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Lecture Goal

6.5 Tackling circuit
complexity (2) " lectures aiming at presenting methods used

in manual combinational synthesis to
overcome the limitations of the purely manual
approach presented in lectures 6.1-6.3
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Prerequisites Homework

¢ Students are warmly encouraged to solve the
proposed exercises

e Lectures 5.1 and 6.4

Further readings Outline

¢ Partitioning based techniques
o RT level minimizations
« Synthesis by iterating basic cells

¢ No particular suggestion

© P.Prinetto - all rights reserved Version 2.0 6.5.1



| ECE 465

6.5 — Tackling circuit complexity (2)

Partitioning-bases techniques

e The system is first partitioned in functional
blocks

e Each functional block is then implemented
resorting to one of the above mentioned
approaches

e The system is eventually designed simply
assembling the functional blocks.

a7

RT Level Synthesis

e A peculiar case is the one in which the
“elementary blocks” are the RT Ilevel
combinational blocks presented in lecture 5.2.

RT level synthesis

Approaches to manual RT level synthesis can be
clustered in 2 major classes:

o intuitive
e systematic (from VHDL RT descriptions)
(presented in module 12).

Partitioning-bases techniques

e The system is first partitioned in functional
blocks

e Each functional block is then implemented
resorting to one of the above mentioned
approaches

e The system
assembV

ally designed simply

This step is iterated until each
functional block is implemented
resorting to elements that are
considered to be “basic” or
“elementary” for the target design

RT Level Synthesis

Requirements

system

"

logic

>

behavior structure physicaIE}_VV
10

Intuitive approach

The intuitive approach will be presented resorting
to a couple of examples.

—es] —es]
© P.Prinetto - all rights reserved Version 2.0 6.5.2
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Module generator ?/@@

Design a circuit which, getting in input a number X
of n bits, represented according to the
2’complement notation, provides in output the
value:

Y = |X].

-X
\ 4
0 1
w—
X
‘o

) 4 2’s compl.
< -X

Module generator =X

Design a circuit which, getting in input a number X
of n Dbits, represented according to the
2’complement notation, provides in output the
value:

2’s compl.

Iteration

e The process is iterated until all the functional
blocks the system has been partitioned in are
“elementary”, i.e., can be directly
implemented by one of the components
present in the target library.

© P.Prinetto - all rights reserved

Version 2.0 6 5 3
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: 2 X =5
Iteration Comparator X
X
o The process is iterated until all the functional
blocks the system has been partitioned inare | .. ‘ O ;
“elementary”, i.e., can be directly A A A 2’'s compl.

implemented by one of components present
in the target library.

¢ Let’s assume the target library be the RT level
combinational blocks presented in lecture 5.1

| X [ e
X X
‘0 ‘0 y
\ 4 2’s compl. \ 4 . [@scompl|
\ 4
0 1
Can be

Y| implemented in
several ways

65 —65]
0 X 0
2’s compl. 2's compl. |:> ADD/~SUB
Adder / Subtracter
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- X =1s_compl(X) + 1 - X=1s_compl(X) + 1

|

1’s compl.

v

+1

v v ‘

S d=

Alternative =>|X| [=> = X =
implementation

Design a circuit which, getting in input a number X
of n Dbits, represented according to the
2’complement notation, provides in output the
value:

© P.Prinetto - all rights reserved Version 2.0 6.5.5
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==

| ==

Programmable Divider Solution
Design a circuit which, getting in input: The divider D can get the following 4
¢ An 8-bit number X coded 2C values, only:
e A 2-bit number D coded 2C e D=2 Y =-X/2
provides on the output Y (coded 2C) the value e D=-1 Y=-X
Y=X/D e D=0 error
e D=1 Y=X

© P.Prinetto - all rights reserved Version 2.0 6.5.6
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== ==
N | X

‘ divider / complementer ‘

divider / complementer ‘

-X/2 -X X
don'’t I I I
10 11 00 01
D 0
/]
ERR

==

How many bits are needed to properly represent D=-1 = Y=-X
Y?

