Hierarchical Layout of Multiple Cells
+ "System"” of the primitives: Hierarchical “sys’rem"'
- Add instances of (optimized) primitives g
- Add additional transistor(s)/etc., if necessary . '

* Add substrate/well contacts (plugs)

- Add additional polygons where needed o
+ Add metal-1 to make VDD/GND rail continuous " '
+ Add n-well to avoid breaks in n-wells that violate rules

- Add interconnects and contacts if necessary

- Connect signals within cell boundary

. If possible, keep internal signals within cell T

- Ensure cell I/Os to be accessible outside cell | — — olut
- Minimize layout area Inl
|
- Avoid unnecessary gaps between cells
IR

- Pass design rule check (DRC)

Continuous power rail
» Do so always and often at every level

)
NGBy
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Multi-Instance Cells

« Cell Placement internal connections

- pack cells side-by-side '
* abut cells and align power rails inl E
- avoid gaps between cells in2 -
* unless needed for signal connections :

. Signal Rou‘l'ing continuous power rails

- make internal connections using poly and metal-1, if possible
- use jumpers outside rails only when necessary

* jump up/down using poly (short trace) or metal-2 (if long trace)
- poly for traces close to cell signal jumpers
- metal-2 for traces far from cell

* leave room for widened power rails

* Power Routing
- more cells mean more supply current
- widen power supply rail for long

cascades of cells s.ce// l:e// cb:l:aak widened power supply rails
im ! ECE 410, Prof. A. Mason Lecture Notes 11.2
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High-Level Layout

+ Cell Placement cell
- cascade cells with same pitch m cascade
- stack cascaded cells

* Cell Orientation m
- maintain orientation when stacking

vbD
6ND

+ signal jumpers between stacks = m Voo
or il
- alternate orientation
* signal jumpers on top and/or bottom e
= énp
* Power Routing joreprs
- widen supply rails for long cascades e rr—
- connect rails outside cell cascades —
* example follows = e
M. ECE 410, Prof. A. Mason ool 1 113




Metal Routing Strategy

+ General Rules

- use lowest level interconnects possible

+ if process has less than ~3 metal layers
- try to route a cell cascade using only poly and metal-1
* if process has more than ~3 metals
- route cell cascade using metal-1 and metal-2, avoid using poly
- alternate directions for each interconnect

* e.g., metall horizontally, metal2 vertically, metal 3 horizontally, ete.
+  Example
poly
* within primitives
* local interconnects
*only if <3 metal layers
metall
* within primitives
* power rails
* horizontal jumpers
metal2
* vertical traces between stacked cascades

 Note: new process technologies have specially defined metal layers
. * e.g. metal_5 might be dedicated to VDD routing

smﬁ ECE 410, Prof. A. Mason Lecture Notes 11.4



Power Routing

+ Power Rails for Combined Cells :
- : : : : E +e// cdschde
- Jjoin adjacent cells with continuous power rails :

E==3 - keep power rails wide enough for long power traces
* more cells & more current = need traces with lower resistance

- power tree concept chip-leve/
* power enters chip on one pin

+ must “branch” across chip pa cell-level

* traces should be thicker near pin
and narrow into smaller cells

. L branching of power traces across a chip,
» Connecting rails in stacked cell cascades  from thick lines (chip) to thin lines (cell)
&ND VDD

metal2

VDD

| Yoo

GND :
umper area ——
out...

umper area
| I VDD

GND

4

v.d'r»’.'f A,{.u'f,

-
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Team 31 Chip

Designed an
adaptive filter
(Neural net).
Supervisor:

F. Salem

Final chip
package—an
example
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Launch Eille Edit Miew Create Verify

