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ABSTRACT
The goal of this research project was to design a VLSI implementation of the
required digital circutry to utilize ferroelectric memory as a portion of main
microprocessor memory An interface between National Semiconductor's
NM24CFD4. a nonvolatle, serial-access. ferroelectric memory device, and Intel's

8086 microprocessor was designed and I ] using SSI/MSI technology in

a previous study. This thesis discusses the redesign of the previously designed
circuit for VL.SI implementation. The layout was accomplished using the Magic

graphical layout editor and tested using the Esim event driven logic-level simulator
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I. INTRODUCTION

A. BACKGROUND

Ferroelectric capacltor mem

TN m %, CMCS Serial Nonwolatile

provide the pos

main remory. Recent studies (Ref. 1]

feasibility of directls

cing
memory bus.

1. FECM Theory of Operation

oM are corstructed using a modified silicon

semiconductor trocess. Figure 1 shows a typical structurs for

s simple ferroclectric capacitor [Ref. 2]. &

oaly used

ferrcelectric material lead zircorate titanate (PZT).

he

PZT dielectric is depecsited between two electrode layers,

forming a capacitor. The capacitor is charged when writtea to

and ©

e charge is retained for greater than ten years in the
case of the NM2dCF04 FECM. The cell is read by applyirg a

voltage across the capacitor and observing

e curreat pulse
generated.

A small current pulse indicates a '1' is stored

“he

cell while a large current pulse indicates a ’ is stored in

the ce.l. I- should be noted th

e read operat:

nois oa



"destructive read" and the data must be written back to the

device.

TOP ELECTRODE

SILICOM DIGXIDE

MOS TRANESTOR FERROELECTRIC CAPAGITOR

Figure 1 FerroelectZic Capacitor Device, [Ref.2].

Current cechnology has demonstrated several advantages
and favorable characteristics of FECM (Ref. 3}, including: 11
nor-volatility, 2) long retention (>L0 years @ 25°C), 3i
endurance {10°® write cycles), and 4) radiation hardness [>10%
RADs (Si/sec)}. Therefore, FECM's are ideal for many milizary
and space based systems.
2. National Semiconductor's NM24CF04

The NM24CF04 is fabricated with advanced CMOS

ferroelectric technology [Ref. 4]. The device pro
bit noavolatile memory, internally organized as two 256 x 8-
bit pages. It uses a serial interface on a two-wire bus with
practically unlimited erase/write cycles and supports a

bidirectional bus oriented protocol. When power is removed,



~re data remains stered in the ferroelectric cells

shows a G

“ection diagram for the devic

AU 7, e
1

A TEST
2 7

Az SCL
3 3

GND SDA
4 5

Figure 2 HNM24CF04 Pin Diagram, [ReZ.

Serial Zata (SCAJ: SDA is a bidirectioral pin used to

:r data into and out of the device. It is an open-drain

tran
output ard may Dbe wire ORed with any number of oper-drain or
cpen-collector outputs. A pull-up resistor is required.

Serial Clock (SCL): The SCL input is used to c¢lock

all data into and out of the device. Data states on the SOA
line car charge only during SCL LOW. SJA state changes during
SCL  HIGH are reserved for indicating start and szop
conditions.

Address {AO): A0 is unused by the NM24CF04, however,

it must be tied To GND to insure proper device operac<i

Address (Al,A2): The Address inputs are used to set
the least significant two bits of the six bit slave address.
These inputs can be driven with logic or tied high or low. The
four most significant bits of the slave address are tied to V..

or GND to Zform the "Device Type Identifier" nibble '1C10'.



Pins Al and A2 connected to +5 volts or ground to establish a
hardwir:1 address for the device. Two bits allow faur
different devices to be addressed.
3. Microprocessor System
The most commonly used 15-bit micrcprocessors today
are the Intel 8C2¢ series and -he Mctorsla &8109. Previcus

used the Intel 8086 in th

mir, cde. The

thrust of this thesis research is centered around the Intel
£08€ {Ref. 3], although the monitored signals could easily be
converted to allow the use of the Mctorola 68070 chip. The
Minimum Mcde System configuration is shown .n Figure 3.

In the =xinimum mode, the CPU emits the bus control

signals for memcry. In the maximum mode, an 32#8 Bus

Controller assumes the responsibility of control

ing all
devices con the system bus. The CPU incorpcrates two separate
prccessing units. These are the Executicn Unit (EU) and the
Bus Interface Unit (BIU). The EU executes instructions and tre
BIU fetches instructions, reads operands, and writes results.
The two units cperate independent of cne ancther and are able,
under most circumstances, to extensively overlap instruction
fetch with execution. The 8086's instruction stream gueue can
store up tc six instructicn bytes. When twc or mcre bytes of
the 6-byte instruction queue are empty and the EU does rot
require the BIU to perform a bus cycle, the BIU executes

instruction fetch cycles to refill the queue. The BIU normally



fetches two byt

arless the fetch is from the odd ad

T

284 CLOCK N Vee
ok WIS )
RES READY NTAGLZ oo l COMMAND
B e T
ADY w_

oTR

DEN
sass cpu
ae
1 wecABYTE
D, 4Dy
A0, ACDRESS BUS
BRE L
I
I ———n
[N
L__l&

FOR INGREASED
DATA BUS DRIVE

S ) K o s
o4
o] anagene)

Figure 3 8088 M-

imum Mode System, [Ref. 5].
where the BIU enl e byte from the cdd address. The

51T is resporsible for executing all external bus cycles to

read data from memoty or e data to memory. All bus cycles
consist of a minimum of four clock cycles or “T-states” know
as T, T,, T, and T,. Figure 3 stows a typical BIU bus cycle.

A bus cycle consists of a chain of events in which the

address cf memory lecation is ousp then a read cr write
contrcl signal is presented, followed by the data in a write
operation. The addressed device accepts the data on a write

cycle or places data on cthe bus during a read operation.



For slcw devices, such as che NMZ4CED4, wait states

must o

@

inserted retween T. and T,.

data on the Zus remairns unchanged. Upcn completion ¢f the
cycle, memory latches data written or the 2IU remcves data

read.

I 1. wus CreLk l
e e T

Figure 4 C“ypical BIU Bus Cycle, [Ref. L;.
a. Write Bus Cyele

Fizure 4 illustrates the basic write bus cvcle. Tre

CPU places the write address on the multiplexed address/data
zus during T.. During state T,, Address Latch Zrable {ALE) is
asserted high to latch the write address into a register. The

register contents can be deccded by combirational logic

gereratze the necessary chip select for memory.

