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| NTRODUCTION

The goal of the project was to become familiar with the design techniques and tools used to
create integrated circuits.

The main design consists of 5 flip-flops with a X-Nor gate feedback combining the output of
the first and last flip-flops. Additionaly, an on-chip clock generator was added to split the main
clock input into two complementary signals. Remaining space isfilled in with input protection
and output buffers.

Thedesign is entirely NMOS, with a minimum feature size of 5um. The total size of the
integrated circuit is 230Aby 230\, which is equivalent to 0.575mm by 0.575mm.

DesicN OVERVIEW

Block Diagram

Vout

o= [t

Vrst _| | WL =3
Vss

The overall design consists of 5 cascading flip-flops with X-Nor feedback of the output of the
first flip-flop with the last one. The flip-flops can be reset through the reset transistor.

-
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%

Figure 1 - Block Diagramof IC.



Bit Sequence
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The sequence produced by this project is 2° - 1 = 31 iterations long, after which the pattern
repeats. The sequence visible to a probe on Vo is the output from Qa, the last flip-flop. The Xor
expression for Qo can be represented as:

Qu=0Q,+Q,



CIRCUIT SCHEMATICS

Top-Level Schematic
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Figure 2 - Schematic of the top-level design.
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Figure 3 - Schematic of a flip-flop block.



X-Nor
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Figure 4 - Schematic of X-Nor block.
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Figure5 - Schematic of Clock Generator block.



Inverter with 12:1 Pull-down
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Figure 6 - Schematic of 12:1 Inverter block.

Inverter with 24:1 Pull-down
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Figure 7 - Schematic of 24:1 Inverter block.






Block Design

Thelayout of the IC isdivided into smaller blocks, which allows for easier handling during
the layout phase. Additionally, for repeated units, such as the flip-flops and inverters, the blocks
save time and guarantee a uniform design, decreasing chances of error due to layout mistakes.

The overall design uses metal wherever possible at the expense of space. To save some space
with metal lines, high-density areas, such as the flip-flop blocks, only have one metal line
running between them. Much of the interconnection between tightly-placed blocksis achieved
using polysilicon. Since this material is more resistive than metal, long poly connections are
avoided, and the polysilicon is 6Awide, or as wide as possible. Vop and Vss never cross through
polysilicon. The design in compliant with Mead-Conway design rules.

ouT

i B Output. Buffer -
L ad b and Boofstrap
@ ". 5 Flip-Flops Ay
- ] : B - [ 2] Z %) .
=11 2 Bootstraj
g | clock .
=) Bl@ & V
M 3 | |Generator| A
- m ] : a)1 2 SF :
: : Bootstrap Ll |

Figure 9 - Annotated Layout

Details regarding space minimization, transistor width-to-length ratio selection, and cell
hierarchies of the outlined blocks are described in detail in the following sections.



Flip-Flop Block L ayout

Theflip-flop (Figure 10) was thefirst cell created. With agiven pull-
up transistor width-to-length ratio of 1, the pull-down was designed with
aratio of 12.

The cdll contains two cellswithin it, both 12:1 ratio inverters. The
design wasiinitially substantially larger, with pads for the V1 and V2
clock signals, but the design was compressed when it became more
practical to join the clocks on adjacent cells directly with polysilicon.
This also allowed for more flexibility in placing the pads.

Also removed in the area reduction were the input and output pads on
the top-most and bottom-most wells. This allowed for a more compact
layout because one flip-flop could feed into the next without the use of
metal.

With the reduced layout, the five flip-flops went from occupying
approximately one-half of the layout to an estimated third.

X-Nor Block Layout

The X-Nor design (Figure 11) was provided with minimum geometry Figure 10 - Flip-Flop
pull-up transistors. This design necessitated large pull-down transistors Layout
to maintain similar rise and fall times on the output waveforms. The
final design has pull-down transistors with a width-to-length ratio of 48. Thelarge size of the
pull-down transistors made this unit difficult to lay out and later place. Generally, asmaller
design with far fewer transistors would be possible.

With this design, the two top cells are the same block.
This design could have been more optimized for space by
joining the well of the transistor in the bottom-|eft to the
adjacent transistors. Also, the two bottom transistors could
have had their polysilicon joined directly, rather than via
metal. However, since thereis only one instance of the X -
Nor block, the space savings would have been minimal.
This design was not further reduced because, once placed,
the unit fit nicely in the overall layout.

The most cumbersome aspect of the design isthe
location of the Vo pad. Due to the amount of required
metal in the design, the output can only exit the block
through one side. This proved difficult feed back to the
flip-flop cells. This could have been improved by not using
identical inverter cells, and instead having the pad |abeled
V. attached directly via polysilicon to the bottom-right
transistor's gate. Vo could then exit the block where there
iscurrently metal.

Figure 11 - X-Nor Layout

-10-



Clock Generator

The clock generator (Figure 12) is an additional
block added to the IC to allow for on-chip clock
generation. For the flip-flops to alternate properly,
there must be two alternating clocks. Assuch, the
clock generator takes asingle clock (Vp) and splits
itinto Vp: and Vp2 viatwo cross-coupled Nor gates
(Figure 13). Sincethe clocks are drawn by
multiple loads, Vp: and V. are bootstrapped to
ensure good signal levels.

The design of thisblock is as compact as
possible, asit was added toward the end of the
overall design. Thedifficulty inthedesignliesin
crossing the outputs of the two Nor blocks. This
was accomplished by making the V1 output in
polysilicon.

The uniformity of the design islargely due to
the three pull-up transistors being of minimum
geometry, while al of the other transistors line up
because they are all equally sized at awidth-to-
length ratio of 12-to-1.

In the event that the clock generator did not
work, emergency pads were placed the layout
where V1 and V2 could be provided for
externally. These arelabeled e-®d1 and e-d,on
Figure 9. Both have minimal input protection, and
V2 can be severed via a serpentine metal trace just above the Vpp contact pad.

