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Project 3: Cadence Tools, part 1 (10%)

ENEE 359a: Digital VLSI Design, Spring 2007
Assigned: Thursday, March 1; Due: Tuesday, March 27

1. Purpose

The objectve of this project is toamiliarize yourself with the dérent programs included in
CadenceThe Cadence suite is a huge collection of programs fiarelift CAD applications from

VLSI design to high-leel DSP programminglhe suite is diided into diferent Opackagé&sand

for VLSI design, the packages we will be using are the IC package and the DSMSE package
(we@ talk about these as we go along).

Specikes: Design and SPICEexibcation of irverter NAND, NOR and MUX @tes using the
TSMC 0.25um process (also using SCMOS rules and neerBBMC rules).

2. Setup

1. The Prst thing to do is to setup your directory structure properly so that you can use the required
libraries used for the desigmf$. Download the tw Hes enee359a lds.tar and IIT_stdcells.taz
from the Project Distrilstion directory (on course website).

2. Inthe root of your home directqrgxtract IIT_stdcells.tagz. (First &ecute Ogunzip
IIT_stdcells.tagz@hen untar it by doing Otar -xvf IIT_stdcells.tar®)

3. Create your wrking directory For the rest of this alkthrough, the assumed name of tharking
directory will be enee359a. Cpphe He enee359a les.tar to the enee359a directory and untar it
there. (Agin, do a Otar -xvf enee359starQ).

4. Change ayoccurrence of the string OUSERWEGn the conlguration ke Ocds. Jid6to your user
name and then ga as Ocds.libO. Oraywo do this is to use the folling: Osed Os/USER-
NAME/your_username/gds.liborig > cds.libO, where you replace Oyour_usernameO with your real
usernameThis uses the program sed and redirects its output tdele®lib

3. Creation of Simple Standar d Cells

3.1 Inverter design

1. The brst step is to setup oun@ronment so that we can access the necessary Cadence programs. Go
to the enee359a directotype Otap cds-ad then type Osource /safte/cadence/setnc€iThis
executes a script that will setup ouvennment properly(The programs we will be using are in the
IC, or Intggrated Circuit Design, packagejtlwe are also going to use the enhancements to this
package that are prided by NCSU)

2. Invoke the main frontend program by doing Oicfb &ideast two windavs will pop up. Close
everything except the icfb windev and the Library Manager windo

3. The net step is to create a library where you will store your designs. In Library Maigagter
File->New->Library. In the name &ld, type in Osimple_cellsO (this is actually just an arbitrary
name). In the &h keld, type in the full path for the enee359a directony @fue, this wuld be
/homes/<username>/enee359a). InTidehnology Library bld, chooseAdtach to &isting tech
libraryO and then choo$&MC 0.30u CMOS025. Click on OKou should no see the
simple_cells library in the Library column of the Lib Manager
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. We naw start with creating the schematic of a simpileiter When ished, the schematic should
look similar to the one sk in Figurel. Click on the simple_cells library then go to File-xNe
>Cellview. In the windev that pops up, type in O (without the quotedlso, the name is ain
arbitrary) in the Cell Nameetd. For theView Name [eld, you can either directly type OschematicO
to inform cadence what type of design yeu®aking, or choose OComposer - SchematicO in the
Tool options menu. Click on OKA window titled Virtuoso Schematic Editing will noopen. This

is the Cadence program that we will be using whienee vant to design circuits on a schematic
level.

The net step is to add the NMOS and PMOS transistors of trezter Go to the menu optiokdd-
>|nstance and th&dd Instance windw should appear(Important comment: using Cadence
becomes a whole lot easier if you knthe short cut éys that actiate diferent tools and options.

In this case, the shortcugkfor adding an instance is Oi0). Click owBedo bring up the Library
Browser windav. In the library leld, choose ONCSU_Analo@ra0, then locate the OnmosO cell in
the Cell column and the Osymbol@vvraatheV|ew column. In theAdd Instance windw that pops
up, you can modify the dérent parameters of the NMOS ymudstantiating. Mostlyyoudbe
Pddling around with th&Vidth parameterbut in this case, the datlt value of 450nm (which is the
minimum size allevable for this technology) will se€e. Click once on the schematic wimdtm
instantiate one mosfeffter clicking, notice that an NMOS symbol is still attached to the cursor
This means that theA@d InstanceO command is still setand clicking agin will instantiate
another transistorTo deactrate the present command, just press ESC.