==

Question Answer

Thus, representing Y requires one bit more than
representing X.

© P.Prinetto - all rights reserved Version 2.0 6.5.7
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Outline

¢ Partitioning based techniques
= RT level minimizations
* Synthesis by iterating basic cells

Graphic notations

AU

U=A;o0p A, op ..

where op = and, or, xor, nand, nor, exnor

—{es]

Graphic notations
AU U=A;o0p A, op ...op A,
- u
B E U=Aop B
- u

where op = and, or, xor, nand, nor, exnor

—{es]

47

.op A,

oV

Hints

At the end of an intuitive RT level synthesis, it's
highly recommended to perform an optimization

step aiming at locally minimizing the Functional
Blocks.

Graphic notations
A a u
A

u

U=A;op A, op ...op A,

U =Aop B

where op = and, or, xor, nand, nor, exnor

Some optimizations...

© P.Prinetto - all rights reserved
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1 0

A 11..1
|

|
o0 1]

1 0

A 11.1
|

select
1 %
A

ot L=
select == D—I

a

—(es] —(es]
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*|F

select

ABCD 0110
TR
\

*|F

select

ABCD 0110
TR
SEEENS
A J
B_ |
C |
D —Q

© P.Prinetto - all rights reserved

6.5.10

Version 2.0



| ECE 465

6.5 — Tackling circuit complexity (2)

X

Vo

T

MSB(X)

X
An example Ul e
X
As an example, let’s try to optimize the second y *0 v
solution found for the Module generator (slide 13- 0 ;
33). < { ‘X ‘ ‘
' 0 1 0 1
‘ (] l
1
| %
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===

===

> 1X] [
X p—

O‘ X

<

L ¢

===

—es] —es]
== ==
X
y *0 v i
'< IR A R Py |
0 1 0 1 H-w
e T A —
| %
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Optimized
Implementation

S d=

Outline

¢ Partitioning based techniques
o RT level minimizations
= Synthesis by iterating basic cells

—{es] —{es]
Synthesis by iterating basic cells Basic idea
. . N
In particular cases, the target architecture can be
sliced in a set of smaller functional blocks, all
each other equal, properly interconnected.
Basic idea Basic idea
| N | | N |
\ N/2 | N/2 | \ N/2 | N/2 |
| N4 | [ NA] [ N4 | [ N4 |
< > < =
_ @@=
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Signal propagation

Two kinds of signals can usually be identified:
¢ broadcast
e daisy chain.

Some examples

In the following we shall examine some significant
examples of slicing, mainly referred to the RT
level combinational blocks introduced in Lecture
5.1

Full adder

:

o

Implement a full adder:

:
ICME S,
|

| N |

O
| N/4 +| N4 | N4 | N4 |

broadcast

| N4 | [ N4 | | N4 |\|| N4 |
t f f f
Adders

We shall consider:
o full adder
e n-bits adders

— Ripple carry adders
— Carry look-ahead adders
Full adder

:

o

Implement a full adder:

t
| z:Sa

Cis

i
|

A

resorting to half adders: (o

}

<« T |

—es] —es]
© P.Prinetto - all rights reserved Version 2.0 6.5.14



| ECE 465

6.5 — Tackling circuit complexity (2)

Solution
4 )
A B A B
Ci+1 Si Ci+1 Si
|
1\ . J
v v

n-bit adder

An n-bit adder can be implemented resorting to n
full-adders, connected according to two alterna-
tive architectures:

o ripple carry
¢ look-ahead carry.

Ripple carry adder

An-1 Bn-1 An-2 Bn-2 AO BO CO

n-bit adder

A[n-1:0] B[n-1:0]

cn CO
HH

lS[n-1 :0]

Ripple carry adder

The implementation in based on the same
algorithm used when the addition is performed
manually by paper and pencil:

the carry input C; of each cell
is fed by the carry output C;,
of the adjacent less significant cell.