— Vpl

Figure 12 - Clock Generator Layout.
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Figure 13 - Clock Generator Schematic.
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Clock Generator Bootstraps and Buffers

Figure 14 - &, Bootstrap.

Figure 15 - ®, Bootstrap.

The on-chip clock generator needs bootstrapping because its output serves asinput to many
other blocks, and a good high level isrequired. The blocksinitially started asinstances of the
same block, however, space for the ® 1 bootstrap became very limited and the designs diverged.
The ® buffer suffers from higher resistance than its ®, counterpart because of the placement of
the output contact and the thin line of well approaching it. The output buffer is formed by the
capacitor on the right and a minimum geometry transistor feeding into the block, not shown
above.

The design of the bootstraps calls for as wide an inverter as possible. As such, the pull-down
has a width-to-length ratio of 48:1, which is further effectively tripled by making the pull-up
width-to-length three times longer (1:3).

The capacitors in the buffer were made reasonably large (192)?), and care was taken to
preserve area when the ® 1 bootstrap was refactored, so that the two units would behave the same.
Capacitance can be caculated as follows:

CG:( €ox

tOX

(W)(L )=0.66 pF

-12-



Input Protection

Input protection to the I C is provided using along, resistive channel of device well, with a
large transistor whose gate and source are grounded at the end. Output is taken at the drain of
thistransistor. The device well resistor is meant to dissipate a voltage spike, while the large
transistor is designed to go into breakdown and ground what remains of the spike. In normal
operation, the transistor does not affect the input signal.

Theinputsfor Vi« and V; use input protection. Not much design work went into these units;
any space that could be used was used.

Output Protection

The output protection consists of atwo stage output
buffer. While athree stage would fit physically, the
buffer must consist of an even number of stages, since
each stage inverts the signal, and thus an even number
isrequired to produce the correct sequence on V.

The general rule governing the size of output buffer
invertersisto set f = 3, and scale according to:
(W =" and (W

n, pu

n-1
3 L)oo 12 f

Using these equations, the first stage of the output
buffer (Figure 16) is an inverter with a minimum
geometry pull-up, and a 12:1 pull-down transistor. Figure 16 - Output Buffer Stage 1.
Initialy, one of the inverter blocks used elsewherein
the design was used, but due to spatial concerns, it was replaced with a unit that could feed more
readily into the next stage.

Figure 17 - Output Buffer Sage 2 Pull-down.
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The second stage of the output buffer (Figure 17), is designed to have a pull-down transistor
with awidth-to-length ratio of 36:1. For thisdesign to be practical, afork layout was used. As
thisisthe final stage, Vo is atached to the drain, which is the middle strip of metal.

The pull-up transistor for stage 2isin a
block along with the driver for the bootstrap
capacitor (Figure 18). The proper width-to-
length ratio for thistransistor is 6:1, however,
theratioisactualy 9:1. Thisisbecauseinthe
initial design, the stage 2 pull-down transistor
was 150% the size of the final design. Once
that transistor was reduced to the correct size,
this one was neglected. Sincethe pull-up is
responsible for the rising edge of the output,
this design suffers from a slower signal rise
time than fall time. Thisisdiscussed further in
the testing sections of this report.

T_he criteriafor the bqotstrap c_apaci toris Figure 18 - Output Buffer Sage 2 Pull-up, and
that it be aslarge asfeasibly possible on the Driver for Bootstrap Capacitor.

layout. Therefore, the bootstrap capacitor was

expanded beyond its original rectangular shape into one specificaly designed to fit tightly into
the overall layout without breaking any design rules. The result is alarge capacitor with an odd
shape whose area is mostly under a bus of metal traces.

Figure 19 - Bootstrap Capacitor
Layourt.

-14 -



CirculT EXTRACTION AND SIMULATION

Throughout the design phase of both the schematic and layout, the output was constantly
compared for consistency by running PSPICE simulations. To ensure the consistency of results,
and to save time after each netlist extraction, the simulation was sourced out into a separate file
that was included in each simulation. This approach also allowed for anumber of clock settings
that could be easily uncommented as needed.

Simulation File

Vsub 999 0 DC -2
Vss Vss 0 DC O
vdd vdd Vss DC 5

* PULSE: LOWH GH DELAY RI SE FALL ONTI ME PERI OD

* 10 KHz -- -
Vrst Vrst Vss PULSE (0 5 ON 0.1U 0.1U 400U ON)
Vp Vp Vss PULSE (0 5 0 0.1U 0.1U 50U 100U)

. TRAN 100N 4. 5m

2 Mz ---
Vrst Vrst Vss PULSE (0 5 ON 0.1U 0.1U 2000n ON)
Vp Vp Vss PULSE (0 5 0 0.1U 0.1U 250n 500n)

. TRAN 10N 20U

E I

* 4 Mz ---
* Vrst Vrst Vss PULSE (0 5 ON 0.1U 0.1U 1000n ON)
* Vp Vp Vss PULSE (0 5 0 0.1U 0.1U 125n 250n)

* _TRAN 5N 10U

* 8 Mz ---

* Vrst Vrst Vss PULSE (0 5 ON 0.05U 0. 05U 500n ON)
* Vp Vp Vss PULSE (0 5 0 10n 10n 62.5n 125n)

*

. TRAN 2. 5N 5U

18 Mz ---

Vrst Vrst Vss PULSE (0 5 ON 0.04U 0.04U 180n ON)
Vp Vp Vss PULSE (0 5 0 5n 5n 27.5n 55n)

. TRAN 1. 1N 2. 2U

E I T

20 MHz ---

Vrst Vrst Vss PULSE (0 5 ON 0.04U 0.04U 200n ON)
Vp Vp Vss PULSE (0 5 0 5n 5n 25n 50n)

. TRAN 1N 2U

E I T

. MODEL NMOS NMOS LEVEL=2 NSUB=4E15 TOX=50N
. probe

-15-



L ayout vs. Schematic

To ensure that the layout follows the intended design, alayout vs. schematics (LVS) check
was executed. To eliminate most area counting differences, the area comparator was set to a
tolerance of 15%. Theresults are available in Appendix C.

