AutoRanger Circuit Design

Jesse Cousins
Brian French
Ulas Karaoz

December 18, 2000

T ||||m i £ AL AL,
H"“ i hwﬂ]q -..'“ m
il L Flts “ﬂ"]l”‘

!IIH'l III| 41 IIIJ"'l "IH'I IIIIJ.H




Table Of Contents

1. Introduction

11
12

Abstrad
Projed Objedives & Overview

2. Designs& Verificaion

21

22

2.3

Latches /Flip-Flops/Counters
211 Basic Component & Design Considerations
2.1.1.1 Inverter gates
2.1.1.2 NAND gates
2.1.1.3 Transmission ggtes
212 SR-Latch
2.1.2.1 Description
2.1.2.2 Design considerations
2.1.2.3 Simulation results
2.1.2.4 Layout
213 DFHlip-Flop
2.1.3.1 Description
2.1.3.2 Design considerations
2.1.3.3 Simulation results
2.1.3.4 Layout
214 XK Hip-Flop
2.1.4.1 Description
2.1.4.2 Design considerations
2.1.4.3 Simulation results
2.1.44 Layout
215 Up/Down Counter
2.15.1 Description
2.1.5.2 Design considerations
2.1.5.3 Simulation results
2.1.54 Layout
Encoders/Demders
221 Basic Component & Design Considerations
2.2.1.1 Inverter gates
2.2.1.2 NAND gates
2.2.2 BCD Encoder
2.2.2.1 Description
2.2.2.2 Design considerations
2.2.2.3 Simulation results
2.2.2.4 Layout
223 Dewder
2.2.3.1 Description & Design Considerations
2.2.3.2 Simulation results
2.2.3.3 Layout
Comparitor/Astable
231 Basic Component & Design Considerations
2.3.2 Comparator
2.3.2.1 Description and Design Consideration
2.3.2.2 Simulation results
2.3.2.3 Layout
233 Astable Multivibrator
2.3.3.1 Description and Design Consideration
2.3.3.2 Simulation Results
2.3.3.3 Layout



234  Input Package
2.3.4.1 Description and Design Consideration
2.3.4.2 Simulation Results
2.3.4.3 Layout
2.4 Ring Oscill ator
24.1  Description and Design Consideration
24.2 Simulation
243 Layout
2.5 AutoRanger Circuit
251 Description
25.2 Design considerations
253  Simulation results
254  Layout
255  Entire Pin-Out Schematic
25.6  Entire Circuit Layout
3. Experimental Results
3.1 Test Results
3.2 Suggestions for Future Studies and Work
4. Conclusions

Appendix A: Schematics

Appendix B: Layouts

Appendix C: Pin-out

Appendix D: Top Level Verificaion
Appendix E: Biography of Authors



1. Introduction

1.1 Abstrad

This paper presents the design and layout of an automatic order-of-magnitude
resistance measurement circuit for use in sensor applicaions. A metal-oxide sensor’s
resistance can change by severa orders of magnitude depending on the gas present and
temperature of operation. In order to verify that a sensor is working, SRD Corp. hes
creded atest board that compares a sensor’ s resistanceto a series of reference resistances
and indicates the order of magnitude in which the resistancefalls. This paper outlines an

eff ort to reducethis board to asingle dip.

1.2 Projed Objedives & Overview

AutoRanger Circuit Board Schematic
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Figure 1.2



The AutoRanger circuit schematic for the board currently in use & SRD can be
seenin Figure 1.2above. An external network produces avoltage proportiona to the
relative value of the reference resistance and sensor. Thisvoltage isthen fed into the two
comparators at the right of Figure 1.2. If theresistanceis greater than 4 vdts, or lessthan
2.15 vdts, ore of the two ouputswill go high. The output’s correspondng one-shot
emitsa dock puse every secondas long as the output remains high. These dock puses
arefed into a 3-bit courter that shifts up a down depending on whether the voltage was
too hgh o toolow, respectively. The output of the three-bit courter is enttoa3to 8
deder. Thisoutput controls the medhanical relays that determine the reference
resistance The output of the 3 to 8decoder is aso sent to adeamal to hinary-coded
deamal deaoder in order to generate a4-bit resistance range output value.



2. Desgns & Verificaions
2.1  Latches/Flip-Flops/Counters

2.1.1  Basic Comporent & Design Considerations

This dion describes the basic gates that were used for designing the latches,
flip-flops and subsequently the cournter used in the AutoRanger circuit. Each subsedion
will review the specific comporent design issues and simulation results.

Thefirst design dedsion was choasing complementary CMOS for all our basic
gates. Thereasons for this dedsion are that complementary CMOS possess
characteristics such as high ndse margins and virtually zero static power disgpation. It
also al ows for creaing symmetric noise margins, sincewe have ratioed logic with the
pul-up & pull-down networks. Complementary CMOS also hasVOH & VOL at VDD
and GND respedively, so there are nowed ‘ones or ‘zeros. With thisdesign we can
obtain a high degree of moduarity which aidsin a speedy implementation. Anather
equally persuasive reasonisthat it isastatic drcuit. Thisrelieves many of the headades
dynamic drcuits creae such as clock distribution isaues, refreshing, clock feed-through
problems, voltage level shifting and restoring, and many others.

The next thing to consider was if the design was to be constructed from NAND or
NOR logic. In complementary CMOS NAND logic the pull-down network resultsin
series conrections with the NMOS devices, which is desired over having series
conredionsin the pull-up retwork of PMOS devices. A series connedion effedively
slows down the gate because the aggregate resistance, through which discharging or
charging occursis effeaively increassed. Because PMOS has alower mobhili ty constant,
PMOS devicesin series effectively have ahigher resistance than the mmparable NMOS
devicesin series. Even though ore can lower the resistance by increasing the widths of

these PM OS devices, widening a so increases the diff usion capadtance



Finally, since we ae using static gates all subsequent circuits built from those
gates will consume very littl e power. Thisis becaise we have dmost zero static power
and low dynamic power because we ae runnng the drcuit around1Hz.

2111 Inverter gates

The inverter gate is used uldquitously throughou digital design andisregarded as
the basic buil ding block of modern dgital design. The static CMOS schematic design for
the inverter that was used isbelow in Figure 2.1.1.1A.

Satic CMOS Inverter Schematic

Figure2.1.1.1A



Note in the simulations of Ty in Figure2.1.11B and Tp .y in Figure 2.1.1. C the
inpu curves are on the bottom and the output curves are on the top. Also nae that the
load used for this inverter was another identical inverter gate. Looking at the simulations
of the inverter we can see that not only doesiit function corredly, but that we have
comparable Ty and Ty times. One can use afirst order approximation o Ty to be
.69RpC, of the pull-up retwork and use T, to be .69R,C,. of the Pull-Down network.
Note that Rp and Ry are not constants and are in fact propartional to the drain current &
voltage acossthe drain and source. Since the mohili ty constant of the PMOS is
approximately two-times lessthan the NMOS (for this process), which effectively
doules R, we doulde width of the PMOS. This makes R, and Rp approximately equal
resulting in comparable Ty and Tpye times. Thisresults in a PMOS transistor sized at
3um/.6pm (W/L) and an NMOS transistor sized at 1.5um/.6um (W/L). The simulations
show Ty to be @ou 140ps and Ty 190ps.

