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Project 4: Cadence Tools, part 3 (10%)

ENEE 302H: Digital Electr onics, Fall 2004
Assigned: Tuesday, November 23; Due: Tuesday, December 14

1. Purpose

The objectre of this project is t@erform the basic steps in digitdLSI design from RL-level HDL
specileation up to design anefication of the Ipal ptysical layout.

Specikes:You will design the system sha in Figurel that implements a 16-bit adder summing
up the outputs of tavpseudo-random number generatdsaccomplish this, we will be folo-

ing the follaving steps (Note that this is just a basic digital desmm €ommercial designdivs
will include more steps for reasons ranging from increased functigrisityer performance, bet-
ter testability etc.):

Verilog design anderibcation (result: eribedVerilog code)

Logic Synthesis (result:age-level netlist inVerilog format)

Post-synthesiseribcation (result: eribed cate-level netlist inVerilog format)

Placement and routing of indilual modules (result: pisical layout of the indidual modules)

DRC, LVS and SPICE eribcation of indvidual modules (result: eribed plysical layout of
individual modules)

Schematic design an@nbcation of top-l&el module (result: eribed schematic of the topvel
design)
Placement and Routing of the topdédesign (result: Bfsical layout of the top-ieel design)

DRC, LVS and SPICE eribcation of top-lgel design (result: eribed plysical layout of the
entire design)

Done!
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2. Verilog Design and Veribcation

Download the kes Oadder16.vO, OlfsrEhd@proj4_testaft coy them into your wrking direc-
tory (i.e. /hnomes/<username>/enee302)e He Oproj4_test.i&a testbench that instantiates three
modules, tw each of the random number generator (Olfsr16.vO) and oneaddmsted as stvn in
Figurel.

Random Number Generator Random Number Generator

addend1[15:0] addend2[15:0]

16-bit Adder

'

out_sum[15:0]

Figure 1: Bloc k diagram of the cir cuit to be designed f or pr oject 4 sho wing a 16-bit ad der summing up the outputs of tw o
pseudo-random n umber g enerator s. These pseudo-random g enerator s are implemented using linear -feedback shift reg-
ister s (LFSRs).



ENEE 302H: Digital Electr onics N Project 4: Cadence Tools, part 3 (10%)

Do the \erilog simulation by xecuting the script O/sofive/cadence/cadence Idw@ then typing

Oncerilog proj4_test.v Ifsri6.v adder16.YOu should nw see a stream of numbers of the form
O<num1> + <num2> = <num3> Correct result: <num4> (<num5> + <num6> = <num7>)0. Here, the
Prst three numbers are the outputs of thiedkht \erilog modules, and the fourth number uses v

ilog@ arithmetic capabilities to compute the sum of thet o numbers (which is the reasorsitO

labeled as the correct resulthe last three numbers shithe haadecimal alues of the correspond-

ing signalsA cursory éamination of the outputs should shthat e/erything is correct (since itag

already ‘eribPed before being distrilted to the class).

. At this point, we nw have the working RTL Verilog specileation of our application.

Logic Synthesis
(result: gate-le vel netlist in Verilog f ormat)

The net step in the process is to perform logic synthesis to transform the kegtRId Verilog
description into a ate-level netlist. for this class, you will be g&n a script that will ally the synthe-
sis tool to complete the whole synthesis process withgufuather user input (all necessary user
inputs being included in the scripthis accomplishes what we requiref hides a whole lot of things
from the user

For this class, we will be using Synopsys Design Compiler as our synthesisdaitibnally, we will
be using a technology-dependent library to transform TevRrilog into a gte-level netlist that uses
gates or standard cells that are designed fof 88dC 0.25um process.

. The compile script that we will pvide to Synopsys is Ocompile.sar@®should already be in your

working directory This is a ery simple script that tries to minimize the area usage of the resulting
gate-level circuit. This script barely scratches the suwé of what logic synthesis can dat s sup-
cient for our initial foray into digital design.