Even with a 15% tolerance, one of the output buffer transistors does not match. Thisis
because it isfairly short and has many corners, which are calculated differently in the layout
output, though not by much.

Full-Sequence Output
6.BU} PErE—— ; ; T —
W A 1 '] O 1 0 O, OO I SO
4.8y ; H—e A : 1 —:
T T =T r==" l:' 'E"'i’ '; T 'ii' r ': m 'i" r i 'i' E r i
______________ ' ' 1 B N N El I S
Al ! : 1
2.6U- g ' ' T
I o L] ¥ I S ]
RS I 1 -nj. bt dcndeal Lk oo
U | i i . PR, i il akin ks PRl A . T I
g U{Uout) « U{Urst)
5. 0U
iz
= | T il A A R A - - - - - - -
1| UL L R L PR FLLELT |
&) =
] it i i T -
e
2.50 B
| | I-- _________
- - ] 1
i i I e - I besd
m Bl
HHT T it | | i | BRI
au n L
514 1.8ms 2 .8Bms 3.8ms 4 _8ms 5 .Bms
m U(up)

Time
Figure 20 - Full-sequence output (f=10KH2).

The Vo signal in Figure 20 shows a full output sequence, as well as several bits of a second
sequence. Thefigure includes the clock signal (V;) and the reset pulse (V:s). The bit pattern
corresponds with the expected output.

During all layout extraction testing, a 10pF load capacitor (C.) was added to the SPICE source
asfollows:

CLoad Vout Vss 10pF

-16-



Output High and Low Levels

From the output plot in Figure 20, the Vo« output high level is exactly 5V, and the low level is
0.38V. While the output low level should be approximately 0.2V, VoL isis proportiona to the
current in the pull-up transistor to the current in the pull-down transistor. Since the pull-up in the
output bootstrap is 150% as wide as it should be, the output level is higher as well, though not
significantly enough to cause harm. The high voltage, at 5V, is as expected, due to the
bootstrapping. Before the output buffer wasin place it was 3.8V.

Output Rise and Fall Times

The output rise and fall times were not completely symmetric, most likely dueto the
imbal ance of transistor ratios on the output buffer. Thiswas not initially noticed because during
initial testing, without a 10pF load, the rise and fall times were both instantaneous.

5.250

4.8au

2.800

a.27u-

[ 1 T T 1 [ T 1 1 T
i ' ' ' ' ' ' ' ' '
i ] ' ' ' ' ' ' ' '
)
' ' ' ' ' 1 ' ' '
] ' ' ' ' | ' ' '
s = Bt inte X SEN B [
v ' ' ' ' ' ' ' '
' 1 ' ' ] ' 1 ] 1
- k- - i B . S e e o
' ] ' i i ' ' i ] ' '
' 1 ] | ' ] ] i 1 ] i}
S eI L] R PR SR e [ BT e Bl ) TR T A LD ey | U [ e S S
' ] ' ' ' ' ' ' ' ' '
' ] ] ' ' ' ' ' ' ' '
au L L 1 h L 1 1 1 1 1

433ns cedns 688ns 78Bns 7ha8ns

Time
Figure 21 - Enlarged signal transition (f=18MHz, C,=10pF).

The output rise time (from 10% to 90%) is approximately 30ns, and the fall time with the
same parametersis 20ns.
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Maximum Useful Clock Frequency

Once the design was finalized the ssimulation was tested at various frequencies. In theory,
with the longest logic change time being 30ns, the I C could clock up to approximately 30MHz.
However, signalsinside the chip are not asfast as the fina output and the unit fails at alower
clock frequency.

gu-——— L
m UiUout) « U{Urst)
Figure 22 - Output sequence (f=18MHz, C,=10pF).

o P T !
B U{Uout) « U{Urst)
Figure 23 - Output sequence (f=20MHz, C,=10pF).

While the output waveform is still well-defined at 18MHz, by the time the clock is raised to
20MHz, the low level isnot low enough to produce the proper sequence. Asaresult, several
additional states are added in the middle of the output. The IC isno longer reliable.

-18-



Glitching in Simulation

The output-buffered simulation did not show signs of glitching. However, before the buffer
was in place, there were signs of glitching in excess of 1V. These were on the clock changes and
can likely be attributed to the instantaneous indeterminate state while the clocks flip.

Clock Generator Smulation

Before the clock generator was fully integrated into the project, unit testing was performed to
seethat it worked correctly.

-A.7U R S A S AT A A AL A AP i AT T SR AT ST WA BT

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '
EEsssronshonsiensiongrenqeengeenyesnqeongeanyecnffompesspe s spe s nme e e s s g o = G
] ' ' ' ' ' ' ' ' ' ' ' ' ] '
——————————————————————————

I Sy M R

____________________________________________________

Bt e e .

____________________________________________________

1.4808ms 1.450ms

Time

Figure 24 - Clock generator output.

The clock generator works as expected, taking the input clock signal (Figure 24, bottom), and
splitting it into two out-of-phase clock signals.

-19-
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Figure 25 - Photo of IC in testing appar atus (100x magnification).
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General Testing I nformation

Testing of the fabricated | C took place on a testbench designed to probe chips. The chip had
its inputs and outputs connected via tungsten needles (Figure 25). Due to the presence of an on-
chip clock generator, the middle pin on the right hovers over the wafer and does not make
electrical contact withit.