Delays

The global delay of the adder is:
n-Ags
being A, the delay of each full-adder cell.

© P.Prinetto - all rights reserved
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Look-ahead carry adder

A look-ahead carry adder is a faster, but more
expensive, implementation.

Each cell generates 2 outputs:

P, =A; ® B; : propagation function
G, =A;- B, : generation function.

Look-ahead carry adder (contq)

The output of the i-th cell can be expressed as:
S, =A® B® C,=P;® C
C.i=AB, +(A; ® B)C =G +PC

Carry signals are evaluated as follows:

C, =Gy +P,C,

C, =G, +P,C,=G, +P,Gy +P,P,C,

C; =G, +P,C,=G, +P,G; +P,P,Gy + P,P,P,C,

w—

—{es]

4-bit look-ahead carry adder
A B A, B, A, B A, By

CT 1) T

P; G; (P Gz} P, G [Po Gy

NN

Look-Ahead Carry Generator

. ‘cs c, c, Co
‘A—‘\ijsifpz\‘fp‘ P,
So@j

-

AR AR

Look-ahead carry adder (contq)

The output of the i-th cell can be expressed as:
S, =A,® B® C,=P;® C
C.i=AB, +(A; ® B)C =G +PC

All carry signals depend on A and B
signals, only, and can be easily
generated by a combinational 2 level

circuit (carry look-ahead generator)

aluated as follows:
C, =Gy +P,C,
C, =G, +P,C,=G, +P,G; +P,P,C,
C; =G, +P,C,=G, +P,G; +P,P,Gy + P,P,P,C,

a

—{es]

Overflow signal generation

The overflow signal OVFL is generated differently,
according whether the internal carry signals are
accessible, or not.

—(es] —(es]
© P.Prinetto - all rights reserved Version 2.0 6.5.16
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Overflow signal generation Overflow signal generation
The overflow signal OVFL is generated differently, The overflow signal OVFL is generated differently,
according whether the internal carry signals are according whether the internal carry signals are
accessible, or not. accessible, or not.

OVFL =[Aq)=Bnyland[ A, # Sy ]
= A1) Bty Sty + Aty Bty Saany OVFL = Cioq) ® Cpor

Comparators
" ‘ ‘ "
c
3 g
When comparators are implemented following a .f*_) . A B =
slicin i i i €2 Li Lo—— €2
g strategy, the information concerning the g_)_ o=
partial results can flow: G 8 E_i Eol— &3
» from the most significant cells % ——(G_i G o— ®
L o (1]
o from the least significant cells. = Q
|
z Vi 2 z Vi g
c c
@ 3 q @
O A B f;_’ O A B f;_’
Eo L_i Lo—— € Eovw—lLo Lile— 0
= ) 5= = ) 5=
28 E_i Eo—— 8 28 E o Eliler 58
% |G Go—— B % |«—— G0 G_i B
[e] @ o @
= 3 = 3
Lo = Liv (E.Li A (A<B))
Eo = E. A (A=B)
G_o = G.iv (E.i A (A>B))
—(es] 101 —(es] 102

© P.Prinetto - all rights reserved Version 2.0 6.5.17
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Most significant
cells

|

|

L_ L_i
E_ E_i
G G

Least significant
cells

Lo = (A<B) v ((A=B) A L_i)
Eo = ((A=B) A E_i)
G_o = (A>B) v ((A=B) A G_i)
— (65} 103
Solution
Y[11:0]
X[11:0]
Y[11:B||X[11:8] Y[7:4] | X[7:4] Y[3:0] | X[3:0]
B[3:0] A[3:0] B[3:0] A[3:0] B[3:0] A[3:0]
0 XGTY
~——{ALTBIN ALTBOUF—{ ALTBIN ALTBOUF-|ALTBIN ALTBOUT———
1| AEQBIN AEQBOUT|AEQBIN AEQBOUT|AEQBIN AEQBOUFCCY
0 |AGTBIN AGTBOUTAGTBIN AGTBOUT{AGTBIN AGTBOUTXLTY