Our desired outputs are separadtegevel netlists of our tw modules (the adder and the rand.num.
generator)That means we ha to run logic synthesis twice -- once for each design. Nornadlyid-
ual modules can be included in a highevel design and thenatened so that the output is a single,
OmtO netliste could easily do thisub one of the goals of the project is twggiyou eperience on
performing hierarchical design.

To use Synopsys in the glue system, type Otap synbpsty$en, you need to modify the com-
pile.scr to tell it which Res to use and to qutput. Spezalty, you need to change all occurrences of the
string OENEE302_FILEDeither OIfsrl@@Oadderlﬁ@pendlng on whichl®you are going to syn-
thesizeYou can do this by using wtext editor, or by using the sed command Osed
Os/ENEE302_FILE/Ifsr16/gémpile.scr > compile_mel.scrOThis uses the sed string editor to auto-
matically do a search and replace of all OENEE302_EttiEg} (including, unfortunatelg line in

the comment, it this doesri@eally matter).

. After generating the neple Ocompile_mel.scrO, proceed with synthesis wking the command

line version of Synopsys Design Compiler: Odc shell -f compilel.eerO.

. After the synthesis tool isrished, the main outputdowe are interested in is the one with thes-

sion *.vh. If you were synthesmng théetOIfsr16.vO, the outpataglesel netlist should be named
Olfsr16.vh@he *.vh extension is just a caention used by this spedilstandard-cell library to indi-
cate a gte-level netlistVerilog He (as opposed to anlR Verilog). Viewing the ke (i.e. by doing
Omore Ifsr16. th) shouldvglyou a structurdVerilog He with a list of standard cells connected
together by wires.

Repeat synthesis for the secord. b

. At this point, you should v have the gite-level version of your design inside théeb Olfsr16.vidbd

Oadder16.vhO.
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Post-synthesis verip cation
(result: veribed gate-le vel netlist in  Verilog f ormat)

In a perfect wrld (or at least, in a @rld with perfect CAD tools), theage-level netlists we@ gener
ated should be perfect and ready to be used figdl layout. But sometimes, CAD tools @l to
meet our requirements, and it is imparatihat we erify whether the result still folles our speciba-
tions. For this project, we will performeribcation of the gte-level netlist by re-gecuting thé/erilog
testbench used for thel'R version and comparing the results. (This willef for our application,

but a commercial desigro& will probably use more intena veribcation of the netlist, spediklly a
step called BrmalVeribcation where a set of rules and equations are used to formally establish an
equialence between thatp-level netlist and the highdevel RTL specikzation)

To perform the gribcation, irvoke the script O/sofane/cadence/cadence Idk®way you did before
but this time, inoke the program OremlogGand specify theage-level netlists instead of theTR:
Oncerilog pr014 test.v Ifsr16.vh adder16.vhO.

Compare the output of this simulation with thevimas one. Because these designs are still velgti
simple, there isery little chance that the synthesédéd. Try manually modifying the afe-level
netlists (by debking bogus wires and reconnecting some of #iteg) and redo the simulatiofoau
should nav see diferences in the result.

If you®e modiked the gte-level netlist, reert them back to the originat this point, we should e
gate-level netlists inVerilog that are eribPed to behee the same ay as their RL counterparts.

Placement and r outing of individual modules
(result: physical la yout of the individual modules)

Before proceeding, it is important to realize that after generatingetiieed gate-level netlist, difer-
ent pathsast in the digital designdv to perform plysical layout. In our case, the speciBow we
are trying to follov is for semi-customSIC design, and the resteps wuld be signilkantly diferent
had we been aiming to implement our design on an FPGAxéon@e. Een with custonASIC
design in mind, the desigro® still branches into manpaths depending on which set of CAD tools
you are planning on usinghis may be a bit confusing, so justdp in mind that the objeeé of creat-
ing a plysical layout from a gte-level netlist is a pretty complicated process, anfiéiht companies
provide different softvare suites to achie the objectie, and you might hee to followv different steps
in the design 8w for each of themilo complicate things a little more, companieg [(Radence &dr
different suites of program that you can use to generate yisecghlayout gien the gte-level netlist
of the design (among them are the programs Silicon Ensemble, SOC Encanuiétuoso).