Do the same thing to instantiate a PMOS transist@male its width twice that of the NMOS (in
this case, 900n). Place the PMOSwabthe NMOS.

Some tips on nagating: you can use the awdeys to pan around your desigfo zoom out,
either use the toolbaor use shift-z.The shortcut for zooming in is ctrl-z, and if yoamt to i your
entire design in the schematic wingqust press Of Shortcute¢s are case-sensi#, so pressing f
is different from shift-F Weirdly enough, the CAPS LOCK doesafiect the shortcutdys, i.e.
pressing @with CAPS on will be interpreted as aver case f.

The next step is to instantiate the connections to theguand ground railsTo do this, repeat the

same steps as instantiating a transifidrthis time, locate the OvddO and the OgndO cells and place
them accordinglyAny node in your schematic that is attached to these nodes are implicitly electri-
cally connected. In this case, it dog¢ge@lly matter since only one node each are connected to both
vdd and gnd, @t in laiger circuits, these symbols neathe schematic a lot neater by not requiring
explicit wire connections between each vdd/gnd connection (Note: a lot of times, oAlycthe
Instance btton appears and youveto click on Bravse to shw the Library Bravser If you have

an idea of what cell youawt to instantiate and from what libraypu can directly modify thedfds

in theAdd Instance winde to get the cells and cellvis you want).

Figure 1: Finished transistor -level sc hematic of anin verter.
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The next step is to add I/O pins to the schematic so that signals can go in and out (or both) of this
design. Go tédd->Pin (shortcut: OpO) and typedid @ the Pin Namesll. Male sure that the
direction is OinputO and then place the pin neaaths gf the transistors, Do thisaagfor the out-

put by typing OYO and then changing the patidmenu option to Ooutpt.

The last step torsh the schematic is to connect all the instances properly using wires AGa-to
>Wire(narrav) (shortcut: OwO) and do the connectibhs.easiest ay to do this is to use Owire
snappingd Notice that when the wire command isvacth yellov diamond can be seen in the
design shaing where the nearesald wire connection can be made. Pressinm@s©leyboard
snaps the wire directly to that connection, and the diamond jumps toxtheeaeest &lid connec-
tion. Try using this method tortsh the connections. If you maknistales, you can undo it by
using the undo command (shorcut: OuO), or bywaeiagtithe wire command and then selecting the
wire you vant to delete and then deleting it (shortcut: Odel0). (Important coribigtpoint, it

is really important to realize that most commands in Cadence steg aftér you use them, Bkthe
Add Instancexample. This can be quite frustrating if youveathe delete command aetiand then
click on one of your cells, unintentionally deleting ¥ou can see which command is presently
active by looking at the bottom part of the Schem@findow. Again, pressing ESC once will deac-
tivate the present commanditlalso leep in mind that Cadence commands are nested, so you may
have to press ESC multiple times to neadure that no command is aetso you can actually select
something.This command nesting i€xy frustrating at ist, lut becomesery useful when you get
the hang of it).

When mished, click on the uppermositton in the left toolbar to do a OCheck ange8eThis per
forms rudimentary check of the design (btikfe unmished connectionsgating wires, etc.), and
saves the design if no errors oaming are found. Otherwise, you are prompted whether or not you
want to proceed with thesa For this simple design, you shoultth@e ary warnings whatsoeer.

At this point, you hee mished creating the transistievel schematic of an werter Assuming it®
working (weverify this later), this can mobe used in higher Vel designs. Oldously, we donO
want to use the transist@vel schematics in highdevel designs because thare cumbersome to
use and require some thinking before their functions are dedattdough an inerter is easy
enough to recognize, more complicated circuits MOR ates are signidantly tougher Instead,
we will create a OsymbolO celvithat we can use to represent theenter Go to Design->Create
Cellview->From Cellviev. Use the defult values in the winde that pops up and click on OKA
new window titled OWtuoso Symbol EditingO should pop upwimy a rectangular block that has
two pins,A andY. These pins directly correspond to the pins youneekrearlier in the schematic.
This symbol should be good enough for our use. tibse who ant to mak their irverters look
better go toAdd->Import Symbol and add the symbol celwief the irverter from theAnalog Dig-
ital Parts Library After importing the symbol, delete the rectangularsion.). See the symbol
cellview by clicking on the uppermosttion in the toolbarthen close the winao