Satic CMOS Inverter Smulations of Ty and Ty Respectively

Transient Response

Figure2.1.1.1B Figure2.1.1.1C



The layout of the inverter, which was not complex, is siown in Figure2.1.1.D.
Thesizeis15.15um x 16.8um. The height was kept at 16.8.m to keep the inverter

moduar with some of the other basic gates.

Satic CMOS Inverter Layout

Figure2.1.1.1D



2112  NAND gates

The NAND gateis a complement to the inverter. Together they can be used to
implement any Boolean logic functions. With the sequential circuits we ae designing
here we needed bah two-input and three-input NAND gates. The static CMOS
schematic designs for the two-inpu and three-input NAND gates are shown below in
figures2.1.1. A & 2.1.1.8B respectively.

Satic CMOS NAND gates Schematics
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Figure2.1.1.2A Figure2.1.1.2B



The simulations for both two & three inpu NAND gates proved that the device
was functioning corredly. Thisis compared with the truth tablesin figures2.1.1.Z &
2.1.1.D. Also naethat the load used wasthe inverter gate. For eatt NAND gate T
would than approximated to be .69R-C,, which is the worst case of only one PMOS
being on. The T, 4, according to afirst order approximation, would be (.69)2R\C,. and
(.69)3R\C. which isthe worst case for the two-input and three-inpu NAND gates
respedively. With mobili ty in mind we would like results in worst-case propagation
delaysto be & symmetrical asthey were with theinverter. Thisresultsin worst-case
eff ective widths and lengths. For the two-input NAND thisresultsin a PMOS transistor
sized at 1.5um/.6pum (W/L) and an NMOS transistor sized at 1.5um /1.2um (W/L). For
the threeinpu NAND thisresultsin aPMOS transistor sized at 2.4um/1.2um (W/L) and
an NMOS transistor sized at 1.8um/1.8um (W/L). For the two-inpu NAND simulations
show worst-case Ty 1 to be ébout 210ps and worst-case Ty 230ps. For the three-input
NAND simulations siow worst-case Ty 4 to be @out 250ps and worst-case T 280ps.

Two-Input NAND Truth Table Three-Input NAND Truth Table
A| B |C |Out
0/]0[0 |1
A| B |Out 0101111
olol 1 0|1(0 |1
ol 111 0|11 |1
110l 1 1{0(0 |1
1111 o 1/0(1 |1
1{1(0 |1
1(1(1]0

Figure2.1.1.2C

Figure2.1.1.2D



Satic CMOS two-input NAND gates Smulation

Tronsient Response
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Figure 2.1.1.2E (net12, netl4 inputs; netl7 output)

Satic CMOSthree-input NAND gates Smulation

Transient Response

Figure 2.1.1.2F (net9, net7, net23 inputs; net4 output)




The layout of both NAND gatesis snownin Figure2.1.1.Z5 and Figure 2.1.12H.
The two-inpu NAND gateis 15.15um x 16.8um. The three-inpu NAND gateis
19.(bpm x 21.15um.

Satic CMOS NAND gates Layouts

Figure2.1.1.2G Figure2.1.1.2H



2.1.1.3 Transmission gates

The transmisson gate is a unique gate because the supgy railsdo nd driveit.
The output is either at a high impedance state or it isavaue equal to the inpu signal.
The complementary gate voltages onthe PMOS and NMOS transistors control the two
states. In Figure2.1.1.RA we seethat if Cishighthen AequalsB. If CisLow thenBis
at ahigh impedance state. The only drawback to using this gate is that you aways need
complementary control signals, bu this does nat take from the fact that it is sSmple and
fast. Transmisgon gates are ommonly used in multi plexers, passtransistor logic

circuits, sequential logic devices, and many other types of circuits.

CMOS Transmission Gate Schematic

Figure2.1.1.3A



In the simulations of Ty in Figure 2.1.13B and Ty 4 in Figure 2.1.1.3C the input
curves are on the bottom and the output curves are onthe top. The load as with the other
simulationsisasingle inverter. We verified from the simulation that the gate does indead
function corredly. One can use afirst order approximation d Ty to be .69R:mCeL
which isidenticd to Tp n, Sincethisisnonratioed logic. Note that Reomis just the
composite of the NMOS and PMOS effedive resistances. Thus $zing doesn’t have much
eff ect since making the devices wider reduces resistance whil e increasing diffusion
cgpacitance. Onewould orly make it larger than aminimum-sized deviceif you need to
drive alarge load. Thisresultsin bah the PMOS and NMOS transistors being sized at
1.2pm/.6pm (W/L). The simulations show Tp 4 to be dou 74ps and Tpy 70ps. Notein

below simulations the transmisgon gate was left on.

CMOS Transmission gate Smulations

Figure 2.1.1.3B (net8 input; net3 output)

Transient Resposnse

Figure 2.1.1.3C (net8 inpu; net3 ouput)



The layout of the transmisgon gateis siownin Figure2.1.1.3. Thesizeis
15.15um x 16.8um. The height was kept at 16.8.um to keep the gate moduar with some

of the other basic gates.

Transmission gate Layout

Figure2.1.1.3D



212 SR-Latch

2121 Description

For the designed function d the AutoRanger circuit we ae required to keep tradk
of the aurrent operation mode of the Up/Down Courter. The two modes smply being
courting up a down. For thisfunctionwe required a drcuit with two stable states;
simply, we needed a binary memory charaderistic. The natural solutionwasto look at
bistable multi vibrators, a dassof static sequential circuits cgpable of a halding two stable
states and also able to togd e between those states. The SR-Latch appeared to be the
simple solution. The SR-Latch is recognized as a basic buil ding block that can be
utili zed in static memories, courters, timing devices, and data sequencing devices. The
essential function d an SR-Latch isthat it performs as asimple 1-bit register.

2.1.2.2 Designconsiderations

Subsequent design issues were spead and whether or not it would be a
synchronows device. Asfor speel, the drcuit parameters cdl for it to run onthe order of
hundeds of milliseands to seconds. Intuition reveals that for apair of minimally sized
crosscoupded NAND gates the propagation delay would be several orders of magnitude
small er then the requisite speed. Thetrigger pulse only needsto be slightly larger than
theloop delay aroundthe aosscouded NAND gates (abou twicethe average
propagation delay of the NAND gates alone). With thisis mind, speed ogimization
tedhniques such as transistor ordering or progressve sizing, which are both used to drain
(or load) internal and loading capadtances quickly, are not needed. In our case

cgpacitances would have been drained through the pull -down networks of the NAND



gates, since series conrections define the aiticd inpu paths. Asfor the question d
synchronization, ou register needs only to be set/reset asynchronously.