Copnectivity Options Tools MWindow NCSU Help

cadence

| A L G %
e JESGETICAN

SelectD  Sel():0  Seliy0  Self0)0 | %:1847.1000 ¥-1580.1000

1000 1500, 00

W B | » || » || » [workspace: Classic ﬂ”
i

d¥:347.1000

Digital
Analog
vdd
Gnd

mouse L: Enter Foint

17200 | Point at the first point of the ruler

b Toggle L0 x5y

R: Fop-up Menu

Cmd: Ruler |

T

NGBy

STATE

Example PadFrame- Top Cell/Layer in Layout

Lecture Notes 11.9



Signal Buffers
* Loading and Fan-Out

- gate input capacitance
+ C; = 2CoxWL (1 for pMOS 1 for nMOS)
- load capacitance
- standard gate designed to drive a load of 3 gates > C, = 3C,
- output drive capability
* T o« W, increase W for more output signal dri
» increasing W increase C, 4

- Buffers
- single stage inverter buffers r\rvi/nL.
- isolate internal signals from output load
- scaled inverter buffers

- add drive strength to a signal
- inverters with larger than minimum tx

- - typically increase by 3x with each stage
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Transmission Gate Multiplexors

Logical Function of a Multiplexor

- select one output from multiple inputs
- 2:1 MUX logic I s

f=po-s+p,-s Po° DD_Iﬂ o
l }f Pl d
CMOS Multiplexors m ._DDF

- generally formed using switch logic rather than static
2:1 MUX using Transmission Gates
L}

S]

Pg P

50
s —/f 50 B f
P
. 4:1 MUX using 2:1 MUXs B

S &

k)
LBy
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Pass-gate Multiplexors

2:1 MUX using pass-gates
- nMOS switch circuit P
7

4:1 MUX using pass-gates ;' ' °

\po ﬂw Tt

Pass-gate MUX with 5 =5

m)

rail-to-rail output T s m}f
- add full pMOS network | 4 L output drive
+ see Figure 11.7 in textbook _X
* Multi-bit MUXs o7 il N s
- use parallel single-bit MUXs bo_;_ 1 —

a5, ﬁf
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Binary Decoders

+ Decoder Basic Function
- nbits can be decoded into m values
* max mis 2"
- decoded values are active only one at a time

- active high: only selected value is logic 1 control active high
- active low: only selected value is logic O inputs _ decoded outputs

s d d
+ Example: 2/4 (2-t0-4) Decoder 1% [% %@ % %
. . 0 O 1 0 O 0
- 2 control bits decoded into 4 values 01|01 0 0
+ fruth table Lyl e o8 Y
* equations control inputs select
dﬂ=5—1_;0=51+50 d2=51-5_ﬂ=5_1+5g one active output
d, = s, 55 =8;+5 d3=51'50=5_1+5_u

- active high decoder equations require NOR operation

Ay
k)
A= By
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CMOS Decoder Circuits
+ 2/4 Active High Decoder 3 f*

5150 NOR2 Circuit
active high
1% % 41 % % 12’}4 Do_’do 2/4 I(\j/ecol(gjjer
00| 1 0 0 O o— do
1 0[0 0 1 0 2l d,
11/ 0 0 0 1
|
Truth Table Symbol | Do
: d
+ 2/4 Active Low Decoder -—D‘HS]S s
- implemented with NAND gates ?
5150
'
s1sg |dp d) dg d3 S DD—"'*'O
00| 0 1 1 1 0 b dg NAND2 Circuit
?é } ? é : L d) active low :)D_'dl
11011 1 1 o g:‘;% 2/4 decoder By
Truth Table Symbol }
ds

- Similar approach for higher-value decoders

[l 3/8 decoder requires 3-input gates, higher values get complex

k)
AN By
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Transmission Gate Decoders

- EXAMPLE: 3/8 Active-High Decoder A s S s,
- each output connected to VDD VbR -@*ﬁ% do
through 3 transmission gates S s, 51 s, 27
- TG selects set to turn on only one of %ﬁ——m d1
the 8 possible combinations of the 3- s 3, s, S21
bit select % , Hdg
s2 sl sO d7 | dé d5 d4 d3 d2 d1 do = - s _52 %E
o o] o 1 E:"a E"$a ina
0 0 1 1 :-i_‘? o3
o| 1| o 1 =N s, s, *©
0 1 1 1 |§| . |§| |§|
1 | o | o 1 - s S o
1 [ o | 1 1 So s, 1§, * 7
1|1 1 | 1 s T, = Sz 1
* What do the resistors at output do? %Mﬁ 3%
L s, =8, 1
+ What is the signal value at the ORI 52
unselected outputs? @ % ﬁs 3V
Jul S, s, 2 =