We naw use SPICE toerify the functionality of our iverter The Brst step to do this is to create a
new schematic cellvie that we will use as the testbench for oweiter In the Lib Manager win-
dow, create a ne schematic cellvie in the simple_cells library calledvntest (agin, an arbitrary
name). (© do this, mak sure that the library simple_cells is selected, then go to File~siCell-
view then specify im_test as the Cell name and choose the Comy&dematic tool.)

In the schematic windwthat pops up, press @i@dd an instance and then go to the simple_cells
library. Since wef@ created a symbol cellwviefor the irverter we can nev use it in a schematic.

Add two instances of the werter youe& created, placing them side by side with the intention of cas-
cading them together

We nav have to instantiate input sources that will allas to test the functionality of ourdee-
undertest (DUT). It is simple in this case becausg square \ave with the right vltage will

enable us to determine correctnessr fRiore complicated circuits, creating a testbench becomes
more irvolved. To instantiate a squareave pulse train, press Q@add an instance) and add the
symbol cellviev of vpulse from the NCSU_AnalogaRs library Modify the parameters of this
voltage source in thedd Instance winde by using the follwing values: Voltagel = 2.5yoltage2

= 0 Rise time = 100p,dH time = 100p, Pulse width = 2n, Period = 4n. (Nai¢hen modifying
parameters, only enter thalue and the unit modép not the actual unit.df example, when enter
ing time \alues for the period, 4nag used and not 4n¥he OsO is automatically put in afeads.
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Entering 4ns will result in errors during the SPICE simulation because OnsO ialidat@nber
modiker, while OnO is interpreted correctly as nano ompi9e Create an instance of vpulse to near
the input of the leftmost wrerter

To male the simulation more realistic, we also simulate an output load that is twée lolyithe
second imerter In this case, we instantiate a capacitor to simulate the capdodd presented by
other circuits connected to the outpAidd an instance of OpcapacitorO from the
NCSU_Analog_Rrts library For the capacitancealue, instead of specifying a capacitanakig,
we can mak it variable by entering an arbitrargnvable name in the Capacitanadd? For the rest
of the discussion, theaviable name is assumed to be Cload. Note that this concept of asing v
ables for use in SPICE simulation can be applied yadavice parametetincluding that for the tran-
sistors. Instead of directly specifying our transistor parametersydorge @te width, we could
have used ariables instead so we can change them onytlirifing SPICE simulations. Of course,
this is useful mostly for parameter study and optimizing your desigmaliplysical designs, these
values will alvays hae to be set to some correetive. Create the capacitor near the output of the
second imerter

The net step is to include a DC per source that will supply peer to your circuit. Instantiate the
OvdcO cell from the NCSU _Analogrt® library and specify aoitage of 2.5 in the D@oltage

Peld. Add this wltage source amvhere in the schematic. lekwhat you did for the werter supply
rails, instantiate a OvddO and OgndO symbol near the DC\iherceonnected, this will distuilte
the \oltage source to grpart of the circuit that is connected to vadthough no other nodes in the
testbench will seem to be connected to vdd, the transistors invéreemschematic will be con-
nected to this global vdd by virtue ofuiiag connections to an instance of the OvddOTd®H.is the
same for gnd. Instantiateavother gnd cells for for use of the vpulse and the capacitor .

Finish the connection of the entire schematic by connecting them using Wre$nal schematic
should look similar to Figurg, with the &ception of the labeld.o create the labels attached to the
wires, go toAdd->Wire Name (shortcut: 1) and in the Namesdd? type in OIN OUT1 OUT20 and
successnely click on the corresponding wires aswhan Figure2. This step assigns a usggmed
name to specibwires. Without this step, the sofeave will automatically name the wires (with cryp-
tic names such as net020) and a@wd be more confusing later on when we display titage
waveforms of wires we are interested in.

Before proceeding with SPICE simulation do a OCheck are)Skst.

