the concepts of ROM, dtatic
RAM and dynamic RAM memories are introduced, together with simulations.

RS Latch

The RS Latch, aso called Set-Reset Flip Flop (SR FF), transforms a pulse into a continuous
state. The RS latch can be made up of two interconnected NAND gates. In that case, the Reset
and Set inputs are active low. The memory state corresponds to Reset=Set=1. The combination
Reset=Set=0 should not be used, as Q=nQ=1. Furthermore, the simultaneous change from
Reset=Set=0 to Reset=Set=1 provokes what is called the metastable state, that corresponds to a
parasitic ring effect that may jeopardize the behavior of the whole circuit.

RS Latch (NAND)
L [ B

Q nQ rand2 na

1

0 1

1 0 %
n nancz e)

Q Q Ds_etk

Fig. 7-1. The truth table and schematic diagram of a RS latch made (RSNor.SCH)

= O O
= O F»r O

FULL CUSTOM LAYOUT. You may create the layout of RS latch manually. The two NAND
gates may share the VDD and V' SS supply achieving continuous diffusions. The interna routing
may also save routing area, leading to the layout shown in Figure 6.2.

VERILOG COMPILING. Use DSCH2 to cregate 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 by using the command File -> Make Verilog File.
In Microwind2, click on the command Compile -> Compile Verilog File>. Sdlect the text file
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‘RS.txt’. Click on Compile. When the compiling is complete, the resulting layout appears as
shown below. The NOR implementation of the RS gate is completed.

nmodul e RSNor ( Reset, Set, Q nQ) ;
i nput Reset, Set;

out put Q nQ

nor norl(Q nQ Reset);

nor nor2(nQ Set, Q;
endnodul e

With the Reset and Set signd's 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 “RESET” node.

2. Click the brush to clear the existing pulse properties of the pulse.

3. Enter the desired sequence, for example 01000. An click “INSERT”. A piece-wise-linear
sequence is generated in the table, describing the 01000 waveform in an analog way.

4. Repesat the same procedure to change the clock into a pulse for node “SET”. This time the
sequence must be 000100 to delay the pulse.

5. Click on Smulate ->Start Simulation. The timing diagrams of figure 7-2 appear. Click on
Close to return to the editor.

Fig. 7-2. Layout of the RSlatch made (RSNor.MSK)

In the smulation of Figure 7-3, a positive pulse on “SET” turns Q to a stable high state. Notice
that when SET goesto 0, Q remains at 1, which is called the ‘memory’ state. When a positive
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pulse occurs on “RESET”, Q goes low, nQ goes high. In this type of smulation, the combination
Reset=Set=1 is not present.

________

'
_____________ e
I

|

|

|

ID.D I1.D IE.D 30 :4.0 4.0 6.0
Fig. 7-3. Smulation of the RSNOR latch (RSNor.MSK)

D Latch

The truth table and schematic diagram of the static D latch, aso called Static D-Hip-Flop, are
shown in Figure 7-4. The data input D is transferred to the output if the clock input is at level 1.
When the clock returns to level 0, the latch keepsiits last value.

D Latch (NOR)

D Clock Q nQ D o R %
0 0 0 o) b ! ror2[ ot Q
0 1 0 1

1 0 Q nQ DCIDCK %
1 1 1 o0 P

Fig. 7-4. The truth table and schematic diagram of a D Latch (File DLATCH.SCH).
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MANUAL DESIGN. Note that the NOR2-AND combination can be implemented in a
complex-gate style. You may find useful to invoke the one line compiler to create successively
one inverter nd=/d, and two complex gates which include the AND/NOR cdlls using the
syntax Q=/ (nQ+(nd. h)) and nQ=/ ( Q+(d. h). Build the interconnections and run the
Design Rule Checker.

Assign a clock to CLK and a clock to DATA. An example of such an implementation can be
found in the file “DLatchLevel MSK”. Its layout an corresponding smulation are illustrated in
figure 7-5.

" 50 60 7.0 80 80 ns

0o 100 20 30 4

1]
Fig. 7-5 Implementation and simulation of the D Latch (File DLatchLevel. MSK)

Edit the schematic diagram called “DLATCH.SCH” using DSCH2. Generate the Verilog text
by using the command File -> Make Verilog File. In Microwind2, click on the command
Compile -> CompileVerilog File. Select the text file ' DLATCH.txt’. Click on Compile.
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Edge Trigged Latch

The most common example of an edge-trigged flip flop is the K latch. Anyhow, the K israrely
used, a more smple version that features the same function with one single input D is preferred.
This smple type of edge-trigged latch is one of the most widely used cells in microelectronics

circuit design. The cell structure comprises two master-dave basic memory stages.

The most compact implementation of the edge-trigged latch is reported below. 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 pass 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 dlave memories, using NMOS devices.

The logic siganl flows %
/ from source to drain ne

: I source crain | mynot it mynot outsource J crain | mynot out mynot ot @
L rmgs Lpmas
T weROul=025u" [

iyate: dlrain | SOUrce iyate: dlrain J SOUrCe
L pmos Irimas:
L
drain (@] drain
Ij | nimos nmos
reset gate | FEIES cite FEIES
L
D source ! ! zource
ch |
L
T e

Figure 7-6 : The edge-trigged latch and its logic simulation (Dreg.MSK)

Notice that the logic model of the MOS device is not working the same way as for the real MOS
switch. In the case of the logic implementation, the logic signd flows only from the source to the

drain. Thisis not the case of the real switch where the signal can flow both ways.

Use the Verilog compiler to generate the edge-trigged latch, using the following text (dreg.txt),
or by creating a schematic diagram including the “D” register symbal, in the symbol paette of
DSCH2. As can be seen, the register is built up from one single call to the primitive “dreg”. For

smulation:
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- RESET isactiveon aleve 1. RESET is activated twice, at the beginning and later, using a
piece-wise linear description included in the pulse property.

- CLKisaclock with 10nsat 0 and 10ns at 1.

- 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
“ra” automatically.

R = s o I
e

Fig. 7-7: Compiled version of the Edge-trigged D Flip Flop

The simulation of the edge-trigged latch is reported in figure 7-8. The signals Q and nQ
always act in opposite. When RESET is asserted, the output Q is O, nQ is 1. When
RESET is not active, Q takes the value of D at a fal edge of the clock. For al other
cases, Q and nQ remain in memory state. The latch is thus sengitive to the fall edge of the

clock.
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017

e — -

Fig. 7-8 Smulation of the DREG cell (DREG.MK)
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Counter

The one-bit counter is able to produce a signa featuring half the frequency of a clock. The most
simple implementation consists of a D flip-flop where the output nQ is connected to D, as shown
in figure 7-9. In the logic smulation shown in figure 7-9, the clock "Clock1” changes the state of
“Clock_Div_2" at each fall edge. The “RESET” is active high, and stuck the output to O.

L

D nQ
dreqg

—
RET Q Clack_Div_2

B
Reset H
|_|
clock  Clock1

Fig. 7-9. Schematic diagram of the 2-bit counter (DivFreq.MSK).