To simplify things a little bit, we will only be using Silicon Ensemble ¥intlioso for our designdiv.

As a background, Silicon Ensemble is great for standard-cell based destgasirwieldy to use for
semi and full-custom design, especially with designs containing analog components. On the other
hand\Virtuoso (and its enhancednsion Virtuoso-XL), ecels at semi and full-custom design because
it provides you with complete controler the plysical aspects of your circuit. Fromperience, ha-
ever, the standard-cell design capabilitied/atuoso is lacking compared to that of Silicon Ensem-
ble®.

Given the abee points, we can Werage the specistrengths of both CAD programs by using Silicon
Ensemble to generate the standard-cell layouts ofidhdil modules, and then import these modules
into Virtuoso for added processing argtitecation. In project 3, you were agkto clean up the layout
of a lbonacci counter and then perforerilecation of the desigi.his layout vas generated by Silicon
Ensemble and then imported intotuoso.

Let® naw proceed to generating the layouts.d ikhat we did for logic synthesis, we will be yicing
a script to Silicon Ensemble such that the layout will be automatically genenagedtg instructions
in the script. Before proceeding, we need to generate scripts that point to the ptegeretnetlist.
The original script is named OseultraosiggGand should be in youravking directory

Delete the ke Oseultra.sdf@ exists, Then, do another search and replace using sed to point Silicon
Ensemble to the propetds: Osed Os/ENEE302 FILE/Ifsrd@ifra.scorig > seultra.scrO.
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To enable the use of Silicon Ensemble, run the script Ciseftadence/cadence dsmseO. Run Silicon
Ensemble by»aecuting the follaving: Oseultra -f seultra.scffis will take some time, and while it is
running, you should see the outputs on the scre@mnmbre complicated designs, this output should be
analyzed to check whetheatél errors hae occurred, bt our designs are simple enough (and the
restrictions ery lax) that Silicon Ensemble shoulth@e ary problem generating the layout.

Note: Running ©seultra -f seultra.scr© camega "Pseudo color graphics card not detected”.dfror
S0, use the shellé®©se_shell© that is puided. First change the permission of the ising ©chmod
+x se_shelloThen, run ©se_shell -f seultra.scr® instead of ©seultra -f seultra.scro.

The output of Silicon Ensemble is thie ®hal.gds2(his is a binary [e that contains the description
of your plysical layout (i.e. all the layer shapes in your laycAs)a side comment, this GDS lieds
one of the ke formats that you can use to submit your design to a chip faundry

The next step is to import this gisical layout into icfb so that we could use iMintuoso. First, re-
cute the script O/sofive/cadence/cadence ncsu20abng other things, it changes th&TH environ-
ment\ariable so that some programs that we need can be accessedloNke actual import by
executing Oiitcells_seZ2icfl#3.can be guessed from the name of the script, thisedsithe output of
Silicon Ensemble to a form usable in icfiis should create a wedirectory in your werking direc-
tory that contains the ghical layout. Before we could use this fully in ictb, we will need toerake
that its delition is included in the le Ocds.libO. More on this step.later

Note: Before running ©iitcells_se2icfb©, youMeato change an occurrence in the &f ©/samvr/© to
©lyour_username/©, where your_username is your real userrigmsecan be accomplished by
manually editing the 1 occurrence in tHe fine 12).

Repeat this procedure for the adder (you tlha® to eecute the scripts O/saddive/cadence/cadence
2??8ince the erironment modileations are still aote). First, remee the a&isting Oseultra.sdtfe c-
shell deult doesrt@ermit averwriting Hes by using shell redlrectlon'ﬂhen generate another script
that points to Oadder16.wy@oing Osed Os/ENEE302_FILE/addesé6ltta.scorig > seultra.scrO.