Figure 2: Final sc hematic of the testbenc h used to test our in verters.
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20. We nav use SPICE simulation teevify whether our imerter is functionally correcthere are dif-
ferent ways to do this in Cadence, depending on what SPICE engineardguawse (i.e. HSPICE,
Spectre, PSpice, etc...). In our case, we are going to udedleg Design Evironment Spectre
SPICE frontend for Cadence. GoTwols->Analog Emironment.

21. We bst need to corgureAnalog Design Evironment so that it wks the vay we vant it to. Go to
Setup->Simulator/Directory/Host and choose spectreS in the Simulatorvauilidenu.This
instructsAnalog Design Evironment to use the SpectreS SPICE engine. Click on Okt, We
need to mad sure that Cadence can locate the SPICE mdeefdr our transistors. Go to Setup-
>Model Rath. For processes older thai$sMC 0.25um, all the modelds are included as part of the
NCSU distritlution. For TSMC 0.25um, the modelds are included as part of the enee358zs.tar
tarHe you were gien.Type in the complete path for the enee359a directory (i.e. /homes/<user
name>/enee359a) in the M®irectory keld and ma& sure that it is therbt entry in the Directories
Field. Click on OK when you®mished. N&t, we nav need to tell SPICE what kind of analysis to
perform. Go tcAnalyses->Choose and then reaure that Otras@elected (for transient analysis).
Make sure that the Enabled check box in tlveeloleft corner is aote, and then specify a stop time
of 15n. Click on OK. Remember that the period of our input pulse is 4ns, so this shauldssho
roughly 4 output ycles.We naw need to telAnalog Design Evironment which vaveforms we are
interested in. Go to Outputs-oBe Plotted->Select on Schematic and then proceed to the schematic
of our testbench and click on the wire names IN, OUT1, and Oth&colors of the label and
wires should change to indicate thattiheve been selected. Go back to Amalog Design Eviron-
ment windav and you should see these signals enumerated in the Ougpditflbrmally we
should be ready to start the simulationt im this case, we need to speciblues to ariables we@
delned earlierGo toVariables->Cop from Cellview. In the Desigrvariables leld, the ariable
Cload should appeddouble click it, and then enter alue of 20f in th&/alue(Expr) leld. Click on
Change then OKThe \alue should be refgted in the Desigdariables leld. We can nw proceed
with the SPICE simulation by clicking on the green stopligitdm in the right toolbaiThe text
output of the SPICE run should be seen in the icfb windéong with ag errors that may ve
occurred.

22. If everything goes well, a windwotitled WaveformWindow should pop up shang the three wer-
lapping vaveforms IN, OUT1 and OUT2. Maximize this winglgthen click the SwitclAxis Mode
button in the toolbar (second from the bottoftis should she the three \aveforms on difierent
axes and should look similar to Figuse(Ordering is unimportant)

23. Some comments: Looking at theweforms, notice that unlé&the tvo other vaveforms, IN is ery
linear It is important to realize that aside from the rise afidime constraints we spe@b for

— Waveform Window < —— Cadence® Analog Design Environment(2y | | |

mouse L swvHousssSingleSelectPLGE )

Fi: =wwdSwitch#ccl sHode B L)

Figure 3: Voltage output wa veforms fr om the in verter testbenc h.
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vpulse, it is an idealoltage source such that it will be able to maintain the required owfiage
regardless of output current. Remember from basic electric circuitsahage sources kia an
associated parasitic series resistaAsehe current output of theltage source rises, theltage

drop across the resistance increases and correspondmsgbutput of thealtage source decreases.
Most wltage sources in SPICE are ideal in that their series resistance is zero and that the source ca
supply as much current as requir€tis is well and good during simulationjtremember that we

are here tonld real circuits -- you hae to keep in mind that real circuitsom®have the benetof

these OidealO sources, and ywa tabe careful on deciding whether or not the ideal characteristics
of the sources yor&using will afect the realism and accuyaef your resultTo give you an idea of

how this afects your circuit, ta a look at hey OUT2 deviates from the ideal during the rise aad f

of the waveform.This deviation is olvious because it is diing a signilzant capacitie load

(roughly equal to about the capaaitioads presented by four minimum-sizegeier inputs). Since

the current that has to clgaydischage this capacie load has to go through one of theeirier
transistors and its fefictive ON channel resistance, thatage cannot change instantaneousity b
instead undgoes anxponential increase/decay dictated by the RC circuit formed by the MOS ON-
resistance and the capaegtioad.