7
Llock]

e5e; IO
A
CIoCk_ TN
g ﬁi T m _— ﬂ—
[ o I IR Y ol
. t B o i B i %
Clockt 0.701ns 0.701ng, + 0.699ns, 0.700ns W0.700n

T42GHZ  LA20GHI | T43GHZ  L4250HT 14280

Fig 7-10. Layout and analog simulation of the divider-by-two (ClockDiv2.MSK)
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RAM Memory

The schematic diagram of the static memory cell used in High Capacity Static RAMs is given in
figure 7-11. The circuit consists of 2 cross-coupled inverters and two nMOS pass transistors.
The cell has been designed to be duplicated in X and Y in order to create a large array of cdlls.
Usual sizes for Megabit SRAM memories are 256 x 256 cells or higher. An arrangement of 4x4
RAM cdlsis aso shown in figure 6-14. The sdlection line Sel concerns al the cells of one row.

The lines Data and nData concern al the cells of one column.
Memory Cell

Drata

=l
Loh sk

ata

Fig. 7-11 The schematic diagram of the static RAM cell (RAM1.SCH).

The RAM layout is given in Figure 7-12. Click on File > Open - RAM.MSK toread it. The
Data and nData signals are made with metal2 and cross the cell from top to bottom. The supply
lines are horizontal, made with metal3. This alows easy matrix-style duplication of the RAM
cell. The cross-section shows the nMOS devices and the connection to VSS using metal 3,
stuated on the middle of the cell. The Data and nData lines, in metal2 are on both sides.
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Fig 7-12. The layout of the static RAM cell (RAM1.M).

WRITE CYCLE. Vaues 1 or 0 must be placed on Data, and the data inverted value on nData.
Then the line Sel goes to 1. The two-inverter laich takes the Data value. When the line Sel
returns to 0, the RAM is in a memory state. See figure 7-13 for the anadog simulation of the
WRITE cycle.

READ CYCLE. In order to read the cdl, the line Sel must be asserted. The RAM vaue
propagates to Data, and its inverted value propagates to nData.

SIMULATION. The simulation parameters correspond to the write cycle in the RAM. The
simulation steps describe din figure 6-16 are as follows:

M em reaches 1, after an unstable period (unpredicatable value).
Data getsto value 0 and nDatato vaue 1.

Sel is asserted. The memory cell M em goes down to 0.
Datagetsto avalue of 1 and nDatagetsto avaue of O.

Sel is still asserted. The memory cell fights against Data=1 and surrenders (Mem=1).

@ ®© 6 ®© ® ©

Sel isinactive. The RAM isin amemory state.
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: : : : : L : : : H
0.0 0.2 04 06 0.8 1.0 1.2 14 16 18 ns

Fig. 7-13. Write cycle for the static RAM cell (RAM1.MK).

RAM Array

Y ou can duplicate the RAM cell into a4x4 bit array using the command Edit -> Duplicate XY.
Select the whole RAM cell and a new window appears. Enter the value «4 » for X and «4 »
for Y into the menu. Click on « Generate ». The result is shown below.

Fig. 7-14 Duplicating the RAM Cell in X and Y
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7.7 RAM Line decoder

The line decoder is based on the following schematic diagram. One line is asserted while al the
other lines are at zero. In this circuit one line was picked out from a choice of four lines. Using

el

out

out é’nm

out %’ne?

out éneS

not2

nof2

nof2

not2

3
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o
o

A
o

t

oLl
out

ynt

li‘ LineSelein
rm
@ LineSgncil]
rmynjot

AND gates would be an easy solution, but in order to save the inverter, we choose NOR gates

with inverted inputs.

Fig. 7-15. A line selection circuit

I
|
|
[

LE.00--—-

Line_adressh

Lann-_--

Line_adress1

aa

Fig. 7-16 A line selection layout and its corresponding simulation (RamLineSel ect. MSK)
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The NOR gate height should be adjusted to that of the RAM cell height. When making the fina
assembly between blocks, the command Edit -> Move Areais very important. This command
helps to move a selected block with alambda step.

RAM Column Selection

The column selection circuit is based on the same principles as those of the line decoder. The
magor modification is that the data flows both ways, that is firstly from the cell to the read circuit
(Read cycle) and secondly from the write circuit to the cell (Write cycle). Fig. 7-17 proposes an
architecture for this.

The n-channd MOS device is used as a switch controlled by the column selection. When the n-
channd MOS is on and Write is asserted, the data issued from Dataln is amplified by the
buffer, flows from the bottom to the top and reaches the memory. If Write is off, the 3-state
inverter isin high impedance, which alows one to read the information.

Circuit principles for one column selection
Dataln is amplified, validated and sent to vertical data bus
| )Todata )TonData
ColumnSeIect | ! r
nrgas i nrgas
1
e+ g
| 1
1
|
Dataln 1 | 1
i i Dataln buffer
i beeeees 1
_______________________ s | T

Dataln inverted

Fig. 7-17. Row selection and Read/Write circuit (RamColumn.SCH)
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8 Analog Cells

8.1 Diode-connected MOS

The schematic diagram of the diode-connected MOS is proposed in figure 8-1. The question
rises. is this device a capacitance, a diode or aresistance? The answer is. a capacitance for
Vk<Vt, adiode with an interesting high resistance when Vk>Vt, where Vt is the threshold
voltage of the device. The main application of this circuit is the design of abig resstancein a
very smal slicon area.

@ source

vk

drain

gate
nmos

source

Figure 8-1 : MOS connected as a diode

Idgipa) 250l

Figure 8-2 : Layout and simulation of the MOS connected as a diode

© In the palette, click theicon “MOS generator”.

@® Enter alarge length and a small width. For example, enter W=0.5um, L=5um. This sizing
corresponds to along and narrow channel, featuring a very high resistance channel with
poor current performances.
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© 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.

O Click Simulation on Layout. In a small window, the MOS characteristics are drawn,
with the functional point drawn as a color dot (Figure 7-2). It can be seen that the 1/V
characteristics correspond to a diode. The resistance varies with Vk but can be estimated
around 30KW)

The resistance obtained using such a circuit can reach easily 100KW in avery small slicon area.
The same resistance can be drawn in poly but would require a much larger area.

Voltage Reference

The voltage reference is usualy derived from a voltage divider made from resistance. The main
problem is that the value of the resistance must be high to keep the short cut current low, to
avoid wasted power consumption. A key idea is to use MOS devices rather than polysilicon or
diffusion resistance to keep silicon area very smal.

ARP

wraf wraf

Small W, RN

:;i:flarqeL j

Figure 8-3 : Voltage reference using PMOS and NMOS devices as large resistance

“WES-

Figure 8-4 : Voltage reference of 1V (Vref. MSK)
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In the layout of figure 8-5, the PMOS and NMOS have the same size. Due to lower PMOS
mobility, the resulting Vref is not VDD/2 but 1V. You may change the temperature (Simulate ->
Simulate Options) and see how the voltage reference is atered by temperature.