Run Silicon Ensemble by doing Oseultra -f seultra.scrO.

Import the plysical layout into icfb by doing Oiitcells_se2icfb®, which should createdireetory
called Oadderléyour working directory

Now, the net step is to clean up these designginuoso (like what you did at the end of Prgject 3).
But before proceeding, we need to makire that icfb isveare of these designs. Check the Ocds.libO
Ple in your working directory and maksure that theinclude the lines ODEFINE adder16
/homes/<username>/enee302/addeab@®DEFINE Ifsr16 /homes/<username>/enee302/Ifsr160.
(The scripts yowd executed before should veautomatically inserted these linest sometimes the
don®work. If your Ocds.liide doesnhave these lines, insert the lines manually)

If icfb is already running, go tdiew->Refresh in the Lib Manager windoand click on OOKtThis
should mak the nev designs visible in the Lib Manager winddf icfb isn®running, ivoke it by
executing Oicfb &0. (IMPORNT:_Note that the ne steps assume yaelxecuted the script O/soft-
ware/cadence/cadence ncsua@O/softare/cadence/cadence idt@he current shell yorgusing).

Clean up the ta layouts you generated the samasywou did for Project 3. Perform a DRC check and
after your design is errdree, perform anxdraction to generate thextbacted©ellview.

LVS and SPICE verib cation of individual modules
(result: veribed physical la yout of individual modules)

For the purpose of\LS checking, we nw need to generate a schematic with which to compare the lay-
outs. In the icfb winde, go to File->Import->¥rilog.A window titled O¥rilog InGhould pop up ik

the one shon in Figure2. For the st keld (Odmget Library Name), enter Oaddelll&shaevn in the
Pgure. In the secondeld, specify the IIT library as sha in the Rjure, and lastlyspecify the actual
Verilog He to import. Do this for both the adder and the Ifsr designs. Click onTé¢se should gen-
erate Oschematartd Osymbat@liviews for the adderl6 and Ifsr16 libraries.

If you bnd Rgure 2 dibcult to read, thealues to enter into the Bvilog In" windov are as follws:
Reference Libraries: OIIT_stdcells_tsmc025 sample baged@og FilesTo Import:
©/homes/your_username/ENEE302/adder16.vh©, or whewsalderl6.vh is stored.
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2. Although the Osymbaléllviens created during
the preious steps are perfectly usable ytlage a
little cumbersome to us&/e nav replace these _
with alternatve symbols. Locate the OsymbolO
directory inside the adder16 and Ifsr16 designs
(i.e.
/homes/samvr/enee302/adderl6/adderl6/sym-
bol) and delete them. Oneawto do this is the
following: assuming the current directory is
/homes/<username>/enee302/adderl6/adderl
execute the command O/usr/bin/rm -rf symbolO
This should remee the Osymbal@ectory and
all the Bes and subdirectories inside it. Do this
for the Ifsr16 symbol directory also. WNpgo
back to your wrking directory (i.e.
/homes/<username>/enee302) and untar e P
Oenee302_proj4_symbols.tar@ping Otar -xvf
enee302_proj4_symbols.tafis He contains
alternatve Osymbot@llviews for both the Ifsr16
and adder16 designs and should automatically |
extracted to the right directories. Go to Lib Man:
ager and click oiew->Refresh to maksure
that the ne Osymbolé@llviens are actie.

3. Perform Lhe steps fO_M-S CheCkmg the same Figure 2: Windo w used to impor t a Verilog netlist. The main
way youe done prelously. Pelds of interest are the b rst three , starting fr om O@rget

. . . . Librar y NameO.
4. After the designs LVS clean (i.e. it has passed
the LVS check), generate its OanalogyaetedO
cellview by clicking on OBuil&nalog@n the VS windaw.