During state T,, the CPU places the write data on
the multiplexed bus (AD15 - ADO), and WR is asserted low o
indicate to memory that a write operation is requested. The
READY signal is used to force the CPU to insert wait states

into the bus cycle. To inse a wait state, READY must be low




prior i< the end of state I;. Figure 3 shows the

relat.onship required to generate a walt state. Signal RIADY

3 y—Creomess smon X srerumout | —
2oy amm T onaour y—

Is
e j Lo~ 10 Wttt < EWORT e X:

Figure 5 6086 Wr.te Bus Cycle, [Ref. 1).
is produced by an 8284 Clock Generator and Driver shown in
Tigure 3. Signal RDY is produced by combirational logic in the
irterface device.

Signal Data Transmit/Receive (DT/R) controls =he

flow of data through banks of 828¢ octal bus transceivers when

operating in the minimum mode configuration. With the signal
high, data can flow from the 808¢ microprocessor onto the data

bus and inte the appropriate memory location. Data Enable



{DENY is provided as an output enable for the 4

transceivers.

=T
J NS N N S ) S

evocs

o naor

|
o ac s i [T
11000 Y0 GURRARTRR THE \

mERTCTCLE S I,

Figure 6 Wait State Insertion, [Ref. 1}.

b. Read Bus Cycle
Figure 6 illustrates the 8086 Read Bus Cycle. The
read cycle is very similar to the write cycie. The CPU places
the read address on the muitiplexed address/data bus durin
T.. Again, during state T,, ALE is asserted high to latch the
write address into a register. The register contents is

decoded to generate the necessary ch select for memory. Upon

completion of T,, the CPU floats the address/data bus in
preparation for data to be received from memory. During state
T,, RD is asserted low to indicate to memory that a read
operation is requested. Again, if reading from a slow memory

device, the user is responsible for adding logic to contrcl



Figure 7 5086 Read Bus Cycie, [Ref. il.

READY and generate wait states prior to state T,. Signal DI/R
is asserted low to configure transceivers in the receive zode.
signal DEN is asserted low to enable the transceivers to pass

the received data to the CPU.

B. OVERVIEW OF SYSTEM DESIGN
Figure 8 shows an overview of the system bus structure
implemented in previous thesis research [Ref. i].
1. Address and Data Bus Structure
Although the B086 has the ability to address one
megabyte of memory, the system described here empioys 4K bytes
of ferroelectric RAM (FERRO), 8K of ROM, and 3K of static RAM.

The section of memory designated as FERRC is split into two



CETY Sc X
READY | ALS-ALE
RESET B ADDRESS

EXE]
P13-ADO cH1P
SELEC

ecse

DATA BUS

Figure 8 System Bus Structure, (Ref. 1].

banks of 2K-bytes each. One bank connects the lower half of
the data bus {D7-D0) and corresponds to even addresses (A0 -
0j. The remaining bank connects the upper half of the data bus
{D15-D8), and corresponds to odd addresses {AG = ). Address
lines Al-Al. specify the particular byte in each bank. To
perform a byte transfer to an even address, the 8086 specifies
an address with AQ low and signals Bus High Enable {BHE} high.
With BHE high, the upper bank of memory, or the odd byze of
the word address, is disabled.

To perform a byte transfer to an odd address, the 8086
asserts BHE low and A0 high. This allows access to the upper
bank while disabling any memory access of the lower bank cr
even byte. To perform a word transfer of 16 bits, the 8086

asserts pboth BHE and A0 low. This enables both memory banks

10



zransfer of the entire data bus D13-DC durins cre

cus cycle.

2. Data Flow Overviaew
The objective of the design was to configire the

as a functional block of main memory without

any special actions on rthe part of the 5094

The MI4TFQ4 operates at a freguency of 100

thus requiring the walt states t> be inserted wherever

the ferroelectric memory was addressed.

The CONTRCL logic of Figure § mon

ors five sets of

sigrals: RD, WR, BHE, AO0-Rl11l, and D0O-D15. When the =036

the read address on the address bus and indicates & read

reczuest oy asserting RD low. The CONTRCL logic block -akes

ating microprocessor wait states and performing
the reguired tasks to retrieve informaticrn from the
appropriate bank cof ferrcelectric memory. Control tasks

rmed include icdentifying and selecting the correct chip,

rting <the parallel address to a serial address,
transmitring the address to memory serially, receiving the
data fror memory serially and transferring the received

rformation into parallel form, latching the and

releasing control to the microprocessor.

ferrcelectric memory is very similar.

11



en the microprocessor writes data to ferrpelectric
memcry, the write address is p.aced on the address 2us, data

on the data bus, and a write operatior 1is indicated by

asserting WR lcw. Again, the CONTROL block intercedes to

perform data “rans.a

ons and input/output functions necessary

to store dara into the acpropriate address.

RESEARCH GOALS

Tc extract a porti

of a previously designed SSI/NMSI

interface [Ref. 1] and incorporate it in a single ch:ip desigr

using CMOS VLSI. Keeping the impiementation as gereral as
rossibie is a primary consideratien. Figure 3 shows a bliock

diagram of the extracted circuity. The Main Fin.te State

RESET FEARO 100N (X 0 BHE STUr oL A"
- . ] - o
- e T ~ s
Vo R
. ) P
MESM BUS
CFSM CONTROL. = SOAouUT
o AR QU
o 2 0ATA U

s [ 1 ‘

wer ‘ o
LOW BYTE HiGH BYTE
MULUSHIFTER L i MUNSHIFTER
e soan
o ool soue abis
: ‘ i
Figure 9 onal Block Diagram of Incterface Levice.

12



moritors sigrals WR, RD,

ibed in Section &.

logic. Sigral ACK is generated by the

Figure 10 Microinterface Proposed Pin Diagram.

generated Dy the NM24CF04. The Counter Finite State Mac!

ne
{CFSM} maintains a count to control the number of shift
operations performed by the shift registers contained in the
LOW and HIGH BYTE MUX/SHIFTERs. The I/C BUS CONTROL gererates
clock and control for both internal and exterral bus controi.