Example

Design a 12-bit comparators, resorting to the
following elementary block:

ALTBIN
AEQBIN
AGTBIN

A0
BO
A1

ALTBOUT—
AEQBOUT——
AGTBOUT—

Comparator for 2C numbers

Are implemented by observing that:
A?B&(A+C)?(B+C)
where “?” is the target comparison operator.
When A and B are n bit numbers, one can choice:
C=2m,
Then, since
-2m <A< 2m -1

adding C = 2™ is equivalent to complementing the
most significant bit.

—{ 65} 105 — {65} 106
Solution Multiplexers
How to implement an 8 —» 1 mux by 2 — 1 mux’s ?
KAA AB I7 IO
UM number
comparator l l l l l
> = < S(2:0) \2k1 22 21 0
| ] | - MUX
|
—65] 107 — {65} 108
© P.Prinetto - all rights reserved Version 2.0 6.5.18
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—{es]
Decoder 2 — 4
—|G Yolo
Yio
Y20
B Y3jo
Inputs Outputs
G B A Y3 Y2 Y1 YO
1 X X 1 1 1 1
0 0O 1 1 1
0 0 1 1 1 0 1
010 1 0 1 1
01 1 o 1 1 1
—{es]
Exercise

109

Design a 5 — 32 decoder, resorting to the

following 3 — 8 decoder:

-G Yoo——
——0|G2A Yio—
——o0|G2B Y20—
Y3o—

A Y4o——
Y50—

—B Yeo——
—C Y7lo—

Decoders

How to implement a 3 — 8 decoder by the
following 2 — 4 decoder?

Solution: decoder 3 — 8
c G Yob—— Yo
Ylio—— Y1
B B
Y2o—4— Y2
A A Y3o—— Y3
— 9 Y0o—1+— Y4
B Yio—— Y5
Y2p0—— Y6
A Y3o—— Y7
Solution: o peco
decoder 5 — 32 P S— )
©—— ~DEC3
lb— "DEG4
—A fo—— ~DEC5
p— fo——— ~DEC6
— v7lo—— “PEC7
Gl Yolo—— ~DEC8
G2A  Y1[o—— ~DEG
G28B lb— “DEG10
>——— ~DEG11
o——— ~DEG12
A o——— ~DEC13
EN; — | S—i 5
~EN&[ o 1yolo—=ENdX7 v7lo—— “BEG15
N3 1y1jo—=ENBXIS Gl Yolo—— ~DEC16
o P & e—d
1B Y3 EREaxat b ZDEG1s
©—— ~DEC20
—A b— TDEG21
—B fo—— -DEC22
—C Y7 o——— ~DEC23
EN1 Gl Yolo—— ~DEC24
“EN GeA  Yilo—— “DEC25
L das o——— ~DEC26
lb—— “DEG27
Io—— “DEG28
—A fo—— ~DEC29
—B =4 “DECHD

© P.Prinetto - all rights reserved
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An n — 2" decoder can be implemented as a

