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Introduction

The present document introduces the design andatiom of CMOS integrated circuits, in an attraetiv
way thanks to user-friendly PC tools®H and MCROWIND. Thelite version of these tools only includes a
subset of available commands. Tihe version is freeware, available on the web gitew.microwind.net

The complete version of the tools is available tigroni2designdndia vww.ni2designs.coin

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

ﬂ.imw\e\le\za <:.k DscH is used to validate the architecture of the logic

circuit before the microelectronics design is @t
DscH provides a user-friendly environment for

> = ® Fan Slow

7 Showwire state [~ Pinstate [~ Symbolstae 1

analysis, which allows the design and validation of
’wndopkuu

hierarchical logic design, and fast simulation wdtiay

complex logic structures. $¢H also features the

| symbols, models and assembly support for 8051 and

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

About M ICROWIND The MICROWIND program allows the student to design
[ i \«

s gocumentsisowareMicraminchmicro

and simulate an integrated circuit at physical

leB|srraeaa [
Sambsa. . BT ] T x|
. e

0100um

description level. The package contains a librafy o
common logic and analog ICs to view and simulate.

MICROWIND includes all the commands for a mask

editor as well as original tools never gatherewisefn

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

compiler, tutorial on MOS devices). You can gain

Editing "DADoeuments and Setincsleicardies documer s Sofwar eWicy it 18 - [CMOS 45nm - HiahK Metal/Stain -81_4

access t&ircuit Simulationby pressing one single key.
The electric extraction of your circuit is autoncatly
performed and the analog simulator produces voltage
and current curves immediately.

7 21/09/2009
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The chapters of this manual have been summariZzedvb€hapter 2 is dedicated to the presentatiothef
single MOS device, with details on the device modglsimulation at logic and layout levels.

Chapter 3 presents the CMOS Inverter, the 2D andi8@s, the comparative design in micron and deep-

submicron technologies. Chapter 4 concerns the& Hagic gates (AND, OR, XOR, complex gates),

Chapter 5 the arithmetic functions (Adder, compatatmultiplier, ALU). The latches and memories are
detailed in Chapter 6.

As for Chapter 7, analog cells are presented, dhotu voltage references, current mirrors, operation
amplifiers and phase lock loops. Chapter 8 concenadog-to-digital, digital to analog convertemuiples.

Radio-frequency circuits are introduced in Chagterhe input/output interfacing principles are strated
in Chapter 10.

The detailed explanation of the design rules i€lvapter 11. The program operation and the detéiddl o
commands are given at the end of this document.

INSTALLATION

Connect to the web pageww.microwind.net

for the latest information about how to download th

lite version of the software. Once installed, twicedtories are created, one fond®owIND35, one for
DscH35, as illustrated below.

C:\Program Files\

— .

Microwind35 Dsch35
71 ) \ AV L
l; ll |l \\ l/ 'I |I \‘ ‘‘‘‘‘
1 \ N [ | N o Teee N\
1 ) I ) =
examples ! \ html examples ! ' html ieee
] T U ¥
* MSK ) ' Help files * SCH ! ' Help files Symbol
v \" 4 \Z library
rules system rules system (*.SYM)
* RUL *EXE *TEC * EXE

Figure 0-1: The architecture of Microwind and Dsch

Once installed, two directories are created, omevftROWIND35, one for BCH35. In each directory, a
sub-directory callethtml contains help files. In MROWIND35, other sub-directories include example files
(*.MSK), design rules (*.RUL) and system files (mii microwind35.exe). In BcH35, other sub-

directories include example files (*.SCH and *.SY,M)esign rules (* TEC) and system files (mainly
dsch35.exe).

21/09/2009
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1 Technology Scale Down

The Moore’s Law

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

Circuit Complexity

1 GIGA -
Itanium @ o
Moore’s law with P /Q/
i _Pentium 4 @ >~
100 MEG doukilrlrg each 18 » K
month: /" Pentium NlIE "
; A
| \
10 MEG Moore’law with-a ! A ,:
\
\ /
doubling eachyear - \ A Pentium Il6 /
1 MEG o S
AN 32 bits

100K

\. /. J z/lj
/ 80286
xxff:////z> R

\
O 8080} 8 bits
800 /

1970

1975 1980

1985 1990

1995 2000

2005 2010

Year

Figure 1-1 : Moore’s law compared to Intel processomplexity from 1970 to 2010.

Scaling Benefits

The trend of CMOS technology improvement contineelse driven by the need to integrate more funstion

within a given silicon area. Table 1 gives an owmmof the key parameters for technological nodemf

180 nm, introduced in 1999, down to 22 nm, whichupposed to be in production around 2011.

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

Gate material Poly Poly Poly Metal Metal Metal
Gate dielectric Si® Sio, SIiON High K High K High K
Kgates/mm 240 480 900 1500 2800 4500
Memory point (i¥) | 2.4 1.3 0.6 0.3 0.15 0.08

Table 1: Technological evolution and forecast u2@d 1

21/09/2009
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Gate Dielectric High voltage
Thickness (nm) MOS (double Technology
gate oxide) addressed in

10nm  "EET O'ZWmA'"\:;&:"-"A";Z ----------- Microwind 3.5
L 0.18m Faa

65nm /| 45nm

1nm TEETTTTTTTTTTTT -8 == ..

= Low voltage 2nm.

— MOS (minimu

— gate oxide)
0.1nm ~z============m === SiON E=4.2-6.5)

SiO2 €=3.9)
P [ % L1 1 | % I I { Year
1995 2000 2005 2010 2015

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

At each lithography scaling, the linear dimensians approximately reduced by a factor of 0.7, dred t
areas are reduced by factor of 2. Smaller cellssiead to higher integration density which hasrrise

nearly 1.5 million gates per nfrim 45 nm technology (table 1).

Gate Material and Oxide

For 40 years, the SiO2 gate oxide combined withygiliton have been serving as the key enabling
materials for scaling MOS devices down to the 9@eamnology node (Fig. 1). One of the strugglesite
manufacturers went through was being able to sttedegate dielectric thickness to match continuous
requirements for improved switching performancee Thinner the gate oxide, the higher the transistor
current and consequently the switching speed. Hewethinner gate oxide also means more leakage
current. Starting with the 90nm technology, SiO2 baen replaced by SiON dielectric, which features
higher permittivity and consequently improves tleeide performances while keeping the parasiticdgak
current within reasonable limits. Starting with #&-nm technology, leakage reduction has been asthie
through the use of various high-K dielectrics sashHafnium Oxide Hf@(g,=12), Zyrconium Oxide Zr®
(e=20), Tantalum Oxide T.&®s (er=25) or Titanium Oxide Ti®(er=40). This provides much higher device
performance as if the device was fabricated incartelogy using conventional Si@vith much reduced
“equivalent SiQ thickness”.

For the first time in 40 years of CMOS manufactgrithe poly gate has been abandoned. Nickel-S#icid
(NiSi), Titanium-Nitride (TiN) etc. are the type$ gate materials that provide acceptable threskolthge
and alleviate the mobility degradation problem (Fj In combination with Hafnium Oxide (H§Ce,=12),

the metal/high-k transistors feature outstandingesu switching capabilities together with low |lagk.
Increasedn current, decreaseaff current and significantly decreased gate leakagehtained with this

novel combination. The sheet resistance is arodiidduare for the metal gate.

10 21/09/2009
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Polysilicon Low resistive
"~ D e
Si02
Gate
oxide

I
1.2nm I

K=3.9

s

Source Drain

Low capacitance
(slow device)
High gate leakage
90-nm generation

1. TECHNOLOGY SCALE DOWN
Low resistive

layer (SiN)
Novel METAL
gate (Nickel
Hafnium Silicide)
Gate
oxide l /
5 2.0 nn T :
; K=12.0 d )
Source | \ Drain

Equivalent to 0.6 nm
SiO2, which means a
higher capacitance
(fast device)
Reduced gate leakage

]
]
1
'
’

Figure 1-3 : The metal gate combined with High-Kdexmaterial enhance the MOS device performanderins of

switching speed and sig

Drain current (A/um)
lon current
increase

A

Poly - SiO,

10°®
10*
10°
10°

107

loff current
decrease

108

10°
10"

I ' I ' I
0.5

Gate voltage (V)

nificantly reduce the leakag

Effective Electron
mobility (cm?/V.s)

Optimized
R TiN/HfO,
_ Q-
250 - o.-> Polysio,
2
ANl
200 — N
_ e .
m Poly/HfO,
150 — ’
2
@ 1 MV/cm
100 —
[ ' [ ' [ g
0.0 1.0 2.0

Equivalent Gate Oxide (nm)

Figure 1-4 : The metal gate combined with High-Kdexmaterial enhances the lon current and drashjicedduces the

loff current (left). Electron mobility vs. Equivaliegate oxide thickness for various materials (tfjgh

The effective electron mobility is significantly deced with a decrease of the equivalent gate oxide
thickness, as seen in Fig. 1-4, which compilesrin&gion from [Chau2004] [Lee2005][Song2006]. It can
be seen that the highest mobility is obtained wiptimized TiN/HfQ, while Poly/ HfQ do not lead to

suitable performances.

Strained Silicon

Strained silicon has been introduced starting i 90-nm technology [Sicard2005b], [Sicard200&b] t
speed-up the carrier mobility, which boosts both tikichannel and p-channel transistor performances.

PMOS transistor channel strain has been enh

ancethdogasing the Germanium (Ge) content in the

compressive SiGe (silicium-germanium) film. Bothrtsistors employ ultra shallow source-drains tthir

increase the drive currents.

11
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Gate

1. TECHNOLOGY SCALE DOWN

Horizontal
strain created
by the silicon

nitride capping
layer \

Source
(Si)

Electron movement is slow
as the distance between Si
atoms is small

‘0000

Drain
(S Source
(si)

- Electron movement is faster
as the distance between Si
atoms is increased

Figure 1-5 : Tensile strain generated by a siliaaitride capping layer which increases the distabheéveen atoms

underneath the gate, which speeds up the electadility of n-channel MOS devices

Gate

Gate
oxide \

Horizontal
pressure
created by the
uniaxial SiGe
strain

]

1

:
:
;
:
i
]
|

@

/OO0 00

Hole movement is slow as
the distance between Si

SiGe

=
:>f'ooooo<:

Hole movement is faster as T
the horizontal distance
between Si atoms is reduced

atoms is large

Figure 1-6 : Compressive strain to reduce the diseabetween atoms underneath the gate, which speettie hole

mobility of p-channel MOS devices

Let us assume that the silicon atoms form a redattice structure, inside which the carriers miptting
to the device current have to flow. In the casele€tron carriers, stretching the lattice (by apmtensile
strain) allows the electrons to flow faster frore gource to the drain, as depicted in Fig. 1-5e fiobility
improvement exhibits a linear dependence on thsileefilm thickness. In a similar way, compressthg
lattice slightly speeds up the p-type transistor, Which current carriers consist of holes (Figg)1-The
combination of reduced channel length, decreasattdkickness and strained silicon achieves a anbat

gain in drive current for both nMOS and pMOS desice

Market

The integrated circuit market has been growingditgaince many years, due to ever-increasing deiman
for electronic devices. The production of integdatgrcuits for various technologies over the yeisrs
illustrated in Fig. 1-7. It can be seen that a neghnology has appeared regularly every two yeeith, a
ramp up close to three years. The production psatonstantly increased, and similar trends shoeld b

observed for novel technologies such as 45nm (&stgueak in 2010).

12 21/09/2009
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Production 45nm
65nm

90nm

|| VYear
|

1995 2000 2005 2010 2015

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

Prototype 45-nm processes have been introduced SWCTin 2004 [Tsmc2004] and Fuijitsu in 2005
[Fujitsu2005]. In 2007, Intel announced its 45-nM@S industrial process and revealed some key featur
about metal gates. The “Common Platform” [Commom20Aciuding IBM, Chartered Semiconductor, The
transistor channels range from 25 nm to 40 nm e §25 to 40 billionths of a meter). Some of thg ke
features of the 45 nm technologies from variouviplers are given in Table 2.

Parameter Value

Voo (V) 0.85-1.2 V
Effective gate length (nm) 25-40
lon N (WA/um) at 1V 750-1000
lon P (WA/um) at 1V 350-530
loff N (nA/um) 5-100

loff P (nA/um) 5-100
Gate dielectric SiON, HfO2, Zr{ra,05 TiO,
Equivalent oxide thickness 1115
(nm)

# of metal layers 6-10
Interconnect layer

permittivity K 2226

Table 2: Key features of the 45 nm technology

Compared to 65-nm technology, most 45-nm technetogffer:

- 30 % increase in switching performance

- 30 % less power consumption

- 2 times higher density

- X 2 reduction of the leakage between source anid drad through the gate oxide

45-nm process variants

There may exist several variants of the 45-nm m®dechnology. One corresponds to the highestlgessi
speed, at the price of a very high leakage curilms technology is called “High speed” as it islidated
to applications for which the highest speed ispttimary objective: fast microprocessors, fast D&P,
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Parasitic

|leakage
current Microwind 45-
a nm rule file Networking
High-end
High (x 10) . servers
Computing, Servers
Consume
PNSUMET " pobile ‘\
Computin
putig High speed
Moderate v variant
x1) Digital camera 3G phones \7
2G phones
Personal org. S
MP3
Low leakage Speed

Low variant

(x0.1)

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

Figure 1-8 : Introducing three variants of the 4Bechnology

This technology has not been addressed in Micrawid8nm rule file. The second technological option
called “General Purpose” (Fig. 1-8) is targetedtiandard products where the speed factor is nti¢airi
The leakage current is one order of magnitude Ialvan for the high-speed variant, with gate switghi
decreased by 50%. Only this technology has beelemgnted in Microwind.

There may also exist a third variant called lowkbege (bottom left of Fig. 1-8). This variant conter
integrated circuits for which the leakage curremistremain as low as possible, a criterion thaksdinst

in applications such as embedded devices, mobdegthor personal organizers. The operational wligg
usually from 0.8 V to 1.2 V, depending on the tealbgy variant. In Microwind, we decided to fix VD&t

1.0 V in the cmos45nm.RUL rule file, which repretsea compromise between all possible technology
variations available for this 45-nm node.
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2 The MOS device

This chapter presents the CMOS transistor, itsugysiatic characteristics and dynamic charactesisThe
vertical aspect of the device and the three dinesrdisketch of the fabrication are also described.

Logic Levels

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

Logical value | Voltage Name Symbol in BcH Symbol in MICROWIND
0 0.0v VSS 77;7 L]

(Green in logic simulation (Green in analog simulation

1 1.0V in cmosVDD

65nm 4% r

(Red in logic simulation) (Red in analog simulation)
X Undefined X (Gray in simulation) (Gray in simutat)

The MOS as a switch

The MOS transistor is basically a switch. When usebbgic cell design, it can ben or off. Whenon, a
current can flow between drain and source. Whennaffcurrent flow between drain and source. The MOS
is turned on or off depending on the gate voltageCMOS technology, both n-channel (or nMOS) and p-
channel MOS (or pMOS) devices exist. The nMOS aki@f symbols are reported below. The symbols
for the ground voltage source (0 or VSS) and thpplsu(1 or VDD) are also reported in figure 2-1.

The n-channel MOS device requires a logic valuerla(supply VDD) to be on. In contrary, the p-chainn
MOS device requires a logic value 0 to be on. WihenMSO device is on, the link between the sountk a
drain is equivalent to a resistance. The orderaofe of this ‘on’ resistance is 1@5 KQ. The ‘off’
resistance is considered infinite at first orderita value is several Meda-

<L %OM— -
AT ——

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

LL

We use MCROWIND to draw the MOS layout and simulate its behaw#w. to the directory in which the

Microwind35,.exe
Microwind3.5
I=A

software has been copied (By defadltrowind35 ). Double-click on the MEROWIND icon.

The MIcCROWIND display window includes four main windows: theimaenu, the layout display window,
the icon menu and the layer palette. The layoudain features a grid, scaled in lambdg (@nits. The
lambda unit is fixed to half of the minimum avaikatithography of the technology. The default tedlogy
is a CMOS 8-metal layers 45 nm technology. In technology, lambda is 0.02 pum (40 nm).

-1olx]|

Fle View Edt Simulate Comple Analysis Help

EFIFE Y
e SN N 1! -=:= | I
QERRR

..... . . . . {Ef.ﬂ.m

ttA v
Optioris
..... o ees
..... . . Lo . . . Metal 7 Gii
..... . . R . . . Metal 6 BE
..... . . R . . . Metals B
..... . . R . . . PR
metal 3 [
metal2 [l
Metal 1 B

..... . . S . . . Tin gate2 [l

D.100pm

Contact
Tit gate [l

_____ P+ Ditfusion [l

..... . . R . . . nu+ Ditfusion [l

Hwel =

Text A

H

f 717 r7Tryryrrrror

T

[Show palette menu... Hit 15 [CMGS 45nm - Highk Metal/Strain - 81 2

Figure 2-2 :The MICROWIND window as it appearsha initialization stage..

The palette is located in the lower right cornethaf screen. A red color indicates the currentrlaydially
the selected layer in the palette is polysilicog.Bing the following procedure, you can createamual
design of the n-channel MOS.

©  Fix the first corner of the box with the mouse. Wtkeeping the mouse button pressed, move the
mouse to the opposite corner of the box. Releaséutton. This creates a box in polysilicon laygr a
shown in Figure 2-3. The box width should not berior to 2A, which is the minimum width of the
polysilicon box.

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

Vertical aspect of the MOS

o
=

Click on this icon to acceggocess simulatioilCommandSimulate — Process section in 2D). The cross-
section is given by a click of the mouse at thstfoint and the release of the mouse at the squaind In
the example of Figure 2-4, three nodes appeararctbss-section of the n-channel MOS device: the ga
(red), the left diffusion calledource(green) and the right diffusion callelain (green), over a substrate
(gray). A thin oxide called the gate oxide isolaties gate. Various steps of oxidation have leastdcked
oxides on the top of the gate.

Inter-layer oxide

(low permittivity) _
Compressive stra

around the NMOS gate

field oxide MOS gate
(Si02) (TiN)

NMOS drain
(N+ doped)

NMOS source
(N+ doped)

Shallow trench isation
(STI, builtin (SiO2)

Silicon substrate
(lightly doped P)

Figure 2-4 : The cross-section of the nMOS devices.
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The physical properties of the source and of tlandare exactly the same. Theoretically, the soig¢ke
origin of channel impurities. In the case of thi®@S device, the channel impurities are the elestron
Therefore, the source is the diffusion area with lhwest voltage. The metal gate floats over trenokl,
and splits the diffusion into 2 zones, the sounce gne drain. The gate controls the current floanfrthe
drain to the source, both ways. A high voltage loa gate attracts electrons below the gate, creates
electron channel and enables current to flow. Avoltage disables the channel.

Static Mos Characteristics

£

Click on theMOS characteristicicon. The screen shown in Figure 2-5 appearsfdtesents théd/\Vd
static characteristics of the nMOS device. The M&® (width and length of the channel situatechat t
intersection of the polysilicon gate and the diifng has a strong influence on the value of theenir In
Figure 2-5, the MOS width is 580 nm and the lengt$0 nm. A high gate voltag®¥g = 1.0V) corresponds
to the highestd/Vd curve. FoiVg=0, almost no current flows, Ids is close to 0.

You may change the voltage valuesvaf, Vg, Vaoy using the voltage cursors situated on the i of
the window.

A maximum current around 0.55 mA is obtained ¥g=1.0 V, Vd=1.0 V, with Vs=0.0. The MOS
parameters correspond to SPICE model “BSIM4” [LIGiZPD

8] timos width=0.560, Length=0.040 Jm {29x2 I _lolx|
I vs. Wl IIcI vs. o | loa(d) ve. v | Threshold voltage | Capacitance | Levell I Level3 BSWM'
Iﬁdssn(unA) WTHO 0,190 é’ =
suu|c J,,a-«?;'ED Kt [o7s0 2

| e @ [ 4
4500 = ToxE [1500 2]
4uu|c _,efa} ogo| | [ovmo 2300

[T
asn|n J/'Z”Hfm’_ I DVT1 E’ |

| )/n/z peo [rzon 2l
300.0 MFACT [0.100 j
250|.c n/ﬂ/ o.60 PSCBE1|230.000 2'

ﬁ 0020 =
200'0 4 ™| o =
|' }/ us  [eoo0 r
-
150.0 0.40—] —_—
gttt a

| /f MW Temp®C |27.000 EII
100.0

| f T vl Vg Ys Vb
sod T 0,20 | B
0 04w 000 :

.00 020 .40 we D80 0.80 B U
E| E| vamomota:[io00 Forvamomote:fiooo sepva:  [oi00 | e[ Duma bis_| 25 Ada measure
0K | [é' Draw | BE Fit | |W=1|.|m‘ L=D.D4Uur‘rll |I0w\eakage LI 40 hNmos| ¢ Pmusl ‘

Figure 2-5 : N-Channel MOS characteristics
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Dynamic MOS behavior

This paragraph concerns the dynamic simulatiorhefMOS to exhibit its switching properties. The mos
convenient way to operate the MOS is to apply akcto the gate, another to the source and to obgbes
drain. The summary of available properties thatlmaadded to the layout is reported below.