The inputs to the IC were connected to areliable high-precision voltage source. The clock
input was generated by a variable frequency generator set to produce square-shaped pulses with a
50% duty cycle.

The output from the IC was connected to a Tektronix digital oscilloscope, where readings
were taken from and waveforms saved.

Output Sequence

The IC was tested by initially setting the clock input to 10KHz and recording the sequence on
the oscilloscope.

55

4.5

35

Volts
w

25

15

0.5 | iirptend by e i Lyt el b ey

Figure 26 - Full sequence (f=10KHz, At=3ms).

The output sequence (Figure 26) matches the predicted sequence and the sequence generated
by the layout extraction.

-21 -



Output Levels

An average calculation of over a sequence of low points and high points from the data set
collected indicates that output high is at 4.98V and output low is0.41V. BecausethelCis
bootstrapped, the value of Ves has no effect on output levels. However, the chip does not work
with Vs = 0V. Thisis because this NMOS process relies on substrate voltage biasing.

Rise and Fall Times

Volts

Volts

6

5.5

5

4.5

4

35

3

25

2

15

1

0.5

5.5

4.5

35

25

15

0.5

Figure 27 - Typical Rise (f=10KHz, At=40ys).

A
NWe— e AN

Figure 28 - Typical Fall (f=10KHz, At=40ps).
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Figures 27 and 28 show atypical riseand fall at 10KHz. While these waveforms do not
possess the resolution to determine the rise and fall times (resolution is 20us), they do show that
it takes 5.8us for the rising pulse to reach a steady state, and it takes 1.6us for the falling pulse to

achieve a steady state.
Therise time as claimed by the oscilloscope's internal measurements indicates that the rise
time is 99.89ns and the fall timeis400ns. Asthereisno concrete basis for these results, thereis

nothing to indicate that these numbers are correct.

The best rise and fall time reading can be made from the data set pertaining to Figure 29
(below). From this high-frequency, high-resolution plot, the risetime is 65.6ns and the fall time

is127.6ns.

Maximum Clock Frequency
6.5
A
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AV Y N N
pR'L
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|
|
J

0 A O A W T A

.l
1

Volts

0.5
0 ‘ il
05 ] v LALRAURN LA WY

Figure 29 - V,: at AMHz (At=4s).

The highest clock frequency the IC can sustain is4MHz. Interestingly, the chip did not work
at aclock frequency of 2MHz, though it worked at frequencies both higher and lower.
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Hardware vs. Simulation

The overall function of the design worked the same way in simulation and hardware. This
indicates that the simulation portrayed the circuit fairly accurately.

There are, however, some discrepancies. Most notably, the maximum clock rate is over four
times slower in hardware than in smulation. Thisislikely linked to the rise and fall times. In
simulation, the rise time was 30ns, and in reality it was anywhere between 60ns to 100ns. The
fall times were even less accurately predicted, with the simulation indicating 20ns, while the
oscilloscope showed 120nsto 400ns. The slower operation of the circuit can possibly be
attributed to field effects not accounted for by the ssimulation.
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Figure 30 - Typical Output, 3 Clock Cycles High (f=10KHz, At=500ps).

Before the bootstrapping was added, the SPICE simulation would have very large glitching
effects, including large overshoots and undershoots on logic level change. While the buffer
suppressed this behaviour in simulation, the fabricated | C showed signs of glitching, with spikes
up to 0.6V. Since glitches occur on every clock edge, they must be caused by the indeterminate
state of the system in between the clocks.

It isinteresting that the chip performs very well while switching to logic low level, with no
undershoot. On the other hand, the leading edge of the output signal overshoots by 0.6V. This
can likely be attributed to the imbalance between the pull-up and pull-down transistor ratios on
the final output stage, and their interaction with the bootstrap capacitor. Since the pull-up
transistor is very small compared to the capacitor, it cannot quickly suppress the capacitor's surge
of current. When the capacitor discharges, the voltage level drops to the expected 5V.

Finally, the smulation correctly predicted logic voltages. While low, both ssimulated and real
logic-0is~0.4V, rather than the desired 0.2V. This can be aresult of the 9:1 ratio of pull-up to
pull-down on the final output stage, rather than the desired 12:1.
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CoNCLUSION

The design and fabrication process of the integrated circuit proceeded quickly and smoothly.
The final fabricated chip worked as expected, with al parameters except maximum clock
frequency accurate to the simulation.

While not a particularly complex (or useful) integrated circuit, this design project highlighted
the procedure and methods that are required to design, test, and produce NMOS chips.

Figure 31 - Process: Schematic, Layout,
Fabrication.
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APPENDIX A — ScHEMATIC NETLIST