LOW and HIGE BYTE MUX/SHIFTERs provide serial and paraliel I/0



tc the address, parallel, and serial data busses. figure

o

shows the proposed chnip pin diagram. Signals not yet discussed

are:

Rddress {AJ-Ali): Address bus lines from 74LS272 octal
latches in Figure 8. AI0 and AIl sslect the desired chip
wotkir a bank. A9 selects the desired page within a chip. Al-
A¢ selects the specific byte within the page.

Clock (CLK:: A 100KHz clock is used to clock the

"Micr

terface"” chip cizcuitry and generate SCLL and SCLH to
clock the ferroelectric memory chips.

Serial Jata Bus High/Low Out (S5DAH OUT/SDAL OUT): These
pins are used if an external SDA bus driver is used. They can
be used to enable data ontc a serial data bus with a 74L8241
Line Driver, as shown in Figure 57.

High/Low Data Bus Out (HI/LO DATA OUT): These pins are
used if an external data bus driver is used. They can be used
to enable data onto a parallel data bus with a tri-state Line
Driver.

Serial Cloci

High/Low (SCLH/SCLH): The clock output that
connects to the SCL pin of the respective NM24CF04 memory
chip.

Ready (RDY): The output pin that connects to the RDY pin
of the 8284 Clock Generator shown in Figure 3, to generate

READY .



Serial Data Bus High/Low 1SDAH INSSDAL_

a tri-state Line Driver if the circuit

with euternal drivers as shown in Figure 57.
Data Lines iDJ-D15): These pins connect to the data bus

£ Transceivers shown

Figure 2.

D. REQUIRED HARDWARE AND SOFTWARE TOOLS
The des:gn and layout of the Microinterface chip was done

on the Naval Postgraduate S

ol's Sun SPARCsT

tions using the

I CAD tool package created by the University of Callifornia
at Berkeley.
1. Sun SPARCstation

Tre Sun Microsystems SPARCstation IT is a desktop

workstation

hat offers high-speed colcr graphics. Operating
at 40-MHz, the system is equipped with 32 MB of RAM, 424 VB of
irterral fixed disk storage, and meunts several large file
systems from a remcte server.
2. Magic

Magic is an interactive editer for creation of Very
Large 3cale Integration (VLSI) circuit layouts. This program
runs on many UNIX based systems, for example, the Sun
SPARCstation with an integrated color display. Using Magic,
the designer can create basic cell layouts and combine them
irto larger structures, or even complete integrated circuit

layouts. This program has a built in design rule checker that

constantly checks layouts during creation to ensure that

15



laycut rules are obeyed for the particular technclogy being

used. Tc

ow a means of interfacing with other programs,

Magic allcws the user to extract the created circuits

use
v

y other programs. Magic only permits Manhattan designs, which

are designs with horizontal or vertical edges, no diagonal cr

curved structures are owed. The further actr

butes of Magic
are rumerous, and reference to the user's manual 1is
recormended for additional descripticns of its abll:ities
[Ref. &1,

3. Peg

iles finite state

The PLA Egquation Generator com

machines to cenerate a working PLA. It takes a high level

a finite state machine and translates it intc
<he logic equations required to implement a specific design.
Peg generates .cgic egquations that follow the Mocre mcdel of
a finite state machine. This implies <that <the outputs
generated by the finite state machine depend c¢nly on the
current state of the machine. Inputs can be provided ro cause

transitions to specific states. The Peg command used was:

peg infile > outfile

This aliowed for the infiles, which in this case were mfsm.peg
and cfsm.peg, o be processed into the equations required o

design the heart of the extracted circuit. Included in

16



Appendix o¥ the peq inpu:t and cutput files [Re:.

4. SPICE3C1

SPICE3CL is an updated version of

general purpcse circuit simulation program.

aral

©o provide

circuit parameters and circuit behavicr

cadously powerful tool in observing
it has a limitazion in that large

long time to process. SPIID was

focr power estimarions and tramsisnt kehavior

Esim is an event-driven switch-level
NMOS and CMOS circuits. It can be entered after the circuit

has been extracted from Magic. Esim is used tc watch varicus

nodes, to set or reset nodes, and to simulate the logical
operation of the circuit. The watched ncdes caa then be
inspected aad the circuit evaluated. There are rumercus
cormands and options that may be emploved in the sirulation

and the reader is directed to the reference material for

further clarification [Ref. 6].



E. THESIS STRUCTURE

I introduces the need for ferroelectrics, <he

MM24CFO4, the BI86 microprocesscr, and details cf previcus

research. System fiming consideraticns are discuss

Chapter

contains a descripTicn of circuit extraction considerations

interface

that were necessary to develop the design of ¢
berween the NM24Cr(4 and the 8086 microprocessor. VLSI _ayout

considerations are described. Chapzer III

method used to for each major sectiorn of the chip. An

tion of static and dynamic power dis

Chapter IV discussion of testing oblectives, procedure, and

summarizes the study and includes further

zecormendations.



II. DESIGN CONSIDERATIONS

The gereral interface device design began

consideraticr of the system bus strusture

Tre tuncticral clccxs shown in Figure % described the
implementat:on of the single chip design. These blcocks were
chosen to incorporate as much circuitry as possicle from the

previcas $SI/MSI irnterface “], and still

mentation [

rainzain  versatility

[ar  future adaptation te other

micreprosesscr applications. The Magic layous editor reguires
thaz a <filemame be used for cell creation. Ihe rame
"Microinzerface” is selecied to describe this caip. Furcther

references tc the entire ch

c are made using tais name.

A. MAIN FINITE STATE MACHINE (MFSM)

Trhe MFSM generates .5 different states that are decoded :o

provide coaszcl sigrals to the multiplexers and shift

registers ir the LOW and HIGH BYTE MUX/SHIFTER zlocks. Outputs

include states a - o, shift register fuacticrn contrels sf ang

sl, multiplexer byte selectcrs muxa and muxk, ard counter

control signals ccunter clr and counter en. The design was
extracted directly from the SSI/MSI design [Ref. 1), and a
detailed description of the operation may be fourd in that

reference.



B. COUNTER FINITE STATE MACEINE (CFSM)
the output states and counter contrel

and counts from zerc to seven when

enabled. While the CFSM is counting, the MFSM i1z dormant and

is reactivated wh

the CFSM cutput signal cntr? is asserted.