With all of thisin mind we design asimple aynchronous SR-Latch in circuit
Figure2.1.2.A. Thelatch simple mnsists of two crosscouded minimally sized NAND
gates. We can see from the logic table in Figure 2.3.2B that we have the three basic
memory functions we need; hold, reset, and set. We can see that the SR-Latchisonly
triggered duing negative-going pulses and hddsit state when bah inpusare one. So it
operates using negative logic. The design cdlsfor 2 NAND gates; resulting in atotal of

8 transistors.
Satic SR-Latch Schematic SR-Latch Truth Table
S| R |Q| Q| Function
O[O0 |1| 1| Forbidden
0Ol11]0|] 1 Reset
110 (1] O Set
1|1 |Q| Q| Hold

Figure2.1.2.2A Figure2.1.2.2B



2.1.2.3 Simulation results

The simulation proved to beto have the function d the truth tablein figure
2.1.2.B. Also ndethat theload used was the inverter gate. We predicted the
propagationto be dou doulde that of the NAND gate. From simulationit turned ou to
be 580ps for both reset and set functions, which makes ense that they areidenticd. The
NAND gates had an average propagation delay of 220ps, which are alittl e lessthan half.
So the average propagation delay of the SR-Latch is more than doulde (but close) then
that of the NAND gates, which also makes ense because now the load has an extra
NAND gate onit.

Satic SR-Latch Smulation

Transient R

Figure 2.1.2.3(net17 Set, net19 Reset)



2124 Layout

The layout of the SR-Latch is shown in Figure 2.1.2.4.1t was sSmply the
minimally sized NAND gates dharing their VDD lines. The sizeis22.8um x 30um.

SR-Latch Layout

Figure2.1.2.4



2.1.3 D Flip-Fop

2.13.1 Description

For the AutoRanger circuit we require two D Flip-Flops which will be used for
generating aToo_High or Too_Low output signal. These signals originate from the
courter when the @urt goes out of the spedfied range.

The D (Delay) Fip-Flopis abistable multivibrator used ulquitously throughou
digital eledronicsto smply delay the value of itsinpu. Effedively it could beused asa
latch to hdd ore bit of data. Aswith the SR-Latch, the D Flip-Flopis used in static
memories, courters, timing devices and many other devices.

2.1.3.2 Designconsiderations

The first thing we needed to examine was the exad function needed. ThisFlip-
Flop readed to be apositive alge triggered device with an asynchronous clear. Asfor
spedd, the drcuit design call s for robust operation orly within the order of hundeds of
milliseconds. Again intuition prevail s andtell s us that a static design with minimally
sized comporents shoud run severa orders faster than the necessary speed. So
optimi zation tedhniques were not used such as transistor ordering or progressve sizing.
If we were to use transistor ordering techniques the dock line would have been
considered the aiticd path, sinceit controls the speed of the drcuit. Asfor static versus
dynamic design, since dl of our basic components are static, the flip-flopwould also be
static.

The next step was to use a onfiguration that would all ow the device to be edge
triggered. The natural choice here was the master-slave wnfiguration, where the master
isenabled (via aclock line) half of the dock cycle, whil e the other half of the cycle the



saveisenabled. To make it positive alge triggered you want the deviceto transfer data
from the master to the slave on the rising edge of the dock. So the master in enabled
only while the dock islow andthe slaveis enabled oy whil e the dock ishigh. One
thing to keep in mind here isthe slope of your clock when it transitions. If it istoo slow
than bah the master and slave could be adive, which isdubbed arace ondtion. Asfor
how the D Flip-Flopis being used, race @ndtionsin this particular case will not eff ect
the functioning of the overall circuit.

The final thing to consider was what configuration would be used to hdd statesin
the master and slave part of the flip-flop. Most designs utili ze the SR-Latch, which
would have served just fine for our purposes. But, with the forethought of desiring to
expand this design into creaing a JK Flip-Flop | opted for atransmisgon gate/inverter
design. The reasons for this can be foundin the design consideration section for the JK
Flip-Flop. Thedesigncdlsfor 2 NAND gates, 3inverters and 4transmisson gates;
resulting in atotal of 22 transistors.

In Figure 2.1.3.2we see the schematic of the D Flip-Flop. Thetopinpu lineis
the CLK line. The next two linesontheright arethe D line andthe CLR line
respedively. One can seethat the third transmisson gate from the left serves as the

bridge between the master and slave portions of the drcuit.

D Flip-Flop Schematic

Figure2.1.3.2



2.1.3.3 Simulation results

The simulation shows that the D Flip-Flop design functions corredly. One can
seethe output only changes on the pasitive elge of the dock. One can seethat the
asynchronows CLR also works correctly. It was foundthat propagation delays for datato
set in the master was around700ps and for the slave it was around750ps. Sincewe are
driving the dock so slow, these small set-up and hdd times are more than sufficient to

Insure proper operation. The output load for the simulation was an inverter.

D Flip-Flop Smulation

Figure2.1.3.3



2134 Layout

Thislayout was centered on sing VDD and GND buslines. Otherwiseit was just
conreding theinpus and ouputs corredly. The Layout of the D Flip-Flopis shownin
Figure2.1.3.4.Thesizeis 17.25@m x 49.35Qm.

D Flip-Flop Layout

Figure2.1.34



214 JK Hip-Flop

2141 Description

For the Up/Down courter circuit we require three JK Fli p-Flops which will be
used for generating the threebits off the dock. The JK Flip-Flopis abistable
multi vibrator in much the same way as the SR-Latch. The main dfferenceisthat it
resolves the forbidden state (bath inpus being high) by utili zing feedbadk and creding a
toggle function. Thistoggle function comesin very handy when you want to crede a
counter. Aswith the SR-Latch and D Flip-Flop, the JK Fip-Flopisused in static

memories, courters, timing devices and many other devices.

2.1.4.2 Designconsiderations

This Flip-Flop reedsto be a positive elge triggered devicewith an asynchronous
clea so we can reset the murter. Again, intuition prevail s and tell s us that a static design
with minimally sized comporents shoud run several orders faster than the necessary
spedal. If wewereto use optimization tedhniques such as transistor ordering techniques
the dock linewould bethe aiticd path asit wasin the D Flip-Flop.

From here dl | needed to dowas to expand the D Flip-Flopto create the JK Flip-
Flop. It hasthe edge triggering and master/ave gproach | desired so there was no need
to creage awhale new circuit. The aitical thing to keep in mind hereis the slope of your
clock when it transitions. If it istoo slow than bah the master and slave @muld be adive,
which could creae anirretrievable race cndtion. For exampleif | werein the toggle
mode the feadbadk would looparoundan urdetermined amourt of times|eaving youin

an uncetermined state. Thiswould certainly be amalfunction.



