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CMOS Sequential Circuits

Sequential Logic

INPULS e — Outputs
Combinational
> Logic
Current Next
State State
State )

2 Storage Mechanisms:
aPositive feedback
-Charge-Based

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Sequential Logic
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Positive Feedback: uses latches or registers
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CMOS Sequential Circuits

Naming Conventions

0 In Rabaey’s IC book:
= Alatch is level sensitive
= Aregister is edge-triggered

o Many other books:
= Flip-flop is an edge-triggered

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Latch Versus Register

a Latch O Register
stores data when clock is low stores data when clock rises
— Clk > Clk
Clk Bl Clk Bl
D D
Q Q |

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Latches

Positive Latch

In —> D Q — Out
G

fCLK
| ! |

ck| | ]

in 000D0000CTA00G0000

/ | / | |
Out Out
stable follows In

Source: Rabaey; Chandrakasan; Nikolic, 2003
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Negative Latch

In —> D Q —> Out

G
?CLK

clk ’7: \
i YOOV LK

/ | / | |
Out Out
stable follows In
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CMOS Sequential Circuits

Characterizing Timing

Register

—CIk

tcaq Or teo

INE/CTC/UFSC
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CMOS Sequential Circuits

Timing Definitions

A

CLK \ / \ Register

t
R D I
A tsu th &
<—><¢—>
—)CIk
D DATA
STABLE t
A tco
e

Q DATA
STABLE t

tsu = setup time
th = hold time
tco = tc2g = maximum propagation delay (or time from clock to output Q)

tcd = minimum propagation delay (or contamination delay)
Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Maximum Clock Frequency

td| ogic = Maximum propagation delay
tCLogic = Minimum propagation delay
(or contamination delay)

N\

iNpUtS —

Combinational

— Outputs

| ngir‘
Current Next

State State

Registers

Q D

/7 ¥

tsu, th, tco, tcd CLK
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CMOS Sequential Circuits

Avoiding Race Condition

td| ogic = Maximum propagation delay
tCLogic = Minimum propagation delay

(or contamination delay)

INPULS e — Ooutputs
Combinational
| ngir‘
Current Next
State State
Registers
Q D
/ —
tsu, th, tco, tcd CLK
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CMOS Sequential Circuits

Maximum Clock Frequency

INPULS e — outputs
Combinational T >
> Logic ok . —
Current Next
State State tco >< td| ogic ><tsu
Registers
Q D [«
i
CLK

In contemporary designs:

o The maximum logic depth is around 12 gates

a Approx. 15% of the clock period is due to register overheads

ated + to 4 2 th is quite easy to meet if clock slew can be disregarded
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CMOS Sequential Circuits
Positive Feedback: Bi-Stability

o1

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits
Positive Feedback: Bi-Stability

V,, .
Vo2 = Vi

Y

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Meta-Stability

G>1 around “C”

metastable point
L/ p

Vo1 = Vip

G<1 around “A”
and around “B”

Vo2 = Vi

G is the loop gain

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Changing the State of a Bistable
o Cutting the feedback loop:

= Multiplexer-based structure ~1]_1 @
= Once the loop is open, a new value can be easily p—
written in
= This is the most popular approach in today’s CLK
latches O=Clk-Q+Clk-D
o Overpowering the feedback loop:
= By applying a trigger signal at the input of the ]
bistable a new value is forced into the cell l
. . . 1 0 1
= Careful sizing of the transistors in the feedback {>° {>° !
loop and trigger circuitry - 1
= Currently, is used to built static background
memories
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CMOS Sequential Circuits
Writing into a Static Latch

Use the clock as a decoupling signal,
that distinguishes between the transparent and opaque states

CLK
b
B I B o T
1 L
e
5
L
I
CLK

Converting into a MUX
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CMOS Sequential Circuits
Writing into a Static Latch

Use the clock as a decoupling signal,
that distinguishes between the transparent and opaque states

CLK

CLK

Converting into a MUX
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CMOS Sequential Circuits
Writing into a Static Latch

Use the clock as a decoupling signal,
that distinguishes between the transparent and opaque states

_ CLK
CLK | L
D D
——
o 1
CLK

Forcing the state

If the transmission gate has minimum sized transistors, the
lower inverter must be even weaker!
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CMOS Sequential Circuits
Writing into a Static Latch

Use the clock as a decoupling signal,
that distinguishes between the transparent and opaque states

CLK ‘l “| A

_ L e
CLK |
ax <]
Forcing the state
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CMOS Sequential Circuits
Writing into a Static Latch