C. BIGE/LOW BYTE MUX/SBIFTER
The LOW and HIGH BYTE MUX/SHIFTERs are Identical

fur

tional blocks. Each blcck consists of a 4-to-i byte
multiplexer and shift register. The most important furction

performed by this block is the parallel to serial conversi

of information and vice versa. The high znd low bits ¢£f the

register connect to the output and input of the

approp

ate Serial Data Bus (SDA). The LOW BYTE MUX/S 'TER

connect: o the Serial Data Bus lLow (SDAL), and the

H BYTE

MUX/SHIFTER connects €0 the Serial Data Bus High (SDAH) .

Four possible bytes may be seiected by the mi iplexer.

Figure 1. shows the byte formats. For simplicity, only thes

low-byte format is shown. The high-byte format only differs in
byte 2 and would be D8-D15 wvice DO-D7. Byte 0 selects a

particular chip in a bank. Byte 1 addresses one of 512 memory

Locations on a specific chip. Byte 2 is the data to be w.
if the operation is a write. Byte 3 is cnly used during the
read operation and is called a "dummy read". Bit R/# of 3yte
0

0 Indicates the desired operation to the NM24CF04. When set to

one, a read operation is selected, when set to zero, a write
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Page Address  Chip Address

Byte0 [RW A9 AT0 AL 0 1 0 1]

RV Address
Byte1 |A1 A2 A3 A4 A5 A6 A7 A8
Data

Byte2 [DO D1 D2 D3 D4 D5 D6, D7]
Page Address  Chip Address

Byte3 [RWAJAI0A11 0 1 0 1]

Figure 11 Byte Formats.

operation is selected. The R/W position is hard wired to a one
in Byte 3. As discussed in Chapter I, the high nibkle ':210°

forms the "Device Type Identifier".

D. I/0 BUS CONTROL

The I/0 Bus Centrol Block is a catch all greup of circuits
that generates the remaining required signals. These signals
include the required shift register clocks, SDA/DATA enables,
NM24CF04 Start/Stop signals, and the Acknowledge enable used

to capture ACK.
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E. INTERFACE DEVICE OVERALL CEIP LAYOUT

Fiqure 12 is a floor plar af the “"Microinterface”
showing the overall layout of the major cells. For simplicity,
the required cell inrercornects, and chip pads are omitted

e space required for cell interconnects is a major

n when planning a chip layout. This particular

ucture allowed for minimum distance Dpetwesn i

for greater conpactness and lass wasted chip 3

resultant chip is nearly square measuring four millimeters or

cvided in Appendix

a side. Detailed Magic

B



MFSM

LOW BYTE HIGH BYTE
MUX/SHIFTER MUX/SHIFTER

Figure 12 Microinterface Floor Plan.
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III. IMPLEMERTATION

The basic logic design of each of the cells used in the

This will provide

icrointerface™ interface device are shown.

irsight into the design characteristics of each of the =eclls.

The basic cell layouts are included in Appendix 2 so that the

reader

see how the cell descriptions given apoe

Magic layout.

A. CELL CONVERSION

The

11 plots ir the append

were created u

Magic function ¢if, which creates a file celi.cif Ref. €.

The

file is then converted by the routire ci

order to include these files in the thesis, further conver

to a .pcx file was needed. The following conversion is

available on alioth at the computer center as follows:
pstoppm filerame.ps | imconv -ppm - -pcx filerame.pcx
Note: This is a general conversion utility. To convert to
some orher standard format, replace pcx with the extension
of the type of graphics you want to convert to, i.c. tiff,

gif, eps, etc.

B. MAIN/COUNTER FINITE STATE MACHINES (MFSM/CFSM)

The MFSM and CFSM were developed from the o

ginai Peg

programs used

the SSI/MSI design [Ref. l]. The programs may

be seen in Appendix A. Peg generates equations in a minterm
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. A3 an example cf the methed used, the

2%%

Inst z
‘& InStl*a!

A

anageahle for

State0=(RESET-Q0Q1'02) + {(RESET-00°01-02) +
{(RESET-Q0-01°02'03) + (RESET01-02-03} +
(RESETcntr7-wr 00010203

step Z: Apply CeMorgan's theorem

Stateg= (RESET'Q0-Q1'02) - (RESET-Q001Q2) "
{RESET-Q0-Q1'02-03) - (RESETQ1-Q2-03) -

The eguation is now in the NAND-NAND form and can be directly

ted with one seven inpuf, two five input, and chree

four input NAND gazes.
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Logical schematic

The logical schematic for Stats0 is shown

State 0

Figure 13 State( Logical Schematic.

The logical schematic can now be used as

constructing the Magic layout.

a

guide for







¢. HIGH/LOW BYTE MUX/SHIFTER

The H

LOW BYTE MUX/SHIFTERs consist of two cells ea

A 4-to-1 byte multiplexer (MUX) and an 8-bit shift register.
The 4-to-. byte MUX consists of a bank of eight 4-to-1 bt

malti :ers. Bytes are selected by muxa and muxb as discussed

in Chapter 2. The shift register is a bidirectiorai, parall

in, serial-out, serial-in, parallel-out, generzl purpose shift

register. Bath the MUX and shift register car be found in a

basic digital design books.

D. 1I/0 BUS CONTROL

The I/0 BUS CONTROL was extracted from the EFLD programs
used in the S8I/MSI implementation [Ref. 1]. The design methtod
paralleled that used in the MFSM design. Extracted equations

accompany the respective cell layauts faund in Appendixz 3.

E. POWER ESTIMATES
Electromigration is the transport of metal ions through a

conductor that results from excessive current densi in the

conductor. In arder to determine the minimum size of power and
ground conductors, an escimate of current density must be
made. If the maximum current density, for a specific size
conductor, 1is exceeded, the conductor may weaken and
eventually btlow like a fuse [Ref. B].

SPICE3C]1 was used for dc and ac analyses to determine

power consumption of each circuit.
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1. Static Power Dissipation
The static power consumption is defined as worst-case
icakage current multiplied by Vdd in any specific device. The

results for each of the elementary cells used in the

erface device are shown in Table

Table I STATIC POWER DISSIPATION.

CELL CELL POWER No.