5. The SPICE erikcation of the indiidual modules are left btintil the net step to s&e some time...

Figure 3: Schematic cellvie w of the top-le vel design (correction to the b gure:
the lo wer te xt label should sa y 160h1A94 instead of 160h1A54).
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Schematic design and verib cation of top-le vel module
(result: veribed sc hematic of the top-le vel design)

The net step is to create the top#g schematic for the entire desidtis should look similar to the
schematic shen in Figure3. Create tw instances of the Ifsr16 module and one instance of the
adder16 module. Connect the Ifsr outputs to one of the adder inputswsistibe Rure. Instantiate
a Ovddand Ogna®mbol and then connect the signals ARO/AL(of each Ifsr module to the proper
supply rail depending on the desired initial Oseatl@.Vor this project, initialize therst Ifsr to
160hAA00 and the second one to 160h1A94\as Bhthe jure. Lastly connect the signals
LFSR_CLK and LFSR_RESET to input pins and create output pins for the adder outputs.

Click on OCheck and@#®When the design is free of errors, create a symbol by going to Design-
>Create Cellvier->From Cellviav. Accept all defults. Sae the symbol cellvie then close its win-
dow.

The net step is to create a testbench so we could testrialephysical layout and alsoevify that the
physical of each indidual module is wrking. The easiest &y to do this is to deré it from the test-
bench that w&s used for theb®@nacci countetOpen this testbench and then delete thenkcci

counter symbol and replace it with the symbol for Opro@de Connect capacitors to all of the mod-
ule outputs. Finallywe need to makthe input signals sher because the drflt adder topology gen-
erated during synthesis is awldpple-carry addetChange the Puld#idth and Period of the clk
signal to 5n and 10n respetiy. Change the Puld#idth of the reset signal to 25nhe al test-
bench should look similar to Figudle Save the design as awelesign by going to Design->&sAs,

and renaming the outputebto something lig Oproj4_ral_testO. Close the present schematic windo
and open the Oprojhdb test@&chematic.

Invoke Analog Design Evironment and perform SPICE simulation. Madure that the cellvie
Oanalog xéracted@omes st before Oschemaiic@he Switchview List beld when you go to Setup-
>Ernvironment. Een though your top-lel module doesh@ave an Oanalogkteacted©ellview, the
lower modules doThis means that this simulation will ®knto account intra-module parasitiag b
not intermodule ones. Compare the addew@form outputs of the SPICE simulation with the ones
predicted by youYerilog simulation.

Placement and Routing of the top-le  vel design
(result: Physical la yout of the top-le vel design)

The net step is to create the ysical layout of the top-lel design. Open the Oprojéal€schematic.
Invoke the layout tool by going fiools->Design Synthesis->Layout XTLhis invokesVirtuoso-XL,
which is a more pmerful form of theVirtuoso Layout tool that you kea used pngously. Choose the
default options in apnev window that pops-upThe main thing that this accomplishes is that it opens
aVirtuoso XL Layout windw that is linked to your schematic. It isvare of your design and all the
connections required tanizh it.

We nav need to instantiate all the three modules included in the dédligough this could be done in
a single automatic step, it introduces some problems that are d@bitltib explain hav to sohe.An
easier approach is to instantiate each module one by one. Go to Create->Pick from Sckfeenatic.

Figure 4: Testbenc h for design Opoj4_bnalO.
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new window pops up, click on one of the modules in the schematic and after clicking, click on an
point inside the layout winaa This should instantiate a layout of that module inimeioso Layout
window. Repeat this step for all three modules. (Note that at this point, the zoom commeuaistrik
Z0, Oshift-a6d Giwill really become usefuBlso, if all you see of your layout is a red box and a title,
you are seeing its black-bornsion. Press Oshifit6 shav every layer in the layout, and Octitd go
back to shwing only the box outline).

Since we will not really be concerned abouy apti-
mizations here, you are free to place the three mod-
ules ayway you vant. It is probably best to use as
little area as possible, thougtn example [dorplan is
shawn in Figure5. The white crosshair indicates the
origin, and doesm@eally afect the circuit functional-
ity.