EK
o et L

- 1 D {[:: {>O—< B

CLK —» | -
—(|_3—|

D _DO_T I OQ
L CLK
T
CLK
Converting into a MUX Forcing the state
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CMOS Sequential Circuits

Mux-Based Latches

Negative latch Positive latch
(transparent when CLK= 0) (transparent when CLK= 1)
D—>0 D—>1
CLK CLK
O=Clk-Q+Clk-D O=Clk-Q+Clk-D

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits
Mux-Based Latch

j;K
TR

CLK —
] P=a,. -C, - VDD*-f
D _DO_W
T CLK: oy, =1
CLK

How many transistor loads seen
by CLK per bit?
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CMOS Sequential Circuits
Mux-Based Latch

VDD VDD - VTn —
l CLK l Qy

T o o

Vou = Vpp = V1,

ml
o Voo
NMOS only - l:
Noise margin degradation Voo -V | |
—
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CMOS Sequential Circuits
Mux-Based Latch

t,, =~ 0.69 Req-NMOS Cp
VDD VDD - VTn

l j;K l - Req =~ (Ron(tl) + Ron (tZ))/z
_|_|_4‘| >Q—<>—| SO—e— Qu
0 Ron (t) =~ VDS(t)/[D(t)
o =5 Vs =Vr)
o \'/
NMOS only
Vop - Vi 40' l:
Switching performance degradation | |: G
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CMOS Sequential Circuits
Mux-Based Latch

Vg -V
VT CLK 'ID " a, Not completely OFF

T o o

L
CLK
Voo
NMOS only | l:
VDD - VTn
. = - 4' l: v
Short-circuit power increases
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CMOS Sequential Circuits
Master-Slave (Edge-Triggered) Register

Slave : : . .
Master CLK ‘ |
>0 a D 1 )00000000CHXXXR
LT e oo om0
o N
CLK | I | |

Two opposite latches trigger on edge
Also called master-slave latch pair

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits

Master-Slave Register
Multiplexer-based latch pair

lo

-

>0
et | e
e
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CMOS Sequential Circuits

Master-Slave Register
Multiplexer-based latch pair CLK

tsu

VI2-T2

-

ey Hiert e

0
T,
[ L
Q »0 S
1 |__;|}
0

) ||

lo

D—»o—
1 1
CLK—«—{: >0
0
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CMOS Sequential Circuits

Setup Time

30 T I T I T I T

2.5

2.0

1:9

Volts

1.0

0.5

Volts

0.0

205 '
0 0.2 0.4 0.6 0.8
time (nsec)

tsu=0.21ns

Source: Rabaey; Chandrakasan; Nikolic, 2003
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3.0

20.5
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time (nsec)
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CMOS Sequential Circuits

Master-Slave Register ‘. —

CLK
Multiplexer-based latch pair - g
D <+
V|2-T2 Q tco

) ||

-

o et Lo n 3 r{io-
o !
| :Sn

lo

D—»o—
1 1
CLK—«—{: >0
0
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CMOS Sequential Circuits

Master-Slave Register _, —
Multiplexer-based latch pair -
D
Q tco
Y s
w ! o
Hior it Lo St
1
1
%:;w{g}
0 0
C1 —.%
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CMOS Sequential Circuits
Clk to Output (Q) Delay

I I I
| CLK
® 1.5 7 | H
@) <>
> I t02 t.o
Q
0.5} 1
| I
205 I I I |
0 0.5 1 1.5 2
time, nsec
tco, tcoy.
Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits
Reduced Clock Load Master-Salve Register

Q
>
:
>\

o] cic \ /B
CLK w

\
REI(S
-

Q
=

Must be weak

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits
Avoiding Clock Overlap

1 T

CLK CLK

Q may change on the
rising edge!
CLK

Node A driven by D
and B: undefined state!

CLK

Source: Rabaey; Chandrakasan; Nikolic, 2003
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CMOS Sequential Circuits
Avoiding Clock Overlap

i — I
Q
D ALDJ‘D* 5 Dol‘%

T T
$2 o1
CLK 2NN 1) B v
91 S
62
- o
Non-overlap
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CMOS Sequential Circuits
Avoiding Clock Overlap

J_ \J_/ Q
A [ [
D
[ B y l o>
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¢ S
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CMOS Sequential Circuits