Thefinal thing, which | touched uponin the D Flip-Flop sedion, was | used
transmisson gates, whil e most designs utili ze the SR-Latch. Thereis an inherent ones-
caching problem with the SR-Latch in a master/slave wnfiguration, even though several
books consider this design completely edge triggered. For exampleif the wurter isin
count-up mode and the logic feeding the Fli p-Flop says to toggle then | know onthe next
edge | will toggle. But problem comes when the next edge is a count-down pulse. The
logic will then say we doni't want to toggle this bit, bu the state is already caught in the
master part of the flip-flop. Using transmisson gates eliminates this problem. The design
cdlsfor 5 NAND gates, 9inverters and 4transmisson gates; resulting in atotal of 46
transistors.

In Figure 2.1.4.2we see the schematic of the JK Flip-Flop. Thetoptwo inpu
lines are the J and K lines respedively. The next two lines ontheright arethe CLR line
andthe CLK linerespedively. One can see that the third transmisson gate from the left
serves as the bridge between the master and slave portions of the drcuit. Also ndicethe
feedback loopfrom the output portionto the input logic. This helps create the toggle
function.

JK Flip-Flop Schematic

[ e

Figure2.1.4.2



2.1.4.3 Simulation results

The simulation shows that the JK Flip-Flop design functions corredly. One can
seethe output only changes on the pasitive elge of the dock. One can seethat the
asynchronows CLR also works correctly. It was foundthat propagation delays for datato
set in the master was around1.5ns and to transfer out of the slave was around1ns. The

output load for baoth ouputs was an inverter.

JK Flip-Flop Smulation

Figure2.1.4.3



2144 Layout

Again, aswith the D Flip-Flop, this layout was centered on wsing VDD and GND
buslines. Otherwiseit wasjust conrecting the inpus and ouputs correctly. The layout
of the JK Flip-Flopis hownin Figure 2.1.4.4.Thesizeis 109.8um x 44.25@m. Thetop
two inpu lines are the J and K lines respectively. The next two lines ontheright are the

CLK line andthe CLR line respedively

JK Flip-Flop Layout

Figure2.1.4.4



2.1.5 UP/Down Counter

2.15.1 Description

The Up/Down courter circuit is Smply athree-bit synchronous courter that will
either count up a down. Thiscircuit givesthe aurrent output range we aein for the
AutoRanger circuit. While both the CU (Courter UP) & CD (Court Down) lines are held
high then the wurter hddsits date. When ore of thelinesis pulsed low then we either
court up a down. Courters are used for time-out circuits, frequency dividers, courters

(pretty obvious), and many other devices.

2.1.5.2 Designconsiderations

The Up/Down courter needs to be apositive adge triggered device with an
asynchronous clea so we @n reset the courter. The cunt only changes when ore of the
inpusis pulsed low. When it returns high again the court changes. Thisaso runs sow
so no reed for speed optimization. The threebitswill be murted using three JK Flip-
Flops. Thedesign calsfor 1 SR-Latch, 5two-inpu NAND gates, 2 three-inpu NAND
gates, linverter and 3JK Flip-Flops; resulting in atotal of 180transistors.



In Figure 2.1.5.2we see the schematic of the curnter. Thetoptwo inpu lines are
the CU and CD linesrespectively. The next inpu lineonisthe CLRIline. Thethree
outputs are the bit court. We have an SR-Latch in the upper left corner to keep track of
courting up a down. Youwill naticethefirst bit always toggles whether we court up a
down. The next two hits depend onthe lower order bits and the @wurting mode we arein.
The logic basicdly forces the bit to either toggle or hold ona dock puse. Also ndice dl

the bits change & the same time.

Up/Down Counter Schematic

Figure2.1.5.2



2.15.3 Simulation results

The simulation shows that the wurter design functions corredly. One can seethe
output only changes on the positive elge of the CU or CD puse. One can also seethat
the asynchronous CLR aso works correctly. It was foundthat propagation celays for
logic to set up atoggle or hold was aroundl1.1ns. The time from the positive edge of the
CD or CU pusetill the murter changed count was around2ns. The output load for all

threeoutputs was an inverter. Notice dl the output bits change & the same time.

Up/Down Counter Smulation

Transient R

Figure2.1.5.3



2154  Layout

The layout of the Up/Down courter is shown in Figure2.1.5.4.The sizeis
188.5um x 164.25um. Thetoptwo inpu lines are the CU and CD lines respedively.
Thefifth line down ontheright isthe CLRline. Thelast linedown ontheright isbitl.
The other two lines onthe right are bitO and bit2. The layout has the threeJK Flip-Flops
inthe midde. On the topright you can seethe SR-Latch. On the sides of the JK Flip-
Flops are the toggle/hold logic controll ers.



Up/Down Counter Layout

i z-’dﬂ.&l’lh‘hl‘d R T

%’ﬁ%j

O[] T=ER] , |__E§i§
. BRI Wllwlll gl

] ili 7
i Fif

el :
-wd-'||#'||wwu|qd'||wqd'||#'
BT

5] || EE] "g.;g—J LHJMH
T inaﬂd@ LT ol T g
I‘iﬂ

E

(s A L v
.‘#‘ .‘a“* 7

: mg . [su "[sziaia' i | Lg_iﬂ. Bl . e
yie il wqdlu N I Mﬂl [l ﬂl i uﬂdll i iqdl Hil qqdl | | ol |

e ™ o] ([P [ | T‘;a EIN

Figure2.1.5.4




2.2 Encoder/Deoder

2.2.1 Basic Comporent & Design Considerations

The encoder and deader consist of inverters and NAND gates. The different
types of NAND gates required for the designs are 2,3,4,and 5inpu NAND gates. The
transistors in the gates are minimally sized considering a mobility ratio of 2. So the
mobhility of the dedrons is considered to be 2 times bigger than the one of the holes
(suggested by MOSIS), which then gave rise to (W/L)p:(W/L)n ratio of 2. The width to
length ratio of the PMOS devices, (W/L)p, is chasen to be 5=3um/600mM where the
width is 3um and the length is 600rm. On the other hand, the width to length ratio of
NMOS devices, (W/L)n, is 2.5=1.5um/600m where the width is 1.5um and the length is
600m.

2211 Inverter

Theinverter transistors are sized as foll ows:
(W/L)p = 3um/600rm
(W/L)n = 1.5un/600m



2211

NAND Gates

The following table shows the transistors szing for the transistors in dfferent

types of NAND gates. The values are chasen to give minimum delays under the worst

switching case.