* Schematics Netli st

. EXTERNAL
. EXTERNAL
. EXTERNAL
. EXTERNAL

OUTPUT Vout
I NPUT Vdd
I NPUT Vsub
I NPUT Vr st

. EXTERNAL | NPUT Vp
. EXTERNAL | NPUT Vss

M Fl i pFl op2_Inverterl M
+ L=5u

+ WESu

M Fl i pFl op2_I nverterl_ M
+ L=5u

+ Ws60u

M _Fl i pFl op2_I nverter2_M
+ L=5u

+ WESu

M _Fl i pFl op2_I nverter2_M
+ L=5u

+ Ws60u

M _Fl i pFl op2_ML

+ L=5u

+ Wr15u

M _Fl i pFl op2_M4

+ L=5u

+ Wr15u

M Fl i pFl opl_Inverterl M
+ L=5u

+ WeSu

M Fl i pFl opl_Inverterl M
+ L=5u

+ Ws60u

M Fl i pFl opl_I nverter2_M
+ L=5u

+ WeSu

M Fl i pFl op1_I nverter2_M
+ L=5u

+ Ws60u

M _Fl i pFl op1_M

+ L=5u

+ Wr15u

M _Fl i pFl opl1_M4

+ L=5u

+ Wr15u

M Fl i pFl op3_Inverterl M
+ L=5u

+ WESu

M Fl i pFl op3_Inverterl M
+ L=5u

+ Ws60u

M _Fl i pFl op3_I nverter2_M
+ L=5u

+ WeSu

M _Fl i pFl op3_I nverter2_M
+ L=5u

+ Ws60u

vdd Vvdd

$N_0001

vdd vdd

$N_0028

$N_0002

$N_0003

vdd Vvdd

$N_0004

vdd Vvdd

$N_0006

$N_0005

$N_0007

vdd Vvdd

$N_0008

vdd Vvdd

$N_0011

$N_0001

$N_0002

$N_0028

$N_0003

$N_0025

$N_0027

$N_0004

$N_0005

$N_0006

$N_0007

$N_0025

$N_0027

$N_0008

$N_0009

$N_0011

$N_0010
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Vsub NMCS

Vss Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

$N_0006 Vsub NMOS

$N_0001 Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

$N 0033 Vsub NMOS

$N_0004 Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

Vsub NMCS

Vss Vsub NMOS



M _Fl i pFl op3_ML
+ L=5u
+ Wr15u
M _Fl i pFl op3_M4
+ L=5u
+ Wr15u

M Fl i pFl op4_Inverterl M

+ L=bu
+ WESu

M Fl i pFl op4_Inverterl M

+ L=bu
+ WEG60u

M _Fl i pFl op4_I nverter2_M

+ L=bu
+ WESu

M _Fl i pFl op4_I nverter2_M

+ L=5u

+ WE60u

M _Fl i pFl op4_ML
+ L=5u

+ We15u

M _Fl i pFl op4_M4
+ L=5u

+ We15u

M Fl i pFl op5_I nverterl M

+ L=bu
+ WESu

M _Fl i pFl op5_I nverterl M

+ L=bu
+ WE60u

M _Fl i pFl op5_I nverter2_M

+ L=bu
+ WESu

M _Fl i pFl op5_I nverter2_M

+ L=5u

+ Ws60u

M _Fl i pFl op5_ML

+ L=5u

+ Wr15u

M _Fl i pFl op5_M4

+ L=5u

+ Wr15u

M _Qut put Buf f er _M2
+ L=5u

+ Ws60u

M _Qut put Buf f er _ML
+ L=5u

+ WESu

M _Qut put Buf f er _Mb
+ L=20u

+ We112. 5u

M _Qut put Buf f er _M4
+ L=5u

+ Wr45u

M _Qut put Buf f er _Mb
+ L=5u

+ WESu

M _Qut put Buf f er _M3
+ L=5u

+ Ws90u

$N_0009

$N_0010

vdd vdd

$N_0012

vdd vdd

$N_0015

$N_0013

$N_0014

vdd Vvdd

$N_0016

vdd Vvdd

$N_0030

$N_0017

$N_0018

$N_0019

vdd Vvdd

$N_0025

$N_0027

$N_0012

$N_0013

$N_0015

$N_0014

$N_0025

$N_0027

$N_0016

$N_0017

$N_0030

$N_0018

$N_0025

$N_0027

$N_0030

$N_0019

$N_0028 Vsub NMOS

$N_0008 Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

$N 0011 Vsub NVOS

$N 0012 Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

Vsub NMCS

Vss Vsub NMOS

$N 0015 Vsub NVOS

$N 0016 Vsub NMOS

Vss Vsub NMOS

Vsub NMCS

Vout $N_0020 Vout Vsub NMCS

vdd $N_0020 Vout Vsub NMOS

vdd Vdd $N_0020 Vsub NVOS

Vss $N_0019 Vout Vsub NMOS
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M _Qut put Buf f er _MB

+ L=5u

+ Ws90u

M _Cl ockGener at or _M4

+ L=5u

+ WESu

M _Cl ockGener at or _M3

+ L=5u

+ WE57. 5u

M_Cl ockGener at or _Mb

+ L=5u

+ WE57. 5u

M _Cl ockGener at or _ML

+ L=5u

+ WeSu

M _Cl ockGener at or _M2

+ L=5u

+ Ws60u

M_Cl ockGener at or _MB

+ L=5u

+ WE57. 5u

M _Cl ockGener at or _M7

+ L=5u

+ WE57. 5u

M _Cl ockGener at or _MP

+ L=5u

+ WeSu

M _Cl ockGener at or _ML1
+ L=13u

+ Ws90u

M _Cl ockGener at or _MLO
+ L=15u

+ WeSu

M _Cl ockGener at or _ML6
+ L=5u

+ WE120u

M _Cl ockGener at or _ML2
+ L=5u

+ WeSu

M _Cl ockGener at or _ML4
+ L=13u

+ Ws90u

M _Cl ockGener at or _ML3
+ L=15u

+ WESu

M _Cl ockGener at or _ML5
+ L=5u

+ WE120u

M _Cl ockGener at or _M6

+ L=5u

+ WESu

M XNor _I nverterl_M

+ L=5u

+ WE120u

M XNor _I nverterl ML

+ L=5u

+ WESu

M XNor _| nverter2_M

+ L=5u

+ WE120u

Vout $N_0019 Vss Vsub NMOS

vdd vdd $N_0021 Vsub NMOS

$N_0021 Vp Vss Vsub NMOS

$N_0021 $N_0022 Vss Vsub NMOS

vdd Vdd $N_0023 Vsub NMOS

$N_0023 Vp Vss Vsub NMOS

$N_0022 $N_0023 Vss Vsub NMOS

$N_0022 $N_0021 Vss Vsub NMOS

vdd vdd $N_0024 Vsub NMOS

$N_0025 $N_0024 $N 0025 Vsub NNOS

vdd $N_0024 $N 0025 Vsub NMOS

$N_0025 $N_0021 Vss Vsub NMOS

vdd Vdd $N_0026 Vsub NVOS

$N_0027 $N_0026 $N 0027 Vsub NNOS

vdd $N_0026 $N 0027 Vsub NMOS

$N_0027 $N_0022 Vss Vsub NMOS

vdd Vvdd $N_0022 Vsub NVOS

$N_0032 $N_0030 $N 0029 Vsub NNOS

vdd Vdd $N_0032 Vsub NVOS

$N_0033 $N_0032 $N 0031 Vsub NMCS
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M XNor _I nverter2_ M Vdd vdd $N_0033 Vsub NMOS