24. A lot of things can be done in theéaveformWindow to get information out of the displayedwe-
forms. One useful method is to use cursors to measure absoluteliagshor their dierences
between tw points. Pressing GaOuld shw you a crosshair withXD in the centefry moving this
crosshair around. Notice that time amdtage information about the center point is displayed in the
lower right. Click on a point at the rising edge of IN that is about lagifup (1.25V). Pressing ObO
will allow you to use a second crosshair and emalkeasurementgVith two crosshairs acte, addi-
tional information is displayed stving the time andoltage diference between the txcrosshairs
and the resulting slope. Click the hadfyvpoint of thedlling edge of OUT1 caused by the rising
edge of IN that you he clicked beforeThis is a good metric in measuring the delays of yates
and is often called the propatgon delay (50% to 50%). (Commeifihe propagtion delay metric
will vary from diferent manudcturers of cell libraries. Some maacturers will use 50% to 67% or
some other @&lue to mak propagtion delay characterization easiart that is unimportant here).
You can also zoom in and out of thaweforms using the same shortcay& you used for Schematic
Composer

3.1.1 Questions
What is the delay through the 1st inverter? the 2nd?
What is the rise time & fall time of 1st inverter? the 2nd?

25. As a last step in SPICE simulation for thedrter we want to do what is called a parametric analy-
sis. This involves \arying one parameter in your circuit whiledping all others constant. In our
case, we canary the \alue of Cload and seeWdhat afects our circuit. In th&nalog Design Ewi-
ronment windw, go toTools->RarametricAnalysis. Enter Cload in theaviable name, Of in the
From Feld, 200f in theTo keld, and 10 in th@otal Steps bld. Enable the Selectitton and go to
Analysis->StartThis nav starts diferent runs of the simulation usingfeifent \alues of Cload for
each runAfter everything is Imished, you should see 10 sets af@forms in the \aveform windav
similar to Figured.

26. In the resulting \aveform windav, notice that as thealue of Cload increases, thevigion of the
output waveform becomes more sigmignt until it bgins to look lilke a triangular pulse train instead
of a square ave.This males sense because it will &alonger to chae/dischage a lager capaci-
tance, bt the frequengof our input vaveform doesri@ive enough time for theages to do a com-
plete chage/dischage g/cle.Also, notice that for all ten runs, the inputvgform stays the same.
This isnOremarkable_gien the preious discussion that ideal sources can suppfyvaltue of cur
rent and so shouldn® afected by their loadVhat is important to see is that the output OUT1 of
the brst inverter stage also stays the sangardless of the load of the second stades males our
lives a whole lot easier by making sure that the problemwhdra specib load is conped to a
localized part of the circuit and doespfopagte backThis bears repeating -- the circuits thaveri
the input of a gte are mostly isolated from the characteristics of #e&load.

27. TheAnalog Design Emronment is a gry paverful program, and we kia only shavn you some of
the features that can be used by digital designersa#, this concludes the schematic design and
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SPICE \erikcation of the imerter (Note that the eribcation itself vasn@emphasized too much
because in this case, iawolyious that the iverter was working by noticing that OUT1 is the com-
plement of IN, and OUT2 is the complement of OUT1.)

28. Close all windavs except for the Library Manager and icil¥henAnalog Design Evironment
prompts you on whether youant to sae the state, choose yes (you can later load this stateeto sa
you some time in corgeiring your run). Of course, all other designs anetia be saed before
closing.

3.1.2 Question: if V|4 is 2.0V, what is the highest Cload that can be driven correctly?
(meaning, yielding a correctly interpreted output waveform) What if V| is 2.25V?

3.2 NAND, NOR design

After Pnishing the design of thevarter the nat step is to design wwother gites, a AND and a

NOR aate. (CommentVith the inclusion of a D iRf3op, these four cells are enough to design an
digital logic. Of course, only the functionality is guaranteed, and not the performance, which is
the main reason commercial standard cell libraries contain a much \artkty \of cells.Techni-

cally, a cell containing a AND and a pRRop is complete and can implemeny ahgital logic

since a M\ND can be congured to implement grrequired combinational logic).

