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Logic Circuits
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35?\'?5"325';15 Binary Value Representation

DRESDEN

« 2-valued representation:
- 0, LOW, L, FALSE
« 1, HIGH, H, TRUE
« Electrical representation as voltage signal:
Vig>Vin 2 1
Vo<V, 2 0

sig
sig
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UNIVERSITAT Logic Functions

DRESDEN

« Connecting (relating) input variables to output variables

(Z1;Zz, ) = F(A4,4; )

« Forms of representation:
* Logic equations
« Truth table
« Gate netlist

23.10.2019 © Sebastian Hoppner 2015 Folie Nr. 4



UNIVERSITAT Boolean Operations

DRESDEN

 Operators:

« Inversion: Z=A 3 :
110

 AND: Z=A-4, A B, |z
00 |0
0|1 |0
110 |0
1|1 |1

 OR: Z=A,+A,
A A, |2
00 |0
0 |1 |1
1|0 |1
1|1 |1
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Eﬁf\'?g".;'éﬁﬁ Calculation Rules
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« Calculation rules:

Operation + (OR) Operation - (AND)
T (x+y)+z=x+( +72) ()7 = x(y2)
2) (x+y)=(Q+x) (xy) = (¥x)
3) X+xy=x x(x+y)=x
4) x+yz=((x+y)(x+2) x(y+z)=xy+xz
5) x+x=1 xx =0
0) x+0=x x1=x
7) x+1=1 x0=0
8) X+x=x XX = X
8) X+y=Xxy Xy=x+y
9) X=x
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DRESDEN

« Representation of a logic function as a table

inputs outputs
A, A, A, Z4 Z,
0 0 0 0 0
0 0 1 1 1
0 1 0 1 0
0 1 1 0 0
1 0 0 0 0
1 0 1 1 1
1 1 0 1 0
1 1 1 0 0
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EE?J*E".JSﬁﬁ Don't care Statement
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« Reduction of truth tables by Don't care (X)
« - Values which have no effect on the outputs

inputs outputs
Ay Ay Aj 2y 2y
X 0 0 0 0
X 0 1 1 1
X 1 0 1 0
X 1 1 0 0
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Making up Logic Equations

« Relation between Min- or Max-terms of a logic function

e Minterm:

« For exactly one output assignment of inputs =1
« OR function to connect minterms to get output value

inputs outputs
A, |2, |a, |z, |z,
X 0 0 0
X |
X < 0 N 141 0
X 1 0 0

23.10.2019
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Minterms

Z, =4, -A3+A; A3
Z,=A; A3
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ﬁﬁf&"&?ﬁﬁ Making up Logic Equations
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« For exactly one output assignment of inputs =0
 AND function to connect maxterms to get output value

inputs outputs
A, |a, |2, |z, |z,
X 1 0 0 IO 0
X 0 1 1 1 Zy = (A;+43) - (A; + 43)
x @ o b |0 Z, = (Ap+A43) - (A + A3) - (A7 + A3)
X l | B 1 0 0
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« A method for simplifying logic functions
« Modified arrangement of the truth table values
« Karnaugh map with

« 2 inputs: 7 4, | 4

« 3 inputs: Z AA, | A4, | A4, | A4,

e 4 inputs: Z A4, 4,4, A4, A4,
A3y
AzA,
AsAy
AzAy
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UNIVERSITAT Karnaugh Map: Minterms
DRESDEN

« Enter the values in logic table into Karnaugh map
«  Minterm method:

Bringing together the fields, which contain 1 (minerms)
Converting these fields into connected terms (AND functions)
Omitting variables in negated and not negated form

ORing these terms

AsAg |V 1| 1 0 0
AzA, 0 0 rl 1] — -,
- Ao Asfria 4
AA, [ 1 | 1 0 0
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ﬁﬁf&"&?ﬁﬁ Karnaugh Map: Maxterms
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method:
« Bringing together the fields, which contain 0 (maxterms)

« Converting these fields into connected terms (OR functions),
Invertion of variables

« Omitting variables in negated and not negated form
« ANDing these terms

zZ Ahy | AA, | AA; | A, ). (1.

Ah, | 1 i 0 0, | Z7Az21435)-(4; +4s)
Ad, |0 0 I ! Z = (A; + A3) - (A3 + A3)
A4, 0 0 ! !