BUFF 5.5C W 25

V1 146 nk 122

Vg 5.60 ud 83

NANL2 595 W 143

NANL3 854 aw 9t

NENDG 861 aw 38

NANDS §90 nW 14 12.5 u
NANDS 253 rW 1€ 4.05 au
NANDT 404 nw 3 1.21 a4
NANDS 202 oW 1 202 o i
HANDLO 1.04 pW i 1.04 oW
NOR2 356 pw 4

NOR3 369 pi d 738 oWl
NOR4 0.585 pk 2 1.17 W
BORS 0.585 pR 2 1.17 pw
KOR2 $5.5 nk 8 444 09
TCTALS 1€.3 pw 555 921 uW




2. Dynamic Power Dissipation
The dynamic power dissipaticn is defired as the
current drawn by the ceil during transition multiplied by Vdd.

en calculated

The tota}i power dissipation for the device is
by multiplying by the number of devices used of each =ype. The

results may be seen in Table II.

Table II DYNAMIC POWER DISSIPATION.

CELL CELL POWER No. of CELLS | TOTAL

E) 9.25 mW 25 231 mW
V1 2.57 W 122 314 mW
INV4 3.81 mW 23 316 mw
NAND2 2.45 W 143 350 mW
NAND3 2.46 oM EX 224 =W
NAND4 2.48 mH 38 94.2 mW
NENLS 2.54 mW 4 35.6 my
NANDE 2.52 mW 16 3 @
NAND7 2.35 mW 3 7.05 mH
NANDS 2.40 mW 1 2.40 mW
NANDLD 2.40 md 1 2.40 mW
NOR2 1.10 mw 4 4.40 W
NOR3 1.18 mW 2 2,36 oW
NOR4 2.18 mW 2 2.3€6 oW
NORS 735 pW 2 1.47 md
XOR2 994 Lk 8 7.95 oW
TOTALS 40.rwW 555 1.64 W




F. MICROINTERFACE PHYSICAL IMPLEMENTATION

actual chip is constructed, physical wire-up of

nfzer
a test circuit will ne regquired. Possible circuits can be seen

C.oT

12 Appendin ©

mplementations are shown, and both show
oely the memory s:de of the circuil, the reader sheu:ld refer
s manual

to ihe microprucessor user

configuration in the minimum mode.

interface devi

chip is intended to connect directly

line drivers. if

Address busses with no exter

user may incorporatc external line drivers and

The dev

ircuit must be

lines for each bus.

elect the main memory address where

provided by

the ferrcelectric memory is installed.
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1vV. TESTING

cells were tested with the Esim simulator

discussed in Chapter I. Each malor hloc £ the hierarchy was,

in turn, tested with Esim. The elementary ce were tested

to observe transient hehavior. The cperation of the

iy verified by testing the MFSM, C

nifter, larger cells of the

pad-to-pad check of the entire chip.

ese may be seen in Appendix C.

A. MAIN FINITE STATE MACEINE
The MFSM irputs inciude a clock (CLK), flip-flop preset

(PR}, flip-ficp clear (CLR), read high/write low (wr}, count

to sever (cntr7), SDA acknowledge (ack), and cX select

i{ferrc). The cutputs are states (a-o} and

ltiplexer inputs
{muxa, muxb, s0, and sl}. The circuit was stepped through all
states and all outputs verified correct. After veriiying
proper operaticn of PR and CLR, they were tied tc Vdd as they

were used only for testing.

E. COUNTER FINITE STATE MACHINE

The CFSM inputs are counter_clr and counter_en. The signal
counter_clr occurs in states b, d, f, k, and m to clear the

counter. The signal counter_en occurs in states ¢, e, g, 1,
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the counter. The state outpuis cof CFS¢

use with the bus timing circuitry. In

particular, state 1 is used to clesr the ack capture circuiz

Zontrol. The signal catr? is

s complete.

C. HIGH/LOW BYTE MUX/SHIFTER

ors muva, :

to perform the loading and shifring

cperations of the four bytes discussed in Thapter II. Correct

th & representative bus cvcle is shown in Appendi:x

D. 1/0 BUS CONTROL

The I/0 Bus Control section covers all rema

ng sigrals
used to manipulate the Serial Clocks, Start/Stop condirion,
aci capture, RDY, and the enable lines for the external line
drivers. Comglete computer simulation using Esim may be seen

in Appendix C.

E. PAD-TO-PRD VERIFICATION

The pad-to-pad verification is the result of saveral
iterations of testing of each major subcell. During this phase
of testing, many problems were discovered. Some problems were
easily rectified. However, the acknowledge enable (ACX_EN}
would not function using a bidirectional SDAL pin

configuration. Redesign of the ACK_EN capture circuiz was
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regurred. Proper operation was finally achieved. Anstier
significant problem encountered was the numbering order of the
address/data bus into the shift register. The HNM24TFCY

manufacturer's documentation [Ref. 4] is not

biz shculd be shifted into the device first. The final design

used the b

= order determined in the previous MS

study.

The mcst significant bit of the respective address or Zaza

byte is shifred into the NM24CF04 first.

Referring to Appendix C, Section M, a typical read cycle

can be seen, Ferroelectri

c memory address FF., is addressed in
both the low and high banks. The MFSM states are monitored for
zlarity of operation. Control bytes 0 and 3 can be seen on the
SDAL/H bus during states c and 1. The address FF, is on the
bus during state e. The NM24CF04 responses with the data bytes
0:0i0101; for DO-D7 and 10101010, for DB-DI5 during state o.
The typical write cycle is verified in a similar manner.

The pad-to-pad verification required careful consideration

cf the cperation of the bidirectional pins. It should be noted
<hat the SDAL/H bus pins were only driven when the NM24CF34
would be expected to respond. Otherwise, a ‘don't care’

condition was applied to allow monitoring of :he

Microinterface output.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

cireuit has beer Zesigred

. Although "Mi

cinterface”

S orecess, the sin

inplemencazicr & s ard ihe shear reduction of

a new contrikbutior o

Toprecessor memory  systern

ral S3I

31 Implcmentation reg

zechknology.

aticr usirg the "™icroirterfa

would reguire cely 26 chips.