The net step is to automatically generate the inter
face pins that will allw signals to go in and out of
this designThe simplest &y to do this is to go to
Connecwity->Update->Components and Nethe
window OLayout Generation Optiofigs€havn in
Figure6. In this windav, male sure that the
OLayer/Masteo@tlon is set to metal2-dg, and that the
Ocreataftion is enabled, then click oApplyOThis
tellsVirtuoso to use this template for all the 1/0O pins
in the list. Click on OK then pressiof shav the

entire layoutAside from creating the metal shapes for
the pins, the preous step also creates a purple rect-
angle in the Oprbound-dgg¢er This layer doeshnO
have aty physical signilzance, and only ses to
demarcate the boundary of the layout for user use.

It will be hard to see the pins_ you created. Go to Edit:

>Select->Seleall (shortcut: Octrl-aQhis should

give you some clue to where the pins wens stan-

tiated by dedult, although locating them doesnO Figure 6: Layout Generation Options windo ~w used
really matter since we will be placing them automati- Itoo tagtomaﬂcaﬂ y generate the design input and out-
cally.

Figure 5: Sample R oorplan f or the Opoj4_bnalQayout.
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6. By using the mee command, place the three modules in the mid-
dle of the purple prbound-dg rectangle. Makire that all of the
modules are inside the boundafe nav automatically place the
pins by going to Place->Pin Placement. Select all of the pins in
the OPin Name@umn, and then in the OEdigel® pulldavn
menu bela, choose OBottorti@n click onApplyOThis auto-
matically places all the pins along the bottom edge of the
prbound-dg rectangle. Close the pin placement winalod \er-
ify that the pins hae been placed by zooming in along the bot-
tom edge.

7. After placing the indiidual modules and pins, wew@roceed
to the mal routing. (NoteThe net steps will vork only if you
executed icfb after running the scripts O/soft-
ware/cadence/cadence ncsusKID* O/soft-
ware/cadence/cadence ictle Oicgiiickage mads aailable
the parts of the Cadence CAD suite that we will be using for rou
ing). Go to Route->Export to Routér window should pop-up
that looks lile the one shwn in Figure7. The only things that
have to be modibd here are the rulesetand the router dei
tion. Make sure that the OUse Rules Fifgn is enabled and
locate the Oenee302h_tsmc03tiel® the vorking directory
This rules tte enables Cadence to correctly tran¥fietuoso
Layout information to another form that is used by the router
software. Lastlymale sure that the OcCadence chip assembly
router@ption is enabled instead ofifoso custom routerO. W
don®have the license to us&CR). Click on OK.This should
open the Cadence Chissembly Router program and should
look like the windav shavn in Figure8.

Figure 7: Expor t to Router windo w
used to e xpor t the la yout inf orma-
tion to the r outer software .

8. The Prst thing that needs to be done is to tell CCAR which meti -
layers it could use. Click on the OLaybuston in the left toolbar
and change the metal layer aétfons as shen in Figure9 (origi-
nally, every layer is disabled. Redeit such that it is alternately
horizontal then grtical).

9. After redelming the layers, we can wgroceed directly with rout-
ing. Go toAutoroute->Detail Route->Detail Routihe AutoR-
oute windav should pop upAccept the defults by clicking on
OK. This step should start the router and you should see the ir
mental results onscreen as the routeresdke connections one b
one.

10. The net step is to reme so-called OnotchesO in the wires that
going to cause a lot of DRC errors if left unchetkGo to Rules-
>Setup and_ChecHlhe windav shavn in Figurel0. Enable the
Osame natption and then click on OSetup and Chaxet@hen  Figure 9: Updating the metal la yer
click on OK. Lastly go toAutoroute->Post Route->Rew® usage debnition.
NotchesThis should automatically rere these artifcts.

11. The design should benhed at this point.d¥ a more imolved design 8w that has more constraints,
additional steps li& clean-up routing and other proceduregetta be performed. But for this initial
foray into the designdiv, this is asdr as we will go in using CCAR.