+ L=5u

+ WESu

M XNor _ML $N_0029 $N 0028 Vss Vsub NMOS
+ L=5u

+ WE120u

M _XNor _Mp $N_0031 $N_0030 Vss Vsub NMOS
+ L=5u

+ WE120u

M _XNor _MB $N_0031 $N_0028 Vss Vsub NMOS
+ L=5u

+ WE120u

M M Vp Vss Vss Vsub NMOS

Vss Vss Wrst Vsub NMOS

M
Q1 g1
o Cc
)]
c

$N_0027 Vss Vss Vsub NMOS

o
a1 gl
cc

$N_0025 Vss Vss Vsub NMOS

B
alal
cc

$N_0033 Wrst Vss Vsub NMOS

FHZ A AT D AZ
FNERUSRISFE

= o1
o1 c
c
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APPENDIX B — L AyouTt NETLIST

* Circuit Extracted by Tanner Research's L-Edit V7.12 / Extract V4.00 ;
* TDB File: W\Project\Project, Cell: JWPS

* Extract Definition File: W\nnos2002. ext

* Extract Date and Tine: 10/18/2004 - 19:31

. I NCLUDE("..\Simul ation.txt")

NCDE NAME ALI ASES

Vout (200, 201)

U23/ Vout (172, 141)
Vp (6, 121)

u21/ Vp (175, 71)

U7/ Vout (135, 201)
vdd (198, 38)

U10/ vdd (82, 127)
Ull/ vdd (65, 69)
Ul2/ vdd (65, 129)
Ul3/vdd (133, 129)
U21/ vdd (184, 45)
U26/ vdd (163, 172)
U7/ VDD (145, 184)
w9/ vdd (82, 67)

U21/ W0/ vdd (183, 35)
U21/ Ui/ vdd (183, 60)
u26/ Vc (161, 163)
U7/ Va (134, 170)

U7/ U3/ A (116, 191)
Vss (5, 202)

U10/ Vss (99, 115)
Ull/ Vss (47, 81)
U12/ Vss (47, 141)
U13/ Vss (115, 141)
U21/ Vss (167, 48)
U7/ Vss (84, 196)

U9/ Vss (99, 55)

U21/ WO/ Vss (166, 35)
U21/ Ul/ Vss (166, 60)
U7/ U3/ Vss (79, 199)
U21/ Vpl (148, 44)
U21/ W0/ Va (157, 45)
U21/ U1/ Vout (154, 60)

OCOWWOWOWWOWMWOMWMOVMOWMOVOVOONNUORADRDMBDMDMDAMDMDIMDMDIADMNDWNNEREPR

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

11 = U10/ Vp2 (88, 125)

11 = U11/Vp2 (59, 71)

11 = U12/ Vp2 (59, 131)

11 = U13/Vp2 (127, 131)

11 = U9/ Vp2 (88, 65)

13 = W21/ Vp2 (150, 53)

13 = U21/ U0/ Vout (154, 35)
13 = U21/ U1/ Va (157, 70)
14 = W21/ Vpn (165, 20)

25 = U7/ Vb (85, 184)

26 = U7/ U3/drain (116, 203)
27 = U7/ W/ drain (114, 167)
27 = U7/ W0/ source (114, 175)
30 = U10/ Vpl (96, 155)

30 = U11/Vpl (51, 41)

30 = U12/Vpl (51, 101)
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* 30 = UL3/Vpl (1
* 30 = U9/ Vpl (96
* 31 = Vrst (5,41

19, 101)
, 95)
)

ML U26/Vc Vvdd vdd 999 N
* ML DRAIN GATE SQURCE
M2 Vout U26/Vc Vdd 999
* M2 DRAIN GATE SQURCE
M3 Vout U26/Vc Vout 999
* MB DRAIN GATE SQURCE
M4 Vss U7/ Va 6 999 NMOS
* M4 DRAIN GATE SQURCE
M6 28 U7/Va U7/ U0/ drain
* Mb DRAIN GATE SQURCE
M6 6 Vdd Vvdd 999 NVOS L
* Mo DRAIN GATE SQURCE
M7 Vss 6 Vout 999 NMOS
* M/ DRAIN GATE SQURCE
MB Vout 6 Vss 999 NMOS
* MB DRAI N GATE SQURCE
MD Vss Vss UL0/Vp2 999
* MP DRAIN GATE SQURCE
MLO 10 Vvdd Vdd 999 NMOS
* MLO DRAI N GATE SOURCE
ML1 vdd 10 U10/Vpl 999
* ML1 DRAI N GATE SOURCE
ML2 U10/ Vpl 10 U10/ Vpl
* ML2 DRAI N GATE SOURCE
ML3 Vss U21/Vpl U10/ Vpl
* ML3 DRAI N GATE SOURCE
ML4 12 Vdd Vdd 999 NMOS
* ML4 DRAI N GATE SOURCE

MOS L=5u W:5u

BULK (163 164 165 166)
NMOS L=5u W55u

BULK (172 168 183 181)

NMOS L=19. 3889u Ws112. 5u

BULK (142 138 170 155)
L=5u WE72. 5u

BULK (171 186 184 202)
999 NMOS L=5u We135u
BULK (118 168 138 184)
=5u Wt5u

BULK (168 200 170
L=5u W£90u

BULK (188 136 224
L=5u W£90u
BULK (188 144 224
NMOS L=15u W£15u
BULK (161 108 167
L=5u Ws5u