1. Using the same steps used for theeiter create n& schematic cellvies for the MAND and NOR
gates called Onarattd OnorO.

2. Follow the same steps to create the transisi@ schematic of a AND and NOR g@te. for the
NAND gate, use a width of 900n for both the NMOS and PM@&the NOR gte, use 450n for the
NMOS, and 900n for the PMOS.

3. For both the NMOS and NORates, use input namesdand OBghd an output OYO.

4. Create symbol cellvigs for both gtesAgain, to those who ant a better symbol than the rectangu-
lar shape created by @eit, you can import the nand2 and nor2 symbols from the
NCSU_Digital_Rrts library

55555 o . mwvGrossHaicHMenuBGE ()

Figure 4: Parametric Anal ysis of the in verter testbenc h with output capacitance , Cload, varied
from Of to 200f .
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5. After creating the schematic and symbol celkgeof the MAND and NOR iwertet the nat step is
to perform SPICE simulation$o do this, we hae to create another testbench schematic. Create a
schematic called Onand_nor_testO. Instantiate a nand anate:rlsg create a capacitor for each
output and a gnd connection (capacitalue set agin to \ariable Cload). Lik what you did for the
schematic, instantiate a OwveielOwith the DC wltage set to 2.5\along with the necessary vdd and
gnd connectionshe net step is to supply theates with iinputs such that all possible combinations
(or more practicallyall interesting and important combinations) of inptitss is a little bit more
complicated than anwerter because we aremaoncerned about minputs, lot is still easy
enough to do since all the possible input combinations (just four of them -- 00, 01, 10 and 11) can
easily be generatedo do this, we can simply instantiatectdvpulsefdurces and. meleure that
the frequeny of one source isxactly twice that of the other one. Instantiate a Ovsdseée with
the folloving common parametergoltagel = OVoltage2 = 2.5, rise timealfitime=100p. Br one
vpulse, set Pulse width = 2n and Period = 4m.tRe other vpulse, use Pulse width = 4n, Period = 8n
to generate a squarewe with half the frequenc(twice the period) of therbt. Connect therist
vpulse to thé\ input of both @tes, and the other vpulse to the B inputs. Instantiate gnd connections
for both agates and thenrtish up gerything by connecting the nodes with wires and labeling the
inputsA, B and the outputs as OUT_nand and OUT. Your bnal schematic should look similar to
that of Figureb.

6. Now that the schematic testbench has been created, wewanvoge SPICEAgain, go toTools-
>Analog Ewironment to inoke our SPICE front-end. CogbreAnalog Design Evironment the
same vay you did for the iverter simulation. (Summary: Go to Setup->Simulator/Directory/Host
and choose spectreS in the pullsiomenu; Go to Setup->Modeath and specify the enee359a
directory; Go tovariables->Cop From Cellviev and change thealue of Cload to 20f; Go tAnal-
yses->Choose and makure that Otras@elected, that the OEnabtadkbox is on, and enter a
stop time of 15nAnother way to do this is to load the state from avwas run.This retrizzes most
of the state so that only anfeof the coniguration steps need to be dorfd¥o, to plot the correct
waveforms, go to Outputs-®IBe Plotted->Select on Schematic and choose thé\nBts
OUT_nand and OUT_noStart the simulation by clicking on the green stoplight toolb#oh.

7. If everything goes okayhe waveform windav should appeaAgain, maximize it and click on the
OSwitclxis ModeOvou should see something similar to Fig@re

3.2.1 Questions:
What are the rise and fall times of the NAND gate?
What are the rise and fall times of the NOR gate?

8. From the output, you should be able to determine whether or not your nand andétesarg
working. In the case of Figu both @tes are wrking since the NOR output is O10 only when both
inputs are 000, and th&N\D output is 000 only when both inputs are ThEOnost interesting fea-
tures of the output are the output glitches in tA&D output. These transient glitches happened
during the input transition where both inputs happen to be high.