Szng Table
2inpu NAND | 3inpu NAND | 4inpu NAND | 5inpu NAND
(W/L)p 3um/600m 3um/600m 3um/600m 3um/600m
(W/L)n 3um/600mM 4.5un/600m 5um/600mM 7.5un/600mM
Figure2.2.1.1A

In this sction, the layouts of only the 4 and 5inpu inverters are given since they

are unique to the encoder.

4 input NAND gate layout
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5 input NAND gate layout

ayout Editing: Aut

X nm ¥: 125 {F) Select: 0 dX: 220 dyY: 1850 282  cmd:Ruler 5

Tools Design Window Create Edit Verify Connectivity Opfions Route HNCSU Help

. Figure2.2.1.1C
2.2.2 Encoder
2221 Description and Design Considerations

An encoder has 2"n (or lesg inpu lines and n ouput lines. The output lines

generate the binary code for the 2*n inpu variables. The excoder designed for the



AutoRanger Circuit is a dedmal to hinary encoder. This means that the encoder has 10
inpu lines, ore for each of the 10 dgits, and 4 ouput lines that generate the
correspondng binary number. The encoder is constructed with NAND gates and

inverters, and the truth is given below:

Encoder Truth Table

Inputs Outputs

D1 D2 |D3 |D4 D5 |D6 |D7|D8 D9 |D10|Vout0 |Voutl Vout2 Vout3
0 0 0l 0] 00 00| 0] O] O 0 0 0 0
0 0 0l 0] 00 00| 0] O] 12 0 0 0 1
0 0 0l 0] 00 00| 0] 1| X 0 0 1 0
0 0 0, 0] 0/ 0/0] 1 X X 0 0 1 1
0 0 0| 0] 0 01| X X X 0 1 0 0
0 0 0, 0] 0/ 1| X X X X 0 1 0 1
0 0 0 0] 1 X X X X X 0 1 1 0
0 0 0| 1 X X X X X X 0 1 1 1
0 1 X X X X X X X X 1 0 0 0
1 XX X X X X X X X 1 0 0 1

Figure2.2.2.1

The X’sin the table show don’t care cndtions. The design is ahigh logic design.
The high logic voltage level is 5V and the low logic voltage level is OV. The encoder
asuumes that only one input can be equal to 1 at any given time; otherwise the drcuit has
no meaning. The drcuit has 10 inpus and can have 210 inpu combinations. Only 10 o
these inpus have aty meaning. The other inpus are don't care ondtions.

2.2.2.2 Simulation Results

Simulation results and the test circuit schematic are given below. The encoder is
tested by conreaing 10 square wave sources of different periods to each inpu. Each
square wave source has half the period d the previous one (thefirst has 2 sec, the second
1 sec, etc.) this asaures that many different input combinations can be tested. Keging in

mind that we have many dor't care condtions the results are chedked and found ou to be



true. It may be seen that there ae some small spikes at some of the outputs, meaning that
the output goes high for a very short time when it shoud remain low. Since the sped is
nat so criticd for the whole design, these spikes do nd cause any problem in the proper

working of the drcuit.

Encoder Schematics
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Encoder Test Circuit
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2223 Layout

The layout of the encoder is given below. The main design concern in the layout was
an easy distribution d the inpus. Since there ae many inpus, inverted inpus, and some
logicd functions of the inpus used many times a bus dructure is used. Any inpus or
logicd functions of the inpus used many times are assgned a bus. The bus gructure
increases the design areabut gives an easy to follow and adered layout. The long bus

linesdo nd crede antenna dfed sincethey do nd go over the gates.

Encoder Layout
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2.2.3

2231

lines to a maximum of 2*n urique lines. If the n-bit deaoded information has unused or

Deoder

Description and Design Considerations

A deaoder isacombinationa circuit that converts binary information from n inpu

don't care condtions, the decoder output will have lessthan 2*n ouputs.

inpus are decoded into eight outputs, ead ouput representing one of the minterms of the
3 inpu variables. The inverters at the inpus provide the complement of the inpus and
eat one of the NAND gates generates one of the minterms. Since this is a high logic
design the output if the NAND gates are inverted. The truth table for the 3-to-8 decoder is

The decoder needed for the Autoranger Circuit is a 3-to-8 deaoder. The three

given below:
Decoder Truth Table

Inputs Outputs

D1 D2 D3 |VoutO |Voutl |Vout2 Vout3 |Vout4|Vout5 |Vout6 Vout7
0 0 0 1 0 0 0 0 0 0 0
0 0 1 0 1 0 0 0 0 0 0
0 1 0 0 0 1 0 0 0 0 0
0 1 1 0 0 0 1 0 0 0 0
1 0 0 0 0 0 0 1 0 0 0
1 0 1 0 0 1 0 0 1 0 0
1 1 0 0 0 0 0 0 0 1 0
1 1 1 0 0 0 0 0 0 0 1

Figure2.2.3.1

inpu can be equal to 1 at any given time. The output line whose value is equal to 1
represents the minterm equivalent of the binary number presently available in the inpu

lines. The high andlow logic voltage levels are the same & that of the encoder.

We can olserve that the output variables are mutually exclusive because only one
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Demder Simulation Results
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2233  Layout

The layout of the decoder is given below. The design considerations are exadly

the same & that of the encoder.
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2.3 Comparator/Astable

2.3.1 Basic Comporent & Design Considerations

This part of the drcuit isresporsible for testing an inpu reference voltage and
sending aclock puseto oreof two D flip-flopsif the voltageistoo high o toolow. This
includes all of the AutoRanger’s analog design. Since the outputs will be driving logical
gates, the output doesn’t need to be driven very strongly. Ancther considerationis that
the astable dock generator has to have avery slow frequency due to the ~1 second
switching times of the mechanical relays which control the reference resistances. One
other consideration, dieto the external cgpadtor onthe astable, isthat the voltage from
the gate to bady of the MOSHETSs canna exceed 5V.



2.3.2 Comparator

2.3.

2.1 Description & Design Considerations

Comparator Schematic

—
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The comparator implemented hereis abasic design that uses asimplified opamp
configuration. It removes the op amp’s dandard second stage and compensation
network. These ae used to improve gain and push thefirst pole out to gain bandwidth;
sinceit’s being used as a comparator, and ane in which slew rate isn't criticd, neither of
these featuresis necessary. Note that the two transistorsin the upper left serve & a
resistor, and provide goproximately 30 HA of current through M5, whichis ®rving asa
current sourcefor the differential pair. This saves ome spaceonthe layout. The
trickiest part of the comparator design is szing the transistors. M5 istwicethe size of the
two NMOSsin the differential pair, since d worst case it hasto hande both M3 and M7
at maximum output. The PMOSsin the aurrent mirror and in the output stage & the right
are two times the size of the NMOSsto provide equal current output: W, equals
approximately twice y, for 0.5u techindogy. The MOSFETS of the output stage were
also increased to doubbe minimum size since eab comparator output hasto drive two

other gates.