VDD property _Vt r ?Er MJ}&(\Q\
High voltage property / A

N\ Node visible
VSS property Sinusoidal wave
Clock property

Pulse property

O Apply a clock to the gate. Click on ti&ockicon and then, click on the polysilicon gate. The
clock menu appears again. Change the namévigbe and click onOK to apply a clock with
0.1 ns period (45 ps at “0”, 5 ps rise, 45 ps at 51ps fall).

Add a Clock il

Label name : [EERE

DC Supply  Clock |F'u|se | Sinus |‘v’ariah|e| Grnundl Pl I hlath |

—Farameters
Level 1 (4 |1 oo Et:” I'T": - ;f_ -|E\,E|r}, ......
Level O 0 IW %Eg;fﬁ 1
Tirne low (tl) Rise time {tr]  Time high (th)  Fall time (tf)
D045 s 0005 ns 0045 ns 0005 ne

TU Slower | T Faster | > ~Last Clcu:kl

v 4 ,ﬂxssignl ¥ Cancel | I > Yisihle in simu g

Figure 2-6 : The clock menu and the clock propersertion directly on the MOS layout

® Apply a clock to the drain. Click on the Clock igcaclick on the left diffusion. Th€lock menu
appears. Change the name iMarain and click onOK. A default clock with 0.2 ns period is
generated. Th€lock property is sent to the node and appears at ghe mand side of the desired
location with the nam¥drain
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© Watch the output: Click on théisible icon and then, click on the right diffusion. CliEK. The
Visible property is then sent to the node. The @issed textsl is in italic, meaning that the

waveform of this node will appear at the next semioh.

Always save BEFOREnNy simulation. The analog simulation algorithmynsause run-time errors leading
to a loss of layout information. Click dfile — Save as A new window appears, into which you enter the
design name. Type for examposn.MSK. Then click orSave The design is saved under that filename.

Analog Simulation

Click on Simulate - Start Simulation. The timing diagrams of the nMOS device appearshasvn in
Figure 2-7. Select the appropriate time scale (p§Pto see the chronograms of the simulation. Click

“Reset” to restart simulation at any time.

=1}

| Analog simulation of example . .
: Display

1.00 " : T
: nagp || 17 Delay
|v Bus value
: ' | between. .,
| vdrain -
) : : and...
‘ s1 -
1.00 +

vdrair
| ~Evaluate-
[ Min/max/Ay
[ Frequency
Llst -
L, FFT
Time Scale-
500p

B

[ Step (ps)
| Jooo

vgate

R Poor “1”

|t Mare

Vit ; ; g : : |
H i ] ' ! X Close
— & Print

Good “0” 1 ‘
P= OnW

54ps ﬁﬂps 53ps 50ps
\ ﬂ f—j 0323 |

0350 0400 0.45Time(ns)

0.000 0.050 TDU 0150 0.200 D 250 0.300
-\leage vs. lime fVoltages and currents fVoltage vs. valtage fFrequency vs t\ma[ye diagram [

Figure 2-7 : Analog simulation of the MOS device.

Whenvgateis at zero, no channel exists so the nestaurceis disconnected from the drain. When the gate
is on {igate=1.0 V), the source copies the drain. It can beepkesi that the nMOS device drives well at zero
but poorly at the high voltage. The highest valdieveourceis around 0.6 V, that is VDD minus the
threshold voltage. This means that the n-channelSMiavice do not drives well logic signal 1, as
summarized in figure 2-8. Click dvlore in order to perform more simulations. Click Gioseto return to

the editor.

20 21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 2. The MOS device

0 1
T =
s ) 1
o —/\/|/\—— Good 0 1 N e— Poorl
(VDD-Vt)

Figure 2-8 : The nMOS device behavior summary

The MOS Models

Mos Level 1

For the evaluation of the curreluls between the drain and the source as a functiordgfgandVs, you
may use the old but nevertheless simple LEVELL1 rilesd below. The parameters listed in table 2-1
correspond to “low leakage” MOS option, which i€ thlefault MOS option in 45 nm technology. When
dealing with sub-micron technology, the model LEMEIs more than 4 times too optimistic regarding
current prediction, compared to real-case measamean

€= 8.85 10” F/m is the absolute permittivity

& = relative permittivity, equal to 10 in the caseH§O, (no unit)

Mode Condition Expression for the curréds
CUT-OFF Vgs<0 lds=0
LINEAR Vds<Vgs-Vt 2
ids=u0ff, Wy, - vy, - Vel
TOX L
SATURATED Vds>Vgs-Vt
’ ds=uo’ Wy —wry?
TOX L °
Mos Levell parameters
Parameter Definition Typical Value 45nm
NMOS PMOS
VTO Threshold voltage 0.18 V -0.15V
uo Carrier mobility 0.016 MV-s 0.012 M/V-s
TOXE Equivalent gate oxide thickness 3.5nm 3.5nm
PHI Surface  potential at  stron@.15V 0.15V
inversion
GAMMA Bulk threshold parameter 0.4¥ 0.4 \*°
W MOS channel width 80 nm minimum 80 nm minimum
L MOS channel length 40 nm minimum 40 nm minimum

Table 2-1: Parameters of MOS level 1 implementéal iicrowind

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

The “equivalent oxide thickness” TOXE is defined Bgu. 1. For the 45-nm technology, the high-K
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permittivity declared in the rule file is 10 (Pareter “GateK”), close to Hf@gate dielectric permittivity.
The physical oxide thickness is 3.5 nm, and byypglequ. 1, TOXE is 1.4nm. These parameters are in

close agreement with those in Song’s review ondSgate stacks [Song2006].

TOXE:( Esion thigh_k] (Equ. 1)

ghigh—k
Where
€sio2 = dielectric permittivity of SiO2 (3.9, no unit)
Enigh-k = High-K dielectric permittivity

thigh-k = High-K oxide thickness (m)

The MOS Level 3

For the evaluation of the currelals as a function o¥/d,VgandVs between drain and source, we commonly
use the following equations, close from the SPIGEVEL 3 formulations [Lee]. The formulations are
derived from the LEVEL1 and take into account acfgthysical limitations in a semi-empirical way.

Ids Model 1 would do this
Linear .
A e ~Satdaration il
Vds<vgs-vt //,,—— model !
]
]
I
]
I
[}
I
!
! Cutt-off
| / Vgs<Vt
i >
VdSAT Vds

Figure 2-9 : Introduction of the saturation voleady/dSat which truncates the equations issued frogefrl

One of the most important change is the introductibVdsa;; a saturation voltage from which the current
saturates and do not rise as the LEVEL1 model wdoldfigure 2-9). This saturation effect is sigo#it
for small channel length.

The BSIM4 MOS Model

An advanced MOS model, called BSIM4, has been dglatced in 2000 [Liu]. A simplified version of this
model is supported by MRowIND in its full version and recommended for nanosciehnology
simulation. BSIM4 still considers the operating ioeg described in MOS level 3 (linear for lovds
saturated for highvds subthreshold fowgs<V9, but provides a perfect continuity between thesggons.
BSIM4 introduces a new region where the impactzation effect is dominant.
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The number of parameters specified in the officédéase of BSIM4 is as high as 300. A significamtipn
of these parameters is unused in our implementafienconcentrate on the most significant paramgters
educational purpose. The set of parameters is egdliacaround 20, shown in the right part of fig+&0.

1=0.580, Length=0.040 | (29x2 lambda) =|olx|
LRERL] Ild wa g | loggdyve. vo | Threshald vattage | Capacitance | Lewell I Level3 'E'S"‘MEI
. o
‘ ki [ora0
= Kz oo 2
r‘*"'aﬁﬂ Towe [e00 2
450.0 a’re’a’ri DvT0 W}j
| = N
4000 ""{E’B} opo | [rE0 7m0 o
‘ M MFACT Wﬁ
350.0 PSCBE1M 4
un W:;!
300 Ua Wﬁ
‘ / 0.60 ve [fooer 4
250.0 vaar  [100.000 2]
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Figure 2-10 : Implementation of BSIM4 within Microd (full version only)

The PMOS Transistor

The p-channel transistor simulation features thmestunctions as the n-channel device, but with sjipo
voltage control of the gate. For the nMOS, the dehis created with a logic 1 on the gate. ForghtOS,
the channel is created for a logic O on the gatmadLthe filepmos.msk and click the iconMOS
characteristics. The p-channel MOS simulation appears, as shovigiare 2-11.
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0.830

Vidrai

1.00

ViGate

0.0

0.010
1.00
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Vout fps @i_ [pi—;
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0.0 0.5 10 15 20 248 3.0 38 4.0 4.5 Time(ns)

Figure 2-11 : Layout and simulation of the p-chand®©S (mypmos.MSK)

Note that the pMOS gives approximately half of thaximum current given by the nMOS with the same
device size. The highest current is obtained with bbwest possible gate voltage, that is 0. Froen th
simulation of figure 2-11, we see that the pMOSidevis able to pass well the logic level 1. But tbgic
level 0 is transformed into a positive voltageyadgo the threshold voltage of the MOS device §0v3.
The summary of the p-channel MOS performancespisrted in figure 2-12.

0 1

PMOS W /

— T

0 0

0 W (Poio\;t? 1 W Good 1

Figure 2-12 : Summary of the performances of a pM@&8ce

MOS device options

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

) high speed nmos
low leakage 0% - I v

Low leakage High speed
nMOS nMOS

Contact to

Metall layer
metall g

High stress film to
induce channel
strain

nMOS gate

Shallow trench
isolation (STI)

\

\

High-k oxide
and TiN gate

—i 8

. —_> €—
35 nm effective 30 i frecti
channel nm effective
channel

Figure 2-13 : Cross-section of the nMOS deviceldA@sDevices.MSK)

Parameter NMOS NMOS
Low leakage High speed

Drawn length (nm) 40 40

Effective length (nm) 35 30

Threshold voltage (V) 0.20 0.18

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

loff (hA/um) 7 200

Table 3: nMOS parameters featured in the CMOS 453annology provided in Microwind
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Figure 2-14 : 1d/Vd characteristics of the low legle and high speed nMOS devices
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Figure 2-15 : 1d/Vg characteristics (log scale)tb& low leakage and high-speed nMOS devices

The drawback of the high-speed MOS current drivinésleakage current which rises from 7 nA/um (low
leakage) to 200 nA/um (high speed), as seen itdiMg curve at the X axis location corresponding/tp=
0V (Fig. 2-15 b).

High-Voltage MOS

At least three types of MOS devices exist withie #b-nm technology implemented in Microwind : the
low-leakage MOS (default MOS device), the high-sh&#0S (higher switching performance but higher
leakage) and the high voltage MOS used for inptlatuinterfacing. In Microwind’s cmos45nm rule file
the I/O supply is 1.8 V. Most foundries also prap@ss V and 3.3 V interfacing.
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Figure 2-16 : Changing the MOS type through theaptayer

The MOS type is changed using an option layerasé at the upper part of the palette. The optigerl
box should completely surround the MOS device layDouble click the option layer. The Navigator men
is set to the “Options” menu (Fig. 2-16). The défaMOS type corresponds to the option “low leakage”

(Fig. 2-16). Change the option to “High Speed” &muth the simulation again.

The Transmission Gate

Both NMOS devices and PMOS devices exhibit poofgparances when transmitting one particular logic
information. The nMOS degrades the logic levellle pMOS degrades the logic level 0. Thus, a perfect
pass gate can be constructed from the combinatiomMOS and pMOS devices working in a
complementary way, leading to improved switchingfgrenances. Such a circuit, presented in figurer2-1
is called the transmission gate. Is@M, the symbol may be found in the&lvance menu in the palette. The

transmission gate includes one inverter, one nMQScae pMOS.

Enable

D Dataln

DataOut
tgate

0
Transmission J

gate

D Enab

rl>01%

L‘D;' D Datal

outz

—

—\)—
\

0
0 —ﬂ/\/; Good 0 1 _«/v; Good 1

Figure 2-17 : Schematic diagram of the transmisgjate (Tgate.SCH)

27

21/09/2009




MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 2. The MOS device

Transmission gate/&

HiRRARER

Figure 2-18 : Layout of the transmission gate (TEAMSK)

The layout of the transmission gate is reportefigure 2-18. The n-channel MOS is situated on thidon
the p-channel MOS on the top. Notice that the gaterols are not connected, a@snableis the opposite of
Enable

Metal Layers

As seen in the palette (Fig. 2-19), the availabitailayers in 45nm technology range fronetallto
metal8 The layemetallis situated at the lowest altitude, close to ttieva device, whilemetal8is nearly
10pm above the silicon surface. Metal layers dveléd according to the order in which they areitaibed,
from the lower levelrfietal]) to the upper levehfetal§.

In Microwind, specific macros are accessible toeetli® addition of contacts in the layout. Theserogc
can be found in the palette. As an example, you imstantiate a design-error freeetal7metal8contact by
selectingmetal§ followed by a click on the upper left corner idarthe palette.

X

DEREE

TE

R P IS

Options -

metsls [ |

Metal 7 G5 |

Metals  HE |

Metals B |

Mmetsl4 B |

Metal layers used for metal3 [ |-

short-distance wetz 2 Il |

interconnects Metal 1 B |
Layer used tc e

connect metal to Cortact -

TinN, metal to N+, RIEED

]

Hwel [EE 1

Text A =

Figure 2-19 : Microwind window with the palettelafers including 8 levels of metallization

28 21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 2. The MOS device

Metall MetalZ Via
_ ol x|

|mos | Path | Logo | Bus | Res | Dioe | capa |

Pads | Inducto

—Between metal

ith Poly and diff——— Repeat———
Metal7 to Metal2 &+ Paoly to Metal 1
a M+ Diffta Metal 1 Rows [l
[ Metalé to Metal?
" P+ Diffta Metal 1 Columns |1—
[~ Metals to Metald  (None)
[~ Metald to Metals
[~ Metal3 to Metald to meta

H

to diff column

[~ Metal2 to Metal3

¥ Metall to Metal2

; Generate Contact | x Cancel |

Figure 2-20 : Access to contact macros between Irfegtars

Contact

Contact poly-metall- Metal5..metal8

..-metal8

Contact
P+diff/metall..metal5

Contact
poly/metall..metal3

Figure 2-21: Examples of layer connection usingdbmplex contact command from Microwind (Contac&y

A metal7metal8 contact is depicted in Fig. 2-20. Additionally,cass to complex stacked contacts is
proposed thanks to the icon "complex contacts'as#a in the palette, in the second column of tlversa
row. The screen shown in Fig. 2-20 appears wherciiok on this icon. By default it creates a comtiaom
poly to metall and frommetallto metal2 Tick more boxes “between metals” to build morenptex
stacked contacts, as illustrated in the 2D crosBesereported in Fig. 2-21.
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Each layer is embedded into a low dielectric oxidderred to as “interconnect layer permittivity K{

Table 2), which isolates the layers from each othasross-section of a 45-nm CMOS technology isasho

in Fig. 2-21. In 45-nm technology, the layensetall.metal4 have almost identical characteristics.

Concerning the design rules, the minimum widtbf the interconnect is 8. The minimum spacing is A

Layersmetal5and metal6are a little thicker and wider, while layemsetal7 and metal8are significantly

thicker and wider, to drive high currents for powsepplies. The design rules foretal8are 25\ (0.5um)
width, 25A (0.5pm) spacing.

Added Features in the full version

BSIM4

The state-of-the art MOS model for accurateutation of nano-scale technologigs,

including a tutorial on key parameters of the model

High Speed Mos

New kinds of MOS device has beeondniced in deep submicron technologies, startiag th

0.18um CMOS process generation. The MOS called $igled MOS (HS) is available
well as the normal one, recalled Low leakage MOIS (L

High Voltage MOS

For 1/0s operating at high voltagpecific MOS devices called "High voltage MOSg

as

ar

used. The high voltage MOS is built using a thigide, two to three times thicker than the

low voltage MOS, to handle high voltages as reguibg the 1/O interfaces..

Temperature Effects

Three main parameters are owetdy the sensitivity to temperature: the thrésholtage
VTQ the mobilityU0 and the slope in sub-threshold mode. The modelirige temperatur
effect is described and illustrated .

@D

Process Variations

Due to unavoidable process tiar@ during the hundreds of chemical steps for
fabrication of the integrated circuit, the MOS d&eristics are never exactly identical fr
one device to another, and from one die to an otflente-carlo simulation, min/max/ty
simulations are provided in the full version.

the
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3 The Inverter

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

The Logic Inverter

In this section, an inverter circuit is loaded asithulated.click File -~ Open in the main menu. Select

INV.SCH in the list. In this circuit are one button sitgton the left side of the design, the inverter and
led. ClickSimulate- Start simulation in the main menu.

D’;&"*DQ—%”A DA——DC" """ I%nlﬂ

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

Now, click inside the buttons situated on the peftt of the diagram. The result is displayed onl¢ds. The

red value indicates logic 1, the black value meafagic 0. Click the buttoStop simulation shown in the
picture below. You are back to the editor.

Simulation Cortrol - IEI IEI
oM n @ Fast | Slow

[¥ Show wire state [ Pinstate [ Spmbal state _I

Figure 3-2 : The button Stop Simulation
Click the chronogram icon to get access to the chronograms of the pusvsimulation (Figure 3-3). As
seen in the waveform, the value of the outputeslélgic opposite of that of the input.

2 Omsidi Q.o 200 400 E0.0 20.0 100.0
Onsidie
Tiomhmmmbeoombmm b

& [buttan]
néd, [light1]

Figure 3-3 : Chronograms of the inverter simulati@mosinv.SCH)
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Double click on the INV symbol, the symbol propestiwindow is activated. In this window appears the
VERILOG description (left side) and the list of pi(right side). A set of drawing options is alspaded in
the same window. Notice the gate delay (3 picoisédo the 45-nm technology), the fanout that repnés
the number of cells connected to the output pirc€ll connected), and the wire delay due to thi$ cel

connection (an extra 2 ps delay).

The CMOS inverter

The CMOS inverter design is detailed in the figoeébow. Here the p-channel MOS and the n-channel MOS
transistors function as switches. When the inpgnadiis logic O (Figure 3-4 left), the nMOS is sshied off
while PMOS passes VDD through the output. Whenripat signal is logic 1 (Figure 3-4 right), the pi8O

is switched off while the nMOS passes VSS to thpuaiu

AN AN

= | | —0
|:| el a B mn.lJ%: . N2 _FMD{%E
[

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

The fanout corresponds to the number of gates cvethéo the inverter output. Physically, a largeofat
means a large number of connections, that is @ laay capacitance. If we simulate an inverteréoadith
one single output, the switching delay is smallwiNd we load the inverter by several outputs, tleday
and the power consumption are increased. The p@eesumption linearly increases with the load
capacitance. This is mainly due to the current eded charge and discharge that capacitance.