AA, 1 1 0 0 Z=A,-A;+ A, A
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Combinational Logic Cells

« Implementing logic functions using logic cells (Gates)
« Examples:

INV: Z=A BUF: Z =4

A—[>O—Z A—[>—Z

ANDZ:Z:A]_'AZ ORZ: Z=A1 +A2

Al_

A 2_

}

Z

)
A, E

NAND2: Z=4; -4, NOR2:Z=14,+4,

A—

A 2_

Da

Z

Al
AZ::)C* z

» Logic cell libraries additionally contain complex gates with >2 inputs
« Adder, Multiplexer, AOI, OAI

23.10.2019
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Logic Symbols

Standardized representation of logic symbols

- IEC 60617-12 : 1997

- ANSI/IEEE Std 91/91a-1991

Recognized as an
American National Standard (ANSI)

IEEE Standard Graphic Symbols for

Logic Functions

flmaliedine ~md fmanrma--sia~ |[EEE Std 91a-1991, Supplement to IEEE

No Symbol Description
5.1-1 OR element. general symbol
The output stands at its 1-state if and only if one or more
—] =1 of the inputs stand at their 1-states.
! NOTES:
: 1— == 1" may be replaced by “1” if no confusion 15 like-
Iy.
: 2 — The distinctive-shape symbol 15, according to IEC
— Publication 617, Part 12, not preferred. but 1s nor
considered to be in contradiction to that standard.
Its use in combination to form complex symbols
(for example. use as an embedded symbol) 15
discouraged.
®

ANSIIEEE Std 91-1984
ANSIIEEE Std 91a-1991

or Logic Functions)

Board
Standards Institute
U.S. Department of Defense (DoD)

s Institute
rtment of Defense (DoD)

jic functions or physical devices capabie of camying out logic
functions, the graphic representation of these functions, and
The symbo's are presented in the context of electrical
nonslectrical systsms (for example, psumatic, hydraulic, or
fional intemnationally approved graphic symbols and made

ards, logic diagrams, logic function, logic symbols, military

Inc.
Usa

Elactronics Engzineers, Inc.
{United States of Amenica

. foran, in an electronic retrieval system or otherwice, “rithout the

Widespread use of "distinctive-shape symbols" in manuals, standard cell libraries, scientific
publications

. in the English-speaking world the American symbols (middle column) were and are common.

The IEC symbols have met with limited international acceptance and are (almost) consistently
ignored in American literature.” https://en.wikipedia.org/wiki/Logic gate (23.10.2015)
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https://en.wikipedia.org/wiki/Logic_gate

UNIVERSITAT Gate Netlist

DRESDEN

« Representation of logic function using gate circuits

inputs
A; A, A; A, Z=A; A3+ Ay A3

Z outputs

« Representation of the logic function depending on the available gate
« - Circuit Synthesis, Mapping
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ﬁﬁ?\'fENn'gﬁﬁ Software: Logic Friday
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Freeware Logic Friday > www.sontrak.com

Representation, simplification and optimization of logic functions
(equation, table, gate netlist)

5 Logic Friday |Z| |§| FX|

File ©Operation Truthtable Equation Gates Wiew Help
12HS|PEEDN EOoBO
Function | Inputs | Qukputs | True | False | DC | FI Gates
FO 4 1 4 1z 0 Unrinimized Mok mapped
z Z 14, 12 0,0 3 [
86| c|o| ==|F|Fz||Entered by truthtable: ~
o1t 1 0 1 F1=A"EBC' D+ 4" BECD':;
o1 o 1 1 Fa = A" B' C' D' + A" B' C' D+ A" B CD' + A' EB' C D:;
oo X = 1
Hinimized: L3
F1 =4A"B C D' + A" B C' D;
Fza = A" B' : w
A} Dc
[31
E|
| D IFZ
[&]
c} Dc [
L Fl
[l 121
[4]
pf
Ready

Source: www.sontrak.com
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UN|VER$|T}D'.T Time Behavior of Combinational Circuits
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« The output value changes when the input values change after a
delay time t, (Delay)

« The ideal delay time is t,=0

« Signal paths in circuits with multiple inputs and outputs may
have different individual delays.

ty
<

|
A A0 X Al X A2 X A3

A
N\
\ \\

7 F(AO) X F(A1) X F(A2) X F(A3)

« Combinational circuits do not include clocked memories
e Z=F(4)
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« Combinational circuits do not include clocked memories