e
PN/
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Magnitude Comparators

e
PN/

STATE

Often need to compare the value of 2 n-bit numbers

- EQUAL if val

ues are the same

- GREATER THAN if a is greater than b

- LESS THAN

if b is greater than a

Equality: a_EQ_b, can be generated by XNOR operation
- a=b iff aXNORDb =1 for each binary digit

- example: 4

b equality comparator using XNOR

- also, a=b if a>b=0 and a<b=0 for ach binary digit
Greater/Less Than, by bit-by-bit comparison

Nien=

b3 *1 4b GT, LT Logic
ay L]

by GT

a3
bg
a
by
2
b
%
bo

a_EQ b

Da

VAAL

4b Equality Circuit

LT

LT
|
Condition GT
a»b

a<b
a=b

[ o 3 )

oo
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Combined Comparator Circuits

+ 8b Magnitude Comparator with Output Enable
- generates, EQ (equal), GT (greater than), LT (less than)

4-bit

comparator/v

from

previous B, «—

page

Ag
Ag—
AE._
A4.—

By
Bg *
By —

540—

ag
Ao

a)

Go

By ~—
El._
BO.—

FITFF

SEES

compares outputs from 4b cells,

implements Enable,

produces 8b compare results

LGT «¥—m

— >0

Comp 4
LT M_LT
GT M_GT —— A GT B
Enable *—] Comp 8 AEQB
— A LT B
LT L LT
GT L GT
Comp 4 M_UT.
Enable =
M_LT o
L LT

H >0

il
i§
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Priority Encoders

* Priority Encoders generates an encoded result showing
- IF a binary number has a logic 1 in any bit
- WHERE the most significant logic 1 occurs
* Qutput is an encoded value of the location of the most
significant 1’
+ Example: 8b priority encoder

d; dg dy dy dy dy dy dg Qs Q9 ) O

6 0 0 06 0 0 0 1 i '0 o o |assignd;highest priority,

0 0 0 0 0 0 1 - 1 ' 0O 0 1 dO lowest

3 8 8 8 ? oo i 5 3 i ? Q,-Q, encode the value of

o 0 0 1 - 1 .1 0 0| the highest priority 1

0o 0 1 - - bi 1 9 51 Qyishigh if any bitin d is logic 1
o 0 0 0 0 0 O t]:L) | o6 o0 o0

» Outputs can be constructed from the truth table

= - See textbook for illustrations of CMOS logic

A,
k)
LBy
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Data Latches

» Latch Function
_ Latches also improve signal
Store a da’rq valu.e noise immunity; feedback
* non-volatile; will not lose value over time  forces signal to hold value
- often incorporated in static memory and filters noise
- building block for a master-slave flip flop

+ Static CMOS Digital Latch

- most common structure

- cross-coupled inverters, in positive feedback arrangement
- circuit forces itself Yo maintain data value

- inverter aoutputs a1 causing inverter b to output a O

- or, inverter aoutputs a O causing inverter b to output a1

wq .
Q=1 >0 Q="
Bistable

circuit w0 -y

(@) )
Ay
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D-Latch Logic Circuit

+ Accessing Latch to Set Value
- apply input D to set latched value

- NOR D-Latch l':“D_ ~4E
- uses NOR cells to create latch function
D — — _Cll: jb— .
Q Q | ¢
Logic-Level Transi_stor?LeveIDH_|q —1:1 _
Circuit V Circuit 1 ‘_E“_ — L[ =
0 = = = =
* D-Latch with Enable o
- En selects if output b D l.g
- set by input, D Enerd B o
- or from internal
feedback