BULK (129 32 131
NMOS L=15u W£5u
BULK (120 19 126

202)
138)
146)
114)
34)

21)

999 NMOS L=12.6316u Ws95u

BULK (99 3 129 12)
999 NMOS L=5u Wt135u
BULK (100 10 116 28)
L=5u Ws5u

BULK (184 107 186 109)

ML5 U10/ Vp2 12 U10/Vp2 999 NMOS L=15u Ws80u

* ML5 DRAI N GATE SOURCE
ML6 Vdd 12 U10/Vp2 999

* ML6 DRAI N GATE SOURCE
ML7 U10/ Vp2 U21/ Vp2 Vss
* ML7 DRAI N GATE SOURCE
ML8 Vss Vss UL0/ Vpl 999
* ML8 DRAI N GATE SOURCE
ML9 Vss Vss Vp 999 NMOS
* ML9 DRAI N GATE SOURCE
M2O Vss Vp U21/Vpl 999

* M20 DRAI N GATE SOURCE
M21 Vss U21/Vp2 U21/ Vpl
* M21 DRAI N GATE SOURCE
M22 Vdd vdd U21/ Vpl 999
* M22 DRAI N GATE SOURCE
M23 Vss U21/ Vpn U21/ Vp2
* M23 DRAI N GATE SOURCE
M4 Vss U21/Vpl U21/ Vp2
* M24 DRAI N GATE SOURCE
M25 Vvdd Vvdd U21/ Vp2 999
* M25 DRAI N GATE SOURCE
M26 Vdd Vvdd U21/ Vpn 999
* M26 DRAI N GATE SOURCE

BULK (201 71 210 97)
NMOS L=15u We5u

BULK (191 91 193 97)
999 NMCS L=5u W=135u
BULK (185 69 201 87)
NMOS L=15u Wt15u
BULK (63 181 69 187)
L=5u W535u

BULK (7 144 43 171)
NMOS L=5u W:65u

BULK (158 51 177 58)
999 NMCS L=5u W65u
BULK (158 60 177 67)
NMOS L=5u W=5u

BULK (182 54 184 56)
999 NMCS L=5u We65u
BULK (158 26 177 33)
999 NMCS L=5u We65u
BULK (158 35 177 42)
NMOS L=5u W=5u

BULK (182 29 184 31)
NMOS L=5u Ws5u

BULK (178 17 180 19)

M27 W21/ Vpn Vp Vss 999 NMOS L=5u W70u

* M27 DRAI N GATE SOURCE

BULK (150 10 172 18)

M8 Vss 15 U7/ Va 999 NMOS L=5u We65u

* M28 DRAI N GATE SOURCE

BULK (117 143 127 155)
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M9 Vdd vdd U7/Va 999 NMOS L=5u Wt5u

* M29 DRAI N GATE SOURCE BULK (132 147 134 149)
M30 Vss 16 38 999 NMOS L=5u We65u

* MBO DRAI N GATE SOURCE BULK (117 113 127 125)
M31 Vdd Vvdd 38 999 NMOS L=5u Wt5u

* MB1 DRAI N GATE SOURCE BULK (132 117 134 119)
MB2 29 UL0/Vpl 16 999 NMOS L=5u W15u

* MB2 DRAI N GATE SOURCE BULK (120 99 126 101)
MB3 18 UL0/Vpl 37 999 NMOS L=5u W15u

* MB3 DRAI N GATE SOURCE BULK (92 93 98 95)
MB4 15 UL0/Vp2 38 999 NMCS L=5u W15u

* MB4 DRAI N GATE SOURCE BULK (120 129 126 131)
MB5 19 UL0/Vp2 36 999 NMOS L=5u Wt15u

* MB5 DRAI N GATE SOURCE BULK (92 123 98 125)
MB6 23 UL0/Vp2 35 999 NMOS L=5u W15u

* MB6 DRAI N GATE SOURCE BULK (52 129 58 131)
M37 Vss 17 29 999 NMOS L=5u We65u

* MB7 DRAI N GATE SOURCE BULK (91 39 101 51)
M38 29 Vvdd Vdd 999 NMOS L=5u Wt5u

* MB8 DRAI N GATE SOURCE BULK (84 45 86 47)
M39 Vss 18 34 999 NMOS L=5u WE65u

* MB9 DRAI N GATE SOURCE BULK (91 69 101 81)
M40 34 Vvdd Vvdd 999 NMOS L=5u Wt5u

* MAO DRAI N GATE SOURCE BULK (84 75 86 77)
MA1l 17 UL0/Vp2 34 999 NMCS L=5u Wt15u

* MA1 DRAI N GATE SOURCE BULK (92 63 98 65)
MA2 21 UL0/Vp2 33 999 NMCS L=5u W15u

* W42 DRAI N GATE SOURCE BULK (52 69 58 71)
M43 Vss 19 37 999 NMOS L=5u WE65u

* M43 DRAI N GATE SOURCE BULK (91 99 101 111)
Md4 37 vVdd Vvdd 999 NMOS L=5u Wt5u