« BUT: They have dynamic electrical systems (RC) with memory
vbD VDD VDD VDD

Cin,p J_ ﬂRp J_ Cout,p

it de i any

Cin,n _|_ _|_ Cout,n —l_ CIoad

VSS VSS VSS VSS

vss
« > Observing signals at defined times when Z = F(4)
« > Application of combinational logic theory without memory.
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Eﬁ‘f\'?e"a'é.‘%%% Sequential Digital Systems
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« Sequential logic circuits include clocked memory
« Memory state S

« Considering the system at times (i,i+1,i+2,...), e.g. realised
by a clocked signal (clock)

Siv1 = G(A; S;)
Z;=F(A4;S;)

-1 i i+1 i+2
CIOCk A A A I
A Ais “\ X\‘ A \ X \ Aisy \\X \ A
) A \)

\

AN
~ - (N ‘\ ~ A\
\ 1 \ \
S Si-1 \‘\‘ SI X \\‘\ S|+1 \\“S|+2
T \ A

Z Z, X\* Z, ><\\i Zing Xﬁ‘ Zisa
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ﬁﬁfyz"n's‘t,‘ﬁﬁ Level-triggered Memory: D-Latch
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« Level-triggered storage element

 Inputs:
- D: Data input —P QI
« C: Clock (alternatively also E: Enable) —:ICL
— C=1 turns the latch transparent
(Memory is written)
« Output:
 Q: Data Output
C D C Q
0 1 0
D
— 1 1 1
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ﬁﬁf&"&?ﬁﬁ Example: Clock Gate
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« Interrupting the clock signal by a control signal EN (enable)EN=0 > —1EN CENfF—
CEN=0 CG
« Reduction of power consumption of temporarily unused circuit parts —P C
Solution A Solution B
EN D Q
CEN
c l—O]C CEN
C
C C
EN
EN ——
/’:I‘\
ceN L L CEN

Sy
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Eﬁf\'?g".q'éﬁ'ﬁ Edge-triggered Memory: Master-Slave FlipFlop
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Master Slave D-FlipFlop

Qu

D D Q D Q— Q D Q

L L — D-FF
C ~l[ {>O ]C []C —Pp C

Master Master

Master

transparent transparent transparent D c
C Q
0 ™~ 10
D
1 ™ 1
v B x [V Je
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ﬁﬁf&"&?ﬁﬁ Asynchrones Set and Reset
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« Additional asynchronous input for defining an initial state independent of
Clock C

« Possible with latches and flipflops
« Only active to one logic level (active-high (1), active low (0))

« Active-high Set S: active when S=1 > Q=1
« Active-low Set SN: active when SN=0 > Q=1
» Active-high Reset R: active when R=1 > Qu=0
» Active-low Reset RN: active when RN=0 > Qu=0
—P Q— D Q— —b Q— —D Qf—
D-FF D-FF D-FF D-FF
—p C p C —p C —p C
S SN R RN
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ﬂﬁf&"&gﬁﬁ Example: D-FlipFlop with asynchronous active-low Reset
DRESDEN

1 1 D-FF
—p C

RN

RN |D C 0

1 0 ™ 0

1 1 ™ 1

1 X N2 RO

0 X X 0
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ﬁﬁf&"&gﬁﬁ Example: Binary Frequency Divider
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D Q D Q DQ—[>O—

D-FF - D-FF ca D-FF cs
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ﬁﬁf&"&?ﬁﬁ Example: Shift Register
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o0 XA X B XX X o0 X T X XXX
x X A X B X c Xbp XEbptx X8 Xc X b XE XF
x X x X A X B Xc Xpb2x X B X ¢c XD X E XF
x X x X x X A X B Xcb3 x X B8 X c XD X E XF
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Finite State Machine (FSM)

Finite-State Machines (FSM) are the basic components of digital

control units

- Mealy Machine
Sit1 = G(A;,S;)
- Z;=F(A,S;)

« Moore Machine
Siv1=G(A,S;)
 Z;=F(S;)

23.10.2019

FSMs are sequential digital systems

Si+1

State-
transition
function

Output
function

Si+1

State-
transition
function

© Sebastian Hoppner 2015

Output
function
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ﬁﬁf&"a'gﬁﬁ State-transition Diagram
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Representation of states and their
transitions

Unique label for each state
Marking of the Reset state

(S1,50)

1
1
J

Zz=1
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« Assignment of a unique binary word for each state
« With m states > N state bits with 2N>m
« Coding of the 2N-m unused states as well!