113 research croject provides the necessary follow-on

ner ior. of the

study for Vi3SI im

circaitry to utilize ferroelectric memory 2s a gortica
microprocesscr memcry. The use of ferroelectric technology

would provice a radiation hardened and ronvelatile, yet

mod:fiable, area of memory where mission parsmeters or new

programs could ke stored. This VLST implemertation would mors

easily allow the incorporation of the NM24CF04 mermory device

in a micreprocessor based system. The use of ferroelectric

memory in any system would combi

e the strengths of current
tecknologies: the flexibility of RAM and the nonvolatility of

ROM.
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The ferroelectric memcry device

ne serial-access design. Conversicn of the address/d.

requires the nicroprocesscr o wait

paraliel to serial fors
an irordinate amcunt c¢f time for femcry access. As <the

ferrcelectric techrolecgy evclves, what is really needed is a

ferrcelectric integrated circa is accessed by reans

corpatinle

currept ERAM accessing techrigues. The

availability cf a gazallel accessed ferroelec

vastly improve read ard write cycle

B. RECCMMENDATIONS

Fabricate chip ard test ir a circuit sim:lar to the

criginal SSI/MSI circuit
2) Design and implement circuitry required for use with

the Motorola €2000 microproccesseor.



APPENDIX A: FPEG PROGRAMS

A. MAIN FINITE STATE MACEINE INPUT

CREr7 acx wr:
babcdefghnir-

star :
ferro THEN stateb ELSE

staten: E b sl sC;

GOTS statec;
statsc:

stated ELSE LCCE;

stated: ASSERT < muxa sO sl;

I¥ ack THEN statee ELSE LCCP;
statee:

11 statej;

ENDCASE => statee;
statef: ASSERT f s0 sl muxb;

I¥ ack THEN stateg ELSE LCOP;
stateg: ASSERT g s0;

IF cntr” THEN stateh ELSE LOOP;
stateh: ASSERT h;

0TO statei;
statel: ASSERT i;

30TO start;
statei: ASSERT j s0 sl muxa muxb;

IF ack THEN statek ELSE LOOP;
statek: ASSERT k sO sl muxa muxb;

GOTO statel;



statel: ASSERT 1 s
IF cntr? THEN statem ELSE LOOP;

statem: ASSERT m s0:
IF ack N staten ELSE LOCP;

stateo ELSE LOO2;

statea: ASSERT ©;
G070 start;

B. MAIN FINITE STATE MACHINE OUTPUT

GUTORDE.
Outst3*
Outst2«
Qusel*
outsed*

ZSET&!cntr7e InStO*s InStl*&!InSt2*s InStl*) |



& ack& InSt0*s InStlsg!Ing=l*&:’
Ts!lcnty7g Instl*&!InStl*a In
Tg In3=0%s!InStl*s In

Télacks InSedve!
Ti cntr?s!InStlra
acke!InsStC*&

S : tl’& Insr_:'*s InSt
InSE2*s!InSt3%)

3 InStdvs!Iasti* c«"
1Instd*s InStl*e

acks!
’acx&!

InStS*s InStl*s!InStZvi|

Chtr7s InSiCea!InStive Inst2-s
t0*& InStl*s InSt2+&!Iast3*)
’IrStO*S I 2*& TnStivi
cntristwra!InStC=e Instl
‘cntr"&tlr.sm'& Instl»s!InStl*a!ingtld=}
ack&!InSt0+&!InStl*s InSt2*s InStl3*);

ste* a”n::

!RESET& ats t nst2*) |
IRESET& St |
'RESET& In S St2%& IaSt2*!y
IKESET&!InSE0¥& -nSL.*i nSt2%a InSt3*) |
'RESET& cntr?s wr&!IaSt0*& InStl*&!InStl*&!InStd*);

el T

i InSt0~&!InStl*a InSt2*s&!InSti*)|
itInScti*s!InSc2*s InSt3*) |

{1InSt0ve InStl*&!InSt2-& InStd)|
{1Instd*aiInstl e InsSt2*& Ins

s0=
{ InStd*& InStl*&!Inst2*}|
(tInStl*s InSt2+*}|
(1In3tl*&!InSt2%& InSti*}|
(!InSt0*s InStl*&!InSt3*)|
t!InSt0*s InStl*&!InStl*s InSt3+);
muxa=
{ InStd*&!InStl>e InSt2*&1InSt3*)|
{ InSt0*&!InSti*&!InSt2*& I s;a* N
(1Inst0*&!Instl*& InStl*s InStd+);
mixb=

{ InSt0-&!InSti*g
{ InStOv&!InStlra!
(!InSt0*g InSti+*s!

St2*&1InSe3*) |
St2*& InSt3*) |
St2*s InSt3*;
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(1InSt0*&!InSti>4{InSt2*¢! InSt3%);

(1InStd¥e!InStl*g! InSt2*6 InSti*);

{1InStd*&'InStl¥g InSt2*e!InSti*);

LInSti*s!InSti*e InSt2*& InSt3*):
a=

£1In8t0*s InStlv*e!InsSg2 6!l ;
=

{1In8t0~& InStl*&!IaStl*4

'InStl*s InStl*s InSt2~&!'InSt3*):

i'InSE0*s InStl e InSt2*& InSt3*);

{ InSto¥s!

nSELl*&!InSt2*&!1InSt3*)

InSt0*&!InStl*&!InSt2*s InSt3*};
In8td*e!InStl*s InSt2*&!InSt3*};

{ InStd*¢!inSti*s InSt2*& InSt3*);

&!1InSE2*&!InSt3¥)
{ InStl*& InStl*&!InSt2*s InSt3*);
{ InSt0*g& InStl*g InSt2*&!InSti*):

C. COUNTER FINITE STATE MACEINE INPUT

INPUTS: RESET;
OUTPUTS: cntr7;
start:

ASSERT cntr?;
GOTO start:



D. COUNTER FINITE STATE MACHINE OUTPUT

Inscd*s!ln
InSti*all
tInseCrs Iv

















































+:v]

LINRNNY

ii, —

Figure 30 Buff Cell Layout.
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see appendin A for implementation eguation for
jwr ||} |RESET
H-H
H
Q1 {
Ve i
Figure 37 Statel Cell Layout (MFSM).

cirouls

State1



smentaticn equation for

cnt IRESET

State2

&g L=

Figure 38 State2 Cell Layout (MESM).



See Appendiz A. for implementazion equation for circuit

Szatel.