Multi level decoders

Multilevel

4 — 16 decoder |X3 | x4

decoder 2 — 4

single-level network, composed of 2" n-inputs
AND gates.
Cheaper implementations resort to multiple-level T T T T
networks. Wlo w1 W|2 W|3
— 20— — V1
— — Z1—] matrix 3
X1 decoder 2 — 4 |
X2 — — 22— 4x4 |
— 23— — V16
—es] 115 —es] 116
Matrix 4 x 4 . .
Decoder 8 — 256 (15t implementation)
w0 wi w2 w3 0
x1 ' decoder z
20 _ _ _ _ X2— 254
v1 v2 v3 v4
2 xi — decoder
— — — — x4 —
v5 v6 v7 v8 24 matrix
5 4x4x4x4
22 B B B B X9 —— decoder
vo v10 vi1 vi2 x6 24
23 _ _ _ L—Df X7 —  decoder
v13 vi4 v15 v16 x8 — 254
2255
—es] 117 —es] 118
nd i .
Decoder 8 — 256 (2" implementation) Exercise
20
x1__{ decoder
X2— 24 matrix Design a 64K x 16 RAM resorting to 1K x 4 RAM
4x4 modules.
ng decoder x
X 2-4 matrix
1 1
Xg: decoder 6x16
X 2-4 matrix
4x4
X7__{ decoder x
X8— 2.4 _
2255
—es] 119 —es] 120
© P.Prinetto - all rights reserved Version 2.0 6.5.20
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Solution

Multipliers
RAM 1K x 16
EN[0 . . .
Two architectures will be considered:
1 RAM 1K x 16 e carry propagate
A[15..10] DEC | | e based on elementary modules.
— 64| | 5 RAM 1K x 16
63 RAM 1K x 16
(e8] (e8] @
Product of two 5-bit binary numbers 5-bit carry-propagate multiplier
x4 x3 x2 x1 x0 x4y1 x3y1 xt‘lyo x‘2y1x‘3y0 x‘1y1 x‘2y0 x?y1 x‘1y0 x0y0
y4 y3 y2 yl yo ﬁ HA H FA H FA H FA H HA ‘
x4y0 x3y0 x2y0 x1y0 x0y0 Az xpy2 ‘ x2y2 ‘ x]y2 ‘ %0y2 ‘
x4y1 x3y1 x2y1 x1y1 xOy1 FA H FA M FA H FA M HA ‘
x4y2 x3y2 x2y2 x1y2 x0y2 x4y3 X?ya‘ x2y3 ‘ x1y3 ‘ x?yﬁ‘
x4y3 x3y3 x2y3 x1y3 xO0y3 FA H FA H FA H FA H HA ‘
x4y4 x3y4 x2y4 x1y4 xOy4 X v ] vl xjva]  xpvé ]
FA H FA H FA H FA H HA ‘
p9 p8 p7 pb6 p5 p4 p3 p2 pi p0 J/ ¢ ¢ ¢ ¢
P9 P8 P7 PG P5 P4 P3 P2 P1 PO
— (65} 123 — (65} 124

Optimized implementation

“Composed” multipliers
x3y‘2 xay0 x2y1x3y0 x1y1 x2y0 xOy1 x1y0 x0y0
| [ S S
HA ‘ HA ‘ HA ‘ HA‘
,1,,2,1,,1 ,ﬁyz A2 ‘ s0y2 ‘ To analyze the basic principle driving
FA ‘ FA “composed” multipliers let’s consider an 8 x 4
multiplier, implemented by 4 x 2 multipliers.
x1y2x:1y3x2\(3 ‘ xwa xﬂya ‘
FA
x1y3 xﬂy x%yd ‘ y4 ‘ xﬂyd ‘
H rj FA (J FA
x4y4 [
‘FAM FAH FA‘H HAH}
P9 P8 7 ‘ P! P4 P3 P2 P1 PO
—{e5] 125 —{e5] 126
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Y[0:3
Xy X, 3 X[0:7] K;K;K1 Ko
| — | | YL=Y[0:1]
O0O0OO0 00O0O0 xi=xpo:) | XuYu
¥4,1O 010 Oy, vH=vi2iap— L]

xL=x[0:3] X Yy

o O O OO O O O
XuYL LYL YL=Y[0:1 LI

O

X
o/0 O

xH=x[4:71| XnYL

O 00 e
0000/ OO0 O - (111
XHYH XLYH
0000 000 XuYy

XH=X[4:7]
O O O O OO O OO0 00 OO 0

P P11 po  PIO:1I=XY+K
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