(a) Symbol (b) Logic diagram

Different structures used in VLSI

k)
LBy

HM'“"'“""E ECE 410, Prof. A. Mason/Prof. F. Salem Lecture Notes 11.20



Fig. 11.32:A0I CMOS gate for D-latch with Enable

VDD T

Fh

En o
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CMOS VLSI Clocked Latches

» Clocked (enable) Latch using TGs C
- can use TGs to determine D ,_%_
» if latch sees D o C
- C=1=Q =D/, set data mode

- or if positive feedback is applied
- C=0=Q' =Q), hold data mode

» Reducing Transistor Count
- Single TG D-Latch

G

C
D -—%—
* input must overdrive feedback signal
) C
- must use weak feedback inverter

- useful when chip area is critical

- but input signal must be strong ¢ -, C=0
- Pass-gate D-Latch poIt, 5.5 Dem
* replace TG with nMOS Pass-gate o YZ‘ o
- very common VLST latch circuit J;“ Q-D
i C=0

o)

©|

Ay
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Flip Flop Basics

+ storage element for circuits
- save logic state at each clock cycle

* 1or 2 signal inputs and a clock

- differential outputs, Q and Q
- output changes on rising (or falling) clock edge
- output held until next rising (or falling) clock edge
- optional set and/or reset
- regardless of clock state, output set (1) or reset (0)

* typically master-s/ave circuit using 2 cascaded latches
+ types include
- JK
- T (toggle)

- SR (SeT-reseT) Flip-flop symbol (SR) for rising
- D -most common for ICs and falling edge clocks

5 Q °©
Clk

R Q2

S Q ¢

Clk
rR Qo

P17
117

sk
LBy
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Types of Flip Flops
+ D-type (DFF) °‘

Qn+1
0 0] i
1 | LD

NOTE: Circuit based on

° SR-TYP@ standard logic gates is
: _ N typically much larger
same as D if 5=D and R=D than possible with a
s R o, reduced CMQOS circuit
0 0 Q, T °
0 1 0
1 0 1
1 1 Indeterminate —0 3

o]l

[
>
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JK and T Flip Flops from DFF

* D-Flip Flop can be used to create most other FF types
» Can construct a JK FF from a DFF

D Q O Q

0

1
}' ck o— ¢ 0 T 1
K O——

+ T-type (toggle) FF can be constructed from a JK FF

- O = O X
I o
—‘OPE

Qn

- T=1 .
- output changes state on each clock cycle  _T Gnw

- T=0 0 G
14,

* hold output to previous value -
- form from JK by connecting J and K inputs together as T

J 7 K Qn+1
0 0 Q,
0 1 0
1 0 1
1 1 a,

e
PN/
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Master-Slave D Flip Flop

D-type master-slave flip flop is the most common in VLSI

* Master-Slave Concept

- cascade 2 latches clocked on opposite clock phases
- $=1,¢ =0: D passes to master, slave holds previous value

- $=0,¢ =1:D is blocked from master, master holds value and
passes value to slave

o o

_L —L positive

—t L
D M1 M3 o . ed

Master Slave m:jter Tt;‘&?:ll:izr
M4 —-
. . i Q %5 ¢
Triggering T T

- Output only changes on clock edge; ou‘rpugr is held when clock is at a
level value (O or 1)

- Positive Edge
* output changes only on rising edge of clock
- Negative Edge
. » output changes only on falling edge of clock

s N
k)
PN/
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Set/Reset Flip Flops

- Asynchronous Set and Reset

- Asynchronous = not based/linked to clock signal
- Typically negative logic (O=active, 1=inactive)

Clear
- Seft: forces Q to logic 1 " L i
- Reset: forces Q to logic O 5 o t—{ >0~ 9
* Logic Diagrams U qu

- DFFR 8 = Q
* with Reset (clear) ¢ [

- DFFRS = set.
+ with Reset (clear) and Set _"'L L ¢

w

i, Clk oI—-{ —o Cl
k)
LISUBy
MICHIGAY

STATE :

R
Alternate logic structure D ﬂ . P @
7 T = . qu
D T . é
o
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Buffering in Flip Flops
+ What is a buffer?