Manual Layout of the Inverter

In this paragraph, the procedure to create mantadlylayout of a CMOS inverter is described. Click
icon MOS generator on the palette. The following window appears. Byadlt the proposed length is the
minimum length available in the technology (2 lamjydand the width is 10 lambda. In 45-nm technology
where lambda is 20 nm (0.02 pm), the corresponding is 0.02 um for the length and 0.04 pm for the
width. Simply clickGenerate Deviceand click on the middle of the screen to fix @S device.
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Access to MOS '! Layout Generator = |EI |£|

generator

|F'ath | Logo | Bus | Res | Diadel Capal

Moz Parameter

x| Wiidth MOS |u.2uu nrm _ L Source
Length MOS  |0.040 L
1 g [

$ iy oL Mbr of fingers |1_ 1' 2" In

1tV nMOS pMOS  Double gate
Option IInit:
'n—”:I T:,q[: 'ﬁ”[I @ low leakage (® in micron (um)
(" high speed (" inlambda
Imax:0.156maA (" high voltage [~ Add polarization

3 )
aj« Generate Device | x Cancel |

Figure 3-5 : Generating a nMOS device

Click again the icoMOS generator on the palette. Change the type of device bykaditp-channel and
click Generate DeviceClick on the top of the nMOS to fix the pMOS devi

The MOS generator is the safest way to create a BM&&e compliant to design rules. The programmable
parameters are the MOS width, length, the numbegatds in parallel and the type of device (n-chhone
p-channel). By default metal interconnects and acstare added to the drain and source of the MO&.
may add a supplementametal 2interconnect on the top aietal 1for drain and source.

Connection between Devices

Within CMOS cells, metal and polysilicon are usedirerconnects for signals. Metal is a much better
conductor than polysilicon. Consequently, polysiticis only used to interconnect gates, such as the
bridge (1) between pMOS and nMOS gates, as deskcribethe schematic diagram of figure 3-6.

Polysilicon is rarely used for long interconneetsgept if a huge resistance value is expected.

(5) Connexion tc
(1) Bridge

Ll/power supply VDD

between nMos )
and pMos gates (3) Bridge betweel
\ E / nMos and pMos

(4) Connexion tc
S output

(2) Contact tc E

input

Figure 3-6 : Connections required to build the irtee (Cmosinv.SCH)

33 21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL

(1) Polysilicon Bridge
between pMOS and
nMOS gates

3. The Inverter

\ N

2 lambda polysilicon gat
size to achieve fastest

| switching

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

In the layout shown in figure 3-7, the polysilicbridge links the gate of the n-channel MOS with glage
of the p-channel MOS device. The polysilicon seags$he gate control and the bridge between MO&sgat

Useful Editing Tools

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

the

DVeS

en

Command Icon/Short cut Menu Description
UNDO CTRL+U Edit menu Cancels the last editing @pien
DELETE F Edit menu Erases some layout included in
given area or pointed by the mouse.
CTRL+X
STRETCH i Edit menu Changes the size of one box, or m
the layout included in the given areal
COPY Edit Menu Copies the layout included in the gi
CTRL+C area.
VIEW :lf_ View Menu Verifies the electrical net connections.
ELECTRICAL
NODE CTRL+N
2D CROSSt & Simulate Menu Shows the aspect of the circui
SECTION i vertical cross-section.

Create inter-layer contacts

As the gate material has a high resistivity, masapreferred to interconnect signals and supplies.
Consequently, the input connection of the inveilgenade with metal. Metal and TiN are separatedrby

oxide which prevents electrical connections. Thenefa box of metal drawn across a box of TiN duas

Figure 3-8 : A set of useful editing tools

allow an electrical connection (Figure 3-9).
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Metal (4 min) Contact
2x2 A
N (@)

N L~

/1 Enlarged TiN are
Gate material (2 (4x4 )

min)
(poly in 65-nm and
above, TinN in 45-

nm)\

Figure 3-9 : Physical contact between metal and TiN

Metal bridge betwee
nMOS and pMOS

/ gates drains
W

Metal extension fo

DR
AR AR B -

future interconnection - BT

Figure 3-10 : Adding a poly contact, poly and mdtatiges to construct the CMOS inverter (InvSte|@Ky

Thick oxide
(HfO2)

Metal 1

NMOS gate
(TiN)

Ground
polarization

Source (N+
diffusion)

Drain (N+
diffusion)

Figure 3-11 : The 2D process section of the inverteuit near the nMOS device (InvSteps.MSK)
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To build an electrical connection, a physical cohta needed. The corresponding layer is calledhta".
You may insert a metal-to-TiN contact in the layasing a direct macro situated in the palette.
TheProcess Simulatoshows the vertical aspect of the layout, as wiéndation has been completed. This
feature is a significant aid to understand theutirstructure and the way layers are stacked orotagach
other. A click of the mouse on the left side of thehannel device layout and the release of thesmatithe
right side give the cross-section reported in &g8+10.

Supply Connections

The next design step consists in adding supply eciions, that is the positive supply VDD and theugd
supply VSS. We use the metal2 layer (Second levelmetallization) to create horizontal supply
connections. Enlarging the supply metal lines reduihe resistance and avoids electrical overstidss.
simplest way to build the physical connection istlll ametal 1 /metal Zontact that may be found in the
palette. The connection is created by a plug cédiled betweermetal 2and metal layers.

The final layout design step consists in addingapphtion contacts. These contacts convey the 85 a
VDD voltage supply close to the bulk regions of tlevice. Remember that the n-well region shouldagisv
be polarized to a high voltage to avoid short-atrbetween VDD and VSS. Adding the VDD polarization
in the n-well region is a very strict rule.

Via to connect metal —
and metal 1 :

N+/Nwell contact ant
bridge to VDD

P+/Pwell contact an
bridge to VSS

Figure 3-12 :Adding polarization contacts

Process steps to build the Inverter

At that point, it might be interesting to illusteathe steps of fabrication as they would sequence i
foundry. MCROWIND includes a 3D process viewer for that purposeek@imulate - Process steps in

3D. The simulation of the CMOS fabrication procesgasformed, step by step by a click Maxt Step
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Figure 3-13 : The step-by-step fabrication of thedrter circuit (InvSteps.MSK)

On figure 3-13, the picture on the left represeénésnMOS device, pMOS device, common polysilicotega
and contacts. The picture on the right represémsame portion of layout with the metal layerslstd on
top of the active devices.

Inverter Simulation

The inverter simulation is conducted as followsstly, a VDD supply source (1.0 V) is fixed to thpper
metal 2 supply line, and a VSS supply source (0.0 V) i®di to the lower metal2 supply line. The
properties are located in the palette menu. Sinspbk the desired property , and click on the dasir
location in the layout. Add a clock on the inverteput node (The default node namieckl has been
changed intd/in)and a visible property on the output ndg=ut

VDD property

\

Visible node
property

A clock property
should be added to

this node

int

Visible

VDD

VSS property /

Figure 3-14 : Adding simulation properties (InvHé@SK)
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I! Analog simulation of DADoCUments and Sett = IEIIEI
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Figure 3-15 : Transient simulation of the CMOS intge (InvSteps.MSK)

The commandsimulate - Run Simulation gives access to the analog simulation. Selecsitielation
mode Voltage vs. Time The analog simulation of the circuit is perform@&the time domain waveform,
proposed by default, details the evolution of tbiagesinl andoutl versus time. This mode is also called
transient simulation, as shown in figure 3-15.

The truth-table is verified as follows. A logic “@brresponds to 0 V a logic “1" to a 1. 0 V. Whée input
rises to “1”, the output falls to “0”, with a 7 miesecond delay (7.10-12 second). The reason whgelay

is larger before time 1.0 ns is that the circuitigirming up” as the voltage supply suddenly riges 0 to
VDD at time= 0.0ns. The steady-state is reacheithat=1.0 ns.

Ring Inverter Simulation

The ring oscillator made from 5 inverters has thepprty of oscillating naturally. We observe the
oscillating outputs in the circuit of Fig. 3-15 amasure their corresponding frequency. The rirglator
circuit can be simulated easily at layout levelhwiicrowind using various technologies. The timerzdin
waveform of the output is reported in Fig. 3-16 @8 um, 0.18 um and 45-nm technologies (high-speed
option). Although the supply voltage (VDD) has beeduced (VDD is 5V in 0.8 um, 2V in 0.18um, and
1.0 V in 45-nm), the gain in frequency improvemisrgignificant.
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Ring oscillatar with 5 inverters
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Figure 3-15: Schematic diagram and layout of thegroscillator used for simulation (INV5.MSK)
Use the commanéile —» Select Foundryto change the configuring technology. Select setiaidy the
cmos08.RUL rule file which corresponds to the CMOS 0.8-pumhtedogy, thecmos018.RUL rule file
(0.18um technology), and eventuatignos45nm.RUL which configures Microwind to the CMOS 45-nm
technology. When you run the simulation, observe thange of VDD and the significant change in
oscillating frequency.

Technology Supply | Oscillation Chronograms
0.8 pm 5V 0.76 GHz e ; —————
= 3 3 e \\ ;1mmS; \\ 1 310ns ;\\ j//
/075? ; /0766 ; /D?GG :
iSU i55 :E 0 :E B 5 Time(ns
0.18 um 2V 7.5 GHz /\
5 0.134ns \
745G
A
‘i[l[l[l g[lﬁl] jHEIEI 4160 4.200 4260 4300
45 nm 10V 41 GHz
85
000 1050 100 1,150 1200 {250 1200 j.a50 i 400

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

Power estimation Analysis of the inverter consuomptthe leakage, etc...
3-state inverter A complete description of the&estircuits, with details on the structure, bebavi
Inverter sizing effects Impact of the width andgénof MOS devices on the inverter characteristics.

Real-time 3D view

LS . w ML §E T 8§,

[¥ Draw Substiate

s =

Highlight layer

option -

Exercises Some basic exercises related to thetémagsign and its static/dynamic performances
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4 Basic Gates

Introduction

Table 4-1 gives the corresponding symbol to easiclgate as it appears in the logic editor windswvall
as the logic description. In this description, fyenbol & refers to the logical AND, | to Or, ~toVERT,
and ~ to XOR. A complete description of basic gatplementation may be found in [Backer].

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

AND ] Out=a&b;

NAND = Out=~(a.b);

OR iy Out=(a|b);

NoR Te Out=~(a|b);
XOR Out=a’b;

XNOR b Out=~(a’b);

Table 4-1. The list of basic gates

The Nand Gate

The truth-table and logic symbol of the NAND gatghw2 inputs are shown below. InsbH, select the
NAND symbol in the palette, add two buttons and lamep as shown above. Add interconnects if necgssar
to link the button and lamps to the cell pins. Yetihe logic behavior of the cell.

N
inl in2  Out in1
|:| out
0 0 1 inz
0 1 1
1 0 1
1 1 0

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

In CMOS design, the NAND gate consists of two nMi@Series connected to two pMOS in parallel. The
schematic diagram of the NAND cell is reported bel®dhe nMOS in series tie the output to the grotand
one single combination A=1, B=1.
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.
| ]
DA { — IMand2
]

W=

j\l’SS
A

Figure 4-2 : The truth table and schematic diagraitthe CMOS NAND gate design (NandCmos.SCH)

For the three other combinations, the nMOS patiuisbut a least one pMOS ties the output to thplsu
VDD. Notice that both nMOS and pMOS devices arallisdheir best regime: the nMOS devices pass “0”,
the pMOS pass “1".

You may load the NAND gate design using the comnfaibel -~ Read- NAND.MSK. You may also
draw the NAND gate manually as for the inverterega&n alternative solution is to compile directhet
NAND gate into layout with MCROWIND . In this case, complete the following procedure:

In MICROWIND , click on Compile - Compile One
x|| Line. Select the line corresponding to the 2-input

NAND description as shown above. The input and

[ output names can be by the user modified.

b3 Compilel X cancal | & Help |

Click Compile. The result is reported above.

The compiler has fixed the position of VDD power
supply and the ground VSS. The teAtsB,andS have
also been fixed to the layout. Default clocks are

Pmos
devices

assigned to input& andB.

Nmos
devices

Figure 4-3 : A NAND cell created by the CMOS cospil
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The cell architecture has been optimized for eagply and input/output routing. The supply barsenthe
property to connect naturally to the neighborind)sceso that specific effort for supply routing mot
required. The input/output nodes are routed ontdpeand the bottom of the active parts, with a l&agu
spacing to ease automatic channel routing betweks c

The AND gate

As can be seen in the schematic diagram and inahmpiled results, the AND gate is the sum of a NAND
gate and an inverter. The layout ready to simutate be found in the fil&dND2.MSK In CMOS, the
negative gates (NAND, NOR, INV) are faster and ¢enghan the non-negative gates (AND, OR, Buffer).
The cell delay observed in the simulation of figdrd are significantly higher than for the NAND2tga
alone, due to the inverter stage delay. Noticéwam-up” phase due to the progressive setup optveer
supply, followed by a steady state (time=1.0ns).

R . 00 01 02 03 04 05 ‘08 07 ] 08 Time(ns)

Figure 4-4 : Layout and simulation of the AND géad2.msk)

The XOR Gate

The truth-table and the schematic diagram of theOSVXOR gate are shown above. There exist many
possibilities for implementing the XOR function anCMOS. The least efficient design, but the most
forward, consists in building the XOR logic circriom its Boolean equation.
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{:1

XOR 2 inputs a

A B ouT out
0 0 0 b

0 1 1

1 0 1 Haor

1 1 0

The proposed solution consists of a transmissio@-gaplementation of the XOR operator. The truthida
of the XOR can be read as folloW B=0, OUT=A, IF B=1, OUT = Inv(A).The principle of the circuit
presented below is to enable the A signal to flomadeN1 if B=1 and to enable thav(A) signal to flow
to nodeN1 if B=0. The nodeOUT invertsN1, so that we can find the XOR operator. Notice thatnMOS
and pMOS devices situated in the middle of the gatee as pass transistors.

o

| ] L Xor2

O

Figure 4-5 : The schematic diagram of the XOR gg@RCmos.SCH)
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Figure 4-6 : Layout and simulation of the XOR ge®R.MSK).
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You may use BCH to create the cell, generate the Verilog desanpand compile the resulting text. In
MICROWIND, the Verilog compiler is able to construct the X&#tl as reported in Figure 4-6. You may add
a visible property to the intermediate node whietves as an input of the second inverter.

See how the signal, calledternal, is altered bytn (when the nMOS is ON) andtp (when the pMOS is
ON). Fortunately, the inverter regenerates the adigdowever, the output signal “Xor” is not a clean
CMOS signal, and this type of compact design magl@ndoned and replaced by more conventional XOR
circuits.

Multiplexor

Multiplexing means transmitting a large amountrdbrmation through a smaller number of connectidns.
digital multiplexor is a circuit that selects biganformation from one of many input logic signaad
directs it to a single input line. The main compunef the multiplexor is a basic cell called thansmission
gate. The transmission gate let a signal floiarifbleis asserted.

Sel InO In1 f
0 X q 0
0 X 1 1
1 0 X 0
1 1 X 1
li|finu I:W %
Sel=0: f=in0 f Sel=1: F=intl

ol

D= o

clk i0

ML

clk2 i1

sel Sel sel

Figure 4-7 : The transmission gate used as a mekigr (MUX.SCH)
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In DScH, a transmission gate symbol exists (Figure 4t7indludes the nMOS, pMOS and inverter cells.

Concerning the layout, the channel length is uguaik minimum length available in the technologyd a

the width is set large, in order to reduce the giticdon’ resistance of the gate.

Added Features in the Full version

Basic Gates

Truth-table and schematic diagram & three-input OR gate. AND 4 inpufs.

Generalization.

Complex Gates

The technique produces compact wihshigher performances in terms of spacing

and

speed than conventional logic circuits. The concémomplex gates is illustrated through

concrete examples. The logic implementation of dempates in BCH is also described.

U

n

Multiplexor Description of a 2 input lines and n selection lines whose bit corations determin
which input is selected. Transmission gate impleatén of the 8 to 1 multiplexor.

Interconnect layers andescription of the interconnect materials: metaital6, supply metals, via, RC effects

RC behavior interconnects, as well as basic formulations ferrigsistance, inductance and capacitance.
lllustration of the crosstalk effect in intercontsec

Exercises XOR, complex gates, design considerations
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5 Arithmetics

This chapter introduces basic concepts concerriegdesign of arithmetic gates. The adder circuit is
presented, with its corresponding layout createchually and automatically. Then the comparator,
multiplier and the arithmetic and logic unit aresaldiscussed. This chapter also includes details on
student project concerning the design of binarge¢oimal addition and display.

Unsigned Integer format

The two classes of data formats are the integerreadnumbers. The integer type is separated o t
formats: unsigned format and signed format. Thé meanbers are also sub-divided into fixed point and
floating point descriptions. Each data is coded®,i6 or 32 bits. We consider here unsigned integers

described in figure 5-1.

=1
2'=2
=4
2°=38
2'=16
2°=32
2°=64
2'=128

’27 26 B 20 2P| 2 2t |20

Unsigned integer, 8 bit

’215 ol4 513 . . 24| 28 2 | ol 20

2= 1024

2'5= 32768

2?°= 1048576
2= 1073741824
2%1= 2147483648

Unsigned integer, 16 bit

231 230 92¢ . y . 2% 28 2 | ol 20

Unsigned integer, 32 bit

Figure 5-1 : Unsigned integer format

Half-Adder Gate

The Half-Adder gate truth-table and schematic diagare shown in Figure 5-2. The SUM function is enad
with an XOR gate, the Carry function is a simple[ANate.

00
01
10

11
. Carry

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

HALF ADDER
A M CARRY : A :: ______ %
:+_.EI .

OoOrFrLr O
rooo@

a7 21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 5. Arithmetics

FULL You may create the layout of the half-adder fully iand in order t
CUSTOM |create a compact design. Use the polysilicon an@linéayers for shor

—~ J

LAYOUT connections only, because of the high resistandbeasfe materials. Use
Poly/Metal, Diff/Metal contact macros situated mmetupper part of the
Palette menu to link the layers together.
LAYOUT Load the layout design of the Half-Adder uskite - Openand loading
LIBRARY |the file HalfAdder.MSK

VERILOG COMPILING. Use BCH to create the schematic diagram of the half-adderify the circuit
with buttons and lamps. Save the design under #&meeidalfAdder.sch using the commanéile -
Save As.Generate the Verilog text by using the commd&ieé - Make Verilog File. The text file
HalfAdder.v is created. In MCROWIND , click on the comman@€ompile - Compile Verilog File.
Select the text filiHalfAdder.v . Click Compile. When thecompiling iscomplete, the resulting layout
appears shown below. The XOR gate is routed oreflh@nd the AND gate is routed on the right. Now,
click on Simulate - Start Simulation. The timing diagrams of figure 5-3 appear and sould verify the
truth table of the half-adder. |

1.00

B
I=

Eﬂ_ﬂ
£1.00

.00 :

i

//-/4& i s R e

Carr‘y'i

s

11.00

A AR 7 T 7 T S AT T T
O A

AL LSS LSS AELLALEL LS /// iﬂ K
{0.850ns 4 000ns ] : 4 000ns
Sum i/HJEG 0255 41021ps ; {02567
e e ;D B H B ; H v
Izé(ﬁu ' ' ‘ p . y "
. 0o 10 20 20 40 50 80

Figure 5-3 : Compiling and simulation of the hatlder gate (HalfAdder.MSK)

Full-Adder Gate

The truth table and schematic diagram for the ddtter are shown in Figure 5-4. The SUM is made with
two XOR gates and the CARRY is a combination of NAMNjates, as shown below. The most
straightforward implementation of the CARRY cellA8+BC+AC. The weakness of such a circuit is the

use of positive logic gates, leading to multiplegets. A more efficient circuit consists in the sdorection
but with inverting gates.
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Full Adder
A B C Sum Carry
0 0 0 0 0 DA >
0 0 1 1 0
0 1 0 1 0 O Sum
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1 D £
1 1 0 0 1
1 1 1 1 1
Carry

a7

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

Full-Adder Symbol in D scH

When invokingFile - Schema to new symbglthe screen of figure 5-5 appears. Simply cliK. The
symbol of the full-adder is created, with the naiadd.symin the current directory. A Verilog description
of the circuit is attached to the symbol.

We see that the XOR gates are declared as primititele the complex gate is declared usingAksign
command, as a combination of AND (&)and OR (]) apears. If we used AND and OR primitives instead,
the layout compiler would implement the functionarseries of AND and OR CMOS gates, loosing the
benefits of complex gate approach in terms of@efisity and switching speed.

Use the commanbhsert — User Symbolto include the full-adder symbol into a new cikcéior example,

a 4-bit adder is proposed in figure 5-6. The tweptiiys are connected to the identical data, but are
configured in different mode: hexadecimal format thee right-most display, and integer mode for lgfe
most display.