Current Mirror

The current mirror is one of the most useful basic blocs in analog design. In its most smple
configuration, it consists in two MOS devices, as presented in figure 8-5. A current 11 flowing
through the nMOS device Master is copied to the MOS device Slave. If the size of Master and
Slave are identical, in most operating conditions, the currents are the same. The remarkable point
isthat the current is amost independent of the drain voltage of the dave V2. If the ration W/L of
the Slave is 10 times the ratio of the Master, the current on the right branch is 10 times the
current on the left branch.

V1 V2

Il| | : P #F’l

ros proos

nmas nrgos
Master Save 2 o

Figure 8-5: Current mirror principlesin nMOS and pMOS versions

The illugtration of the current mirror behavior is performed on the layout of figure 8-6. The
circuit includes a voltage reference, using N1 and P1 as described above, a device N2 which has
an identical sze as N1, and a device N3 with L=0.5um, leading to aratio equa to 10 W/L of N1.
What we expect is a current 12 equal to |1 in most operating conditions and a current 13 =10xI1.

R R i

[ prmos

|1 Vlnad Wload2
| Wref
Wy=0 50 L=5u .50 L=5u —D Au L=0.5u

1

Figure 8-6: lllustration of the current mirror principles (Mirror.MSK)
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Y ou may observe each MOS characteristics by using the command Simulate ® Simulate on
L ayout. During the transient smulation, the functiona point of the select MOS device appearsin
the characterigtics, which provides a valuable aid to understand the current mirror behavior. For
most values of Vload, N2 produces the same current as N1, except when Vload is lower than
0.5v.

8.4 Single Stage Amplifier

The single-stage amplifier is described in figure 8-7. It consists of a MOS device (we choose
here a n-channel MOS) and a load resistance. The resistance can be made from polysilicon or
diffuson. As the gain of thisamplifier is proportiona to the load resistance, a MOS device with
gate and drain connected, as shown in figure 8-7 could replace the resistance. Thisis caled an
active resstance. Using a smdl silicon area, high resistance can be obtained, meaning high
amplifier gains.

Vds for

source pMOS
e Load resistance T—tA‘
ate

" ugos Y AN

Sinus_Out drain A Sinus_Out

. Sinus_In I - Sinus_In I Vds for

nMOS

@ (b)

Figure 8-7: Single stage amplifier with passive resistance (a) and active resistance (b).

Bingle stage amplifier

“Active load (pMOS)

Tnput MOS

Figure 8-8: Single Stage amplifier layout (AmpliSingle M)
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In the smulation window, click “Voltage vs voltage” and “More’, to compute the static
response of the amplifier (Figure 8-9). The range of voltage input that exhibits a constant gain
appears clearly. For Vps higher than 0.6V and lower than 0.8V, the output gain is around 5.
Therefore, an optimum offset vaue is 0.7V. Change the parameter "Offset" of the input
snusoida wave to place the input voltage in the correct polarization.

sssss fmof%fﬂéols\;/ i i i % | | | |
LI N! | behavior | AR
 Lommow
L - vaid input o

e . voltagerange T
; R i : | |

1 Ll § ! ! t i T | - ;
.. D20.__DAD.___0.B0.._ 060,100 LAl LA LRQ... 180...200...2.20.._240

Figure 8-9: Single Stage amplifier static response

We change the sinusoidal input offset and start again the smulation. A gain of 5 is observed as
predicted from the static simulation when the offset is 0.8V (input 100mV peak to peak, output
482mV peak to peak).

Figure 8-10: Single Stage amplifier with high gain

8.5 Simple Differential Amplifier

The goa of the differentid amplifier is to compare two andog signas, and to amplify their
difference. The differentia amplifier formulation is reported below. Usudly, 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- Vim)
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Differential Armplifier

phOS current mirror
Output voltage
TVout >

E’ Vp Vm

nMOS differerftial pair Equivalent symbol

Wout

Figure 8-11: Schematic diagram of the differential amplifier

The differential amplifier layout is reported in figure 8-12. The differentia pair is built from n-
channel MOS devices. Their size must be identical, and drawn with the same orientation, to
minimize the offset generated by transistor mismatch. In the smulation, it can be seen that a

small voltage difference between V+ and V- induces the saturation of the output either near
VSSand VDD.

:"% 2current rirror

pess
og o it

Ky
A L,
& Py

PSS
AR AR

R
AR
R

Th0g %ifferential pair

1.00 ;r(mA) T 'T I I '_"_E"_"_'“:_"_" iddmax=0 ETSmA -
080 b ,,,,,,5,,,,,,,59'1“@1”,59,”,"’1*},,,
| High power

consumption
i |_ ' i
‘i Voutamplifies i{ L—
V + varies from i the difference ?ower439?{m\/\l’ E

S P 290 — _u R

1.8t0 2.0V

V- is constant
(2.9v)

Figure 8-12: Layout and transient simulation of the differential amplifier (AmpliDiff. MSK)
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MEASURE THE GAIN
1. Click « Voltage vs. Voltage » to select static characteristics mode.
2. Select « Sope » in the « Evaluate » menu.
3. Click « More » to compute the static characteristics of the differential amplifier.
The vaue of the gain is added on the simulation window.

MEASURE THE INPUT RANGE

The best way to measure the input range is to connect the differential amplifier as a follower,
that is Vout connect to V-. In this case, adow ramp is applied on the input V+ and the result is
observed on the output. The valid input range [0.5,1.9V] is the value of V+ for which the
output copies the same voltage in a reasonable time.

Wide-Range Amplifier

The wide-range amplifier is built usng a voltage comparator and a power output stage. Its
schematic diagram is reported in Fig. 8-13. The difference between V+ and V- is amplified and
it produces a result, codified: Vout. The gain near 2.5V is very high (more than 100). Use the
Voltage vs. Voltage smulator mode to get the transfer characteristics Vout/V+.

Current Mirror

My

B S0 -t
N

Amplifier Symbol
Vbias

q

Vout

Output stage

Differential pair

Wide Range Amplifier

Fig 8-13. Node description and schematic diagram of the analog amplifier
(AMPLI2.MK).
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Fig. 8-14. Design of the analog amplifier (AMPLI2.MSK).

J._____l_J.______J._T
14.0
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0o-___

PR

PR

ns

Fig. 8-15. Transient simulation of the analog amplifier (AMPLI2.MSK) connected as a

18.0

16.0

120

10.0

follower

Y ou can easily build afollower by designing an extra connection from Vout to V-. This layout is

shown in Figure 8-14. The output stage is not strong enough to be able to drive large loads such

as output pads.

20/01/02
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8.6 Voltage Controlled Oscillator

The voltage controlled oscillator is able to produce a square wave with a frequency varying
depending on an analog control Vc. Idedlly, the frequency dependence with V¢ should be linear.
One example of voltage controlled oscillator is given in figure 8-16. It condists of a ring oscillator

with three stages. Vc acts on the resistance of the supply path, which acts on the speed

WEEL)
i
. |jT . th

Fig. 8-16. Schematic diagram of a voltage controlled oscillator

response of the inverters.