- inverter buffers
- isolate output load from internal signals

- scaled inverter buffers ‘”p“gf‘t O % &N
- add drive strength to a signal 5

- inverters with larger than minimum tx min. 3C, WL 9C, SWIL 27C, 2TWL 8IC,

- typically increase by 3x with each stage

* Inter-cell Buffering Example: Buffers in the Lab 7 DFF cell

- Clock A ¢
» so each flip flop provide only D %

1 C; load on input CLK
- Output
» so load at output won't affect

9
T
6
internal operation of the cell CLKDQLD@q)

ECE 410, Prof. A. Mason/Prof. F. Salem Lecture Notes 11.28
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Characterizing Flip Flop Timing

Setup Time: t,, - Time D must remain stable before the clock

changes

Hold Time: t, - Time D must remain stable after the clock changes
Clock to Q Time: t,, - Time from the clock edge until the correct

value appears at Q

Clock

/

]
setup time hold time |
|

clocktc Q

|
i
|
1
| 1

/

ECE 410, Prof. A. Mason/Prof. F. Salem
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Analyzing DFF Timing

Setup

- When ¢ is low D must
propagate through both
master inverters, if clock
changes before then the
master may switch

-t sttt tin
« Hold

- Assoonas ¢ goes high,Dis
cutoff

- ‘I’h - 0
Clock to Q

- For both outputs to be valid
must wait for both slave
inverters to change.

= Yottt i
. t 13+t 14

13

Slave 14

ray

- || =

Different types of flip flops
exhibit different timing characteristics
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Transistor Sizing in Flip Flops

All Minimum-Size Tx Flip Flops
- will not be optimized for speed

- might have some output glitches
- but much more simple to lay out

2

Sl e =
YLy,

Size Considerations 0 L
- varies widely with chosen FF design

D - feedback INV can be weak

> - txin direct path to signal output should be larger
- switches -typically minimum sized to reduce noise

S
O |

)
NGBy
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Load Control in Flip Flops
*+ To mask (block) clocking (loading) of the FF, a load

control can be added ,.01'-:311 o
- load control allows new data to be p—it % — Q
loaded or blocks the clock thereby st Nzﬁ/ Stave g )
stopping new data from loading s 9
+ Load Controlled FF ) Load with ¢ 20, fead =1
- Load = 1, data passed Do Vi Closed 0
- Load = 0, data blocked ;I Masteri); "8 stave
* Alternative Design = — 0
Lc;ad Load {b) Hold with ¢ = 1, Load = 0
| open y, open
D \——é d "0 P —° ’ ” MW: Slave ’
$—p p—g b—p P—gQ T » g 5
o () Wiring diagram (b) Symbel (©) Hz?mm $=0, :::d: 0

Ay
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Tri-State Circuits

covered in Section 9.3 in textbook
Tri-State = circuit with 3 output states
- high, low, high impedance (Z)

High Impedance State

- output disconnected from power or ground
- open circuit, with impedance of a MOSFET in OFF state ~ 1T Voo

Tri-State Inverter —q| M
- Enable signal, enable/disables output drive — K
En En (]| Ml
En S +——o
Data s z En o—| | M2
1 | Data =
- CMOS implementation Data e—6———| Mn

e
PN/
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Advanced Latches and Flip Flops

sk
LBy

STATE

C°MOS Inverter o Eq_'r
- C2MOS = clocked CMOS i"“’_ out A o
- inverter where input can be enabled E-—}_ out

- ®=0,out=D' ]
+ ® =1, out = floating D+ 1

C°MOS Static Latch —~— Voo ’
- merge TGs into latch design —

- C°MOS inverter input stage “i"q _D&ﬁg
- passes inverted input when ® = 0 ¢ Vop
- static inverter sets Q = D D —— b——

- C°MOS inverter feedback : b
» provides feedback when @ =1 e

- Either input or feedback is active L

« hot both at the same time

ECE 410, Prof. A. Mason/Prof. F. Salem
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C2MOS D Flip Flop