12. The last step is to import the results back Wittuoso-XL. Go to File->Write->SessioAccept the
defaults by clicking on OK. (If prompted toverwrite *.ses k&, just say yes)ou should nw see that
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Figure 8: Initial state of the Cadence Chip Assemb |y Router after in voked fr om within Virtuoso-XL.

Figure 10: Setup/Chec k Rules that enab le elimination of metal OnotchesO.
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the layout insid& XL has been updatetlve can nw close the CCAR winde. Quit the program
(choose not to write the *.diddowhen prompted). Sa your designThe layout should e look sim-
ilar to the one shen in Figurell.

DRC, LVS and SPICE verib cation of top-le vel design
(result: veribped physical la yout of the entire design)

The net step is to erify the Bal routed layout. Go tderify->DRC to run a DRC check. If grerrors
are found, go t¥erify->Find Marler, and mak sure that the OZoom to Me@®ption is enabled so
that you will be shan exactly where the errors occWith the help of thexgplanation shan in
another windw, bx all the mistaks.This can be done either by stretchixigng shapes or dnang
new ones in the proper layers.

After the design has no DRC errors, we caw perform circuit &traction. Go td/erify->Extract and
male sure that the OExtract parasﬂm_cswﬂ;éh is listed. Click on OKThis creates the dectedO
cellview that contains the circuit transistiewel netlist along with anparasitics.

Perform an VS check by opening the OschematitOeracted@ellview windows and going to
Extract->LVS in the Ogracted@ellview window. Conkgure the /S window properly and proceed
with LVS. After the design is /S clean, generate the Oanalatraeted®ellview.

The last step is to redo the SPICE simulatidris time, since the topatel module in the design has

an Oanalogxiacted@ellview that contains all the parasitics (including both intra-module and inter
module), this will hae precedence and it will be the one used in the simuldtgrand compare the

Pnal waveforms with the \aveforms before the intanodule parasitics were considered. Because the
Pnal layout as shen here is so inétient in terms of area, long wires were needed to interconnect the
modules and pins, resulting in unusually long wiring capacitaités will make the Imal output
waveforms look signibantly more dgraded compared to the pieus simulation.

The SPICE waveforms of the output are shio in Figurel2. The Brst four outputs are maekl with red
rectangles with their kadecimal alue shavn on top.This is \eribed to be ractly the same as the
logic output of th&/erilog testbench. (Note that the LSB is notwhdiere because of lack of space)

Figure 11: The design after b nal routing.
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10. Done!

CongratulationsYou®e mished your initial foray into digital design. It isty important to real-
ize that almost all of the steps here were unconcerned with optimizing the désgonly sere

to give you some xposure to the basics of the desigowl3 Understanding werything that is
required to optimize circuits will require more kvledge that is notx@ected from undgradu-

ates at this heel.

Our al result is the eribed plysical layout of a random number generator plus adder system. If
we had vanted to &bricate this design, the only step neededifagvithout optimizing aything),

is to instantiate 1/0 pads that allexternal wires to be bonded to the chip, and then connect our
module properlyThis design can then beported into either a GDS-2 or CIF format that can be
submitted to a chip foundry foalbrication.

Lastly, familiarization with this designdv now enables you to implement almosyatesign you

can think of As long as you hee detned the functionality of your designVerilog correctly this
design Bw will enable you to generate the desgyplysical layout, and aplained in the pna-

ous paragraph, the design is only one stegygrom tape-out andabrication Although we mak

it sound as if creating digital ICs is almost gabg bigger challenge is to learn the other aspects
of the design 8w that are concerned not just with the desdgn@xtionality but with other met-
rics like performance, chip area,wer dissipation, testabilitymanuécturability and a bnch of
other important metrics.

Figure 12: Output SPICE wa veforms f or the top-le vel design inc luding intra and inter module parasitic capacitances.
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