Avoiding Clock Overlap

d1 X $2

1 L

o TR

B L

T T

h2 o1
$1
¢2 |

505 505
Non-overlap
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CMOS Sequential Circuits
Avoiding Clock Overlap

o1 X 42

~N—/ \J—/ Q
D__| A
B

/T\ /T\
2 o1

CLK v v v

1

505 505
Non-overlap
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CMOS Sequential Circuits

Overpowering the Feedback Loop —

Cross-Coupled Pairs
NOR-based set-reset

S R 0 0

> 0 ~

— 12 Or— 0 0 Q Q

- 1 0 1 0

—|" e 0 1 0 1

R 0 / 1 1 0 0
Forbidden State

Source: Rabaey; Chandrakasan; Nikolic, 2003

Asynchronous doesn't fit in dominant methodology!
(99% of the ICs are synchronous)

How to turn it into a synchronous circuit?
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CMOS Sequential Circuits
Ratioed CMOS SR Latch

Vpp
This is not used in - -
datapaths any more,
but is a basic building
memory cell )
O -
[
CLK — | M, Mg |- cLK
s — |Ms | M; |- R
] [

(W/L)y2 = 3 (WIL )y, (WIL)yy = 3 (WIL)y3

INE/CTC/UFSC Lecture 18 —2012/2
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CMOS Sequential Circuits

Ratioed CMOS SR Latch
Q=1:R=1@CLK=1-Q=0 3(W/L)y7us ~ (W/L).

Va = Vpp = Vg = Vpp/2

VDD

M,

0

-

‘_

4
CLK —! l?{; Y
1

i
s — Iif(

(W/L)y2 = 3 (WIL )y,

INE/CTC/UFSC
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CMOS Sequential Circuits

Ratioed CMOS SR Latch
Q=0:S=1@CLK=1—-Q=1 3(WI/L)ysys = (W/L)y,
Va = Vpp — Vgq = Vpp/2 Vb

"

(W/L)y2 = 3 (WIL )y, (WIL)yy = 3 (WIL)y3
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CMOS Sequential Circuits

Ratioed CMOS SR Latch
3(W/L)ms.me = (WIL)y2 = (Wio/liin) - = (BWia/Liin)

V'pp (W/L)msme = W2 Lyin)
M, |°_ _4 M, W = Wpys = Wiy
B 0
Q ¢ 1
1 !
M M
crk — | M; l [, M - cLk
s —{ |M;5 M; || R
—] [

(Wno/Limin) = 3 (Wwi/ Liin)
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CMOS Sequential Circuits

Ratioed CMOS SR Latch
3(W/L)ms.me = 3 WI(2 L) = 3 Wi/l

min
VoD ForW,,=2L,:
i F_ _Gl M, W=Wys;=Wye=4L,,

_ 0

0] [ ®
_l L L
M M

CLK —| | M, - I I 1 - cLk
S—| M; M, I—R

] [

How accurate is the value of W for
(Wwo/Limin) =3 (Wy/ Ligin) L. =0.25 p and Wy, = 0.5 u ?
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CMOS Sequential Circuits
Ratioed CMOS SR Latch Sizing Issues

SrT T T T T T T T T 1
0 S
= W=0.6um
= W=0.7um
W=3 L_,, is enough! <*+—T1= _
W=038um

i W=09um

ol 1 WA

0 02040608 1 12141618 2

time (ns)

Transient response
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CMOS Sequential Circuits
Synchronized Cross-Coupled NAND

VDD
M, |o— —o| M,
_ 0
0] ¢ ®
_I L 4 9
CLK — |M, - I I i Mg || cLk
S—l M; M, I—R
] [

Requires proper transitor sizing: ratioed design.
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CMOS Sequential Circuits
Cross-Coupled NAND
° _}Q
51
. 0

What is the corresponding truth table?

For a given tp, which requires more area
synchronized cross-coupled NOR or NAND?
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CMOS Sequential Circuits

Generating Two-Phase Non-Overlapping Clock

0 S a o
0 R Q 1
Initial Values
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CMOS Sequential Circuits

Generating Two-Phase Non-Overlapping Clock

00 S Q 00
Q
01 R 11
Time =1,
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CMOS Sequential Circuits

Generating Two-Phase Non-Overlapping Clock

000 S Q 000
011 R Q 110
Time =t +d
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CMOS Sequential Circuits

Generating Two-Phase Non-Overlapping Clock

0000 S Q o0 0 01
0111 R e
Time =t + 2d
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CMOS Sequential Circuits

Generating Two-Phase Non-Overlapping Clock

o

6 ¢1

o Q

'\
CLK \ 4 \ 4 Y
o1 —
e ] L

- o
Non-overlap
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