3

“oltage Ctr Osc

I Y S

D\F'IjT

Voltage Contraled Oscillator

—VCONIrorT

Fig. 8-17. Implementation of a voltage controlled oscillator based on a 5-stage ring
oscillator
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Fig. 8-18. Smulation of the voltage controlled oscillator

In the simulation of figure 8-18, we use the specific mode "Frequency and Voltages' to plot the

frequency variation with Vc. The VCO output is a frequency-varying square wave. Its

dependence with Vcis not linear.

20/01/02

75



MICROWIND & DSCH USER'S MANUAL 9. Converters

9 Converters

9.1 Analog-Digital Converter

The analog-digital converter converts an analog value Vin into a two-bit digita value caled
AOQ,A1. The flash converter uses three converters and a coding logic to produce AO and Al
(Figure 9-1). A very complex logic circuit and 255 comparators would be used for an ADC
eight-bit flash.

The polysilicon has a high resistance (50 per square) and can be used as a resistor network (L eft
of Figure 9-2), which generates intermediate voltage references used by the voltage comparators
located in the middle. The resistance symboal is inserted in the layout to indicate to the smulator
that an equivalent resistance must be taken into account for the analog smulation. Open-loop
amplifiers are used as voltage comparators. The comparisons address the decoding logic situated
to the right and that provides correct AO and A1 coding.

Analog Input Vin CO C1l C2 Al AQ
Vin<1.25V 0 0 0 0 0
1.25<Vin<2.5V 1 0 0 0 1
2.5<Vin<3.75V 1 1 0 1 0
Vin>3.75 1 1 1 1 1

Vin

3.75v Amplifer used as comparator

Poly resistor

2.5V

Coding Logic
ﬁ)ﬂ

Fig. 9-1. Node description and schematic diagram of the analog-digital converter
(ADC.MXK).

1.25v [}

ov

AT,
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(LTI
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Fig. 9-3. Smulation of the analog-digital converter (ADC.MSK).
In the smulation shown in Figure 9-3, the comparators CO and C1 work well but the comparator

C2isused in the upper limit of the voltage input range. The generation of combinations 00,01 and
10 is correct.
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Digital-Analog Converter

The digital-anadlog converter converts a digital three-bit input (AO,A1,A2) into an anadog vaue
Vout. The polysilicon resistive net gives intermediate voltage references which flow to the
output via a transmission gate net. The resistance symbol is inserted in the layout to indicate to
the smulator that an equivalent resistance must be taken into account for the analog smulation.
The schematic diagram and layout of the digital-anal og converter are shown in Figure 9-4.

A2 Al AQ Analog output Vout (V)
0 0 0 0.0V

0 0 1 0.625

0 1 0 1.25

0 1 1 1.875

1 0 0 2.5

1 0 1 3.125

1 1 0 3.75

1 1 1 4.375

4 T
=1

4.375V

Palv

-— Vout .

o I~ = N w w
o N ® s3] e ~
] 3] ~ < N o
al < 3] al <
< < <

2
|
|

N ATA T,

A2 nA2

A0 NAO Al nAl

Fig. 9-4. Schematic diagram and implementation of the digital-analog converter
(DAC.MXK).
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Fig. 9-5. Smulation of the digital-analog converter (DAC.MSK).

The simulation of the DAC (Fig. 9-5) shows a regular increase of the output voltage Vout with
the input combinations, from 000 (0V) to 111 (4.375V). Each input change provokes a
capacitance network charge and discharge.

9.3 Sample and Hold circuit

During the conversion from analog to digital, the input signal must be kept congtant. This
operation is cdled sample-and-hold. The transmission gate can be used as a sample and hold

circuit. The layout of the transmission gate is reported below.

Transrmission gate

“Used as-sampleHol

iaOul

Fig. 9-6. The transmission gate used to sample analog signals (SampleHold.MSK)
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The effect of sample and hold is illustrated in figure 9-7. When sampling, the transmission gate
is turned on so that the sampled data DataOut reaches the value of the sinusoidal wave

Dataln. When the gate is off, the value of the sampled data remains constant. This is mainly

due to the parasitic capacitance of the node, which is the order of several fF.

w0 TR ] ]

N [

Fig. 9-7. Effect of sampling on a sinusoidal wave (SampleHold.MSK)
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10 Input/Output Interfacing

10.1 Create a Pad Ring

%

Click on the chip library icon and click on Pads. Enable the “pad ring” option. A pad ring with 3
padsin X and 3 padsin Y is generated by aclick on Generate Pad. In that case, a set of pads
is added to your circuit. The VSS pad is Situated at the bottom, and the VDD pad at the top with
the associated power rings.

10.2 VDD/VSS Floor-planning

The supply network of atypica integrated circuit is shown in figure 10-1. Bars of metal wires
cross the circuit to supply the active parts of the circuit. The metal wires are designed very large
to enable strong currents to flow within the supply interconnects.

Basiccells

|
| -

|1

VDD Pad |

VSSPad

Fig. 10-1. Supply of an integrated circuit
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Routing channel

1/0 pad with its
ESD protections

VSSsupply
ring

VDD supply
ring

Fig. 10-2: Supply network in a real case circuit

10.3 High Voltage MOS

For interfacing with input/output, specific high voltage MOS are introduced. These MOS
devices are cdled high voltage MOS. They use a thick gate oxide to handle the high voltage of
the 1/0s. An example of high voltage MOS device is reported below.

Normal MOS High Voltage
MOS
1.8V 3.3V

Fig. 10-3: The High voltage MOSdevice is used in 3.3V |/Os

The high voltage MOS uses a gate width which is dightly larger than the one of the regular
MOS. As the high voltage MOS device is generaly used in 1/O structures, the MOS width is
usually large, even sometimes very large (100-500um).

10.4 1/O Pad

We give here some details about input-output pad structure. The basic bonding pad size is
100x100um. The pad consists of a sandwich of metal layers. For advanced technologies, dl
metal layers are stacked on the top of each other. The passivation oxide has been removed from
over the pad, so that a gold connection can be fixed upon it.
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The input-output pad contains one input stage with a polysilicon resistor and two protection
diodes. The output stage contains a chain of inverters. The last stage is a 3-state inverter so that
the buffer can be turned off.

Lijlﬁ_

Data Out : : : :
Patain X
| Zz

Fig. 10-4. Design of an input-output pad (PAD.MSK)

ESD Protections

The input pad includes some voltage boosting and under voltage protections linked with problems
of electrostatic discharge (ESD). Such protections are required as the oxide of the gate
connected to the input could be destroyed by over voltage. One of the most smple ESD
protection is made up of a set of two diodes and a resistance (Fig. 10-5). One diode handles the
negative voltage flowing inside the circuit (N+/P substrate), the other diode (P+/N well) handles
the positive voltage.

ESD

protection Resistance

To internal

| /\ /\ EIogic

Fig. 10-5: Diodes for electrostatic discharge protection
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11 Design Rules

11.1 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 6-metal 0.25um CMOS
process. The default fileis CMOS025.RUL.

- To sdect a new foundry, click on File -> Select Foundry and choose the appropriate
technology in theli.

- To set a specific foundry as the default foundry, click Files -> Properties , 'Set as Default
Technology'.