1. When sizing transistors for standard cells, it is desirable to size them such that the PM®DISaredthe NMOS netwk have

the same equalent resistance so that rise aalli imes of the output aweform will be roughly equal.df the irverter the PMOS

was made twice as wide as the NMOS, using the assumption that the carrier mobilities within a PMOSFET is only half that of an
NMOSFET so that a PMOS with the same width and length as another NMOSweilidueghly twice the resistance. Making the
PMOS twice as wide will result in roughly equal ON-resistance and correspondiggét diwe strengthThis also holds true for

more complg gates by using the concept of series and parallel resistance combinations and accountingfet tasevscenar

ios. For the MAND gate, since the twNMOS transistors are in series, thieetive width will only be half of the towwidths. By

making the width 900n, thefettive width is still made equal with that of a minimum-sizedbiter For the PMOS netark,

although the parallel combination ofa®@00n transistors will result in an egalient width of 1.8um, the evst case is used where

only one transistor in on such that theoutput resistance becomes %areqgl to that of a minimum-sized/énter

1. Note that sometimes, it &k quite a bit of time for Cadence to refresh its list of libraries such that the nand and/or nor cells you
created are still not visible in the Library targer One vay around this is to directly type in the name in faddnstance®in-
dow, i.e. specify the simple_cells libranyand as the cell name, and symbol as the.vie
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9. After making sure that yourages are wrking correctly close all windws a@in except for icfb and
Lib Manager

3.3 MUX Design: creating a ne w cell using Gate-le vel design

Now that youge had somexperience in creating basic cells at the transigial, the nat step is
to use the gtes yowe created in aaje-level design that ist@mply a testbenchihe next exer
cise is to create a multipder using the basic standard cells vee€eated.

Cmd: Sel: 0 21

Tools Design Window Edit Add Check Sheet Options HNCSU Help

C\" {mouse L: showslickInfof)
=|=

M: schEiMouscPopUp () E: schiicheckandsSawe ()

Figure 5: Schematic testbenc h Onand_nor_testQo test NAND and NOR gates.

=: 1.008n w184 FOUT_nand Active 2S5

T

|mobse L: awwMobseSingleSclectBtCE () R: =wewd Switohfoo sModeCE ()

Figure 6: Output v oltage waveforms f or the nand_nor_test SPICE sim ulation.
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Create a n& schematic cellvie called Omuxthis gate will have three inputs - INO, IN1, SEL, and
one outpul. The following equation describes our desired multiple

Y =(SEL==0) ? INO : IN1;
In terms of logic equation¥, = ~SEL(INO) + SEL(IN1)

This equation basically states that the output is equal to INO if SEL is O00 and equal to IN1 if SEL is
010. In essence, the input signal SEL selects between INO and IN1 which signal to replicate at the
output. It is up to you hw to implement the logic equation using the thrateg &ailable to you.

(Hint: The minimal implementation uses 4tgs)

. After creating the circuit and the necessary input and output pugstteaschematic and then create
the symbol cellvier (Design->Create Cellwe->From SchematicAlthough a multipleer symbol
can still be imported from the NCSU_Digitabifes library some modibation is needed to makt
correspond with our speahpin names, so Wié{Dist be satisbd with the dedult rectangular shape
this time.

The net step is to create a testbench to test the functionality of the mxdtiad then think of a

set of input vaveforms that can be used to perform this testing. One eagyhie could be done is

to generate tov square \aves with distinct frequencies and use another square with a much

lower frequeng to toggle the select inpukhis way, the output should switch from thesbfre-

gueng to the secondverytime the select input changes. Open the testbench for the nand and nor
and instantiate a multipter with a capacivie load (alue = Cload). Connect INO foand IN1 to B.
Label the output OUT_mux. Mg instantiate a third OvpulseQrce with the same parameters as
the Prst two except for Pulse width (set to 40n) and Period (set to 80n). Label the output ofthis ne
Ovpulsed3 SEL. Nw, go to Design->Sea As and change the Cell name to mux_nand_nor_test.
Your circuit should ne@ look similar to the one skm in Figure5. Close this winde and open the
schematic Omux_nand_nor_testO.

Go toTools->Analog Emironment to proceed with SPICE simulation. Cgaie eerything the
same vay you did beforett this time, set the analysis stop time to 1@0s0 choose the outputs to
be plotted a#\, B, SEL and OUT_muxAfter everything is conBured, start the SPICE simulation.
If everything goes properlyhe output vaveforms should look similar to that of FiguBeObsere
thatWhen SEL is high, the outputameform is olviously B, and when SEL is\lg the output \ave-
form is olviouslyA.