Schema to Symbol

Vos :\/Er"oqz ~Symbal previe:

module fadd( C,B, A, Carry, Sum)
DI-L input €, B, A;
oUthut Carry, Sum
Sum wire wS,ws,ws,wlD: s Sum
s [ | A4~ S T xor #(18) worz_1(w5, A, B);
E‘-—' " nand #{18) nandZ_2 (w6, A,C);
: nand #(18) nandz 3 (v8,B,4); B Ca
: xor #{18) xor2_4(Sum,ws,C);
C : nand #{18) nandi_S (Carry, ws,wld, us):
D" """"""""""""" nand #(18) nandz_6(wld,B, <) by
: encmodule

iee
3 Carry { Refresh | A x|
! ~Symbal Properi
i Name fadd
! L— Title fadd
Save as DiDocurments and | ==
o 0K

¥ Cancel |

Figure 5-5 : Verilog description of the full add@gadd.SYM)
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(URSigngdntt  (HemR{{1:
________ A e A B
B | Camy 27 :
D o Sum [
A19|A|BF—=--1----- v LfullAdder ;
U5 ]h[ ';&-‘ ------------ g
O e8| -, : i
. S =B | gCarry 5
b ; C Sum ;
: Lfulladder ;
CIDIE|F
AP A B - Carry I S
ylalb|T—--r" c |5 um. :
0l1jc]3
a AT Larry
B haIfAdder_S_U_m ____________________ o :

Figure 5-6 : Schematic diagram of the four-bit addad some examples of results (Add4.SCH).

Comparator

The truth table and the schematic diagram of tmepavator are given below. The A=B equality représen
an XNOR gate, and A>B, A<B are operators obtainedding inverters and AND gates.

Comparator

i i )} — 7
(- A=B

0 1 0 1 0 B:

1 0 1 0 0 '

1 1 0 0 1 D—%ﬁ

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

Using DscH, the logic circuit of the comparator is designed aerified at logic level. Then the conversion
into Verilog is invoked FFile - Make verilog File). MICROWIND compiles the verilog text into layout. The
simulation of the comparator is given in Figure.5FBe XNOR gate is located at the left side ofdbsign.
The inverter and NOR gates are at the right sidirAhe initialization A=B rises to 1. The clock& andB
produce the combinations 00,01,10 and 11.
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e

e

i e _@////////‘//

|/////////////////////-
.t .
ASD

. h E : T "
_r%///////////////////////////

éﬁ//?/////// 7 )////////7////7////////£ﬁ

!A/A/-/)é'////////////// B Rt SRy ﬁ

|%/#/////////////////////////////////////////////////////////////////////////////////

Al |

AsE |

o : f : ; : i i 0.000
12 13 14 15 18 17 18 18 Time(ns)

Figure 5-8 : Simulation of a comparator (COMP.MSK).

Fault Injection and test vector extraction

Design of logic integrated circuits in CMOS teclowyt is becoming more and more complex since VLSI is
the interest of many electronic IC users and martufars. A common problem to be solved by designers
manufacturers and users is the testing of these IIC®SCH 3.5, we introduce the concept of fault,
concentrate on stuck-at-0 and stuck-at-1 hypothesid show how these faults may appear. Then, using
DSCH, we show how to build a reference truth-tabley how to simulate these faults applied to irgnd
output nodes of the circuit under test. We invedtdhow test patterns detect these faults. Theatd goal
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is to classify the efficiency of test patterns,omtler to select the most efficient test vectorsl enerefore
reduce the number of test patterns.

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

robust connection to the ground.

Node
under test >

Designed Fabricated
interconnects interconnects with
stuck-at-0 fauli

Figure 5-9 : Physical origin of a node fault stuakO.

There are several ways to nominate stuck-at faaltdhaving the same meaning. In DSCH, we shall use
“N@0” for nodeN stuck-at 0 and “N@1” for nodd stuck-at-1. In DSCH version 3.5, build a simplegit

as shown in Fig. 5-10, including 2 inputs and oo#uwt, and click “Simulate” “Logic Circuit Testing”.
The screen shown in Fig. 5-11 corresponds to tmstoaction of the reference truth-table. In theldab
situated in the left part of the screen, all inpat&l outputs are displayed, and the input valuespes-
positioned. In the case of the AND gate, two inguend B are listed.

=lolx|

[cEn [xrPo scmmasasss rEDAALE (2
e x|

Basic |Advanced |

o 4 <

o

@B Y v o@ %

»
&
@

Symbol list

[ y

Figure 5-10 : testing an AND gate
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Bl Circuit Testing _I— _ID il
Truth-Takls |Test\/emors ﬁ:é.\éi.ﬁamf B 2-Inject Fault| 3-Analyse Vedorsl
A B C rInformation
0 0 Step 1 - Generate Reference Truth Table =
0 1 The list of inputs and outputs is extractad.
7 i 105 are classified by alphabetic arder. —
1 1 Fress "Logic Simulation” to execute the clock
assignement and simulate the circuit
- All inputs will be assigned clocks. LI

~Parameters
Basic clock period

BB Update 10 List

= Logic Simulation

m Chronograms
1} 1.0ns

BB Extract Truth takle

Previousl

[ Mext |

x Close |

Figure 5-11 : Building the reference truth-tablen@?_test.SCH)

Click “Logic Simulation”, click “Chronograms” to sehow DSCH has simulated the circuit: clocks have
been automatically assigned to inputs, with permdtiplied by 2 in order to cover the whole trutibte in

one single simulation. Click “Extract Truth-tabléd feed the table with the values obtained in the
chronograms of the circuit logic simulation (Figl3).

Click “Next”. The tool moves to" section “2- Inject Fault”. The menu shown in Fi§. corresponds to the
fault injection. Select the type of fault (stuckéatstuck-at-1, both), the nodes on which theseatsodill
be applied and the output considered for test. &auwt, s@O0 is applied to all inputs, and the fostput

declared in the list is observed.

& circutt Testing _|of x|
Truth-Table | TestVectors {i-Get Truth Table | 2- Inject Fault| 3- Analyse vertors |
A B C [Information
0 [ Step 1 - Generate Reterence Truth Takle =
0 1 0 The list of inputs and outputs is extracted
7 0 ] 105 are classified by alphabstic order. —
1 1 1 Fress "Logic Simulation" to execute the clock
assignement and simulate the circuit
- Al inputs will be assigned clocks. LI

P

Basic clock period

1.0 ns B8 Updats 10 List
= Logic Simulation
{m Chronograms

0 2.0ns

B Extract Truth tahle |

Previuusl 1= MNext |

¥ Close |

Figure 5-12 : Computing the reference truth-talsteni logic simulation (And2_test.SCH)
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- Circuit Testing _I— _ID il
Truth-Table TestVeclors 1- Get Truth Tehle | 2- Inject Fault | 3 - Analyse vectars |
&8 oo 01 10 n Information
Cfadthes) |0 0 0 1 Step 2 - Select faults and compute response 1=
AE0 1} 1} 1} 1}
Selectthe type of fault and the list of pins on
EEW ___ which the faults will be applied
Also select the output to be tested o
hd
~Parameter 3
Al ety A5
Type of fault Stuck-at-0 (@20) -
Applyto: Inputs -
Teston output,  |C -
b_,,-p Generate Faults |
PR generatad v the lakie
|- Simulate fault n2 - B0 |
{m Chranograms
0 2.0ns

H Extract Fault Response |

- Prevmusl [ Mext | x Close |

Figure 5-13 : Two logic simulations are necessargxtract the response to the A@0 and B@O faulid ZAtest.SCH)

Click “Generate Faults” to list the desired fauhsthe test vector grid situated on the left of Hueeen.
Notice that each column corresponds to one tesbreds we have 2 inputs, we have 4 columns, each
corresponding to one test vector for inputs ABpeesively 00, 01, 10, and 11. The two faults coesed
here are A@O and B@O.

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

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

LY | g 0.0 10 20
—lo.mns*dw I T T e [ S [
—1 Node A “Stuck-at-0

R \ =

Figure 5-14 : Chronograms showing the node A stateR-(And2_test. SCH)

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

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

By selecting “Stuck-at 0 & stuck-at 1", and applyiit to Inputs & Outputs, we obtain the following
response to the 6 faults:
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&l circutt Testing =1olx]
Truth-Takle TestVectors 1-Get Truth Table  2- Inject Fault | 3 - Analyse vectars |
4B oo ol 10 1 Information
Cllaulties) |0 0 0 1 [Step 2 - Select faults and compute response =
atel] 0 a 0 o

Selectthe type of fault and the list of pins on
e 0 ! 0 ! iwhich the faults will be applied
E@0 0 a 0 o 1
e B 7 p 1 WAlso selectthe outputto be tested J

-

C@o 1} o 1} i}

~Par

Type of fault Stuck-at-0 (@0) anc-at1( «

Apphy to Inputs & Outputs -
Teston output. |C -

¢_f,.° Generate Faults

EIRUYS genaratad i the iable

|- Simulate faultne - C@1

i Chronograms

BH Extract Fault Riesponse

L | Prevmual = Ment | ¥ Close |

Figure 5-15 : Response of the circuit to all polsituck-at faults (And2_test.SCH)

B circuit Testing ;IEIEI

Twih-Table TestVectors | 1- Get Truth Table | 2- Inject Fault 3-Analyse vactars |
A8 oo ol 10 ah Detected |~ Information
Cllaultfies] |0 0 0 1 Step 3 - Analyse testwectors ;I
A0 0 0 1} <0 Ves
i : : Wi i

) 0 A 0 ] s Click "Highlight detection vectors" to display

which walue is different from the reference
B@E0 0 0 0 <0 Yes truth-takle

'The command also counts how many fault
Be 0 0 i ) Yes each vectar is able to detect.
C@&0 1}
c@l =

Detect score [1/6

Highlight detection vectors |

100 % coverage

Sy hea? e e W SR D SOMEVE e Mghes! ColErEgs

[]oo

LI_I LI - Prevmusl R | ¥ Close |

Figure 5-16 : Detection score for all test patte(dsd2_test. SCH)

Click “Next”. The tool moves to "3 section “3- Analyse Vectors”. Click “Highlight Dettion Vectors”.
From the results computed in Fig. 5-15, we may the¢ not all test vectors have the same detection
efficiency. The test vector <11> (last column) lideato detect 4 faults upon the total of 6. Thisanwethat
applying 11 to inputs A,B leads to a result on @edént from the reference logic value 1 (line “@(R-
Free)”, which enables the test vector 11 to aleet tser from the possibility of 4 possible faulkg®O0,
B@0, B@1, C@0. All faults may be tested (100% cage} using three vectors: 01, 10 and 11.
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Added Features in the Full version

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

Arithmetic and  Logig Basic principles of micro-operations on 8 bit fotma

Units

Testing Complete case studies with full-adder, dempates
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6 Microcontroller Model

This chapter details the implementation of a sifigai model of two microcontroller: the 8051 fronteh
and the 16f54 from PIC.

8051 Model

The 8051 core includes an arithmetic and logic tmgupport a huge set of instructions. Most ofdaga
format is in 8 bit format. We consider here thddwing instructions, listed in table 1. Some instions do

not appear in this list, such as the multiplicatéom division.

57

Table 1. Some important instructions implementetiénALU of the 8051 micro-controller

21/09/2009

Mnemonic | Type Description

CLR Clear Clear the accumulator

CPL Complement Complements the accumulator, abi memory contents.
All the bits will be reversed.

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

SUBB Substractor Subtracts the operand to the \&ltlee accumulator, leaving
the resulting value in the accumulator.

INC Increment Increment the content of the accutoulahe register or the
memory.

DEC Decrement Decrement the content of the accuomyldne register or the
memory.

XRL XOR operator Exclusive OR operation between #uweumulator and the
operand, leaving the resulting value in the accatoul

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

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

RR Rotate right Shifts the bits of the accumulatorthe right. The bit O is
loaded into bit 7.

RL Rotate left Shifts the bits of the accumulatorthe left. The bit 7 is
loaded into bit 0.
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Immediate value

Registers R0..R7, Memory contents

Accumulator A \ //
/~/8 bits /‘/ 8 bits

OpCode ) ) <—— Carryln
input Arithmetic and

Logic Unit

8 bits

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

For example:

» ADD A,RO (Opcode 0x28) overwrites the accumulatathwhe result of the addition of A and the
content of RO.

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

¢ INC A (0x04) increments the content of the accurtaula

 DEC A (0x14) Decrements the content of the accutaula

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

* ORL A,R7 (0x4F) overwrites the accumulator withthg OR-gating of A and the content of R7.

« XRL A, R1 (0x69) overwrites the accumulator withethesult of the XOR-gating of A and the
content of the internal register R1.

Inside the 8051

A simplified model of the 8-bit micro-controller BO exists through the symbol “8051.SYM” accessible
using the commanthsert - User Symbol The symbol is also directly accessible through slgmbol
palette starting version 3.5.
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Symbol librany

x|

Basic AE\’E”Eed'

Electrical

S

B e =

Sources

g o
Display, /Os

B @
Switches

4+ & I
ETT S
Misc..

i = e
8051 1§m

Figure 6-2 : Access to the 8051 symbol from thefpalin the “Advanced” list

The symbol consists mainly of general purpose imotput ports PO,P1,P2andP3), aclock and areset
control signals. The basic connection consists dbek on theClockinput and a button on tHeesetinput
(Figure 5).

1.0 P30
P P31
P12 | P32
P13 P33
P14 P34
P15 P35
.P1_|6 i P36
_P1_:Y P37
P00 P20
PO P2
P02 P22
03 P23
04 P24
P05 P25
P08 P26
P07 P27

ICIock Irst

Figure 6-3 : The 8051 symbol and its embedded aoéh(8051.SCH)
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After a double-click in the symbol, the embeddede@ppears. That code may be edited and modified
(Figure 6-3). When the buttokssemblyis pressed, the assembly text is translated ixecwgable binary
format. Once the logic simulation is running, tluele is executed as soon as the reset input isikact

The value of the program counter, the accumulatdhé currenbp_codeand the registers is displayed.

Minimum features for running the 8051

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

In the chronograms of Fig. 6-4, the accumulatoragms versus the time are displayed. It can deed
that this core operates with one single clock cyme instruction, except for some instructions sash
MOV (Move data) and AJMP (Jump to a specific adslyes

Code  Assembly I Symbals !

0000 74 00 > MOV A, 80 :J
000z 20 A0 FD >LL JB P2.0,L1

ooos 04 > INC A

0006 30 A0 FD >L2 JNB P2.0,L2

looos  FS BO > MOV P3,A

000B 01 02 > ATHP LL

looon >

000D 44 OF > ORL A,FOF // Dr with OxOF

Click “Assembly” to compute

clk1 1.

e AN N GG L GG L MCEECUECG

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

Figure 6-4 : The simulation of the arithmetic amgdjic operation using the 8051 micro-controller (805CH)

Traffic light Example

An example of code and schematic diagram for wdijiht control is proposed below. Notice the swiire
call through the instruction “AJUMP”.
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10 | P30
1 | P31 %
12 P3 2
13 P3 3
P14 P3 4 %
P P3 5
P16 P3 6
7
Q
1
y

Figure 6-5 : A simple code for 8051 micro-controller traffic light control (8051 traffic_lights.$9

Ports are activated using control commands suc¢M@&s/ P3,#0", while port input pins are tested thgbu
the instruction such as “JB P2.2,URG”". See taldler 2he complete code embedded in the 8051 processo

/I Traffic Lights E. Sicard FJ1 ACALL TEMPO { Temporisation}
// 11.nov.01 MOV P3,#50H TEMPO NOP
L1 MOV P3,#84H ACALL TEMPO NOP
ACALL TEMPO {j.r} NOP
{ Feul=r,F2=vert } MOV P3,#90H NOP
JB P2.2,URG ACALL TEMPO NOP
JB P2.1,FJ {r.r} NOP
AJMP L1 MOV P3,#84H NOP
FJ ACALL TEMPO AIMP L1 RET
MOV P3,#88H {'Urgence }
{ Feul=r,F2=jaune} URG MOV P3,#48H
ACALL TEMPO NOP
MOV P3,#90H MOV P3,#0
ACALL TEMPO IJNB P2.2,L1
{r.1} AIMP URG
L2 MOV P3,#30H
{v,r}
JB P2.2,URG
JB P2.0,FJ1
AIJMP L2

Table 6-2. Code embedded in the traffic light colfer (8051 _traffic_lights.sch)
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Model of the PIC 16f84

DscH3 includes the model of the PIC16f84 micro-con&woll

Activating Ports of the 16184

The following program is used to activate the H@s output. The schematic diagram which implements
this code is “16f84.SCH” (Fig. 6-6). The correspmgydsimulation is reported in Fig. 6-7.

; PIC16f84 by Etienne Sicard for Dsch
; Simple program to put 10101010 on port B
; 01010101 on port B

PortB equ 0x06 ; declares the address of output por tB

org 0
loop moviw 0x55 ;load W with a pattern (hexa fo rmat)
movwf PortB ; Moves the pattern to port B
moviw Oxaa ;load W with an other pattern
movwf PortB ; Moves the pattern to port B
goto loop ; and again

Symbal ne1 16184 properties
e |

Code | Assembly | Symbols

DEDM—'RP‘Q el : PICL6£84 by Etienne Sicard for Dsch
RA3

; Simple progran to put 10101010 on port B
LalAD : 01010101 on port B

i Porth %06 : decl, the add £ output port B
Rad ~lklr ainClock arth equ Ox eclares the address of output porf

- = o
org a

~Reset ~ICLR |_Clkout loop movlw OxS5 ; load W with a pattern (hexa format)
‘ novE PortB : Moves the pattern to port B
f movluy Oxas ; load W with an other pattern
V55 VDD novwE Portk ; Moves the pattern to port B
‘ gota  loop ; and again
JRE0 RET led?
REG

RB‘W \eds%[l
RB‘Q RBS \edSl%
RBL REB4 /
| by B
\edsi%[l Assembly | & Help |
\edzr% v o |
led1( )

Figure 6-6 : Simulation of the PIC 16f84 (16f84.9CH

D.mp,ul ,,,,,,,,, R L RAT

R RBG \ede%
LR RES. \edS%
PR RB4 leck
%d

i
IedQ%
Iecﬂ%
led0

Figure 6-7 : Activating output ports of the PIC 88f(16f84.SCH)
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7 Latches

This chapter details the structure and behavidatoh circuits. The RS Latch, the D Latch, the
edge-sensitive register and the counter are pregent

Basic Latch

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

made from 2 inverters.
Q=1

2 stabli Q=0
memory <
states

\

Figure 7-1 : Elementary memory cell based on ariiter loop

RS Latch

The RS Latch, also called Set-Reset Flip Flop ($R Fansforms a pulse into a continuous
state. The RS latch can be made up of two intemcted NOR or NAND gates, inspired from
the two chained inverters of figure 6-2. In theeca$ RS-NOR, thdResetand Setinputs are
active high. The memory state correspondfReset=Set=0.The combinatiorReset=Set=1
should not be used, as it means fPahould beResetandSetat the same time.
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RS Latch (NOR)

R S Q nQ
0 0 Q nQ
0 1 1 0
1 0 0 1
1 1 1 1

Figure 7-2 : The truth table and schematic diagraha RS latch made (RSNor.SCH)

FULL CUSTOM LAYOUT. You may create the layout of R&ch manually. The two NOR
gates may share the VDD and VSS supply achievingramus diffusions.

LAYOUT COMPILING. Use BsCH to create the schematic diagram of the RS latehifijvthe
circuit with buttons and lamps. Save the designeuride namdRrS.sch using the command
File - Save As.Generate the Verilog text file (.v appendix) byngsthe commandFile -
Make Verilog File. In MICROWIND, click on the comman@ompile - Compile Verilog File.
Select the text filRS.v. Click on Compile. When thecompiling iscomplete, the resulting
layout appears as shown below. The NOR implemenmtati the RS gate is completed.

module RSNor( Reset,Set,Q,nQ);
input Reset,Set;

output Q,nQ;

nor norl(Q,nQ,Reset);

nor nor2(nQ,Set,Q);

endmodule

With the ResetandSetsignals behaving like clocks, the memory effeatds easy to illustrate.
A much better approach consists in declaring psigaals with an active pulse dReset
followed by an active pulse dBet Consequently, you must change the clock propatty a

pulse property. For NOR implementation, the putspdsitive.