11.2 Start Microwind with a specific design Rule File

To start Microwind with a specific design rule file, click with the right button of the mouse on the
Microwind icon, select the "Properties’ item, then the target. The default target may be:
C.\'m crow nd2\ M cr om nd2. exe

The command line may include two more parameters.
- TheFirst parameter is the default mask file loaded at initiaization
- The Second parameter isthe design rule file loaded at initidization

The following command executes MICROWIND?Z2 with a default mask file «test.M SK » and

the rule file « cmos018.RUL ».
C.\mcrow nd2\ M crowi nd2. exe test cnps018. rul

11.3 Nwell Design Rules

r101 Minimum wel sze: 12 |
r102 Between wdls: 12 |
r110 Minimum surface : 144 | 2

rio1l r102

nwell nwell

p substrate
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11.4 Diffusion Design Rules

11. Design Rules

r201  Minimum N+ and P+ diffusion width: 4 | Nwell
] . ) polarization [ nj+ P r205
r202 Between two P+ and N+ diffusions: 4 |
r203  Extranwdl after P+ diffusion: 6 |
r204 Between N+ diffusion and nwell : 6| 203 p, 1202  py
r205 Border of well after N+ polarization 2 | el elli
r206 Distance between Nwell and P+ polarization 6 | 1201
r210  Minimum surface: 24 | 2 L
r204 1206
A
(';:f P+ | P+ polarization

11.5 Polysilicon Design Rules

Polyslicon width: 2 |

Polysilicon gate on diffusion: 2 |
Polysilicon gate on diffusion for high
voltage MOS: 4 |

Between two polysilicon boxes: 3 |
Polysilicon vs. other diffuson: 2 |
Diffusion after polyslicon: 4 |
Extra gate after polyslicium: 3|
Minimum surface: 8 1 2

r30B

High voltage MOS
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11. Design Rules

nwell

r301

IN+diff

r307

11.6 2" Polysilicon Design Rules

r311 Polysilicon2 width: 2 | rsil

Poly2
r312 Polysilicon2 gate on diffusion: 2 |
" 1312
g |
11.7 Option Design Rules
rOpt Border of “option” layer over diff ' m
N+ and diff P+ i R
i N-+dif @

11.8 Contact Design Rules

rd01  Contact width: 2 |

r402  Between two contacts: 5 |

r403  Extradiffusion over contact: 2 |

r404  Extrapoly over contact: 2 |

r405 Extrameta over contact: 2 |

r406  Distance between contact and poly gate: 3 |

r403

r402

r401 contact

contact

-l |

r406 diffusior]

gate

r404

—> —

polysilicium

r405

—> —

metal
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11.9 Metal & Via Design Rules

Meta width : 4 |
Between two metals: 4 |
Minimum surface : 32 | 2

Viawidth: 2 |

Between two Via 5 |
Between Viaand contact: O |
Extrameta over via: 2 |
Extrametd2 over via: 2 |

When r603=0, stacked via over

contact is allowed

11.10Metal2 & Via2 Design Rules

r701
r702
r710

Metd width: 4 |
Between two metal2 : 4 |
Minimum surface : 32 | 2

Via2width: 2 |

Between two Via2: 5 |
Extrameta2 over via2: 2 |
Extrametd 3 over via2: 2 |

11.11 Metal3 & Via3 Design Rules

rool
ro02
r910

87

Metal3 width: 4 |
Between two metal3 : 4 |
Minimum surface : 32 | 2

r602

>—<

r601

r701

r501

metal

via

r603

contact

metal2

r702

r502

11. Design Rules

r604

metal

metal2

802

=

rgo1

ro01

via2

metal3

ro02

metal2

r804

Metal3

metal3

Stacked via over
contact
when r603 is 0
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Via3width: 2 |

Between two Via3: 5 |
Extrametd 3 over via3: 2 |
Extrameta4 over via3: 2 |

11.12Metal4 & Via4 Design Rules

Metal4 width: 4 |
Between two metal4 : 4 |
Minimum surface: 32 | 2

Viad width: 2 |

Between two Viad: 5 |
Extrametd4 over via2: 3 |
Extrameta5 over via2: 3 |

11.13Metal5 & Via5 Design Rules

rdo1
rd02
rd10

Metal5 width: 8 |
Between two metal5 : 8 |
Minimum surface : 100 | 2

Viebwidth: 4|

Between two Viab: 6 |
Extrameta5 over viab: 3 |
Extrameta6 over viab: 3 |

11.14Metal6 Design Rules

rfOl
rf02
rf10

Metal6 width: 8 |
Between two metal6 : 15 |
Minimum surface : 300 | 2

11. Design Rules

ra04

ra02

vias Metal3,4

ra0l

rb01

Metal4 rb02 Metal4

rc04

rc02

E—E | E

Via

4 : Metal4,5
rc01
rdol
+“—>
Metal5 rd02 Metal5
T
re0d  iq—p
NS |
«—> ] Metals,6
Viab
re01
rf0l
+—>
Metal6 rf02 Metal6

\ 4
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11.15Pad Design Rules

rp0l
rp02
rp03
rpo4
rp05

Ped width: 100 um

Between two pads 100 um
Opening in passivation v.svia: 5um
Opening in passivation v.s metals:
5um

Between pad and unrelated active
area: 20 pm

11. Design Rules

rp03

rp02

rpo1
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Electrical Rules

Electrical Circuit Extraction

MICROWIND?Z includes a built-in extractor from layout to ectricd circuit. Worth of interest
are the MOS devices, capacitance and resistance. The flow is described in figure 12-1.

ip in case of big circuits

Clean layout .
v 47 - Extract MOS width
Extract devices |:> - Extract MOS length

Extract MOS option

Extract al electrica nets

> - Extract net capacitance
- Extract coupling capacitance between nets

A - Extract netresistance
Create SPICE netlist

Extract interconnects

Figure 12-1: Extraction of the electrical circuit from layout

The first step consists in cleaning the layout. Mainly, redundant boxes are removed, overlapping
boxes are transformed into non-overlapping boxes. In the case of complex circuits,
MICROWIND2 may skip this cleaning step as it required a significant amount of computational
time.