2.3.2.2 Simulation Results

Smulation of Compar ator
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This smulation hdds Vin2at 2.5V andswingsVinl between Oand 5V. The
output is exadly as anticipated-Vdd when Vinlisbelow Vin2, goundwhen Vinlis
above. Note that onceVinl goes above the threshold vdtage, the airrent through M5
quickly goesto 30pA.

2.3.2.3 Layout

Comparator Layout
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Figure2.3.2.3

The layout is reasonably square, and hes power and goundlines at the top and
bottom so asto be eaily integrated with ather comporents. Some time was Jent
insuring that the layout was as compact as passhble. Note the small size of the two
PMOSsin the midde left of Figure 2.3.2.3the eguivalent resistance of approximately

380k Q would have taken upmuch more room.



2.3.3 Adtable Multivibrator

2331 Description & Design Considerations

The outputs of the comparatorsin the board version d the AutoRanger are sent to
one-shat timers, which are configured with an external RC network in order to keep
putting out constant length puses aslong as the wmparator outputs are high. Thisis
functionally equivalent to an astable multivibrator. An astable requiresonly 1 RC
network, as oppcsed to 2for the one-shats, so it was dedded to use an astable instead of a
one-shot. The output of the astable isthen ANDed with the output of the comparator to
give an ouput that will be the output of the astable when the comparator output is high,
and df when the comparator output is low.

The cgadtor causes ome difficultiesin this circuit, shown below in Figure
2.3.3.1. Immediately after switching, the cgadtor has Vdd + Vswitching over its
terminals. It will be risky to have more than Vdd ketween the gate and baly of the
transistor, due to the posshili ty of breaking down the gate. Because of this, it was
dedded to conned the sources and bodes of the PMOSs in the astable invertersto 3.3V
instead of 5. These changes necesstated the aedion o separate inverter gates that had
the source of the PMOS conreded to apin instead of Vdd.



Astable Schematic
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Figure 2.3.3.1shows the astable. In the upper left isaMOSFET current divider
that produces 3.3V under a mnstant load. The resistor isdivided upinto 6 artsin order
to satisfy LV S-total resistanceis 99.6 K2. Inthelower right the output of the astableis
NANDed with Vin, which comes from the comparator output. Thisisthen inverted to
form an AND function.




2.3.3.2 Simulation Results

Astable S mulation
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Figure2.3.3.2

Figure 2.3.3.2shows the simulation d the astable in operation, wsing a10 pF
cgpacitor. Thefirst curveisthetest inpu. The secondisthe output. The periodis abou
2.2semnds. Thethird line shows the voltage divider that provides approximately 3.3V.
Thisdrops to approximately 3 vdts during switching. Thelast curve isthe voltage & pin
C+. It can be seen how the voltage ranges from —1.5V to +4.8V, which means the
maximum gate voltage is4.8V. Thisvoltage range is much higher if the PMOS sources
are set to Vdd, puting as much as 7.5 vdts acrossthe gates of the MOSFETS.



2333  Layout

Astable Layout
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Figure2.3.3.3

The astable layout can be seen in Figure 2.3.3.3above. Thetwo invertersand
resistor are & theleft. Note that the sources and nwell of the PMOSs are cnneded to the
voltage divider in the center. The highres layer, combined with the serpentine pattern of
the resistor, cause LV Sto regard this as 6 resistorsin series insteal of one resistance.

The NAND andinverter take up relatively littl e space athe far right. Metal2 covers
much of the drcuit, conreded to groundso as to shield the devices from the dfeds of

spikesin metal3 signal lines.



2.3.4 |nput Pakage

234.1 Description & Design Considerations

Input Package Schematic
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Since dl analog comporents were ajacent, it was dedded to make apadkage
schematic and layout of the input comporents. Thiswas dore primarily to keep the
analog inpu stages away from the digital lines and componentsin the rest of the drcuit,

but also to ease layout. Theinpu package can be seenin Figure 2.3.4.1abowe.



2.3.4.2 Simulation Results

Input Package Smulation
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In the inpu simulation shown in Figure 2.3.4.2 this behavior is verified. The
reference voltage Vinis compared to 2.15/ and 4V. If Vinishigher than 4V, OutB has
the output of the astable onit. If Vinislower than 2.15/, OutA has the output of the
astable onit. If Vinliesbetween 2.15V and 4V, bah ouputs are low.



23.4.3 Layout

Input Package Symbolic Layout
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Figure2.3.4.3A

Figure 2.3.4.3A isincluded to give the reader an ideaof the different components
involved initslayout. Interesting feauresin thisview include the guard ring tied to
groundsurroundng the drcuit, in order to shield it from the rest of the drcuit, and the
extensive metal2 planestied to ground,designed to shield the rest of the drcuit from
metal 3 signal lines



Input Package Layout (comprehensive view)
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Figure2.3.4.3B

Figure 2.3.43B shows the complete view of the drcuit. The two astables are on
battom, with oreturned upside down. The comparators, inverters, and vdtage references
can be seen along the top. Thislayout is believed to be reasonably compact-it measures
115pum x 80 pm.



2.4  Ring Osall ator

24.1  Description and Design Considerations

Ring oscill ators are often used to generate dock signals or to test the functionality
of wafers. It was dedded to implement a 31-stage ring oscill ator on chip in order to get
more data during testing and to use space ad gns that otherwise would have been left
unused.

31-Sage Ring Oscillator Output Buffer
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Figure2.4.1

The multi pli cation fador in the schematic refers to the number of times wider the

transistorsin the inverters are than in the minimally sized inverter.




2.4.2 Simulation

31-stage Ring Oscillator Schematic with 20 pF Load
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The simulation resultsin Figure 2.4.2show that the output, whichisidedly a
square wave, is snoothed amost to a sine wave by the load capacitance This output will
sufficefor testing. Note that the periodis 8.909ns, so the expeded value for the
frequency is112.25MHz .



243 Layout

31-Sage Ring Oscillator Layout
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Figure 2.4.3A

The ring oscill ator and ouput buffer shown in figure 2.4.3A arefairly easy to see.
The 31inverters are on bdtom, the 10x inverter is at the upper left, and the 100« inverter
isat the upper right. Thiscircuit, hovever, produces an odderror with LVS, as shown
below in Figure 2.4.3B.



LVSErrorsin the Ring Oscillator Circuit
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Figure 2.4.3B

LVSisgiving errors due to identicd width sizes. After some experimentation, it
was theorized that the large size of the transistors was causing a floating-point error at
some value lower than the 2 decimal places displayed in the LVS window. A careful
analysis of the 100x inverter showed noreason for these odd errors, so they were ignored.
They also reappear twicein thetoplevel LVS, since2 ring oscill ators are implemented in
thetoplevel.



2.4  AutoRanger Circuit

2.4.1 Description

This circuit simply counts up when the low voltage is below 2.15vand courts up
states whil e the high vdtage is above 4v. It isalso required to send bad feedbad so the
relays can pick the next appropriate range. Therest of the output consists of a bit patterns
representing the aurrent range. If the signal is out of range the arcuit will generate an

appropriate Too_High or Too_Low output signal.