* MA4 DRAI N GATE SOURCE BULK (84 105 86 107)
M45 Vss 20 36 999 NMOS L=5u WE65u

* WMA5 DRAI N GATE SOURCE BULK (91 129 101 141)
M46 36 Vdd Vdd 999 NMOS L=5u Wt5u

* MA6 DRAI N GATE SOURCE BULK (84 135 86 137)
MA7 20 UL0/Vpl U7/ Vb 999 NMOS L=5u W15u

* MA7 DRAI N GATE SOURCE BULK (92 153 98 155)
M48 Vss 21 32 999 NMCS L=5u WE65u

* MA8 DRAI N GATE SOURCE BULK (49 83 59 95)
M49 Vdd Vvdd 32 999 NMOS L=5u Wt5u

* MA9 DRAI N GATE SOURCE BULK (64 87 66 89)
Mb0 Vss 22 33 999 NMOS L=5u We65u

* Mb0 DRAI N GATE SOURCE BULK (49 53 59 65)
M1 Vdd Vdd 33 999 NMOS L=5u Wt5u

* Mb1l DRAI N GATE SOURCE BULK (64 57 66 59)
Mb2 U7/ Vout ULO0/ Vpl 22 999 NMOS L=5u Wt15u

* Mb2 DRAI N GATE SOURCE BULK (52 39 58 41)
Mb3 Vss 23 U7/ Vb 999 NMOS L=5u We65u

* Mb3 DRAI N GATE SOURCE BULK (49 143 59 155)
M4 Vdd vdd U7/Vb 999 NMOS L=5u Wt5u

* Mb4 DRAI N GATE SOURCE BULK (64 147 66 149)
Mb5 Vss 24 35 999 NMOS L=5u We65u

* Mb5 DRAI N GATE SOURCE BULK (49 113 59 125)
M6 Vdd Vdd 35 999 NMOS L=5u Wt5u

* Mb6 DRAI N GATE SOURCE BULK (64 117 66 119)
Mb7 24 UL0/Vpl 32 999 NMOS L=5u W15u

* Mb7 DRAI N GATE SOURCE BULK (52 99 58 101)
M8 U7/ U3/ drain U7/ Vb Vss 999 NMOS L=5u W=135u
* Mb8 DRAI N GATE SOURCE BULK (76 187 90 205)
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Mb9 Vss U7/Va U7/ U3/ drain 999 NMOS L=5u W=140u
* Mb9 DRAI N GATE SOURCE BULK (92 189 112 203)
M0 U7/ U0/ drain U7/ Vb Vss 999 NMOS L=5u W=135u
* M60 DRAI N GATE SOURCE BULK (90 165 110 181)
M1 U7/ Vout 28 U7/ U3/drain 999 NMOS L=5u W135u
* M6l DRAI N GATE SOURCE BULK (118 191 138 207)
M62 Vdd vdd U7/ Vout 999 NMOS L=5u We5u

* M62 DRAI N GATE SOURCE BULK (141 197 143 199)
M63 Vdd Vdd 28 999 NMOS L=5u Wt5u

* Mb3 DRAI N GATE SOURCE BULK (141 174 143 176)
M64 Vss Vss Vrst 999 NMOS L=5u W505u

* M64 DRAI N GATE SOURCE BULK (2 2 78 17)

MB5 Vss Vrst U7/ Vout 999 NMOS L=5u Wt15u

* Mb5 DRAI N GATE SOURCE BULK (52 29 58 31)

* Total Nodes: 38

* Total Elenents: 65

* Extract El apsed Tinme: 2 seconds
. END
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APPENDIX C — LAYyouT vs. ScHEMATIC OuTPUT

File witten by LVS 3.13/Wn32 as a result of: "W\Project\LVS\Project.vdb" on Sat Dec
18 18:26: 07 2004

Conmand | i ne:
lvs W\Project\SPI CEAJWPS.cir W\Project\LVS\Project.net -o W\Project\LVS\LVS. out
-pspice -nrcl -c2 -dgl5.000 -vfa

Engi ne configuration report:

Consider Bulk NOOES. .. ... .. ON

Consider Resistors as polarized elenments........... ... ... . ... ......... OFF
Consider Capacitors as polarized elenments........... . ... ... ....... ... OFF
Consider Inductors as polarized elenments............ .. ... ... ... ... .. OFF
Optim ze shorted & parallel R, C, MOSFETs; series Rand C............. CFF
Repl ace series MOBFETS. . .. ..ttt e e e e OFF
Fast lterati on. ... ... OFF

Parsing file W\Project\SPICEAJWPS.cir...
Fl at t eni ng network. . .
Parsing file W\Project\LVS\Project.net...
Fl at t eni ng network. . .

Devi ce JWPS. cir Project.net
M NMOS 65 65
Tot al el enents 65 65
Tot al nodes 39 39
Iterating...

5% done

10% done

War ni ng: Paranetric m smatch between el ements JWPS. cir: M:L=5e-006 W5.5e-005 ( Not
all decimals shown) and Project.net: M CutputBuffer_ M:L=5e-006 W4.5e-005 (Not all
deci mal s shown)

War ni ng: Paranetric m smatch between el ements JWPS. cir: M: L=5e-006 W7.25e-005
(Not all decimals shown) and Project.net: M QutputBuffer_M:L=5e-006 W-6e-005 (Not
all deci mals shown)

15% done

20% done

25% done

30% done

35% done

40% done

45% done

50% done

55% done

60% done

65% done

70% done

75% done

80% done

85% done

90% done

95% done
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Report of el enents:
kkkkhkkhkhkhkkhkkhkkhkkhkkkhkkhhkkk*k

Aut onor ph cl ass of el enents

JWPS. cir MB fanout: BULK = 64 DS ( 4, 31) G= 3
JWPS. cir M7 fanout: BULK = 64 DS ( 4, 31) G= 3
Proj ect . net M_CQut put Buf f er _MB fanout: BULK = 64 DS ( 4, 31) G= 3
Proj ect . net M_CQut put Buf f er _M3 fanout: BULK = 64 DS ( 4, 31) G= 3

63 perfectly matched el enent cl ass(es)
1 aut onorphed el enent cl ass(es)
39 perfectly matched node cl ass(es)

Doi ng detailed trial natching...
100% done

Circuits are only topol ogically equal.
Run tine: 0:02 (mn:sec)

0 error(s), 2 warning(s)

-35-