Capacitance

Each deposited layer is separated from the substrate by a SiO2 oxide and generated by a
parasitic capacitor. The unit is the aF/pm?2 (atto = 10-18 ). Basically al layers generate parasitic
capacitors. Diffused layers generate junction capacitors (N+/P-, P+/N). The list of capacitance
handled by MICROWIND?2 is given below. The name corresponds to the code name used in
CMOS025.RUL (CMOS 0.25um)

Surface capacitance refers to the body. Vertical crosstalk capacitance refer to inter-layer
coupling capacitance, while latera crosstalk capacitance refer to adjacent interconnects.
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Inter-layer

To body Adjacent layers

Frindging _l_
- | ] CCHHC]

—l_ Surface
T

capacitance

T

SUBSTRATE BODY

Figure 12-2: Capacitances

12.3 Surface Capacitance

NAME DESCRIPTION LINEIC SURFACE
(aF/pm) (aF/pn)

CpoOxyde Polysilicon/Thin oxide n.c 4600
capacitance

CpoBody Polysilicon to substrate n.c 80
capacitance

CMEBody Meta on thick oxide to substrate | 42 28

CM2Body Metal2 on body 36 13

CM3Body Meta 3 on body 33 10

CM4Body Metal4 on body 30 6

CM5Body Metal5 on body 30 5

CM6Body Metal6 on body 30 4

12.4 Interlayer Capacitance

NAME DESCRIPTION VAL UE (aF/pun)
CM2Me Metal2 on metal 1 50
CM3M2 Metal3 on meta 2 50
CM4M3 Metal4 on metal 3 50
CM5M4 Metal5 on metal 4 50
CM6M5 Metal6 on meta 5 50

12.5 Crosstalk Capacitance

NAME DESCRIPTION VALUE (aF/um)
CMeMe Metal to metal (at 41 distance, 4 width) |10
CM2M2 Meta 2 to metal 2 10
CM3M3 Metal 3 to metal 3 10
CM4aM4 Meta4 to metal 4 10
CM5M5 Metal5 to metal 5 10
CM6M6 Metal6 to metal 6 10
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cHame The crosstalk capacitance value per unit length is
—“— Metd 3 given in the design rule file for a predefined
interconnect width (w=41 ) and spacing (d=4! ).

CM2M2

_”_ In Microwind2,

Metal 2

The computed crosstalk capacitance is not

CMeMe

dependant on the interconnect width w.

mim Mot The computed crosstalk capacitance value is
N proportiona to 1/d where d is the distance between
SUBSTRATE BODY interconnec'ts'
12.6 Resistance
NAME DESCRIPTION VALUE (W)
RePo Resistance per square for polysilicon 4
ReP2 Resistance per square for polysilicon2 4
ReMe Resistance per square for metal 0.05
ReM2 Resistance per square for metal 2 (upto 6) | 0.05
ReCo Resistance for one contact 20
ReVi Resistance for one via (up to viab) 2

12.7 Vertical Aspect of the Technology

The vertica aspect of the layers for a given technology is described in the RUL file after the
design rules, using coed HE (height) and TH (thickness) for al layers. The figure 12-3 below
illustrates the atitude O, which corresponds to the channel of the MOS. The height of diffused
layers can be negative, fo‘[ P++ EPI layer for example.

Layer dtitude
(in pm)

20

10

Altitude 0.0

—_—

-1.0

STl height is
negative

-2.0

EPI height is
negative

4_- [
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Figure 12-3: Description of the 2D aspect of the CMOS technol ogy

LAYER DESCRIPTION PARAMETERS
EP Buried layer made of P++ used to create a HEEPI for height (negativein
good ground reference underneath the active | respect to the origin)
area. THEPI for thickness
STI Shallow trench isolation used to separate the | HESTI for height
active areas. THSTI for thickness
PASSIVATION Upper SiO2 oxide on the top of thelast metal | HEPASS for height
layer THPASS for thickness
NITRIDE Final oxide on the top of the passivation, HENIT for height
usually Si3N4. THNIT for thickness
NISO Buried N- layer to isolate the Pwell HENBURRIED for height
underneath the nMOS devices, to enable THNBURRIED for thickness
forward bias and back bias

12.8 Dielectrics

Some options are built in Microwind to enable specific features of ultra degp submicron

technology. Details are provided in the table below.

CODE DESCRIPTION EXAMPLE VALUE
HIGHK Oxide for interconnects (SiI02) 4.1
GATEK Gate oxide 41
LOWK Inter-metal oxide 3.0
LK11 Inter-metal 1 oxide 3.0
LK22 Inter-metal 2 oxide (up to LK66) 3.0
LK21 Metal2-Metal 1 oxide 30
LK32 Metal3-Metal 2 oxide (up to LK65) 30
TOX Normal MOS gate oxide thickness 0.004 um (40 A)
HVTOX High voltage gate oxide thickness 0.007 um (70A)
Substrate
Meta 4 LOWK | | Meta 4 LK44 | |
HIGHK LK43
wess | o 1] ] weis | o 1] ]
HIGHK LK32
Metal 2 LOWK | | Metal 2 LK22 | |
HIGHK LK21
Sl R I S O
LOWK LK11
HIGHK LKO1
Substrate Substrate

Fig. 12-4. lllustration of the use of LOWK, HIGHK dielectric constants (left figure) or

Using LOWK, HIGHK with
homogeneous oxide structure

detailed permittivity for each layer (right figure)
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Using Lkii, LKij with non-
homogeneous oxide structure
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12.9 Simulation Parameters

12. Electrical Rules

Thefollowing list of parametersis used in Microwind2 to configure the smulation.

CODE DESCRIPTION TYPICAL VALUE
VDD Supply voltage of the chip 20V
HVDD High voltage supply 33V
DELTAT Simulator minimum time step to ensure 05e12s
convergence. Y ou may increase thisvalue to
speed up the simulation but instability
problems may rise.
TEMPERATURE [ Operating temperature of the chip 25°C
RISETIME Typical riseand fall time of clocks 0.05ns

12.10Models Levell and Level3 for analog simulation

Four types of MOS devices may be described as detailed in figure 12-4 (Data from SIA,
0.12um CMOS technology). In the rule file, the keyword "MOSL", "MOS2, "MOS3" and
"MOS4" are used to declare the device names appearing in menus. In 0.12um technology,
three types of MOS devices are declared as follows. Also, NMOS & PMOS keywords are

used to select n-channel Mos or p-channel Mos device parameters.

Parameter MOS1 MOS2 MOS3
Default name High Speed |Low Leakage |High voltage
Vt (Nmos) 0.3 05 0.7

Vt (pmos) -0.3 -05 -0.7

KP (nmos) 300 300 200

KP (pmos) 150 150 100

* MOS definition

*

MOS1 | ow | eakage

MOS2 hi gh speed

MOS3 hi gh vol t age

Figure 12-5: Description of MOS options in 0.12um technology (cmos012.RUL)

The list of parametersfor level 1 and level 3 is given below:

PARAMETER K EYWORD DEFINITION TYPICAL VALUE O.25um
NMOS pMOS
VTO | 3vto Threshold voltage 04V -04V
uo | 3u0 Low field mohility 0.06 nf/V s 0.025nt/V.s
PHI | 3phi Surface potential at strong | 0.3V 0.3v
inversion
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12. Electrical Rules

LD 13ld Latera  diffusion into| 0.01um 0.01pm
channel

GAMMA | 3ganma Bulk threshold parameter | 0.4 V°*® 04\°°

KAPPA | 3kappa Saturation field factor 001V* 00LV*

VMAX | 3vmax Maximum drift velocity 150Km/s 100Knv/s

THETA | 3thet a Mobility degradation | 0.3V* o3v?!
factor

NSS | 3nss Substhreshold factor 007 V! 007V*

TOX | 3t ox Gate oxide thickness 3nm 3nm

For MOS2, MOS3 and MO$4, only the threshold voltage, mobility ant oxides thickness are user-

accessible. All other parameters are identical to MOSL.