Select thePulseicon. Click on the nodReset
Click the brush to clear the existing pulse prdapsrof the pulse.
Enter the desired start time (0.48 ns in this exajngpnd pulse duration, and clithsert

(see figure 6-3).
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Add & Pulze x|

Label name : IHESEt ‘

DC Supply | Clock
—FParameters

Level 1 (¥ |1_|:||:||:| “W”:tr i ho— - ~level 1
—
Lewvel O &) II:I.IZIEIEI

Time start {s) Rise time ) Time pulse {dpy  Fall time {dH

ID.#EEI Hs IEI.EIEEI hs 0.420 ns 0.020 ns

1 Larger | [ Shorer | T ~Last F'ulsel

| sinus | variable | Ground | PwL | Math |

i

level 0 - 3%

o Assign X cancel | I ar Yisible in simu

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

7777777 77"@"? 7..
- T Z

E///";’/////////

F////////; ERE R
: L4

'B///////V////ﬁg‘///////f/
. Sl

A A AT IS AT A S /-/////;ﬁ.
E Kisaat

:D 0 110.5 111.0 :1 5 :2 0 :2.5 :3 0
Figure 7-4 : Layout of the RS latch made (RSNor.MSK

4. Repeat the same procedure to change the cloclaiptdse for nod&et The start time is
now fixed to 1.48 ns to generate a pulse later tbatheResetignal.
5. Click on Simulate - Start Simulation. The timing diagrams of figure 6-4 appear.

In the simulation of figure 6-4, a positive pulseS®etturnsQ to a stable high state. Notice that
whenSetgoes to 0Q remains at 1, which is called the ‘memory’ st#hen a positive pulse

occurs onReset Q goes low,nQ goes high. In this type of simulation, the comhkiora
Reset=Set=1s not present.

65 21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 6. Latches

Edge Trigged Latch

This edge-trigged latch is one of the most widedgdicells in microelectronics circuit design.
The cell structure comprises two master-slave base&mory stages. The most compact
implementation of the edge-trigged latch is repbtielow (figure 6-5). The schematic diagram
is based on inverters and pass-transistors. Oretheside, the two chained inverter are in
memory state when the pMOS loop transifdaris on, that is whei€lk=0. The two-chained
inverters on the right side act in an opposite wiye reset function is obtained by a direct
ground connection of the master and slave memargsg nMOS devices.

Whenclockis high, the master latch is updated to a newevaluthe inpuD. The slave latch
produces to the outp@ the previous value dd. Whenclock goes down, the master latch
turns to memory state. The slave circuit is updaiée change of the clock from 1 to O is the
active edge of the clock. This type of latch isegative edge flip flop.

Use the Verilog compiler to generate the edge-tiggitch description in Verilog format, or by
creating a schematic diagram including the “D” ségii symbol, in the symbol palette of@H.

DFF with pass transistors (Fall edge sensitive)

Master=( Slave transpare _%

DI

Clock =C
Master transpare

: »ﬁ T

Clack

=
T

Clock =1 Fall edge otheclock

Slave transpare
Master=:

. a
!m@ﬁ%‘% Q updatedto 1
ol T

=
T

Clock
Clock =C

Figure 7-5 : The edge-trigged latch and its logimslation (Dreg.MSK)
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As can be seen, the register is built up from oingle call to the primitivedreg . For
simulation:
* Resets active on a level Resetis activated twice, at the beginning and latemgis
piece-wise linear description included in the puydsaperty.
* Clkis aclock with 10ns at 0 and 10ns at 1.
D is the data chosen here not synchronized @itk in order to observe various
behaviors of the register.

To compile the DREG file, use the comma@bmpile - Compile Verilog Text. The
corresponding layout is reported below. The pie@®evinear data is transferred to the text
label “Reset” appearing in the lower corner of Eh#lip flop layout of figure 6-6.

For testing the Dreg, thResetsignal is activated twice, at the beginning anérlausing a
piece-wise linear property (figure 6-6). T8éck signal has a 2 ns peridd.is the data chosen
here not synchronized witblock in order to observe various behaviors of thestegi

The simulation of the edge-trigged D-register igoréed in figure 6-6. The signal3 andnQ
always act in opposite. WhdResetis asserted, the outp@is 0,nQ is 1. WhenResetis not
active,Q takes the value dd at a fall edge of the clock. For all other caggandnQ remain in
memory state. The latch is thus sensitive to theéige of the clock.

Master memory loop Slave memory loop

A A

g (AT
A A o ] B R R =)

N =
e

TR
t//////7////.//7//////)‘////7////‘// '/7////‘,@’5////7////‘///////7///1_{1/1;4-{//F-g- i .E] .

| R R A R g == o3 |
et

/

s /////////////////////////////////////////////////////////////////& R

Figure 7-6 : Compiled version of the Edge-triggedrip Flop (DregCompile.MSK)
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Label name IRESET

DC Supplyrl Clnckl F'ulse' Sinus | Variable' Ground

—Parameters
Level O (v ID.DDU
Level 1 ¢y |1.000
. 1.000 1
Insert sequence in tahle
2.000 I

Seq: |c|1n

x=Fstate, r=random
O=Iss, 1=\/oid, 2=H | cict,

u

6. Latches

3.000 i
Inseﬂ-@ |
|

= Clear | B Irwertl

« Aszzign I

x Cancel | I > Visible in simu

Figure 7-7 : Piece-wise-linear property used fophdsticated control of input signals
(DregCompile.MSK)

T1nn ' f b : y B o i : 0.0
Data transferred to Q at i ; ' 1.0
: the fall edge of Clock y
. Data ) i
: _______________________________________ \ ___________
: : Asynchronous reset ;
: the D-Flip-Flo :
Reset ; ) p . p
........ 0.0 i i
1100 ! I, b n.o
: : { k i
: : H ! i
: : p ;
dreg3_ 0 ! . ‘
: H . i
. Y. ; I
: P00 ! PSSR SRR I b L 0D
: ' : k i 1.0
: : ; ;
; Ureglﬁﬂ E 85ps I6ps I6ps
H ! i i
L {o : : : f : ; b o
: oo 10 20 30 40 50 ] 70 80 a0 Timeins

Added Features in

Figure 7-8 :Simulation of the DREG cell (DregCompile.MSK)

the Full version

Latches The truth table and schematic diagrameosthtic D latch, also called Static
Flip-Flop are described. The main characteristitghe latch switching ar
presented.

Counters The one-bit counter is able to produdgraakfeaturing half the frequency of
clock. The implementation is detailed. Up and dowswmunters are als
described.

Registers Shift registers, serial registers areréesd.
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8 Memory Circuits

Basic Memory Organization

Figure 7-1 shows a typical memory organization tay&harma). It consists of a memory array,
a row decoder, a column decoder and a read/writeiiti The row decoder selects one row
from 2", thanks to a N-bit row selection address. Theroaldecoder selects one row froffy 2
thanks to a M-bit column selection address. The amgrarray is based on"'2ows and ¥
columns of a repeated pattern, the basic memolly &elypical value for N and M is 10,
leading to 1024 rows and 1024 columns, which cpoeds to 1048576 elementary memory
cells (LMega-hit).

2" rows Selecte
/ Selected row memory cell
2N x 2 bit of
/4 N TY TV N Y OYTYTYTY Y TY TYTYTY N memory
S Wl 2 S A
address N — D e T R RS P
R S R AR R R
o PRACTRAPRPRARP KA RPRARA AR
w PRARARARPRARARPRAA AR RARPRPRK
PRARPRARP AR RARARARPRARK
S PR RARP AR R R
E PRARPRPRPTRTRIRAARRP R
L PRARARARPRARARPRAA AP RARPRARPRPRK
E PRAPRARPRARRP R ARAARARARARPRARK
c PRARPRPRPRPRARP AR RS
T PRI AR KRR "
PRAPRPRPRPRARARAAAARARP AR 2 columns
PRI RARPTRPRATIAEP KPP R RRTR,
NZNPN VNV NN J\AJ\AJ\AJ\AJ\AAJ\A?J
= Selected column
| A I I I A |
Column Select
Cotumr ‘H L L
| Read/Write Circuit |
LM 17
DataOut Dataln
Figure 8-1 : Typical memory organization
RAM Memory

The basic cell for static memory design is base@ tnansistors, with two pass gates instead of
one. The corresponding schematic diagram is gindfigure 7-2. The circuit consists of the 2
cross-coupled inverters, but uses two pass tramsiststead of one.
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Bit Line (BL)  Memory Cell gy | ine (~BL)

{C—

Dat ~[ata
T
~

Wiord L ine [

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

44 Matriz of 6T memary cells

ol el Nal e
o AT g
AT I e e e I
O 0
e | e | e
BNl i i
e | e |
PO a1 e i

BL[O] BL[1] BLL2] BLL3]

Figure 8-3 : An array of 6T memory cells, with 4wand 4 columns (RAM6T.SCH)

The cell has been designed to be duplicated indYaim order to create a large array of cells.
Usual sizes for Megabit SRAM memories are 256 colwm256 rows or higher. A modest
arrangement of 4x4 RAM cells is proposed in figar@. The selection linéd/L concern all the
cells of one row. The bit linedBL and~BL concern all the cells of one column.

The RAM layout is given in Figure 7-4. TH&. and~BL signals are made with metal2 and
cross the cell from top to bottom. The supply lirrge horizontal, made with metal3. This
allows easy matrix-style duplication of the RAMIcel
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Line (~BL)
FE 7 7
7 7
I T
Dat ~[at o o
~ .
T 1 ?
Wyord Line
7 o
~ .
Eit Line ~Bit Line £ 5

Figure 8-4 : The layout of the static RAM cell (RBIMMSK).

WRITE CYCLE. Values 1 or 0 must be placedRitLine, and the data inverted value oBit
Line. Then the selectioWword Linegoes to 1. The two-inverter latch takes BieLine value.
When the selectioWord Linereturns to 0, the RAM is in a memory state.

READ CYCLE. The selection sign&ord Linemust be asserted, but no information should be
imposed on the bit lines. In that case, the statath value propagates RBit Line, and its
inverted value-Data propagates teBit Line

SIMULATION. The simulation parameters correspondhe read and write cycle in the RAM.
The proposed simulation steps consist in writinP'a a “1”, and then reading the “1”. In a
second phase, we write a “1”, a “0”, and read & The Bit Line and~Bit Line signals are
controlled by pulses (Figure 7-5). The floatingtstés obtained by inserting the letter "x'

instead of 1 or 0 in the descrlptlon of the signal.
Add & Piece- ear il

Label name : [Bit Line (BL) Floating state
described by « x »

(1 Suppl\,-'l CIDckI Pulsel Slnusl Varlan|e| roNng rree |n.r|ath I
—Parameter /6 \

Level 0 (v); W J—LI_P / T|me(ﬁ§)|m1r2mrr |_|

Level 1 ¢ 1 ooo 5.000 \Q
7.000 X

Insert sequence intable—————
Ser ID1D 2.000 kS
x=ZF-state, r=random ;l
0=Vss, 1=\did, 2=H\/didl Insert +E |
1 clear | )Cln\tertl

o Assion I % cancel | I > Visible in simu

Figure 8-5 : The bit Line pulse used the "X" flogtistate to enable the reading of the memory cell
(RamStatic6T.MSK)
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Bit Line =0 Bit Line =1 Bit Line floating Bit Line =0
(Write cycle) (Write cycle) (Read cycle) (Write cycle)
A A A A

Cell activated

Write

Write 1
(Keeps 1)

Keeps 0

................................

H | H ! H H b H " H o.a
[iRi} 1R} 1.0 1.5 20 24 a0 34 4.0 4.5 Timeins
Figure 8-6 : Write cycle for the static RAM cellafiRStatic6 T.MSK).

The simulation of the RAM cell is proposed in figur-6. At time 0.0,Data reaches an
unpredictable value of 1, after an unstable pefidelanwhile,~Datareaches 0. At time 0.5 ns,
the memory cell is selected by a 1\ord Line As theBit Line information is 0, the memory
cell informationData goes down to 0. At time 1.5 ns, the memory cedlelected again. As the
Bit Line information is now 1, the memory cell informati@ata goes to 1. During the read
cycle, in whichBit Line and ~Bit Line signals are floating, the memory sets these wires
respectively to 1 and 0, corresponding to the stoedues.

Selection Circuits

The row selection circuit decodes the row addresk activates one single row. This row is
shared by all word line signals of the row. The reslection circuit is based on a multiplexor
circuit. One line is asserted while all the othiee$ are at zero.

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

The column decoder selects a particular columhénniemory array to read the contents of the
selected memory cell (Figure 7-8) or to modifydtmtents. The column selector is based on
the same principles as those of the row decoder.m&jor modification is that the data flows
both ways, that is either from the memory cellhte DataOu signal (Read cycle), or from the
Dataln signal to the cell (Write cycle).
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2V rows
Row / Selected row (Word Line)
address
YYD
1 — V. ARRIK
— AR
N —] /[ ARARRK N :“ :
R T RRRK ] :
0 RRARR | |
w SRR L
RAKK Height Mem E E
E iiiié tfrzée:\jllg% Row Cell Mem height E i
L PR size Word |
E PR Word Line E
C = o
SRR \ P
RO N2 S S
WAAAY
Free Mem
width width
Figure 8-7 : The row selection circuit
Selecte
memory cell
YYD Y DY VN Y Y DY Y DYDY DY I DY Y Y Y
SRR I AR
PR AAISAB AR
SRR RIS IISISIK 2" columns
PRI RADIRADK
PP A A A A
= Selected column
AN T O B
Column Select
Columr ‘ ‘ ‘
address Control I:()I Read/Write Circuit |

1 M @ T_T

DataOut Dataln

Figure 8-8 : The column selection circuit principle
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A Complete 64 bit SRAM

7. Memory circuits

The 64 bit SRAM memory interface is shown in figufed. The 64 bits of memory are

organized in words of 4 bits, meaning tl&italn andDataOuthave a 4 bit width. Each data

DO0..D15occupies 4 contiguous memory cells in the arrayrfaddress lines are necessary to

decode one address among 16. The memory strueiguees two address lind® andAl for
the word linesWL[0]..WL[3] and two address lines2 and A3 for the bit line selection. The
final layout of the 64 bit static RAM is proposedrigure 7-10.

Address
bus

1

Read/Write

Clock

Data In
bus

74

{

Chip Enable
CE
SN W
— 3l a,
—_ A1
Ao 64 bit SRAM
WE (16x4 bit) Data Ou
bus
—> ck Do; :
— b Do, —>
—>! Di, Do, >
—>| Di Do, —>
> Dig

AD 1

B3 o7 D1 Di5
WL, —>

B2 D6 Di0 Di4
WL, —>

b1 b5 D9 D3
WL, —>

Do B4 D8 Dh2
WL —>

Each Data has a 4 bit si

Figure 8-9 : The architecture of the 64 bit RAM {®8¥%.MSK)
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Figure 8-10 : The complete RAM layout (RAM64.MSK)

21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 7. Memory circuits

Dynamic RAM Memory

The dynamic RAM memory has only one transistorpider to improve the memory matrix
density by almost one order of magnitude. The gmeement is no longer the stable inverter
loop, as for the static RAM, but only a capaci@y also called the storage capacitor. The write
and hold operation for a "1" is shown in figure Z-The data is set on the bit line, the word
line is then activated an@s is charged. As the pass transistor is n-type,ath@og value
reached/DD-Vt WhenWL is inactive, the storage capaci@s holds the "1".

Precharged

to Vp — H_

O N vy T

Vp+AV
BL Poor 1
D’W[TI """"""" vy Nl
=, tolsg 0 i@f@@f
Precharged E j—Cs E O
' j/: '\ Vp-AV
BL Poor0

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

The reading cycle is destructive for the storedrmfation. Suppose th&ts holds a 1. The bit
line is precharged to a voltagép (Usually around VDD/2). When the word line is aetia
communication is established between the bit lioeded by capacito€BL, and the memory,
loaded by capacita€S The charges are shared between these nodesheanelstlt is a small
increase of the voltagép by 4V, thanks to the injection of some charges fronmtieenory.

The cross-section of the DRAM capacitor is givenfigure 7-12. The bit line is routed in
metal2, and is connected to the cell through alhetad diffusion contact. The word line is the
polysilicon gate. On the right side, the storagpacétor is a sandwich of conductor material
connected to the diffusion, a thin oxide (SiO2histcase) and a second conductor that fills the
capacitor and is connected to ground by a contettte first level of metal.
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FrrrFrEEEE
rrrrreccc

Figure 8-12 : The stacked capacitor cell and itegg-section (DramEdram.MSK)

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

EEPROM

The basic element of an EEPROM (Electrically Erés&ROM) memory is the floating-gate

transistor. The concept was introduced severalsyago for the EPROM (Erasable PROM). It
is based on the possibility of trapping electransun isolated polysilicon layer placed between
the channel and the controlled gate. The charges &alirect impact on the threshold voltage
of a double-gate device. When there is no chardbarfloating gate (Figure 7-13, upper part),
the threshold voltage is low, meaning that a sigaift current may flow between the source
and the drain, if a high voltage is applied on tiede. However, the channel is small as
compared to a regular MOS, and the lon currenttes3times lower, for the same channel size.

Floating gate discharged

AD ML AL 0

Floating gate charged with electrons

= I IR A= I

Figure 8-13 : The two states of the double gate MEXpromExplain.SCH)
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m1

________
-------- | Liper gatscontol oo

........ i B cccocoooa
Poly2/metal : /E§§E o Floating
contact B ol it . Floating poly poly gate

........ - e / underneath poly2

Poly/Poly2 oxide

Ultra thin gate oxide

Dra\ n

Poly2 on the -/I:::::
top of poly . . . ke=el

Figure 8-14 : The double gate MOS generated by dind (Eeprom.MSK)

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

The double gate MOS layout is shown in figure 7-IHe structure is very similar to the n-
channel MOS device, except for the supplemenpaty?2 layer on top of the polysilicon. The
lower polysilicon is unconnected, resulting in eating node. Only th@oly2 upper gate is
connected to a metal layer througpaly2/metalcontact situated at the top. The cross-section
of figure 7-14 right reveals the stackealy/poly2structure, with a thin oxide in between.

Flash Memories

Flash memories are a variation of EEPROM memorfidash arrays can be programmed
electrically bit-by-bit but can only be erased Wgdiks. Flash memories are based on a single
double poly MOS device, without any selection trstos (Figure 7-15). The immediate
consequence is a more simple design, which leadsmore compact memory array and more
dense structures. Flash memories are commonly iasedcro-controllers for the storage of
application code, which gives the advantage of wolatilie memories and the possibility of
reconfiguring and updating the code many times.
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Discharged

7. Memory circuits
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-

=3

Read a0

o

Read a 1

n

d

3-state

HVDD 9

Charge

VDD

No charge

|

o

oo

ov

Discharge

n_
.y

Discharge

|

Figure 8-15 : The flash memory point and the piites for charge/discharge (FlashMemory.SCH)

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

All inputs and outputs of the RAM are synchronizedthe rise edge of the clock, and more
than one word can be read or written in sequenke.t¥pical chronograms of a synchronous
RAM are shown in figure 7-17. The active edge @ tfock is usually the rise edge. One read
cycle includes 3 active clock edges in the exangblewn in figure 7-17. The row address
selection is active at the first rise edge, follow® the column address selection. The data is

valid at the third fall edge of the system clock.

Read cycle fc) New cycle
Activeedge

N

1
1
1
Row Address Selection (RAS)_\—E_/
1

1

i
Column Address Selection (CAS) i
i

Address < ><R01IN ><:><Co ><

1

i

1

Write Enable (WE) | | (Read)

System Clock (Clock) \

Data Out (Dout) < Valid Doul><
>

Column Access Cycletc i

N

Row Access Cycleic

Figure 8-17 : Synchronous RAM timing diagram

Added Features in the Full version

World of | Semiconductor memories are vital components in moohtegrated circuits. The introductgry
memories part details the main families of memories.

Memories Compact memory cell obtained by sharihgagsible contacts: the supply contact, the grqund
contact and the bit line contacts. Detailed infdfaraabout ROM memories.

Double-gate | The programming of a double-poly transistor inveltiee transfer of electrons from the soyrce
MOS to the floating gate through the thin oxide. Detadre provided on the programming and
charge removal.

Ferroelectric | FRAM memories are the most advanced of the Flasmane challengers. The FRAM
RAM memory point is based on a two-state ferroeledtréulator. A complete description apd
simulation of the FRAM is proposed.