2.4.2 Designconsiderations

For the Auto-Ranger circuit we require dl the basic drcuits developed in ealy
sedions. We neal two D Flip-Flops, which will be used for generating a Too_High or
Too_Low output signal. We need a courter to keep track of range. We need the input
padkage to generate gpropriate CU or CD puses of the dock depending onthe inpu
voltage. We neal adeader to provide output for the relays. Finally we need an encoder
that takesin bah the Too_High and Too_Low signals aong with the airrent court, which

together creaes the aurrent range.



In Figure 2.4.2we see the schematic of the AutoRange drcuit. The left, midde
pinistheinpu referencevoltage for the drcuit to compare. The output of the Inpu
Padkage ather connedsto the wurt-up a count-down sedionfor the wurter, whichis
inthe center. Y ou can then seethe encoder and deaoder strip of the outputs. Also ndice
the two D Flip-Flops at the top and bdtom of the drcuit. All the other outputs are just
test paints. The design callsfor 1 Inpu Padkage, 2 two-inpu NAND gates, 4 inverters, 2
D Flip-Flops, 1 Counter, 1 Encoder and 1 Decoder; resulting in atotal of 471transistors.

AutoRanger Schematic
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Figure2.4.2



2.4.3 Simulation results

The simulationin figure 2.4 3A shows that the AutoRanger circuit design
functions corredly. When the inpu voltage (top curve) is below 2.15vwe count up till
we get too high or the input signal changesto avaue between 4v-2.15v. When it is
abowve 4v we munt down till we get toolow or the inpu voltage signal changesto avalue
between 4\+2.15v. For this Smulationwe used two SuF capadtors which gave us a
period around 1sewnd. In Figure 2.4.3B naticein the inpu voltage (the last curve) has a
high value of 3v. Noticethe drcuit doeshald its value when the inpu voltage is between
2.15v4yv.

AutoRanger Smulation
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Figure 2.4.3A



AutoRanger Smulation
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Figure 2.4.3B
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244 Layout

The Layout of the AutoRanger circuit is snown in Figure 2.4.4.Thesizeis
4808um x 348.Qum. On thetop line near the middle of the inpu padkage isV ¢com, Which
istheinpu voltage. You can see the wurnter below the inpu package. The two circuits

onthe right with the long busses are the encoder and decoder.

AutoRanger Layout
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Figure2.4.4



2.45 Entire Pin-Out Schematic

The pin-out of the AutoRanger circuit is siown in Figure 2.4.5. For the drcuit
pin-out we used al 40 pns. We pinned ou the AutoRanger circuit, D Flip-Flop, JK Flip-
Flop and 2ring oscill ators. The pads we used were dl 1/O pads except of the voltage

reference test points and the capadtor connedions, which were Ref pads.






2.4.6 Entire Circuit Layout

A pin-out shed can be foundin Appendix D. The AutoRanger circuit is pinned
out in the upper—ight corner of the chip. The D Flip-Flop lower-left side, whil e the JK
Flip-Flop and 2ring oscill ators are dong the bottom. Therest isfill er. The entire dhip

sizeis 150Qum x 150Qum

Entire AutoRanger Circuit Layout

Figure2.4.6



3. Experimental Reaults

3.1 Test Results

Thetest results sdionwill befilled ou next semester when we can test the chips.

3.2 Suggestion for Future Studies and Work

This dionwill befill ed ou next semester when we can test the dips.



3. Conclusions

By using rigorous smulation and werifying that the layout matches the schematic,
we ae onfident the chip will work. Some of the conclusions that can be drawn are that
this chip haslow power consumption, the astable drcuit maintains a steep clocking edge
for the cournter even at low clock speeds and that the drcuit would function corredly at
much higher spedls.

Since dl of thelogicis gatic youwill get nea zero static power disspation for
these. Asfor theinpu package, thereis snall static power disspation through the
voltage references and current mirrors. Dynamic power also will contribute littl e because
we will berunnng thiscircuit at the nominal speed of around1Hz.

From simulation we foundthe criticd path, which is through the courter, to be
around3.1ns. Thisisan aggregate of the setup and hdd times that would be needed. If
wetotally negled the painfully slow mechanical relays conneded in the feedbad loop
andif the Inpu Padkage could generate aclock of rate of around 300/ Hz the rest of the
circuit shoud be aleto keep up.

Finally, we did learn much from designing, smulation, and layout. But, perhaps
the most important thing we learned was to aways test your hierarchicd designs against

what the overall designis suppaseto do.
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Appendx B: Layouts

e 100x minimum sizeinverter

e 10x minimum sizeinverter

e 2.15V voltage divider

e 2-input NAND gate

* Alternate 2-input NAND gate
* 3-t0-8 bit decoder

* 3-input NAND gate

* Alternate 3-input NAND gate
* 4-input NAND gate

* 4V voltage divider

* 5-input NAND gate

* AutoRanger Team Logo

* Astable

*  Comparator

* Dedmal to BCD encoder

* D Flip-FHop

* Full AutoRanger Circuit

* Full Chip layout

* Input Package

* Inverter

* Alternate Inverter

* Inverter for the Ring Oscillator
* Alternate Inverter 2

* JK Flip-FHop

» 31-Stage Ring Oscill ator

* SRLatch

e Transmission Gate

* 3-bit Up-Down Counter
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Appendix C: Pin-Out

Pin Number Function Pin Number Function
1 Vcom 21 TstComB
2 C+A 22 TstComA
3 C-A 23 TstCLKD
4 C+B 24 TstCLKU
S C-B 25 TstCQ2
6 CLR 26 TstCQ1
7 TstShtD 27 TstCQO
8 TstShtU 28 Too Low
9 gnd 29 Too High
10 vdd 30 R6
11 DinD 31 R5
12 CP 32 R4
13 DOutQ 33 R3
14 JKinJ 34 R2
15 JKInK 35 R1
16 JKOutQ 36 RO
17 V2.15 37 B3
18 V4 38 B2
19 Ringl 39 Bl
20 Ring2 40 BO




Appendix D: Top Level Verification

@(#$CDS: LVS version 4.4.5 1028/1999 1528 (cds11182) $

Like matching is enabled.

Net swapping is enabled.

Creaing /usr/grads/jcousing ECE5473LV S/xref.out file.
Using terminal names as correspondence paints.