« State coding affects:
« Power consumption

— = Reduction of signal changes in the state word for the most
frequently expected routes through the state graph

« Complexity of state transition logic and output logic
« Example:

« Binary-Code - 6 Toggles in S per flow

« Gray-Code > 4 Toggles in S per flow

00 01 10 11
S A ]—»[ S B ]—»[ S C ]—»[ S D
00 01 11 10
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UNIVERSITAT State-transition Coding
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A,—| FSM |—2z,
(S1,50)

S_IDLE (00)

Z,=0
Z,=0

S_CALC (01) ]

Z,=0 A2=1 — Z;=1
S _COMP (11)

21 - 2-Bit state variable
=
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State-transition and Output Tables

SI S0, 1 A, A Sq,i+1 S0,1+1 St S0, 4 29,5 2y,
0 0 X 0 0 0 0 0 0 0
0 0 X 1 0 1 0 1 0 1
0 1 X X 1 1 1 0 0 0
1 0 X X 0 0 1 1 1 0
1 1 0 X 0 1
1 1 1 X 0 0

23.10.2019 © Sebastian Hoppner 2015 Folie Nr. 32




TECHNISCHE
@ UNIVERSITAT
DRESDEN

Simplification of Logic and Gate Netlist

S1,i+1 SISO 57150 'STl 0 Sl 0 SO,i+1 5150 'STl'SO 'STl'STO Sl 0
A A, 0 1 0 0 A A, 0 141 0
A4, 0 1 0 0 A A, 0 1 0
A, 4, 0 1 0 0 A4, 1 1 0
A4, 0 1 0 0 AR, 1 1 0

\é
S1i+1 = 5150 Soi+1 = Sodz + 8150 + S144
Sl So A2 Al
? ‘ Z
P .
4 ™ / ZZ"
¢ I >XO—e | 1,i
) Sl i+1
[ /]
. J
4 \\
—
)\ j , , 0,i+1
. J
4 \
| N
t I >o— )
\_ J
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Alternative State-transition Coding

,don't care"

A]. — > FSM _>Zl
/,——{S_IDLE (00) Al=1 . .
/// A2 ( ]_I 0) ZZ
K /\
pmmmm = - ) Z,=1
S_UNUSED (11) - S_CALC(01) ] Z,=0
R 7/
\Z,=X
\ZZ\:X
=M s_co o]
_COMP (10) Z,=1
S1, SO,i AZ A1 S1,i+1 S0,i+1
Sl, SO,i ZZ,i Zl,i
0 0 X 0 0 0
0 0 X 1 0 1 0 0 0 0
0 1 X X ] 0 0 1 0 1
1 0 0 X 0 1 1 0 1 0
1 0 1 X 0 0 1 1 bt =
1 1 X X X X
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Eﬁ‘f\'?g".q'éﬁ'ﬁ Alternative Simplification of Logic and Gate Netlist
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S1.i+1 SISO 57150 *STl_O 51_0 SO,i+1 5150 '57150 I'STl'STO I SlsTO
A4, | (% 1) 0 0 AA, X 0 Ll 0
A4, X 1 0 0 AA, X 0 0 0
A4, X 1 0 0 A4, X3 0 0 -
A A, \ X 1 0 0 A A, x| 0 c b

Li+1 = =0 So,i+1 = S142 + 515041
Sl So A2 Al
ZZ i

N
X
N

¢ S0,i+1
\_ Y,
4 N\
* )
t I pom iV
. )
23.10.2019
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UNIVERSITAT Summary: FSM Design
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1. Set up state-transition diagram

2. Determine the number of state bits and state
coding

. State-transition table and output table

. Simplification of logic (Karnaugh, equation)

5. Create a gate netlist

W
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Arithmetic - Number Formats
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Binary Numbers

Representation of unsigned integers as n-bit vector

b e (0;1)

Decimal value:

Value range:

n—1
D = 2 b; - 2!
=0

0<D<2"-1

bn—l

)

»,most significant bit" (MSB)

23.10.2019
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e

,least significant bit" (LSB)
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Representations

Decmal |Binary | Hewadecimal

O 00 N o u B W N =, O

e e N e e
tu A W N B O

23.10.2019

0b0000
0b0001
0b0010
0b0011
0b0100
0b0101
0b0110
0b0111
0b1000
0b1001
0b1010
Ob1011
0b1100
0b1101
Ob1110
Ob1111