PARAMETER KEYWORD DEFINITION TYPICAL VALUE O.25um
NMOS pMOS
VTO Mos2 | 3v2to Threshold voltage for| 0.5V -0.5v
MOS2
VTO Mos3 | 3v3to Threshold voltage for| 0.7V -0.7v
MOS3
U0 Mos2 | 3u2 Moability for MOS2 0.06 0.025
U0 Mos3 | 3u3 Moability for MOS3 0.06 0.025
TOX Mos 2 | 3t 20x Thin oxide thickness for| 3nm 3nm
MQOS2
TOX Mos 3 | 3t 30X Thin oxide thickness for| 7nm nm
MOS3
* Nnmps Model 3 paraneters
*
NMOS
|3vto = 0.4
| 3u0 = 0.06
| 3tox = 3e-9
| 3vmax = 170e3
| 3gamma = 0.4
| 3theta = 0.3
| 3kappa = 0. 06
| 3phi = 0.2
|3ld = 8e-9
| 3nss = 0.06
*
* hi gh speed
| 3v2to = 0.3
| 3u2 = 0.06
| 3t 20x = 3e-9
*
* hi gh voltage
| 3v3to = 0.7
| 3u3 = 0.06
| 3t30x = 7e-9
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12.11 BSIM4 Model for analog simulation

Thelist of parameters for BSIM4 is given below:

12. Electrical Rules

Parameter Keyword Description NMOSvalue | PMOSvalue
in 0.12um in 0.12um

VTHO b4vt ho Long channel threshold voltage at Vbs=0V | 0.3V 0.3V

VB b4vfb Flat-band voltage -0.9 -0.9

K1 b4kl First-order body bias coefficient 045V1/2 0.45V1/2

K2 b4k2 Second-order body bias coefficient 0.1 0.1

DVTO b4dovt First coefficient of short-channel effecton | 2.2 22
threshold voltage

DVT1 b4dlvt Second coefficient of short-channel effect | 0.53 053
on Vth

ETAO b4det Draininduced barrier lowering coefficient 0.08 0.08

NFACTOR | B4nf Sub-threshold turn-on swing factor. 1 1
Controls the exponential increase of current
with Vgs.

uo b4u0 Low-field mohility 0060m2Vs | 0025 m2/Vs

UA b4ua Coefficient of first-order mobility 11.0e-15m/V | 11.0e-15mV
degradation dueto vertical field

uc b4uc Coefficient of mobility degradation dueto | -0.04650e-15 | -0.04650e-15
body-bias effect V-1 V-1

VSAT b4vsat Saturation velocity 8.0e4 m/s 8.0ed4 m/s

WINT b4wi nt Channel-width offset parameter 0.01°-6um 0.01°-6um

LINT b4l i nt Channel-length offset parameter 0.01°-6um 0.01°-6um

PSCBE1 b4pschel | First substrate current induced body-effect | 4.24e8V/m 4.24e8V/m
mobility reduction

PSCBE2 b4psche2 | Second substrate current induced body- 4.24e8\V/m 4.24e8V/m
effect mobility reduction

KT1 b4kt 1 Temperature coefficient of the threshold -01v -0.1v
voltage.

UTE bdut e Temperature coefficient for the zero-field -15 -15
mohility UO.

VOFF b4vof f Offset voltage in subthreshold region. -0.08v -0.08V

PCLM b4pcl m | Parameter for channel length modulation 12 12

TOXE b4t oxe Gate oxide thickness 3.5e-9m 3. 5e-9m

NDEP b4ndep 0. 54 0.54

XJ b4xj Junction depth 1.5e-7 1.5e-7

For MOS2, MOS3 and MO$4, only the threshold voltage, mobility ant oxides thickness are user-
accessible. All other parameters are identical to MOSL.
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12.12TEC file for DSCH2

The logic smulator includes a current evaluator. To run this evauation, the following parameters
are proposed in a TEC file (example: cmos012.TEC):

DSCH 2.0 - technology file
NAME " CMOS 0. 12unft

VERSI ON 14. 12. 2001

* Time unit for sinulation
TIMEUNIT = 0.01

* Supply voltage

vDD = 1.2

* Typical gate delay in ns
TDel ay = 0.02

* Typical wire delay in ns
TWreDelay = 0.07

* Typical current in mA
TCurrent = 0.5

* Default MOS Iength and width

M. = "0.12u"
MW = "1.0u"
MPW = " 2. 0u"
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13 Design Rule File for 0.12um

r312 = 2 (pol y2 spaci ng)
*
* Cont act
ra01 = 2 (contact width)
M CROW ND 2.0 r402 = 3 (contact spacing)
* r403 = 2 (metal border for contact)
* Rule File for CMOS 0. 12pum ra04 = 2 (poly border for contact)
* r405 = 2 (di ff border for contact)
* Date : 27 Apr 99 created by Etienne r406 = 3 (contact to gate)
Sicard rdao7 = 2 (poly2 border for contact)
* 04 Jan 00 smaller dt *
* 03 Avr 01 2d cross-section *  netal
* 17 Apr 01 update parans, add r501 = 3 (metal width)
hi gh vol tage, tox, level3 r502 = 4 (met al spacing)
* 20 Apr 01 various |lowK, 4 * via
types of MOS reolr = 2 (Via width)
* 10 Dec 01 Bsim nodel, gatek r602 = 4 ( Spaci ng)
* r6o4 = 2 (border of netal &met al 2)
NAME CMOS 0. 12um - 6 Metal * metal 2
* r701 = 3 (Metal 2 width)
| ambda = 0. 06 (Lanmbda is set to half r702 = 4
the gate size) * via 2
met al Layers = 6 (Number of netal rgol = 2 (Via width)
| ayers) rg8o2 = 4 ( Spaci ng)
* rgo4 = 2 (border of metal 2&net al 3)
* Dielectrics * netal 3
* roolr = 3 (wi dt h)
lowK = 3.2 (inter-netal oxide ro02 = 4 (spaci ng)
permttivity) * via 3
gateK = 5.0 (Hi ghK gate dielectric) ragl = 2 (Via width)
* ra02 = 4 ( Spaci ng)
* Design rules associated to each | ayer rag4 = 2 (border of netal 3&met al 4)
* * metal 4
* Wel | rbol = 3 (wi dt h)
* rb02 = 4 (spaci ng)
riol1 = 10 (well width) * via 4
ri02 = 11 (wel | spacing) rcol = 2 (Via width)
* rco2 = 4 ( Spaci ng)
* Diffusion rco4 = 2 (border of netal 4&nmet al 5)
* * netal 5
r201 = 4 (diffusion width) rdol = 8 (wi dt h)
r202 = 4 (di ffusion spacing) rdo2 = 8 (spaci ng)
r203 = 6 (border of nwell on diffp) * via b
r204 = 6 (nwell to next diffn) re0l =5 (Via width)
* re02 =5 ( Spaci ng)
* Poly ref4 = 2 (border of netal 5&net al 6)
* * netal 6
r301 = 2 (poly width) rdol = 8 (wi dt h)
r302 = 2 (gate | ength) rdo2 = 15 (spaci ng)
r303 = 4 (high voltage gate | ength) *
r304 = 3 (poly spacing) * Pad rules
r305 =1 (spaci ng poly and *
unrel ated diff) rp01 = 800 (Pad width)
r306 = 4 (width of drain and source rp02 = 800 (Pad spacing)
di ff) rp03 = 40 (Border of Vias)
r307 = 2 (extra gate poly) rp04 = 40 (Border of netals)
* rp05 = 200 (to unrelated active areas)
* Poly 2 *
* * Thi ckness of conductors for process
r311 = 2 (poly2 width) aspect
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* All in pm