- Virtuoso® Schematic Editing: simple_cells nand_nor_test schematic -

Sel: 0 21

Tools Design Window Edit Add Check Sheet Oplions HCSU Help

Figure 7: mux_nand_nor_test b nal sc hematic.
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3.3.1 Question: What is the propagation delay through your MUX?

8. Close all the windes except icfb and Lib Manager

As a review of what we@@ done sodr, we€e designed werter nand and norages at the transis-
tor-level by using schematic design saddine, created symbols for thesaes for use in laterage-
level designs, and created testbench fenircation. Using these testbenches, wee@grformed
SPICE simulation toerify the functionality of our gtes and measure some metrics. Lastgfe
used the basicages weke created in aaje level design to create a 2-input multipég which
we@e agin \eribPed using SPICE.

At this point, little is stopping you from implementingyakind of combinational circuit by using
the three gtes you created asiiltling blocks. But as designs become bigger and biggée-
level design becomesewy cumbersome, and therefore designing at #dte-lgrel isnOadvisable
for the design of most circuits. (Of coursateylevel design is still @ry important especially when
doing full-custom design orage-level optimization of the critical paths of performance critical
circuits)

4. 10-bit Fibonacci Counter SPICE verip cation

This last step for project twis to do a SPICE simulation of a bigte-level schematic that &s
synthesized from aevilog RTL code similar to the ones you wrote for thrstiproject. Br later
projects, you will be the one performing all the necessary steps to go Troierilog to SPICE
veribcation, tut for naw, everything will be gven to you including the testbench.

1. Download the ke enee359a iw_p2.tar and copit into your working directory (which i assume in
my case to be enee359a). Untar this arcby doing a Otar -xvf enee359ao0 p2.tar(rhis will
create a n& directory in your wrking directory named ©@nacciGAmong the cells created will the
main Bbonacci cell, which contains a schematic cellyia symbol cellvie/, and a layout cellvig
(which will be used for project3jnother cell is the bonacci_test cell, which is the testbench for
the 10-bit (bonacci counteifo male these cells accessible from the Library Manager winao
your working directory add the follaving line in your cds.lib e (without the quotes): ODEFINE
Pbonacci /lhomes/<username>/enee339a@facciO. One easywto do this is toxecute the fol-

Figure 8: SPICE simulation results of m ux_nand_nor_test.
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lowing command: Oecho ODEFINierracci /homes/<username>/enee359aiacciO> cds.libO
and replace <username> with your username and OenegBb%ae©name of your arking direc-
tory. This updates the cds.lidebwhich Library Manager uses as a list of libraries to use. In Lib
Managey go toView->Refresh and then click OK on themeindow that pops-upYou should nw
be able to see theébb library in Lib Manager

. Try opening the schematic cellweof the Hbonacci cell to see what an automatically synthesized
schematic looks li& DonOworry if you canOnake heads or tails out of the schema#is.circuits
become bigger and biggérbecomes harder and harder to inteity deduce their operation just by
glancing at the schematic.4t€dill possible, bt not without spending some timguring things out.
This should emphasize the need for designing circuits at a higleéated then using CAD tools to
perform comersion later on in the design process.

Open the testbench schematib@hacci_test) so that we can run it through SPIQEkKatheAna-
log Design Emironment. ConBure it the same ay you did for the prgous runs ht specify an
analysis stop type of 75n. Plot the signals clk, reset, baddwt<9:0>When mished, start the sim-
ulation run and if eerything goes correctlyou should see something similar to treve@forms
showvn in Figure9. Check that bo_out<9:0> goes through the prop&obkacci sequence of
{1,1,2,3,5,8,13,21,34,55,89,144,233,377,610,987,...}. Note thatgistees in the circuits are only
10-bits so thg can only represent a maximuralwe of 1023 (unsignedyhis means that after the
value 987, the counter wilverl2ow and produce@bageThis error is acceptable for our applica-
tion as long as we realize this limitation and weetdknto account. Since the only present purpose
of this Hbonacci counter is to senas a ghicle to &miliarize you with the CAD tools that are used
in theVLSI digital design Bw, this limitation is perfectly okay

Figure 9: SPICE Output wa veforms fr om Pbonacci_test .
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