Figure 39 State3 Cell Layout (MFSM].
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APPENDIX C: SIMULATION DATA

A. MAIN FINITE STATE MACHINE SIMULATION

> 010101010101010101010101010161010101010101010101010:CLK
>IN IO TN IIIeeR
ST H T T INTTITITITITILCIR
>111111111111111111111111111111100000000000000000000:wr
> 1111111000011 $111 11 11E111191111119111000019111911 Lientr?
>N II11110000 11111111 11111111111110000 1:ack
S0 NI TN T T I TITTTNITIIT1111111: erre

>1 1

> 000007 1

> 000000011111 1

> 1 1

> 1t

> 11000000:f
> 110000:9
> 100:h
> i
S -
>

>

> n

>

> 000000000000000000000000000001 100000802000000000000:0
> 1100111

> 1 1
>0000011$11%111111§111141111110060111111111111110000:20
> 000001100000011001111000000000000110011000011000000:51
982 transistars, 505 nodes (0 pufled up)




B. COUNTER FINITE STATE MACHINE SIMULATION

ESIM (V3.5 03/27/91}

tion taok 143 steps

|n|l ation took 0 steps

> 10101010101010101:CLK
PR AR AR R RRRRR AR SRR AR RRRRERRRRERRRRRE L
>IN I NTITILPR
>IN AT 1111:RESET
> 11001 110:entr?
198 transistors, 104 nodes (0 pulled up)

C. ACK_EN SIMULATION

ESIM (V35 03)27/91)

>010001000:¢

> 111110000:cnte?
> 000000000:6LK
> 000010001:¢

> 000100010:g
>001000100:!

> 011112000:00T

34 trai

ors, 25 nodes (0 pulled up}
D. LSSEN SIMULATION

iSIM (¥3.5 03/27/91}

n took 24 steps

ization took 0 stepa

> 00000000001111111111:A0

> 11000000001100000000:b

> 00110000000011000000:i

> 00001100000000110000:k

> 00000011000000001100:k

> 000000001 100000000 1:0
>01100110100110011010:CLK
>01111010110000000000:L0_START_STOP_EN
38 transistors, 27 noden {0 pulled up)




E. HSSEN SIMULATION

ESIM (V3,5 03/27/91)

zation took 28 steps

initislization took D steps

> K
SN TN 1T11151BHE
>0101010101010101010101010101010101010109010101010101210101010101:¢
>0011001100110011001100110011001100110011001100110011001100110011:e
>l]lll)llﬂl]llllllﬂlll]lllllllli‘|111‘|1111111111|llllll)l1lllll)lllll]lll)llllll‘li|1H‘Il‘|111|‘|‘|‘|g
(ARRRRNREARNRRRNRRRNRRRAERRARRARE]
>nnmnmnnnnnnunnm11umnnn11nnun1mnnnnmwnnnmmnnnml m

> 111111 11111 11141 11111111:n
>000011$111111111000011111111191100001111111119110000111111111111:HI_SA_SH
IFT_ELK

36 transistors, 20 nodes (0 pulled up)

ESIM (V3.5 03/27/91)

initinlization took 28 steps

initialization took 0 steps

>IN MMM NI I HClK
>
>0101010101010101010101010101010101010101010101010101010101010101:¢
>0011001100110011001100110011001100110011001100110011001100110011:e
> 0000000000000000111111111111111100000000000000001111111181111111:;g
> LARRRRRNRRRARRRRARERARERERRRARRLE
>00001¢1100001111000011110000111100001119000011110000111100001111:m
> 1mim 1 111 LLRRRRRNEL]

> | SR_SH
IFT_CLK
36 transistora, 28 nodes (0 pulled up)



F. HISRSHIF SIMULATION

ESIM V3.5 03/27181)

ST
SO AT 1111 BHE
>0121010101810101010101010101010101810101010181610101010181010101:¢
>0011001100110011001100110011001100110011001160110011001100110011:
>0000000090080000111111111111111160000000000000001111111111111111;g

> M
>00001111000011110000%1110008111100001111000011110000111160001111:m
>0000000011111111000000001111111100000000111111110000000011111111:n

> 0100 HITHTT I I T M T 11 11111 11:H1_SA_SH
IFT_CLK

38 tran

istors, 28 nodes (D pulled up)

ESIM (V3.5 03/27/91)
izatian took 2B steps
izstion took D steps

initi

> K
SUNTTTHTITATT TN A AT 111111 11:0BHE
>010101010101010101010 1010 10107
>001100110011001100110011001160110011001100110011001100110011001t:0
>0000000000000000111111111111111160000000000000001111111111111111:g
> NI
>nnnn111munnm1nnna|1ununnm1nunn1nmnnn|mnunn1111nnnum| m

M 1M1 11111t
>nnnn11111m11|1nnnn|1|1m1nnnnnnnnnnnnnnnnmmmm HI_SR_SH
IFT_CLK
36 Trsnsistars, 28 nodes (0 pulled up)




ESIM (V3.5 03/27/91)

took 28 steps
ion took 0 steps
R AR R AR RN SRR AR AR R R R AR RN RRRRRRRARRRARARRARNSRIEALS
>
>0101010101010101010101016101010101010101010101010101010101010101:¢
> 00110011001100110011001100110011001100110011001100110011001100
> 00000000000002001111111111117111900000000000000011111111111111

> nmsnmamnaimm
>00001111000011110000111100001111000011110000111100001111008011

> 1111t 11111 1 (ARERRLE]

> _SR_SH
IFT_CLK

36 transistors, 28 nodes (0 pulled up)

ESIM (V3.5 03/27/91)
ation took 28 steps
stion took O steps

> K

>

>010101010101010101010101010° 1010 10101
>00110011001100110011001100110011001100100110011001700110011901 1.

> M HINHIHIN

> M n
>000011110000111100001111900011110000111000011110008111190001111:m

> 000000001111111 11 M1 111110

> _SA_SH
IFT_CLK

3B wansistors, 28 nodes (0 pulled up)

B8



6. LOSRSHIF SIMULATION

ESIM (v3.5 03j27/91)

jon took 28 steps

|m( ization took O steps

STMITNMIHIIMNINIIIMIM IO 1111:CLK
>
>01010101010101010101010101010101010101010101010101010101010101010:c
>00110011001108110011001100110011001100110011001100110011001100110:e
>IlIlI](l‘I‘IHllIlllﬂllIIIIIIMIHWIII’IIIHHIINIM‘IHllﬂﬂmIHBIIIWHI‘I!II‘IIWI‘IHIJg

LRRRNNS 1ninm i ARRRRRRLES

>nnnnunnnnnnunnnmnn111111|11111uunnnonnnununnunm1111111111111 £

> (ERRRRARRRARRRRSERNNRRRNIRRRRRREE ]
O_SR_§

>
HIFT_CLK
36 transistors, 28 nodes {0 pulled up)