*

* P++ epitaxia

thepi = 1.0

heepi = -4.0

*

* Shallow tretch isolation
thsti = 0.8

hesti = -0.8

*

* Poly

thpoly = 0.20
hepoly = 0.01
*

* Poly2
thp2 = 0.2
hep2 = 0.22
*

* Diffusions
thdn = 0.4
thdp = 0.4
thnw = 1.0

*

* Met al
thme =
heme =
thnm2 =
hem2 =
thnB =
hen3 =
thmd =
hem4 =
thnb =
henb =
thnt =
hemt =
t hpass
hepass
thnit =0
henit = 8.

*

sation

loonopowoNOr O
Noo~NhANDNDOOAONOONOODNDO

.5
. 8

6
4
* Resi stances Copper
* Unit is ohm square

*

repo = 4

rep2 = 4

reme = 0.06
rem2 = 0.06
ren3 = 0.06
remd = 0.06
remb = 0.05
remb = 0.05

*

* Resistances vias: unit is ohmvia

reco = 20
revi = 2
rev2 = 2
revd = 2
revd =1
revs =1

*

*

* Parasitic capacitances

*

cpoOxyde= 4600 (Surface capacitance
Pol y/ Thi n oxyde aF/ punR)

99
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cpobody 400 (No lineic capa)

cp2body 400

cnmebody = 550 (Strong value due to
upper and | ower capa)

cm2body = 550 (to netal grid i.e 2*Cg)
cnBbody = 550

cmibody = 550

cmbbody = 450

cnbbody = 450

cgsn = 50 ( Gatel/source capa
of nMOS)

cgsp = 500

cnelineic = 0

cm2lineic = 0

cm3lineic = 0

cmdlineic =0

cnblineic = 0

cmblineic = 0

*

Vertical crosstalk

*

cnepoly = 60

cmme = 50
cm3n2 = 50
cmdnB8 = 50
cnbmd = 50
cmbnb = 50

*

* Lateral Crosstalk

*

cmextk = 70 (Linei c capacitance
for crosstal k coupling in aF/ um
cn2xtk = 100 (Cis conputed using
Cx=cnmext k*| / spaci ng)

cmBxtk = 100

cmaxt k 100

cnbxt k 100

cnbxtk = 100

*

* Junction capacitances

*

cdnpwel | = 350 (n+/psub)

cdpnwel | = 300 (p+/ nwell)

cnwel | = 250 (nwel | / psub)

cpwel I = 100 (pwel I / nsub)

cldn = 100 (Li neic capacitance
N+/ P- aF/ pm

cldp = 100 (ldem for P+/N-)

*

* MOS definition
*

MOS1 | ow | eakage
MOS2 hi gh speed
MOS3 hi gh vol t age
*

* Nnos Model 3 parameters

*

NMOS

| 3vto = 0.4

| 3u0 = 0.06

| 3tox = 3e-9

| 3vmax = 170e3
| 3gamma = 0.4
| 3theta = 0.3
| 3kappa = 0. 06
| 3phi = 0.2
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13ld =
| 3nss =
*

* hi gh
| 3v2t o
| 3u2 =
| 3t 20x
*

* high
| 3v3to
| 3u3d =
| 3t 3ox

*

* Pnos
*

PMOS

| 3vto =
| 3u0 =
| 3tox =
| 3vmax

| 3gama =

| 3t heta
| 3kappa
| 3phi =
[3ld =

* hi gh
| 3v2to
| 3u2 =
| 3t 20x
*

* high
| 3v3to
| 3u3d =
| 3t 3ox

*

* BSI M4

*

* Nnos
*
NMOS
b4vt h
b4kl
b4k2
baxj =
b4t oxe
b4ndep
b4dOvt
b4divt
bavfb =
b4u0 =
bdua =

I o

= ool

8e-9
0. 06

speed
= 0.3
0. 06
= 3e-9

vol t age
= 0.7
0. 06
= 7e-9

Model 3

-0.4
0.02
3e-9
= 120e3

3e-9

vol t age
-0.7
.02

7e-9

I ol

par anet er s

0.4

45

1

Te-7
3.5e-9
= 1.8el7
= 2.3

= 0.54
-0.9

0. 068
le-15

13. Design Rules File for 0.12um

b4t 2o0x = 3e-9
*

* high vol tage
b4v3to = 0.7
b4t 3o0x = 7e-9

*

* Pnos BSI M4

*

PMOS

b4vtho = 0.4
b4kl = 0. 45
b4ak2 = 0.1

b4xj = 1.7e-7
b4t oxe = 3.5e-9
b4andep = 1.8el7
b4adOvt = 2.3
b4adlvt = 0.54
b4avfb = -0.9
b4u0 = 0.028
b4ua = le-15
b4uc = -0.047e-15
b4vsat = 60e3

b4pscbel =230e6
b4ute = -1.8
b4kt1l = -0.1
b4lint = 0.0le-6
b4wi nt 0.02e-6
b4xj = 1.5e-7
b4ndep 1.7el7
bdpclm = 0.7

*

In =

* high speed
b4v2to = 0.3
b4t 20x = 3e-9
*

* high voltage
b4v3to = 0.7
b4t 3ox = 7e-9

*

* ClF Layers

* Mcrownd layer, CIF |ayer, overetch

*

cif nwell 1 0.0

cif diffp 17 0.5

cif diffn 16 0.5

cif aarea 2 0.5

cif poly 13 0.0

cif contact 19 0.025
cif metal 23 0.0125
cif via 25 0.0125

cif metal2 27 0.0125
cif via2 32 0.0125
cif metal3 34 0.0125

b4uc = -0.047e-15
b4vsat = 100e3
b4pschbel =230e6
bdute = -1.8
b4ktl = -0.1

b4lint = 0.0le-6
b4wi nt = 0.02e-6
b4xj = 1.5e-7
bdandep = 1. 7el7
bdpclm= 1.1

*

* high speed
b4v2to = 0.3

100

cif via3 35 0
cif metal4 36
cif viad 52 0
cif metal5 53
cif viab 54 0
cif metal 6 55
cif passiv 31
cif text 56 0.

*

*

0125
0.0125
0125
0.0

0
0

cooo

* M croWnd sinulation paraneters

*
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deltaT = 0.30e-12 (M ninmum sinmul ati on
interval dT)

vdd = 1.2

hvdd = 3.3

tenperature = 27

riseTime = 0.05

*

* End CMOS 0. 12pm

*
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