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

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

Resistor

An area-efficient resistor available in CMOS pracdswnto 65-nm consists of a strip of polysilic@ine
resistance betweesil ands2 is usually counted in a very convenient unit aaflehm per square”, noted
Q/ . The default value polysilicon resistance per sgust 1@, which is quite small, but rises to Z00f
the salicide material is removed (Figure 8-1).

polysilicon

4

Metal/poly contact

/

7x10Q=70Q

1 0 2 0 i H 7
N = —" N —
\ S1 S2
st One square S2
accounts for 10
Option layer which
removes the salicide
"""""""""""""""""""""""""" 7x20@= 140@
1 E 2 7 <:> /N /\ /\
N
\ S1 S2

S1

One square
accounts for 200

Figure 9-1 : The polysilicon resistance with unsgle option

As the default technology in Microwind 3.5 is 45 nwhere polysilicon has been replaced by metal, use
File » Select Foundry and choose “cmos65nm.RUL” to regoné the software to a CMOS process using
polysilicon as gate material. In the cross-secsbown in figure 8-2, the salicide material depasita the
upper interface between the polysilicon layer dreldxide creates a metal path for current thataesithe
resistance dramatically. Notice the shallow trersdtation and surrounding oxide that isolate thester
from the substrate and other conductors, enablery taigh voltage biasing (up to 100V). However, the
oxide is a poor thermal conductor which limits pgwaver dissipation of the polysilicon resistor.

The salicide is part of the default process, arurésent at the surface of all polysilicon areasweler, it
can be removed thank to an option layer programyeal double click in the option layer box, andck tat
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"Remove Salicide". In the example shown in figur8, 8he default resistance is ¥ and the unsalicide

resistance rises to 7&D.

Resistor contacts

E & i -

Default salicid No salicidt
deposit (Low R) deposit (High R)

Trench isolation

Substrate

Figure 9-2 : Removing the salicide material to isase the sheet resistance (ResPoly.MSK)

Default poly {low resistance per square due to salicide)

B! ::::::::::::::::L'/'\';J""'""'".::::::::: . Navigator
L ——R(poly)=33— g S : : - B
Device Options | 4 | P|

Mos options
W low leakage
high speed
Option layer I high sp
u o ] ] used to remove [~ high voltage
Unsalicide poly (high resistance per square) =~~~ the salicidation e

[~ Storage contact for
d DRAM
v Remuve sa' ide |

to'increase '95|stance

Figure 9-3 : Removing the salicide material thatdsin option layer

Other resistors consist of N+ or P+ diffusions. iateresting feature of diffusion resistor is thaligbto
combine a significant resistance value and a deffiect. The diffusion resistor is used in inputfmutt
protection devices. In 45-nm technology, the mgédé has a low resistance@#square), thus N+ diffusion
material might be used to generate resistancesadsif gate layer.

The resistor value varies because of lithograpld/ @ocess variations. In the case of the poly t@sie,
the width, height and doping may vary (Figure &#)| Polysilicon resistors are rarely designedhwiite
minimum 2 lambda width, but rather 4 or 6 lambaatteat the impact of the width variations is snralBut
the equivalent resistance is smaller, meaningdiie®n efficiency. A variatioldW of 0.2\ on both edges
results in a 20% variation of the resistance o\ aviglth resistor, but only a 10% variation for agar

resistor designed with a width ok 4
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AW AW=0.2A AW=0.2\
—> - Enghay —> :
H o ¥ !
i 1 i i
1 I 1
1 AN (doping) T i
Poly |-
Ah :¢::::::: i === HH \
4 H <> NS —
' 1 a 1
oxide o 4\
20% variation 10% variation

Figure 9-4 : Resistance variations with the process

In CMOS 45-nm technology, the gate material featwdow resistivity as it is based on metal makeria
(See section 1).

Capacitor

Capacitors are used in analog design to buildr§ijteompensation, decoupling, etc.. Ideally, tHae/af the
capacitor should not depend on the bias conditismghat the filtering effect would be situateccanstant
frequencies.

Diodes in reverse mode exhibit a capacitor behatiowever, the capacitance value is strongly degeind
on the bias conditions. A simple N+ diffusion oR-&ubstrate is a NP diode, which may be considesea
capacitor as long as the N+ region is polarized abltage higher than the P-substrate voltage wisich
usually the case as the substrate is grounded [0W)12um, the capacitance is around 300aF/una2t¢1
Farad is equal to 1§ Farad).

The typical variation of the capacitance with thiffudion voltageVy is given in figure 8-6. The capacitance
per uni provided in the electrical rules is a rude appr@tion of the capacitance variation. A large vadtag
difference betweely and the substrate result in a thick zone with gnoparges, which corresponds to a
thick insulator, and consequently to a small capace. When/y is lowered, the zone with empty charges
is reduced, and the capacitance increaseg, tjoes lower than the substrate voltage, the ditaigssto
conduct.

A
P- N+ Vern<Vr
Very small
current
< !
\Y
Ven 1 : o
Vv
T T Ve Vs
Large current

Figure 9-5 : The diffusion over substrate as a tiopar capacitor (Capa.MSK)
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Zone empty of

C (aF/um2) The diode is Vy >0 charges = insulato
1
tumed on varies depending
on W

600 i Capacitance ' :‘”
| extracted by ! !
! Microwind e ey L
I
! Substrate (0V)
I

300 -fEEmE: >
i i
I 1
I 1
I 1
I 1
I 1
I 1
I 1

o I s

T T
vDD/2 VDD Wn

<
o

Figure 9-6 : The diffusion capacitance varies vilie polarization voltage

Poly-Poly2 Capacitor

Most deep-submicron CMOS processes incorporateadepolysilicon layer (poly2) to build floating tga
devices for EEPROM. An oxide thickness around 20isplaced between the poly and poly2 materials,
which induces a plate capacitor around 1,7 fE[UmMICROWIND , the commandEdit — Generate —
Capacitor" gives access to a specific menu for generatimpcitor (Figure 8-7). The parameter in the
design rule file (cmos45nm.RUL for the 45-nm tedbgy) used to configure the poly-poly2 capacitor is
CP2PO

The poly/poly2 capacitor simply consists of a shefepolysilicon and a sheet of poly2, separatedaby
specific dielectric oxide which is 20-nm in the ead the default CMOS 45-nm process.

«* Layout Generator - IEI |£|

FPads I Inductorl CUntacts' MOs | Fath I Logo I Bus I Res I Diode Cana L

Fix here the target
~Type of capact
< & PolyPoly?
nier-metal Capa

Par;

Capacitance value: |1|

Z capacitance

ico-Farad (pF)

~Using metal layers
[~ tetal 6 ™ Metal g ma
[~ hetal 5 ™ Metal 7 3
maEs
[~ tetal 4
I Metal 3 poly/paly2  m2
E—— i
| hetal 2 [ Blss
v fietal 1

.‘|. Generate Capa | x Cancel |

Figure 9-7 : The generator menu handles the desfgoly/poly2 capacitor and inter-metal capacitors
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Diode-connected MOS

The schematic diagram of the diode-connected MQ#8dposed in figure 8-8. This circuit features ghhi
resistance within a small silicon area. The keyigeto build a permanent connection between thendr
and the gate. Most of the time, the source is cciedelo ground in the case of n-channel MOS, andib

in the case of p-channel MOS.

PN PN
T{Ed id%/ — §HighR Ig—o{—[d idj — gHighR

s e

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

To create the diode-connected MOS, the easiesismayuse the MOS generator. Enter a large lengthsa
small width, for example W=0.14pm and L=1.4um. T$i@ng corresponds to a long channel, featuring a
very high equivalent resistance. Add a poly/metaitact and connect the gate to one diffusion. Adbek

on that node. Add a VSS property to the other diffo. The layout result is shown in figure 8-9.

Now, click Simulation on Layout. In a small window, the MOS characteristics are drawith the
functional point drawn as a color dot (Figure 8-10fan be seen that the I/V characteristics spoad to

a diode. The resistance is the invert value ofstbpe in thdd/Vd characteristics. Fordslarger than 0.6V,
the resistance is almost constant. As the cun@sincreases of 10pA in 0.4V, the resistance can be
estimated around 40K A more precise evaluation is performed bycRbwIND if you draw the slope
manually. At the bottom of the screen, the equiMalesistance appears, together with the voltage an
current.

I(l :
'.

TaRE

n-MOS conrected as a diode

: pMOS cc%unne:cted asia diodé

Figure 9-9 : Schematic diagram of the MOS conneated diode (ResMos.MSK)
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2 himos W=0.140, L=1.400 um =[O] x|

LY
5.0

4.5

The slope is equal
4.0 1.00 ] to 1/R

\%\
\

0,80 As Vd=Vg, Ids
| follows this uniqu
I curve

WWD-ED'

aee=l9 pray the slope with
n4 the mouse to display
““““““ ~ the equivalent R

EE ids=0.79pA
e 0| x =i

Figure 9-10 : Using the Simulation on Layout tddual the characteristics of the diode-connected MR&Mos.MSK)

T 0.1 40x1 400pm ke

In summary, the MOS connected as a diode is a tapae forVgs<Vt a high resistance whergsis
higher than the threshold voltagé The resistance obtained using such a circuiteaily reach 1008 in

a very small silicon area.
Voltage Reference

The voltage reference is usually derived from aag# divider made from resistance. The output gelta

Vrefis defined by equation 8-1.

- R )
Vref - RN + RPVDD (Eq 8 1)

with

Vpp=power supply voltage (1.0 V in 65-nm)
Ry=equivalent resistance of the n-channel MQ3$ (
Re=equivalent resistance of the p-channel MQ3$ (

Notice that two n-MOS or two p-MOS properly conmegtfeature the same function. P-MOS devices offer
higher resistance due to lower mobility, compamchichannel MOS. Four voltage reference designs are
shown in figure 8-11. The most common design uses p-channel MOS and one n-channel MOS

connected as diodes.
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“oltage reference scale

dm % * A

wref Vief=Rn/(Rn+Rp)Vdd

Srmall W large L
) . RN
to increase the resistance

nmos

Y-

0.75"/dd

Alternative designs

AN

T

Wraf Wraf

- gl

Figure 9-11 : Voltage reference using PMOS and NMi@@ces as large resistance

” :h\:z'd+_

0.5™¢dd

0.25™dd

: }FIE'meDS'

_';t‘... = o . . . . .
2 o) Two pMOS

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

The alternative solutions consist in using two arutel MOS devices only (Left lower part of figurd 8),
or their opposite built from p-channel devices oMyt only one reference voltage may be createtdalso
three, as shown in the right part of the figureicltuse four n-channel MOS devices connected atedio

Amplifier

The goal of the amplifier is to multiply by a sifjnant factor the amplitude of a sinusoidal voltagput

Vin, and deliver the amplified sinusoidal outpMduton a load. The single stage amplifier may coruofist
MOS device (we choose here a n-channel MOS) andd The load can be a resistance or an inductance.
In the circuit, we use a resistance made with hgnel MOS device with gate and drain connectegli(€i
8-13). The pMOS which replaces the passive loadlied an active resistance.
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in Gain Wout

Load load Load

Wout

- - -

Armnplifier with resistor load Armplifier with pMOS load Amplifier with inductor load
Figure 9-13 : Single stage amplifier design with Bl@evices (AmpliSingle.SCH)

Most
interesting
zone

%‘ .e

4

»

Output
voltage (V)

The gain (slope)
is high in this
region

| -
Vour .%-i------:

>

Vin +Vin Vout +Vout

»
>

VIN_low Vin VIN_high Input voltage (V)

Figure 9-14 : The amplifier has a high gain in ateén input range, where a small input signal vinamplified to a

large signal vout.

The single stage amplifier characteristics betwéienandVout have a general shape shown in figure 8-14.
The most interesting zone corresponds to the impliage range where the transfer function has ealin
shape, that is betwedfIN_low andVIN_high Outside this voltage range, the behavior of fiheuit does
not correspond anymore to an amplifier. If we adghwll sinusoidal input, to Vi, a small variation of
currentigys is added to the static curret, which induces a variation,, of the output voltag&oyr. The
link between the variation of curreigi and the variation of voltagg, can be approximated by equation 8-2.

ids = gmvgs (EqU 8-2)
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(gmp) s

Parasitic outptt load

,,,,,,, xS :::ffff:ﬁ‘OwF

Active load (pMOS)

1
3 VOUT+vout

WIM+vin
9 ids\\/

(gmn) g

Figure 9-15 : Single stage amplifier layout witlp®IOS as a load resistor (AmpliSingle.MSK)

In figure 8-15, a nMOS device with large width amihimum length is connected to a high resistance
pMOS load. A 50 mV sinusoidal inputif)) is superimposed to the static offset 0.5W{). What we expect

is a 500 mV sinusoidal waveduf) with a certain DC offseMpyr).

What we need now is to find the characteristmat/Vinin order to tune the offset voltadky. In the
simulation window, clickvoltage vs voltagé and More, to compute the static response of the amplifier
(Figure 8-16). The range of voltage input that bitkia correct gain appears clearly. Mgtigher than 0.1

V and lower than 0.25 V, the output gain is aro6nd herefore, an optimum offset value could be 0/15
Change the paramet@ffset of the input sinusoidal wave to place the inputtage in the correct
polarization and verify the amplification of thetput signal according to DC predictions. By inciagghe
Vin frequency, you may observe the cut-off frequencthefamplifier (Fig. 8-17).

| WVOUT+vout

1.00¢

0.80;

080 Linear amplification
§ | (Gain maximum
070! ‘ around 6.0)

W/

W

iaa.awv %WN//
Mui \l/
030 \
0.20 ‘ .
: : Valid input
: > 3 voltage range
0.10} ;
o DEIE ! T d Id+vin
: 020 040 00 0&n

Figure 9-16 : Single stage amplifier static resp@istiowing the valid input voltage range (AmpliSéngISK)
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Offset
150 mV

VIN+vin

High gain at low ; ; . Gain reduced
frequency _ - © due to load

\ ' ; - capacitance

VOUT+vout

0.0 50 100 150 200 250 300 350 400  Time(ns)

Figure 9-17 : Simulation with Vin input offset tuht® optimum gain (AmpliSingle.MSK)

Simple Differential Amplifier

The goal of the differential amplifier is to compawo analog signals, and to amplify their differenThe
differential amplifier formulation is reported b&lo(Equation 8-3). Usually, the gall is high, ranging
from 10 to 1000. The consequence is that the diffigal amplifier output saturates very rapidly, dese of
the supply voltage limits.

Vout= K (Vp-Vm) (Equ. 8-3)
The schematic diagram of a basic differential afigplis proposed in figure 8-18. An nMOS device has
been inserted between the differential pair andgiteeind to improve the gain. The gate voltAg#as
controls the amount of current that can flow on tiw® branches. This pass transistor permits the
differential pair to operate at low®ids which means better analog performances and &sgasion effects.

The best way to measure the input range is to atrthe differential amplifier as a follower, that\fout
connect tovm TheVm property is simply removed, and a contact polyahit added at the appropriate
place to build the bridge betwe&out andVm A slow ramp is applied on the inptn and the result is
observed on the output. We use again the « VolNagé&/oltage » to draw the static characteristicshef
follower.
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AN AN

P1(Large L) :H“j |:F'2(Large L) Vout
ou

M2(Large L)

W M1iLarge L

)
“hias |
Controled dissipation with “Vbias |

e

Y

Figure 9-18 : An improved differential amplifier f#pliDiff. SCH)

The simulation of the circuit is performed herengsihe CMOS 45-nm technology. You may also simulate
the circuit in other technologies using the comm&ild — Select Foundry As can be seen from the
resulting simulation reported in figure 8-19, a lgliasfeatures a larger voltage range, specificallyigh h
voltage values. The follower works properly stagtih2 V, independently of thébiasvalue (Fig. 8-20). A
high Vbiasleads to a slightly faster response, but reduoesnput range and consumes more power as the
associated nMOS transistor drives an importanteciiriThe voltagd/biasis often fixed to a value a little
higher than the threshold voltagén. This corresponds to a good compromise betweetclawg speed and
input range.

Labelusedto force BSIM:
model at simulation, rather than
Model 3

— . ) BSIM4 (Usedto force BSIM4 model by default

PMOScurrentmirror o
with large length ~

nMOSdifferentia
pair with large length

TTETT - T OpAmpeonnected ¢

a follower

Voltagecontrol ofthe )
global current consumption

Figure 9-19 : The layout corresponding to the imped differential amplifier (AmpliDiffFollow.MSK)
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Figure 9-20 : DC simulation of the differential plifier as follower (AmpliDiffFollow.MSK)
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Added Features in the Full version

the simple current mirror.

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

Improved layout A set of design techniques can improve the curmaintor behavior: MOS orientation,

techniques channel length modulation effects, dummy device®Svmatching.

Resistor There exist efficient techniques to redingeresistance variations within the same dhip.
Layout techniques which minimize the effects ofqass variations are presented.

Capacitor The multiplication of metal layers crektieral and vertical capacitance effects of rising
importance. The spared silicon area in upper meaggrs may be used for small s|ze
capacitance. The implementation of these capaisitdescribed.

Current Mirror The current mirror is one of the maseful basic blocs in analog design. It is prilgar
used to copy currents. The principles and behayi@urrent mirrors are given in the full
version. The cascode current mirror is also presgnwhich has several advantages over

92

21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL 9.Radio-frequency Circuits

10 Radio Frequency Circuits

On-Chip Inductors

Inductors are commonly used for filtering, amplifgj or for creating resonant circuits used in
radio-frequency applications. The inductance symbdDscHand MCROWIND is as follows
(Figure 9-1).

FAA A

L1
10nH
Inductor

Figure 10-1 : The inductance symbol

The quality factor Q is a very important metricqioantify the resonance effect. A high quality
factor Q means low parasitic effects compared ¢odésired inductance effect. The formulation
of the quality factor is not as easy as it coulgpegy. An extensive discussion about the
formulation of Q depending on the coil model isegivin [Lee]. We consider the coil as a serial
inductor L1, a parasitic serial resistétl, and two parasitic capacitosl and C2 to the
ground, as shown in figure 9-2. Consequently, thiad@or is approximately given by equation

9-1.
L1
(C1+C2

R1
The inductor can be generated automatically bgRdwWIND using the command&dit -

(Equ. 9-1)

Generate - Inductor . The inductance value appears at the bottomeofvihdow, as well as
the parasitic resistance and the resulting quiditior Q.

( ) A AN c
12nH 20 O

10pF L1 R1 ——10pF
C1 c2

s 77

Figure 10-2 : The equivalent model of the 12nH dkfeoil and the approximation of the quality facto
Q
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Near end othe coil =

Virtual symbol for
the seriaresisto

Far end of the coil

Virtual symbol for
the serial inductor

9.Radio-frequency Circuits

Figure 10-3 : The inductor generated by default(intor12nH.MSK)

Using the default parameters, the coil inductarmer@aches 12 nH, with a quality factor of
Q=1.15 The corresponding layout is shown in figure N8tice the virtual inductancd.-{)
and resistanceR(l) symbols placed in the layout. The serial inductqulaced betweefA andB
and a serial resistance betwerand C. If these symbols were omitted, the whole inductor

would be considered as a single electrical node.

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

circuit.
L1
A1 g Ee
R1
© 1 S C2
77T e

Low frequency behavior

L1

P |

=]

F C1

R1

Jocz

e

High frequency behavior

Figure 10-4 : The behavior of a RLC circuit at lawd high frequencies (Inductor.SCH)
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Figure 10-5 : The behavior of a RLC circuit neaso@ance (Inductor3anHighQ.MSK)

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

formulation of this frequency is given by equat®a.
1

f =
271/L1(C1+ C2)

(Equ. 9-2)

We may see the resonance effect of the coil andiestration of the quality factor using the
following procedure. The nod@ is controlled by a sinusoidal waveform with inced
frequency (Also called “chirp” signal). We specdyvery small amplitude (0.1 V), and a zero
offset. The resonance can be observed when thageolit node8 andC is higher than the
input voltageA. The ratio betweeB andA is equal to the quality factor Q (Fig. 9-5).

Power Amplifier

The power amplifier is part of the radio-frequei@nsmitter, and is used to amplify the signal
being transmitted to an antenna so that it carebeived at the desired distance. Most CMOS
power amplifiers are based on a single MOS deVazejed with a “Radio-Frequency Choke”
inductorLggc, as shown in figure 9-6.