© Sebastian Hoppner 2015

0x0
0x1
0x2
0x3
0x4
0x5
0x6
0x7
0x8
0x9
OxA
0xB
0xC
0xD
OxE
OxF
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Eﬁ?&"&é.‘%ﬁ% Addition of Binary Numbers
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« 1-bit Addition a+b a |b |Sum Carry
0 [0 |0 0
0 |1 |1 0
1 |0 |1 0
1 |1 |0 1
« Example Addition:
0 1 1 5
+ 1 1 (13)
Carry 1 1 0
Sum 0 0 1 0 (2)

« Addition of n-bit numbers - n+1 bit output
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ﬁﬁf&"n'gﬁﬁ Multiplication of Binary Numbers
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1-bit Multiplication a-b

—_—l—_ ol o
el =l =l =1 e

el Bl el el )

Example: O0b1001 - 0b0101 (9:5)

1 0 O 1
1 0 0 1 1
+ 0 O 0 O 0
+ 1 0 O 1 1
+ 0 0 0 O 0
Product 0 0 1 0 1 1 0 1 (45)

« Multiplication of n-bit numbers - 2n-bit output
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() unversiiar Signed Binary Numbers
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Representation of signed integer numbers as n-bit vector
b e (0;1)
2's complement representation
Decimal value:
- positive number: when b,.;=0: D =Y b, - 2

- negative number: when b, ;=1: D=-1-Qk b, - 2" +1)

Value range: 2ri<p<2ntl—1
7~ N\ 7~ N\
SR \
\bn—l ) I:)n bl ( bO ),
N
»Sign bit" ,least significant bit" (LSB)
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Decimal value Binary Signed
(2‘s complement)
0 0b0000
1 0b0001
2 0b0010
3 0b0011
4 0b0100
5 0b0101
6 0b0110
7 0b0111
-8 0b1000
-7 0b1001
-6 0b1010
-5 0b1011
-4 0b1100
-3 0b1101
-2 0Ob1110
-1 Ob1111
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Eﬁ‘f\',*E"R'é.‘%%% Signed Binary Numbers
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 calculation of —1-4
1. Inversion of all bits of A
2. Addition of +1

« Example:
¢ -1:3 =-1-(0b0011)-> 0b1100+0b0001=0b1101 =-3
e -1:(-3) =-1-(0b1101)-> 0b0010+0b0001=0b0011 =3
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Addition/Subtraction of Signhed Numbers

Example 1:

Example 2:

Example 3:

Example 4:

23.10.2019

Carry

Sum

Carry

Sum

Carry

Sum

Carry

Sum

0

© Sebastian Hoppner 2015

1

Error

Addition of pos.
numbers must
give pos. result!

Error

Addition of neg.
numbers must
give neg. result!
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(D s Carry and Overflow
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« Carry: Carry out the highest binary digit (MSB) in the unsigned range
« Overflow: Detection of the signed range overflows

Sign(A) Sign(B) Sign(A+B) Overflow
0 0 0 0
s 1 I
0 1 0 0
0 1 1 0
1 0 0 0
1 0 1 0
g |1 0 I
1 1 1 0

Unsigned representation | Signed represnetation

Carry Bit Error not relevant

Overflow Bit not relevant Error
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ﬁﬁf&"&?ﬁﬁ Addition/Subtraction of Signed Numbers
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« Addition and Subtraction can be done with the same circuit

an-l bn-l an—2 bn_2 aO bo
l { I IR ! sub
XOR XOR |  wreeeereee- XOR sub=0: (+)
g I sub=1: (-)
v \ 4 Y \ 4 v

A

carry_in

A\ 4 \ 4

Overflow
Detection

! !

of C Sh-1 Sh-2 So

A
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UNIVERSITAT Fixed-Point Representation
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Representation of numbers with decimal point and decimal places as n-bit
vector

k decimal und n-k
Values of LBS: 27k

n-—1
. _ i~k
Decimal value: D = z b; - 2}
i=0

Value range: 0<D < (2"—1)-27%

)
bn-l ) bn-k bk-1 bl \bo )
. N—
»,most significant bit" (MSB) »,Point" Jleast significant bit" (LSB)