+ Cascade 2 C°MOS Latches
- switch clock phases of master and slave blocks

R
AINSBYy
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Discussion of DFF Timing

+  Why is output propagation delay different for D=1 and D=0?
- propagation delay in DFF = time between clock edge and Q change

- delay set by transitions in the b 12 g 1®
slave (second) stage [ <>Q—
* master stage can be ighored _| _|
when output changes o @’

- output changes when @ goes h'gh positive-edge triggered master-slave

DFF using bistable circuits with pass gates
+ D=1 == x=0
- V5= VDD, tx is ON with strong V¢, Vs constant as output changes
- Vps VDD = 0, tx in Saturation changes to Triode. J_(I)=1

Y , x=0 I L y=1=>
« D=0 = x=1 ’\ time

- Vgg = VDD = Vin, tx is ON, but V. decreases as output changés:
- Vps: VDD = Vin, tx in Saturation. | @=1

Y’ :/—' , x=1 _I_I_y=O =1
time
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Flip Flop Layout
+ A DFFR (with reset) cell with

- all tx. min. size m\ Sl Y ' ' N
- no buffers gi NS # W xR
!... . gg
N
\\\i&q Ne SRR

* Good features
- compact layout, small area demand

- very reqular’ physical structure
* due to all minimum-sized transistors

- pitch matched to other primitive cells
* Bad features
© - several S/D junctions larger than necessary

— - several long poly traces, might affect speed
- access to inputs/outputs must be in metal2

NGBy
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Flip Flop Layout II

» Physical Desigh of C°MOS Flip Flop
- doub]e-wjde FE | w7 m
- pitch is 2x pitch of basic gates

» Using tall cells with

standard height cells
- match power rails B = = =

52\ pitch

"_!.

LBy
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Registers

» Basic Register Function

- store a byte of data

- implement data movement functions such as
+ shift
* rotate

- basis for other functions 6b register formed with DFF cells
+ counter/timer

» Basic Register Circuit
- cascade of DFF cells
- additional logic o multiplex multiple inputs/outputs

- ’ryplcal I/0O options

* parallel load
* load from left/right cell (shift)
» parallel output

NGBy
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Shift and Rotate Operations

R
AINSBYy

Rotate

- move each bit of data to an adjacent bit
- roll end bit to other end

Shift

- move each bit of data to an adjacent bit
- load 'O’ into the open end bit

Examples: 4b operations on data a;a,a,q,

- Rotate Left: output = a,0;a505

- Rotate Right: output = aya3a,q, (@ Rotate Left
- Shift Left: output = a,a,0,0
- Shift Right: output = Oaza,q, o, % Shift Right
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Shift Register

+ Example: 4-bit register capable of

- shift left/right 52 51 s0| function
] 0 0 x | parallel load
- rotate left/right 0 1 0 |-shiftleft
- parallel load 0O 1 1 | rotate left
P G. 1 0 0 | shiftright
- reset (all bits go to O) 1 0 1 | rotate right
- set (load all bits with 1) 1 1 x |load ™
|p3 p2 p1 |p0
s1,s2 s1,s2 s1,s2 s0 s1,s2
= [ W W .53 LY
_|(1)/1 ; D Q. ; D Q 1 ; D Q _11 ; D al
—13 —13 —3 —3
7 DFFR 7 DFFR 7 DFFR 7 DFFR
—+  aB >  aB > aB > aB
Q Q Q Q
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Switch Shift/Rotate Circuits

e
PN/

STATE

Can use switch circuits to implement fast multi-
shift/rotate functions

- will not store/hold data since no FF is used & is not synchronous

- Example: 4-bit Left Rotate Switching Array

Rotate Left, moves lower bits to higher bits

RO fol-1 Rol-2 Rol.3 only one select (Rol_x) is

1 1 1 1 active at a time

ao__fT— Cl— I/ I/ Rol0 Rol1 Rol2 Rol3
fo a0 a3 a2 af

o T | |

_II

+f1 af a0 a3 a2

O o Y e B il |

a2 al a0 a3

e e —— .