The inductor serves as a load for the MOS deviceaAjiven frequency, the inductor is
equivalent to a resistante?7zf), with two significant advantages as comparechtresistor:
the inductor do not consume DC power, and the coatilnin of the inductor and the load
capacitorCL creates a resonance. The power is delivered tlm#aRL, which is often fixed to
50 Q. This load is for example the antenna monopoléachvhan be assimilated to a radiation
resistance, as described in the previous sectiba.résonance effect is obtained betweg
andC,.
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An example of powerful MOS device is shown in figg-7. The maximum current is close to
10 mA in 45-nm technology. A convenient way to gee the polarization ring consists in
using the Path generator command, and selectiooptienMetal and p-diffusion. Then draw

Oscillation of Vout
On-chip inductor Radio-frequency choke

\ LRFC

Z ~
/!

\

Input signal Vrflr /

a2l
Vout CL /
M\/\/\f%—{ SES B
VRFIn SUL i

S -

On-chip capacitor /

Model of the antenr

Figure 10-6 : The basic diagram of a power amplififowerAmp.SCH)

the location for the polarization contacts in orttecomplete the ring.

The distinction between class A,B,AB, etc.. amplii is mainly given with the polarization of
the input signal. A Class A amplifier is polarizedsuch a way that the transistor is always

conducting. The MOS device operates almost linearly

Figure 10-7 : The layout of the power MOS alsouels a polarization ring, and the contacts to nietal
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Figure 10-8 : The class A amplifier has a sinusbidaut (PowerAmplifierClassA.MSK)

The sinusoidal input offset is 0.7 V, the amplitude.4V. The power MOS functional point
trajectory is plotted in figure 9-8, and is obtainesing the comman8imulate on Layout We
see the evolution of the functional point with tretage parameters: &gsvaries from 0.3 V
to 1.1 V, lds fluctuates between 10 mA and 30 mA. The MOS deiscalways conducting,
which corresponds to class A amplifiers.

Oscillator

The role of oscillators is to create a periodiadog analog signal with a stable and predictable
frequency. Oscillators are required to generate d¢hgying signals for radio frequency

transmission, but also for the main clocks of pssoes. The ring oscillator is a very simple
oscillator circuit, based on the switching delayserg between the input and output of an
inverter. If we connect an odd chain of invertavs, obtain a natural oscillation, with a period

which corresponds roughly to the number of elentgrdalays per gate. The fastest oscillation
is obtained with 3 inverters (One single invertenmected to itself does not oscillate). The
usual implementation consists in a series of fijpgaione hundred chained inverters (Figure 9-
9).
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’_D out out out3

Ring oscillator with 3 inverters

; DUtJ/ out2 :: outh

Ring oscillator with M inverters (Odd number)

Enable
WH >H>H>ﬁ%m

5-stage ring oscillator with enable

Figure 10-9 : A ring oscillator is based on an odldmber of inverters (Inv3.SCH)

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

The LC oscillator proposed below is not based anltigic delay, as with the ring oscillator,
but on the resonant effect of a passive inductdraapacitor circuit. In the schematic diagram
of figure 9-10, the inductdrl resonates with the capacitod connected to S1 combined with
C2 connected t&2

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

P

81 i I—ﬂm. L i 82
L1
|t 3nH e
——1pF Self ——1pF
Capa Capa

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

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

The Fourier transform of the outpsf reveals a main sinusoidal contribution at fO =8.%2Hz

as expected, and some harmonic® atf0and3 x fO(Figure 9-12). The remarkable property of
this circuit is its ability to remain in a stablefuency even if we change the supply voltage or
the temperature, which features a significant impneent as compared to the ring oscillator.
Furthermore, the variations of the MOS model patamehave almost no effect on the
frequency.
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Figure 10-12 : The frequency spectrum of the aaitl (OscillatorDiff. MSK)
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Analog to digital and digital to analog converters

The analog to digital converters (ADC) and digt@lanalog converters (DAC) are the main
links between the analog signals and the digitaldvof signal processing. The ADC and DAC
viewed as black boxes are shown in figure 9-13.tl@nright side, the ADC takes an analog
input signalVin and converts it to a digital output sigraal The digital signalA is a binary
coded representation of the analog signal usingt®d By.; ... Ao The maximum number of
codes for N bits is"2 The digital signal is usually treated by a micaa@ssor unit (MPU) or
by a specific digital signal processor (DSP) befoeing restituted as an outpBt Then, the
DAC, which has the opposite function compared ®AIDC, converts the digital signal to the
final analog output signdlout

Vin | A, —] B, Vout
— A; — MPU B,
—1 ADC }— —_ DSP DAC [—
—An-1 Bn-1

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

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

In the implementation shown in figure 9-15, theis@sce ladder includes 8 identical resistors,
which generate 8 reference voltage equally disteidbibetween the ground voltage avdiac
The digital-analog converter uses the three-bituinB (B[2],B[1],B[0] ) to control the
transmission gate network which selects one ofubitage references (A portion afdag
which is then transferred to the outpddut A long path of polysilicon between VDD and VSS
may give intermediate voltage references requioedhfe DAC circuit.

B[2] B[1] B[O] Vout* Analog output Vout* (V) with
Vdac=1.0V

0 0 0 0/8 Vdac 0.0

0 0 1 1/8 Vdac 0.125

0 1 0 2/8 Vdac 0.25

0 1 1 3/8 Vdac 0.375

1 0 0 4/8 Vdac 0.5

1 0 1 5/8 Vdac 0.625

1 1 0 6/8 Vdac 0.75

1 1 1 7/8 Vdac 0.875

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

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

The simulation of the R ladder DAC (Figure 9-16pwl a regular increase of the output
voltageVout with the input B[0]..B[2] from “000” (0 V) to “111(nearly 1.0 V). Each input
change provokes a capacitance network charge aoatge. The analog lewébutincreases
regularly with increasing digit inpu8. The converter is monotonic.
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00
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00

1.00

0.000

Wout ——12ps 2Bps

an — —0.184-

0o 0.5 1.0 158 20 25 30 35 40 4Time(ns)

Figure 10-16 : Simulation of the digital-analog a@nter (DAC.MSK).
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Figure 10-17 : The schematic diagram of the 24bisli ADC converter (AdcFlash2bits.SCH)
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Figure 10-18 : Design of the analog-digital coner{ADC.MSK).

The analog to digital converter is considered asramoding device, where an analog sample is
converted into a digital quantity with a number N its. ADCs can be implemented by
employing a variety of architectures. The 2-bit lagadigital converter converts an analog
valueVin into a two-bit digital value A coded on 2-bit,Ao.
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Figure 10-19 : Simulation of the analog-digital a@nter (ADC.MSK).

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

The resistor ladder generates intermediate voltafpgences used by the voltage comparators
located in the middle of the layout. An unsalicajgion layer multiplies the sheet resistance of
the polysilicon ladder for an area-efficient implemation. The resistance symii®{poly)is
inserted in the layout to indicate to the simulattat an equivalent resistance must be taken
into account for the analog simulation. This appho#&s no more valid for 45-nm for which
polysilicon has been replaced by low-resistancahlayer.

Open-loop amplifiers are used as voltage compagaldre comparators address the decoding
logic situated to the right and that provides ociré®, and A coding.

In the simulation shown in figure 9-19, the compara G and G work well but the comparator
C, is used in the lower limit of the voltage inpuhge. The generation of combinations "01",
"10" and "11" is produced rapidly but the genematd "00" is slow. The comparatorp@ay be
modified to provide a faster response in comparisith low voltage, by changing the biasing
conditions. An alternative is to reduce the inpoitage range, which means that the resistance
scale would be supplied bydac-larger than VSS anddac+ smaller than VDD.

Added Features in the Full version

D

Voltage Controlled The voltage controlled oscillator (VCO) generateslack with a controllable
oscillator frequency. The VCO is commonly used for clock gatien in phase lock log
circuits, as described later in this chapter. Tloelkcmay vary typically by +/t
50% of its central frequency. A current-starvedtagé controlled oscillator
detailed.

©

)
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Gilbert mixer

The Gilbert mixer is used to shifetfrequency of an input signdin to a high
frequency. The Gilbert cell consists of only siartsistors, and performs a high
quality multiplication of the sinusoidal waves. Teehematic diagram and the
physical implementation are described in the falision.

Phase-Lock-Loop

Each basic component of the PLlagPhcomparator, filter, VCO) and the
design issues are described, supported by a latgg# simulations.

Digital to

converter

analog

The R-2R ladder consists of a network of resistdisrnating betweeR and
2R For a N bits DAC, only N cells based on 2 ress®and2R in series are
required. The 4-bit and 8-bit implementation otbircuit are described.

Sample and Hold

The sample-and-hold main functfomoi capture the signal value at a given
instant and hold it until the ADC has processeditiiemation The principle

and parasitic effects of the circuit are described.

12

Analog to

converter

digital

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

This chapter is dedicated to the interfacing betwtbe integrated circuit and the external word.

After a brief justification of the power supply dease, the input/output pads used to import
and export signals are dealt with. Then, the imgaut protections against electrostatic discharge
and voltage overstress are described. The designtptit buffers is also presented, with focus

on current drive.

The Bonding Pad

The bonding pad is the interface between the iatedrcircuit die and the package. The pad
has a very large surface (Almost giant compardatecize of logic cells) because it is the place
where the connection wire is attached to buildaleetrical link to the outside word. The pad is
approximately 50 pm x 50 pm. The basic design rdethe pad are shown in figure 10-1.

Soldier ball

Metal 1..8 area Passivatior

j Via 1..5 area opening limits

Rp03

Passivation
opening

Passivation

RpO4 Last metal —T
RpO:Z

—> ‘ (~50um
&>

RpO1 (~50um)

Via 1

—_—
Rp05 i Metal 1 —

Figure 11-1 : The bonding pad design rules

The cross-section shown in figure 10-2 gives amsitiation of the passivation opening and
associated design rulép04 on top of the metal and via stack. The thick oxiged for
passivation is removed so that a bonding wire loorading ball can be connected by melting to
the package. The pad can be generated IDROWIND using the commanBdit — Generate

- |/O pads. The menu gives access to a single pad, with auttefize given by the technology
(around 50um in this case), or to a complete pad] As detailed later.
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The Pad ring

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

5 pads north

OOoooo

eratar =[Ol x|
S i Inductor Contactsl MOs | Path | Logo | Bus | Res | Diudel Capal

ption
& Pad ring

 Single pad with size (um): 2.0 o
pads
west

Core area

—Pad Ring Generator e;);ds
Pads in® |5— (Total 20 pads, size 412x412pm ) 5 outer suppiyring | | |
Padgsiny:[s  vidvsspairs: |2 3.3¢ ™S~ (Usually VSS)
Ring Width IF Hm IW I?EZLZIL;)EE%E?Q

1.8V
1.24

[ 1O list described in 1BIS file Load [BIS Tl Limit of the

die

ODOoOoOoo

. OOO00O

ODooOoOo

e Generate Pad | ¥ cancel |
5 pads ¥outh

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

The supply rails

The supply voltage may be 5V, 3.3V, 25V, 1.&V1.2 V as listed in the menu shown in
figure 10-2. Most designs in 45-nm use 1.0 V fag thternal core supply and 2.5V for the
interfacing. This is because the logic circuitdted core operate at low voltage to reduce power
consumption, and the /O structures operate at kigtage for external compatibility and
higher immunity to external perturbations. Usualy, on-chip voltage regulator converts the
high voltage into an internal low voltage.

A metal wire cannot drive an unlimited amount ofreat. When the average current density is
higher than 2.10A/m? [Hastings], the grains of the polycrystalline alnom interconnect start
to migrate (The phenomenon is called electro migmatand the conductor ultimately melts. To
handle very high current density, the supply méteds must be enlarged. A typical rule of
thumb is 2 mA/um width for aluminum supply linesdad mA/um for copper, which means
that a copper interconnect is superior to alumiirusustaining large currents.
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Block connection =
to VDD,VSS 1

Metal 5 grid /

Metal 6 grid

Space left
for routing

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

supply in all regions of the integrated circuit

A complex logic core may consume amperes of curidenthat case, the supply lines must be
enlarged in order to handle very large currentp@ry. The usually design approach consists
in creating a regular grid structure, as illustdate figure 10-3, which provides the supply

current at all points of the integrated circuit.that test circuit, the VDD supply is assigned to
metal§ VSS tometal6

Input Structures

The input pad includes some over-voltage and undkage protections due to external voltage
stress, electrostatic discharge (ESD) coupling external electromagnetic sources, etc.. Such
protections are required as the oxide of the gatmected to the input can easily be destroyed
by over voltage. The electrostatic discharges ntiayal000 to 5000 V.

One of the most simple ESD protections is madefume resistance and two diodes (Figure
10-4). The resistor helps to dissipate the pacasitiergy and reduces the amplitude of the
voltage overstress. One diode handles the negatitage flowing inside the circuit (N+/P
substrate diode), the other diode (P+/N well) hasdhe positive voltage. The combination of
the serial resistor and the diode bridge represantscceptable protection circuit against
transient voltage overstress around +/-50 V.
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Figure 11-4 : Input protection circuit (IOPadIn.SGH

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

The command used to generate a protection dioddI@ROWIND is Edit » Generate -
Diode. Click either the P+/nwell diode or the N+/P subtg diode. By default, the diode is
quite large, and connected to the upper metal lpwaof 10 contacts. The N+ diode region is
surrounded by a polarization ring made of P+ diffns The large number of rows ensures a
large current capability, which is very importanthe case of ESD protection devices.

5 Layout Generstor (=] 3

Padsl Inducturl Cuntactsl Mos I Fath | Loga I Bus | Res [T

rContact

P+iMwell  K+P-sub Rows I1 0

pe H+
’ S%H. Zﬁ)_ | Calumns |1
rLocal Polarization——————————————
’ﬁq rows " naone
EE—EHE ) -
all li\ - & Diff W+ palarization an Mwell

column

psub M

.}. Generate Diode | x Cancel |

Figure 10-5: The diode generating menu in Micradv{By default a P+/well diode)
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Figure 11-5: The diodes clamp the positive angati#e overstress so that the internal voltage keep
close to the voltage range [0..VDDH] (loPadIN.MSK)

A protection circuit example is simulated in figur@-5. It consists of a pad 50 x 50 um, a serial
resistor around 20@ and two diodes. When a very high sinusoidal wawvef¢+/- 10 V) is
injected, the diodes exhibit a clamping effect boththe positive and negative overstress.

The best simulation mode Voltage and Currents The internal voltage remains within the
voltage range [0..VDDH] while the voltage near pgal is —10 to +10 V wide. Notice that the
current flowing in the diodes is around 1mA (Figafe5).

High voltage MOS

The general diagram of an input structure is givefigure 10-6. A high voltage buffer is used
to handle voltage overstress issued from electiosthscharges. The logic signal is then
converted into a low voltage signal to be used he tore logic. For interfacing with
input/output, specific high voltage MOS are introdd. These MOS devices are called high
voltage MOS. They use a double gate oxide to hath#iehigh voltage of the I/Os. The high
voltage device symbols are drawn with a double. litdhe symboMdd_HVrepresents the 1/0O
voltage, which is usually 2.5 V in CMOS 65-nm.
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Figure 11-6 : The basic principles for an inputaiit, including the ESD protection and the voltage
translator (IOPadIn.SCH)
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Figure 11-7 : Layout of the input MOS device (IORBd.MSK)

The high voltage MOS layout differs slightly frormet normal MOS. The high voltage MOS
uses a gate width which is much larger than thahefregular MOS. Usually, the lateral drain
diffusion, which aims at limiting the hot-carrieffect at boosting the device lifetime, is
removed in high voltage MOS devices. In 45-nm, ghée oxide of the high voltage MOS is
around 3 nm.

The gate oxide is twice thicker than the low voltaylOS. The high voltage device
performance corresponds approximately to a 0.180% device. To turn a normal MOS into
a high voltage MOS, the designer must add an opéiger (The dot rectangle in figure 10-7).
The tick in front ofHigh voltage MOSassigns high voltage properties to the deviceubtin
oxide, removed LDD, different rules for minimum ¢gh, and different MOS model
parameters.
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Level shifter

The role of the level shifter is to translate tbevIvoltage logic signaData_Outinto a high
voltage logic signal which controls the buffer dms. Figure 10-8 gives the schematic diagram
of a level shifter circuit which has no problemp#rasitic DC power dissipation. The circuit
consists of a low voltage inverter, the level ghifitself and the buffer. The circuit has two
power supplies: a low voltagéDD for the left-most inverter, and a high voltagdd¥V for the

rest of the circuit.
AN AN PN
T wddHV vddHV wddHV
wdd
|

Dﬁata ut Ij‘ L‘
| |
Low \aultiiinverg| E o E

Level shifter Buffer stage

[ 1

74
o

[ 1

:

Figure 11-8 : Schematic diagram of a level shift@PadOut.SCH)

WdHigh++

RN

=

Level shifter: translates low voltage clock into high voltage clock
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0.0 0.5 1.0 15 20 25 30 3.5 1’ 45 Time(ns

Figure 11-9 : Layout and simulation of the levelftgh (LevelShift. MSK)

The layout of the level shifter is shown in figur@-10. The left part works at low voltage 1.0
V, the right part works with high-voltage MOS desd; at a supply of 2.5W{dHigh. The
data signaData_Outhas a 0-1.0 V voltage swing.

The outputVout has a 0-2.5V voltage swing. This time, no DC comstion appears except
during transitions of the logic signals, as showthie simulation of figure 10-9.

Added Features in the Full version

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

Schmitt trigger Using a Schmitt trigger insteadaof inverter helps to transform a very nagisy
input signal into a clean logic signal. The Schrhigger circuit switching is
illustrated and compared to the normal inverter.

Ibis IBIS is a standard for electronic behaviona¢dafications of integrated circui
input/output analog characteristics. IddowIND uses IBIS to pilot th
generation of pads.

—

11}
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12 Design Rules

Select a Design Rule File

The software can handle various technologies. Thegss parameters are stored in files with
the appendix "RUL'. The default technology coroggfs to a generic 8-metal 45-nm CMOS
process. The default file is CMOS45n.RUL.

- To select a new foundry, click dfile — Select Foundryand choose the appropriate
technology in the list.

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

- Click Help - Design Rules to display the design rules (figurel L

W oesign rules for i - Hig : =[P
Summary | Wells | Polysilican | Contact | Metal, Via | Metal2 Via2 | Metal3, Vis3 | Metald, Vie4 | Metal5, Metals | Metol? Metal8 | Pads
r201: Minimum N+ and P+ diffusion

width I I e e e T e M e e e T 1

r201=3 lambda (0.06 um) MNwell polarization

1

1

r202: Between two P+ and N+ :
diffusions |
r202=3 lambda (0.06 um) |
1

1

1

L

I

r203: Extra nwell after P+ diffusion r203 1205
r203=3 larnbda (0.06 urr) P+ 1202 Py
é > =
r204: Between N+ diffusion and ; dgﬁr ol [T R‘:
mwell | LN |
1204=3 lambda (0.06 urr) ; r4 N i
1 1
: | r201 1206
r205: Border of well after [N+ : nwell :

polarization
r205=0lambda (0.00 um)

r206: Between N+ and P+
polarization
r2l6=4 lambda {0.08 um)

r207: Border of Mwell for P+
polatization

it o
r207=1 lambda {0.02 urm) P POlal 1zation

r210: Minimurn diffusion area
r210=16 lambda™2 (0.07 umz) _I
w

W OK | Techno: CMOS 45nm - HighK/Metal/Strain - 8 Metal copper loaded from file "default il

Figure 12-1 : illustration of design rules usingetbommand Help- Design Rules
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Lambda Units

The MCROWIND software works is based on a lambda grid, not omcao grid. Consequently,
the same layout may be simulated in any CMOS tdolggo The value of lambda is half the
minimum polysilicon gate length. Table 11-1 givée ttorrespondence between lambda and
micron for all CMOS technologies available in versB.5.