Net-list summary for /usr/grads/jcousind ECE5473LV S/layout/netli st

count
754 nets
40 terminals
143 res
1296 pmos
1263 nmos
Net-list summary for /usr/grads/jcousins/ ECE5473LV S/schematic/netlist
count
754 nets
40 terminals
143 res
624 pmos
635 nmos

Terminal correspondence points

1 BO
2 B1

3 B2

4 B3

5 C+A

6 C+B

7 C-A

8 c-B

9 cP

10  DInD
11  DOutQ
12 JKOutQ
13 JKinJ
14 JKinK
15 RO

16 Rl

17 R2

18 R3

19 R4

20 RS

21  R6

22 Ringl
23 Ring2

24 Too_High
25 Too_Low
26 TstCLKD
27 TstCLKU



28 TstCQO
29 TstCQ1
30 TstCQ2
31 TstComA
32 TstComB

33 TstShtD
34 TstShtU
35 VCom
36 _CLR
37 gnd!

38 v2.15
39 v4

40 vdd!

The net-lists match logicdly but have mismatched parameters.

layout schematic

instances
un-matched 0 0
rewired 0 0
Size erors 80 4
pruned 0 0
adive 2702 1402
total 2702 1402

nets

un-matched 0 0
merged 0 0
pruned 0 0
adive 754 754
total 754 754

terminals
un-matched 0 0
matched but
different type 0 0
total 40 40

Probe fil es from /usr/grads/jcousing/ECE5473LV S/schematic
devbad.out:

netbad.out:

mergenet.out:

termbad.out:

prunenet.out:

prunedev.out:

audit.out:

I /150/141/M1
? Combined device: Transistor width mismatch: layout 300.00 um, schematic 300.00 umn



| /I155141/M1

? Combined device: Transistor width mismatch:

[ /I50/141Y/MO

? Combined device: Transistor width mismatch:

| /I55141Y/MO

? Combined device: Transistor width mismatch:

layout 300.00 um, schematic 300.00 umn

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 un

Probe fil es from /usr/grads/jcous nECE5473LV Slayout

devbad.out:
netbad.out:
mergenet.out:
termbad.out:
prunenet.out:
prunedev.out:

audit.out:
| /+2031

? Combined device: Transistor width mismatch:

| [+2034

? Combined device: Transistor width mismatch:

| /+2035

? Combined device: Transistor width mismatch:

| /+2038

? Combined device: Transistor width mismatch:

| /+2039

? Combined device: Transistor width mismatch:

| [+2042

? Combined device: Transistor width mismatch:

| /[+2051

? Combined device: Transistor width mismatch:

| /[+2054

? Combined device: Transistor width mismatch:

| /+2055

? Combined device: Transistor width mismatch:

| /+2070

? Combined device: Transistor width mismatch:

| /[+2071

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn



? Combined device: Transistor width mismatch:

| /+2086

? Combined device: Transistor width mismatch:

| [+2087

? Combined device: Transistor width mismatch:

| /+2090

? Combined device: Transistor width mismatch:

| /[+2091

? Combined device: Transistor width mismatch:

| [+2094

? Combined device: Transistor width mismatch:

| /+2095

? Combined device: Transistor width mismatch:

| /+2102

? Combined device: Transistor width mismatch:

| /+2115

? Combined device: Transistor width mismatch:

| /+2105

? Combined device: Transistor width mismatch:

| /+1836

? Combined device: Transistor width mismatch:

| /+1839

? Combined device: Transistor width mismatch:

| /+1840

? Combined device: Transistor width mismatch:

| /+1843

? Combined device: Transistor width mismatch:

| /+1870

? Combined device: Transistor width mismatch:

| /+1873

? Combined device: Transistor width mismatch:

| /+1874

? Combined device: Transistor width mismatch:

| [+1877

? Combined device: Transistor width mismatch:

| /+1878

? Combined device: Transistor width mismatch:

| /+1881

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn



? Combined device: Transistor width mismatch:

| /+1882

? Combined device: Transistor width mismatch:

| /+1885

? Combined device: Transistor width mismatch:

| /+18%4

? Combined device: Transistor width mismatch:

| /+1897

? Combined device: Transistor width mismatch:

| /+1898

? Combined device: Transistor width mismatch:

| /+1913

? Combined device: Transistor width mismatch:

| /+1926

? Combined device: Transistor width mismatch:

| /+1929

? Combined device: Transistor width mismatch:

| /41932

? Combined device: Transistor width mismatch:

| /+1930

? Combined device: Transistor width mismatch:

| /+738

? Combined device: Transistor width mismatch:

| /1+741

? Combined device: Transistor width mismatch:

| [+744

? Combined device: Transistor width mismatch:

| [+775

? Combined device: Transistor width mismatch:

| /+776

? Combined device: Transistor width mismatch:

1 /+779

? Combined device: Transistor width mismatch:

| /+788

? Combined device: Transistor width mismatch:

| /[+791

? Combined device: Transistor width mismatch:

| /+792

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 300.00 um, schematic 300.00 umn

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 15000 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 15000 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150,00 um, schematic 150.00 un



? Combined device: Transistor width mismatch:

| [+795

? Combined device: Transistor width mismatch:

| [+796

? Combined device: Transistor width mismatch:

| /+799

? Combined device: Transistor width mismatch:

| /+800

? Combined device: Transistor width mismatch:

| /+803

? Combined device: Transistor width mismatch:

| /+804

? Combined device: Transistor width mismatch:

| /+807

? Combined device: Transistor width mismatch:

| /+808

? Combined device: Transistor width mismatch:

| /+811

? Combined device: Transistor width mismatch:

| /+814

? Combined device: Transistor width mismatch:

|1 /+812

? Combined device: Transistor width mismatch:

| /[+575

? Combined device: Transistor width mismatch:

| [+578

? Combined device: Transistor width mismatch:

| [+579

? Combined device: Transistor width mismatch:

| /+582

? Combined device: Transistor width mismatch:

| /+583

? Combined device: Transistor width mismatch:

| /+586

? Combined device: Transistor width mismatch:

| [+587

? Combined device: Transistor width mismatch:

| /+590

layout 150.00 um, schematic 15000 umn

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 15000 umn

layout 150,00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 umn

layout 150,00 um, schematic 15000 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 15000 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 15000 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150,00 um, schematic 150.00 un



? Combined device: Transistor width mismatch:

| /+593

? Combined device: Transistor width mismatch:

| [+624

? Combined device: Transistor width mismatch:

| /+625

? Combined device: Transistor width mismatch:

| /+628

? Combined device: Transistor width mismatch:

| [+637

? Combined device: Transistor width mismatch:

| /+640

? Combined device: Transistor width mismatch:

| /1+641

? Combined device: Transistor width mismatch:

| /[+644

? Combined device: Transistor width mismatch:

| [+645

? Combined device: Transistor width mismatch:

| /+648

? Combined device: Transistor width mismatch:

| /+651

? Combined device: Transistor width mismatch:

| /+649

? Combined device: Transistor width mismatch:

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 15000 umn

layout 150,00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 umn

layout 150,00 um, schematic 15000 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 150.00 un

layout 150.00 um, schematic 150.00 umn

layout 150.00 um, schematic 15000 un
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