AT

a3 a2 af a0
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Barrel Shifter

- Shifts minputs into noutputs shift | bobiboby
- typically n=morn=m/2 0 o
4
+ Example 8x4 barrel shifter 2 | %2900
T . . {i a304a5ag
- outputs 1 of 4 combinations of 4-adjacent-bits 0,500
Sh_0
shift T Sh_l
TIE e B
v o — T[] Y 8x4 nMOS switch
a; e—-] Shifter o LA PP 8 barrel shifter
ay ~—j l_'|=r_ 1_1::1'_ l__'l:r_ l_'FL Sh_4
a3 " iR _ L L
a — by il |l i iy .
ag e—— — by i A5 O
Gg +— — by - — aa il N
a7 +—f |——« by ag r-,_r- l_t_ 2
az [ | oS3

]
i,
o)

Ay

HM'“"'“""E ECE 410, Prof. A. Mason/Prof. F. Salem Lecture Notes 11.43



Asynchronous Counter

* Counts the number of input clock edges (+ive or -ive)
» QOutput is a binary code of the number of clocks counted

+ Example: 4-bit counter
- output_bar of each bit provides clock to next bit
- output is also fed back to input

- frequency of each output is 1/2 the previous bit frequency
» clock divider: divide by 2, by 4, by 8, by 16, etc.

- reset used to start counting from Zero #cloks 83 812 31 510

I I I I 1 00 0 1

D QB D QB D QB D QB 3 0 0 1 o

DFFR DFFR DFFR DFFR 5 0 0 1 1

Ik 7 010 0
aalhalnalhe
1 01 10

reset 13 0 1 1 1
q0'fcik/2 a1 fcik/4 92'fcik/8 q3'feik/16 15 1 0 0 O

*

—
—
—

31 1

k)
LBy
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Sequential Circuits

* A sequential circuit
- outputs depend on current inputs
- AND on pervious inputs (history)

* Finite State Machine
- generic sequential circuit
- a D-Flip-Flop holds the state of the machine
- combinational logic generates the next state and output(s)

- state machine inputs/outputs are called primary inputs/outputs

primary outputs are a function of
- current state
- primary inputs

primary outputs depend only on
- current state

+ Sequential machines occur in nearly every chip design.

Primary inputs Primary outputs

Combinational
logic

clock

k)
LBy
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State Machine Example

2-bit synchronous counter
- example of a sequential state machine
2-bit synchronous counter function

- increments output from O to 3 at each clock
- and then start from O again
- counter has no inputs, only states (Moore machine)

- Design Steps @ @
1. Specify the state transition graph.
Four states in the 2-bit counter: 0, 1, 2, 3.
- State transition graph for 2-bit counter
machine changes to the next state on each clock Q @
2. Determine number of DFF in the state machine.

Number of FF needed for a state machine is given by 2"=N
N is the number of states and n is the number of flip flops

. 2-bit counter has 4 states 00, 01, 10, and 11
. - need 2 DFFs

(o)

LBy
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State Machine Example Continued

- Design Steps continued
3. Draw the state transition table for the state transition graph.

Present /Old State Next State

DFF 1 DFF 0 DFF 1 DFF 0
0 0 0 1

0 1 1 0

1 0 1 1

1 1 0 0

Example: at present state 1 (binary “01”), next state will be 2 (binary “10”).

4. Design the logic to compute the next state.
« One K-map is used for each DFF
« Example: DFF_0 has the following K-map

table shows
DI 094 =0 DI Ooa = 1 next state value
DFF 1_,=0 1 0 «
DFF 1 ,=1 1 0

Thus, DFF_0,.« = DFF 0, Similar approach to find DFF_1

next
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Synchronous Counter

- Design Steps continued
5. Connect combinational logic & the DFFs to construct 2-bit counter

clock

DFF-0

=0

DFF-1

- A 2-bit, synchronous, 4-state counter

DREOu=0 (MOl | &DFF_1
DFF 1 ,=0 0 1 . < next
P 1 ; Logic=XOR

)
NGBy
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