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

Cmos12.rul 1.2um 0.6um
Cmos08.rul 0.[7um 0.35um
Cmos06.rul 0.5um 0.25um
Cmos035.rul 0.4um 0.2um
Cmos025.rul 0.R5um 0.1P5um
Cmos018.rul 0.Pum 0.1um
Cmos012.rul 0.12um 0.0Bbum
s0i012.rul (SOI version) 0.12um 0.06um
Cmos90n.rul 0.lum 0.05um
Cmos65n.rul 0.p7um 0.0B5um
Cmos45n.rul 0.p5um 0.0P0um
Cmos32n.rul 0.3 pum 0.015 pm

Table 11-1: correspondence between technology laadalue of lambda in pm

N-Well
r101 Minimum well size 12\ o i T i
r102 Between wells 12\ : ol | i
r110 Minimum well area 1442 E R101 | ! i
nwell
Diffusion
r201  Minimum N+ and P+ diffusion width 4 A o Nwell !
r202  Between two P+ and N+ diffusions 4\ ! polarization i
r203 Extra nwell after P+ diffusion : 6\ ' !
r204: Between N+ diffusion and nwell 6\ ! 1003 205 !
r205 Border of well after N+ polarization 5 ) P pediff | 7202 | e dif e
r206 Between N+ and P+ polarization oA ! = j
r207 Border of Nwell for P+ polarization 6\ ! - k- i
r210 Minimum diffusion area 2 r201 1206 '
24\ | nwell |
r204$ 007
N i P+ P+ polarization
= &~
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Polysilicon/Metal Gate

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

r301 Polysilicon width 2\

r302 Polysilicon gate or2A
diffusion

r303 Polysilicon gate oA
diffusion  for  high
voltage MOS

r304 Between two3 A
polysilicon boxes

r305 Polysilicon vs. other2 A

diffusion
r306 Diffusion after 4 A
polysilicon r30B
r307 Extra gate aftei3 A
polysilicon
r310  Minimum surface 8\?
High voltage MOS

2" Polysilicon/Metal gate Design Rules

r311 Polysilicon2 width 2 A r311 ] Poly?
r312 Polysilicon2 gate org A
diffusion
r320  Polysilicon2 minimumg A?
surface
N 1312
“““ i |
MOS option

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

and diff P+
E 0
D Nedif Ls
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Contact

r401
r402
r403
r404
r405
r406

r407

Metal 1
r501

rs502

r510

Via
r601
r602

r603

reo4
re0s

Metal 2

r701

r702
r710

116

Contact width 2A
Between two contacts 5A
Extra diffusion over contact 2 A
Extra poly over contact 2A
Extra metal over contact 2 A

Distance between contact arsd\

poly gate
Extra poly2 over contact 2 A

Metal width 4\

Between two metals 4\

Minimum surface 162
Via width 2\
Between two Via 5\

Between Via anddA
contact

Extra metal over via 2\

Extra metal2 over via: 2 A\

Metal width:: 4\

Between two metal2 4\

Minimum surface 16 \?

11. Design Rules

r402

Kl

r401 contact

r404

—

polysilicium

r405
contact i
e
RS SR I
1406 diffusion
metal
gate
r501
metal r502 metal
r604
r602
via . Stacked via ove
>—< metal2 contact
601 when r603 is 0
r603
contact .
r701
metal2 r702 metal2
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Via 2

rgol
rg02
r8o4
r805

Metal 3

rool
roo2
r910

Via 3

ra0l
ra02
ra04
ra05

Metal 4

rbO1
rb02
rb10

Via 4

rc0l
rc02
rc04
rc05

117

Via2 width : 2A

Between two Via2: 3
Extra metal2 over via2: R
Extra metal3 over via2: 2

Metal3 width: 4A
Between two metal3 : ¥
Minimum surface : 322

Via3 width : 2A

Between two Via3: 3
Extra metal3 over via3: R
Extra metal4 over via3: 2

Metal4 width: 4A
Between two metal4 : X
Minimum surface : 322

Via4 width : 2A

Between two Via4: 3
Extra metal4 over via2: 8
Extra metal5 over via2: B

1901

metal3

A

r902

11. Design Rules

r804

Metal3

metal3

ra02

ra0l

rb01

via3

Metald

A

rb02

ra04

Metal3,4

Metald

rc02

rc01

Via

rc04

Metal4,5

21/09/2009



MICROWIND & DSCH V3.5 - LITE USER'S MANUAL

Metal 5

rdo1
rd02
rd10

Via b

re0l
re02
re04
re05

Metal 6

rf0l
rf02
rf10

Via 6

rgol
rg02
rg04
rg05

Metal 7

rhO1
rh02
rh10

118

Metal5 width: 8\
Between two metal5 : B
Minimum surface : 1002

Via5 width : 4\

Between two Viab: &
Extra metal5 over via5: B
Extra metal6 over via5: 8

Metal6 width: 8\
Between two metal6 : 1%
Minimum surface : 3002

Via6 width : 4\

Between two Via6: &
Extra metal6 over via6: B
Extra metal7 over via6: 8

Metal7 width: 8\
Between two metal7 : 1%
Minimum surface : 3002

rd01

i
Metal5

. — .

<+—>
re01

rd02

Viab

rf0l

B AR
Metal6

rf02

11. Design Rules

Metal5

A

rg02

A
v

rg01

Metal7

Via6

rh02

v

Metalb

Metal7
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Via7

riol
rio2
rio4
rios

Metal 8
rjol

rjo2
rj10

Pads

Via7 width : 4\

Between two Via7: &
Extra metal7 over via7: 8
Extra metal8 over via7: B

Metal8 width: 8\
Between two metal8 : 15
Minimum surface : 3002

ri01

11. Design Rules

ri04

Metal7,8

The rules are presented below in um. In .RUL fites,rules are given in lambda. As the pad

size has an almost constant value in pm, each aémngives its own value iA.

rp01
rp02
rp03
rpo4
rp05

119

Pad width: 50 um
Between two pads 50 um
Opening in passivation v.s via 5um
Opening in passivation v.s metals: 5um
Between pad and unrelated acti@® pm
area :

ép03

rp02

rp01
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13 MICROWIND and DScH

Menus

Microwind 3.5 menus

Yy

|F\\e View Edit Simulate Compile

— e col+n
FILE MENU open F
/ Insert layout
l Import Layout
onvert Into ... L3
nth ave lay oLt col+s
Save As
Select Foundry Cirl+F
tin Colars ... 4
roperties
Print Layout
1D, \examples\ADC MSK
2D, \examples\DAC. MSK
300 AexamplesivCoMSK
Leave Microwind Ctrl+Q
\ Leave. Micrewin
Unselect all layers - o :
VIEW MENU and redraw the layout—¥iew  Edit Simu Compile  Analy
X i i Refesh
Fit the window with
all the edited layout Unselett Al
y T TRl Crl+a
7 n z " Zofm In il . Extract the electrical
thc:aolz (':L’n V\?icrﬁo(\j\;] om Ut fr+0 node starting at the
Y cursor location
1£ view electrical Mode
v Lambda grid DN Show/Hide the
Give the label list Routing Gricl lambda grid or the
wrwterconnect Cirl+1 cell compiler grld
) . L&5.. \LgiE \_ View one interconnect witt
(:r:\(ljept,a%“; tdzfv?c'\ggs MoS st extracting the whole circuit
avigator window
Zoorm, window \ .
Show the palette of W2 paieffe of Lavers . Show the navigator
layers, the layout window to display the
macro and the node properties
simulation properties
Enable the zoom
window to pilot large
layout
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EDIT MENU

Cancel last editing command ,ﬁSimulate e R

Help
Nndo Chrl+U ; ;
Cut elements includedinan g,y ot Q”r"i‘?eféi"ﬁﬁ;“i‘e'l’;‘é't‘e%eﬁéi border
area _»
opy ChrlHC
Duplicateelements included Paste Chrl+y
an area Move Area ar Strek

Maove Step by Step
Flip or rotate elements

ch Move step by step a
- Crrl+m  Selection of elements

included in an area /ﬂp and Rotate d Protect and unprotect layers from
o PFratact al - copying, moving, erasing
Generate MOS, contacts, = Unprokect Al ChH+P
pads, diodes, resistors, Add a virtual R,L,C for simulatio
capacitors, etc... ——mGenerate / » | purpose
Wirtual R, L ar C »

Connect layers at a desired

Duplicake x v
location

¥

Duplicate in X and Y a

ﬂ#_ Laver canneckion

Invert the diffusion type f"m/IHVBI’t Diffusion M <-> P

Chrlw election of elements

(from N+ to P+, and vice
versa) in a agiven ar

SIMULATE MENU

Run the simulation and
choose the appropriate mc

V1), I(1), VIV, F(t), etc...
Help

Simulate directly on the
layout, with a palette of

iyl Y| Accesstothe SPICE model sand some
' simulation options : VDD value,
Simuiation on Layout temperature, simulation step

Select model 1, model 3 or
BSIM4

colors representing voltage Vol

Discharge floating gates

MGCS characteris

%2 2D vertical cross-segtion
- 30 Process steps in 30
./3D view of the IC (OpenGl)

simulation

With crosstalk /

Simulation parameters. ..

UV exposure to dlscha@'ﬁ{gates_
Include crosstalk effects in E

L Access to static
characteristics of the
MOS devices

2D view of the circuit a

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

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

the desired location

COMPILE MENU

|Compile Analysis  Help

Compile one single Compile Yerilog Sle

line (on-line)

Compile one Line ‘

Compile a Verilog file
generated by DSCH2

ANALYSIS MENU

Verifies the layout and highlight the
design rule violations

\nalysis Help

Evaluate the crosstalk effect in all
conductors using analytical

formulations Find Floating Modes

Wt Design Rule Checker

Chrl+D

Global Crosstalk Evwal

Evaluate the RC delay in all
conductors using analytical

~
A Parametric snalysis
o

formulations 12 Measure Distance
Measure the distance in the Resonant frequency
layout window, in um and In€ercannect analysis wikh FEM |
lambda
Compute the resonant

frequency of LC omponent:

uation | Computes the influence of
Global Delay Evaluatio)n/_ parameter such as VDD, t

capacitance, on a set of pa
delay, frequency, etc...

Compute the capacitance
resisance and inductance
two conductors above gr
planes

Yy

121
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PALETTE

gl

Contact Poly/metal

MOS generatc

—

Contact diffn/metal

____ Contact diffp/metal
x| via/metal
” | Addvirtual R or L onthe

layout for simulation

Stacked contacts

VDD, VDD_high, VSS
propertie:

Clock, pulse properties

Selected layer |
i

D—— ]
megas [
etal 7 33

Add virtual capacitor

N —
\_1\ Makes a node visible at
simulation

Metal B -

Metals B | Sinus property

Metala B |

Metals B |y

Metal 2 B —-‘\
Metal 1 BE |

Tgete2 [l |~ Protect/unprotect the
Cotact i ayer from editing

Tiigate [l |
P+ Diftusion [l |
N Giffusion |~ 1/ Text layer
el = 7/

Text AT

NAVIGATOR
WINDOW

Name of the
selected node

rosstalk Props D 4

\\ Mode "vref"

Property: variahle

Property of the
selected node

Visible/unvisible

ook

Access to the
node properties

—

bl

Options  Zoom |

T > — Naotinsim — Evaluation of the
at simulation == capacitor, resistor,
= 0z length and
e 325 ohm inductor
- Epum
7 000 nH
— Details on the nod
Exdract gifuit properties

e,

-—-MNode Properties---
CAPAD.22(F)

Metal Capa0.14 F

Width 5 5pm (273 lambda) ©
Height: 5.2um (258 lambda)
Surf: 28 2pm2 (0.0 rmim2)

Crosstalk:0.00

Diffusion 0 DDP
Gate 009
RESISTANCE (325ahmm)

Hides the navigator
window

Details on the
node capacitance

o Hide | Unselect

Define an area in
the bird’s view to
control the zoom

Frequency vs. time. All voltage on
the bottom, the switching frequency

of the selected node on the top.

Voltage versus voltage. Only a DC
simulation, idealdr inverter, OpAmj
static characteristics

Voltage and Currents versus time.
C1

All voltage on the bottom, all
currents on the top.

Voltage versus time. Each
visible node is displayed

A0

co calculatio

Node selected for min/max, freq and FFT

Select the node from which
the delay counter is started at

each crossing of VDD/2 ——\

The delay counter is
stopped at each crossing of

VDD/2 and the delay is ' -
drawn !

" The minimum and maximum voltage
. of the selected node are displayed.=

At each period of the selected
node, the frequency is displayed:

n

Show the FFT of the selected siQnaJ

Select the time scale within a list
in the menu. Shift the time.

Computational simulation step

—

ZliE] |
 Display
¥ Delay
|v Bus value
between...
Win
and

(0] -

™ Mindmaniay
[ Frequency

Bl ~]
Tk, FFT |

~Time Scale

2| »]

~Step (ps)
‘ 0100

Restart simulation from time 0

More simulation

50 B0 7.0 a0 4Time(ns)

Stop simulation.

-\Vn\tage ¥ t\me;{\fnltages and currems,{\/n\tage s vnltageAFrequency vs tlme)(Eye)(gramf
7

122

Eye diagram. A zoom at each visible node
at the switching of a selected node
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LIST OF ICONS
Open a layout file (MSK format) Extract and simulate the circuit
= =
] Save the layout file in MSK format o 10 Measure the distance in lambda and migron
= et between two points
P Draw a box using the selected layer of t & 2D vertical aspect of the device
I palette £
F Delete boxes or text. 10 Animated 3D view of the layout using
| = OpenGL
|j| Copy boxes or text Step by step fabrication of the layout in 3D
s
&3 Stretch or move elements :E; Design rule checking of the circuit. Errars
are notified in the layout
Zoom In A Add a t_ext to_ the Iayou_t. The text may
include simulation properties.
e\ Zoom Out -1 Connect the lower to the upper layers at|the
desired location using appropriate contagts.
View all the drawin Static MOS characteristics
’ =
£ Extract and view the electrical nogd ’E View the palette
:I—'— pointed by the cursor
« ™) |Move the layout up, left, right, down
-
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DSCH MENUS

File Menu

Reset the program and
starts with a clean

screen
Fle\ Edit Insert “iew Simulate Help
Read a
schematic file Me
Save the current schems Save Cirl+5
diagram into the current Sava A
filenarre T TTeeetFoundry
Generates a VERILOG _ ) —+——————_ Configure BsCH
text file corresponding to Make yeriog Fie Col+E to a given
the schematic diagre Generate SFICE File Cirl+G foundry
T ‘ this di r gma fo new symbal
ransform this diagram Eroperties
into a user symbol 5 T Design properties :
Morgchrome/Color F5S number of symbols,
Switch to %} nodes, etc...
monochrom/Color mode
Lghve Dsch3.‘s\ Cirl+Q
Print the schematic diagram/ \
Quit DscH and return:
to Windows
Edit Menu
Cancel last editing command
Edit Insert ‘Wiew Simulake  Help
> Undo Chrl+Z i i
Cut elements included in an_/?-l cut S Z/Ino;(raeillements included |
area
Paste Chrl+Y
Duplicate elements included /B Copy bl
in an area o Move Chrl4+
Flip or rotate elements ohate L?Ft CorltR
included in an area Rotate Right
= Flip Harizontal Ckr+F
Create a line 0l Fip Vertica Add a connection between lines
|3 Line /
-L:l Conneck
. . A Text
Add text in the schematic 7
diagram _/
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Insert Menu
Insert a user symbol or a | Insert Wiew Simulate Help Insert an other
library symbol not N\ (e Symbal {.5YM) schematic
accessible from the symbol another Schema {.5CH) diagram
palette

View Menu

Redraw all the
schematic diagral

Zoom In

Yiew Simulate  Help
mh‘iew Al Chrl+A

View Same -——
krl4+I

____ Redraw the screen

| Give the list of

Erl4+O symbols

Zoom In, Zoom out
the window

/ List of symbols

Design hlerar

W,

Electrical Net

Extract the electrical Tirning Diagra

nodes S‘;.fml:n:ll Librar

?\ Zoorm Ou/

\

. Describes the design
structure

| Show details about

r}lelect al

Show the timing

the critical path

diagrams

Show the palette of
symbols

Simulate Menu

Simulate  Help
ck Floating Line
Show Critical Path

/

Detect unconnecte

Unselect all the design

Show the critical path
(Longest switching path)

lines ;
[ Start simulation —F2 |

Logic Circuit Testing - TG

Start/stop logic simulation

SlEuIate Options

Simulate options

125

Inject fault and optimize test
vectors
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Symbol Palette

Advanced logic symbol
Basic logic library

symbol library

&t ,j,ﬁ — VSS, VDD supply
_— ) i
[Tl % Z@/_ Hexadecimal display

J
Clock, led ‘[>° _[}} ‘D‘

Inv, Inv 3state, buffer

Button

@/ —— Hexadecimal keyboard

AND gates

_/g
NAND gate: -
—/3’
A
>

—— OR gates

XOR gates

2
NOR gate j;_( —— Full D-latch
—)j} DED { —— Latch
%} @/— — Memory

NMOS and PMO

Complex gates

Silicon Menu

x|
Selectonr——————————
" 5iAlone

i atoms

" 5ilattice
" 5ilattice Boron

S lattice Phosp.

Atorms: |5
Rows: |2_

Light position

Anglel=0

Claze fove the mouse inside the window [Left button down) to move 51

Figure 13-1 : the « silicon » main menu
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%]
: [Paelection———————
" Silone
 Siatams
" si02
" Gilattice

& Silattice Baron

 Silattice Phosp.

At !5
R | ’4_

Claze | Move the mouse inside the window [Left button down] to move Si

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

The software “silicon” is able to give a user’s totled 3D view of silicon atoms such as SiO2 (figul 2-
1). The 3D view of the lattice shown in figure 1ZBows the regular aspect of Si atoms and the very
specific properties of the material. One boron a&mts as a dopant in the structure.
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14 Student Projects on-line

www.microwind.org/students

15. References

The goal of this practical training is to illuseathe design of CMOS circuits with the help of Mwind.

The list of projects is described below. For eaaqzt a report in PDF format is on-line.

IYear  [Institute [Country [Student name [advisor name [Project title
Faculty of
Engineering . A proposed SRAM cell for
2009 and Malaysia Eul\:lngr gﬁbﬁu’ Ajay low power consumption
technology, 9 during write operation
Melaka
Etude et implémentation
. . . d’un amplificateur
2008 ISSAT Sousse [Tunisie [MOUNA Karmani Hamdi BELGACEM opérationnel CMOS auto
contrélable par test 1ddQ
Etude et implémentation
2008 [ISSAT Sousse [Tunisie |CHIRAZ Khedhiri Hamdi BELGACEM d’une unité arithmétique
auto-controlable
2008 INSA Toulouse [France SO EIFE Iz [FOhE Etienne SICARD g .
Aurore programmable gain
L Radio-Frequency
2008 INSA Toulouse [France el ?eromt-a Sonia Ben Dhia Amplifier 90nm and
Facchin David
65nm
. , . . Programmable Analog to
2008 INSA Toulouse [France [Fabien Bonnneau, José Perez [Sonia Ben Dhia Digital Converter
Réalisation d'un
ARDAN Anais . convertisseur
2008 INSA Toulouse France g "y hamadou Siradji Etienne SICARD Analogique-Numérique R-
2R
Pierre Cambonie Yvan . .
2007 [INSA Toulouse |France Calvi Etienne SICARD 4-stage binary counter
alvignac
2007 INSA Toulouse |France Beluch Thpmas Etienne SICARD A Programmable
Oller David Interconnect Point
José Maria MARTIN . . ALU of Very-simple-
2007 INSA Toulouse |France Mathieu LE MERRER Sonia Ben Dhia microprocessor
Nicolas Dos Santos Gaél . .
2007 INSA Toulouse |France GESSLER Etienne SICARD 4-bit Flash
2007 INSA Toulouse |France Abbezzot Cedric . Etienne SICARD StUdY.Of operational
Nguyen Thanh H Giang amplifiers
. . . Marcos Sanchez - Felipe p FAMILIAS LOGICAS CON
2007  |Univ of Oviedo |Spain Cabello Juan Diaz TRANSISTORES MOS
2007 Univ of Oviedo Spain  oro9® Sanchez - Felipe |y ., by, DISENO DE MEMORIAS
) ) ) Marcos Sanchez - Felipe , CIRCUITOS
2007 Univ of Oviedo [Spain Cabello Juan Diaz SECUENCIALES
2006 INSA Toulouse |France RQQUI.ER s, A0l Etienne SICARD StUdY.Of op.erational
Sébastien amplifiers (in French)
BREBAN Rémi . 3-bit A/D converter (in
2006 INSA Toulouse |France COUSINIE Mathieu Sonia BEN DHIA French)
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