ESIM (V3.5 03/27/91}
initi on took 28 steps
initialization tack @ steps
D R RN AR AR R AR RN R AR AR R RN RN AR ARAARRARRRRARRRRARRRE LS
S>THITHTINMMNIIIMTTITII NI TN NI
>01010101010101010101010101010101610101010101010101010101010101010:¢
>00110011001100110011001100110011001100110811001100110011001100110:0
> 00001111000011110000111100001111900011110000111100001111000011110:9

1 mm 11111111000000001111£1110:)
>annnnunnnnunnunn1111111111111111|nunnnnnnunnunnnn1mnmmnnn
LARERARRNRRRRNRRRNNRRRARARRRIRIIEL]
>IH111111111Hlllnlli1111|II11|IIIHI‘I1‘[lll1‘II111‘Iﬂ‘ll111111‘I|‘I‘H11ﬂ.ln‘snvs
HIFT_CLK
36 transistors, 28 nodes {0 pulled up)
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B. HISRLOAD SIMULATION

ESIM (¥3.5 03i27/91)

initialization taok 15 steps

initialization took 0 staps

> 01010101010 1010101010101619101010 108:16LK
>0011001100110011001100110011001100110011001100110011001100110011:1BHE
>0000111100001111000011110000111100001111002011110000111100001111:b
>000000001111111100000000111111110000000011%111110000000611111111:d

> 111114111 M1

> ATk

> 0000000 10001000 10001:H1_SA_LO
AD_CLK

18 transistors, 17 nodes (0 pulled up}
I. LOSRLOAD SIMULATION

ESIM (V3.5 03/27/81)

ization took 15 steps

ization took 0 steps
>010101010101010101010101010101010
>001190110011091100110011001100110011001100110010011001100110011:ICLK
> 0000%11:00007111000011110000111100001111000011110000111100001111:b

> 0000000011111111000000001111%11100000000111111110000000011111111:d

> 1000000000000000111111111111111100000000000000001111111111111111:f

> AHNHTTHITTTIIHI
> 5000000 10001000 0_SR_LD
AD_CLK

18 transistors, 17 nodes (0 pulled up}



J. LOCLKDIS SIMULATION

E3IM (¥3.5 03/27/31)

> 11100000000001110000000000:0

> 10000000000001000000000000:cntr7
> 0001100900005000110000000
> 0000011000000000001 100006
> 00000001100000000000110000:h

> 00000000011000000000001100:}

> 00000000000110000000000011:0
>10101010101011010101010101:CLK
>11111111111110000000000000:!A0

> 00000000000001111111111111:1BHE

> 00000000000000001111101011:H)_CLK_DISABLE
>00011111010110000000000000:L0_CLK_0iSABLE
> 00D00110000100000011000010:STOP_START _SET
54 transistors, 38 nodes (0 pulled up)

K. HIGR/LOW BYTE MUX/SHIFTER SIMULATION

ESIM (v3.5 03{27/91)

>MIHﬂ1l11n1|]1n1ll1|]1|l‘ln|llllllnﬂ'ﬁlllllﬂliﬂ‘lnlmnﬂliIllnlnﬂlllllllln‘llllll‘l CLK
ST I T PR
>IN HMTII M IIIIIILCR
>

>
> 1
> 1 1
>1 1 1 1 1

SN R HT H 1i11Eso
> 000006000000000000000000000000000000000C000000000000000000000000:601
1IN T T T 11111111:602
>
bR LR R R RN AR SRR R R A RN R AR R R R RRRRRRARR AN EARRNRRRERRARRRRARRE 1}
ST I I I I 11111:605
>
SN HITH NI T 1111111607
SN T T111111:b08
S>IMMUNIIIMMIMIIIIMMIIIIIMII I IIIIIIIcen




> 12
ST TN RO T N T T I 1013
S AR AR AR R R AR AU ARA RN RREARRERR R RRRRNRERRERRREPRARREEI
>IN TN OIT I IMIE I I T T
ST TN T I I N O I o 11:b1e
> 17
ST T OO T R OO 111111018
>t UM e o nnmm
>IN MTHHHITHHIIT MmN
SN T O T T T T 1111111111:023
>N T I M N R Nt 11:b2e
>
>IN O T T T RO N T11111:526
>HNTTHINH NI TR TR o 7
STNTITHIMTITIT T T I T T T T T 1111 1 1:b28
e R R R R RN R RN AR AR R AR AR R ENRRRARARRNRERNRRARARIRIRE h11
ST T IO 1
SN T T T T 1111 I:JJ
>
ST TN TR AT T T T T 1111 16035
SN TN NI T O i
> irnm oM aannaanin
bl R R AR LR R R AR AR R R R AR R R AR RN R AR RARRRRARRRERERESTEES]
>00011001111001111110011 11111100111 111915100111 111191111001 1111
>0110011110011110000111111110011001111110011111100111100111111110:A2
>00011110011110000111111110011000011110011111100001100111%111000:A3
>0111100111100000011111100110000001100111111000000001111111100000:A4

> 01100111 111001 nn 11111

>000111 11001 Hin 1

>01111 i " 7
>0

944 transistors, 515 nodes {0 pulled up)

0
<



L. SRBUSEN SIMULATION

ESIM (V3.5 03/27/81)

took 103 steps

ook 0 steps
>111111111111111111111000000000000000000:'A0
> 100000000000000000001111111111111111111:!BHE
>ooa1 7
>0111 1

> 000001
> 00000001

> t
>101101010100000011111011101010000001111:CLK

> 10001000:b
> 100:4
> 10001:k

>011101111110111100000800000000000008000:L0_SR_BUS_EN
> 000000000000000000000111111111011110000:H}_SR_BUS_EN
114 transistors, 67 nodes (0 pulled up)
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2. Write Cycle Simulation

fom o2 S wrist
took 8978 ctepe
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ainaion too G0 e
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>t
>

v

>

>
>
S
>1ie

>1r
>t
>
1M

> _out
> L out

N

N
>111my 1111811 H1_BATA_0b?

10_DATA_0u3

>
4720 sanaistors, 2172 nasies U2 3ulled
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APPENDIX D: CIRCUIT SCHEMATICS

A. MICROINTERFACE WITEOUT LINE DRIVERS

. . ES
3 HE

Figure 57 Microinterface Without Line Drivers.
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B. MICROINTERFACE WITE SDA BUS LINE DRIVERS

g
i

Figure 58 Microinterface With Line Drivers.
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