Representation of signed fixed-point numbers analogous to
integers (scaling with 27%)
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ﬁﬁf&"a'gﬁﬁ Fixed-Point Addition and Subtraction
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 Addition/Subtraction of n-bit Fixed-Point numbers:
« A=a-2% B=b:2¥> AxB=(axb) :2°¥
 (n+1)-bit output

« Example 1:

_ 0 1 |1 0 (1.50)

« n=4, k=2, 2k=0.25, unsigned . 1 0 |0 1 (2.25)
Carry 0 0 0 0

Sum 1 1 |1 1 (3.75)

« Example 2: 0 1 |1 0 (1.50)

« n=4, k=2, 2°k=0.25, signed * I 0 J1 1 (=1.25)
Carry 1 1 1 0

Sum 0 0 |0 1 (0.25)
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ﬁﬁfyz"égﬁﬁ Fixed-Point Multiplication
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« Multiplication of n-bit Fixed-Point numbers:
« A=a:2% B=b:2k> A:-B=(a-b) 22k
« - Doubling the number of decimal places
« 2n-Bit output with 2-2k LSB accuracy

« Example:
- n=4, k=2, 2k=0.25, unsigned
— 0b1001 - 0b0101 (2.25 - 1.25)

10 0 1 1
" o 0 0 0 0
¥ 10 0 1
" 0O 0 0 0

Product _ 1 10 1
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« Multiplication of n-bit values - 2n-bit output
« For n-Bit data buses, scaling is necessary c=Scale(b)

bZn 1 b2n- bZk—l bl bO
2k
Overflow! Coa Cok | G ! G Omitted LSBs!

« In SSE lab excercise:

SCALER64_to_32: Determination of overflows (signed, unsigned)
Indication of the number k LSBs

Use only when overflow signals are needed

Otherwise: direct wiring of the bus signals

23.10.2019 © Sebastian Hoppner 2015 Folie Nr. 53




UNIVERSITAT Fixed-Point Division
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« Division of n-bit Fixed-Point humbers:
« A=a:2% B=b-2k> A/B=(a/b) -2 k*k=a/b
* For n-bit operands:
* n-bit integer result + n-bit Remainder (Modulo)

— Example: O0b1101 / Ob0011 (13/3) = 0b0100 Remainder:
0Ob0001

— SSE lab : DIV_FIXED32_signed and
DIV_FIXED32_ unsigned

« n-bit integer result + infinitely many decimal places

_ Example: 0b1101 / 0b0011 (13/3) =0b0100,010101...
(4,33333...)

— In SSE lab : DIV_FIXEDG64_signed (32 predecimal, and
decimal, limited accuracy!)
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ﬁﬁf&"&?ﬁﬁ Floating Point Representation

DRESDEN

Problems with Fixed-Point representation:
« Limited value range
« Fixed-Point: Compromise between value range and accuracy

Number representation in the form: X=85S-M-2
- Basis: 2

« S:sign - 1-Bit

« M: mantissa - unsigned fixed-point

: Exponent (variable) - signed integer
Very high precision with small numbers

Very large value range for large numbers (with lower precision)
Floating point representations are approximations!

23.10.2019 © Sebastian Hoppner 2015 Folie Nr. 55



ﬁﬁf&"n'gﬁﬁ Floating Point Example

DRESDEN

Example: Number 5 in floating point form

« 5=+41:1.25-2¢

« S=0

« M=0b1,01_0000_0000_0000_0000_0000
« E=0b00000010

But also: 5= +1:0.625:2%, 5= +1:0.3125-2%, 5= +1:0.15625-2>, ...
The floating-point representations are not uniquely determined

- Normalization of the value range of Mantissa
e.g. 1=M<?2
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The exponent of a floating point number is signed
Hardware required for signed operations

Storing the exponent as E'=E+B as an unsigned number
« B: Bias
« Example: 8-bit Exponent: B=127

Enables use of unsigned arithmetic components for floating point
units
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EE‘?&"AS&%% IEEE 754 Floating Point Standard
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« Defines floating point number formats and
their representation in bits.

$IEEE

IEEE Standard for Floating-Point
Arithmetic

Sign Mantissa

_m Mantissa (Bit) | Exponent (Bit) W Accuracy (Decimal)

Single (float) 32 10738 bis 1038

Double 64 52 11 1023 107398 bis 10308 =16
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ﬁﬁf&"n'gﬁﬁ Floating Point Adder Block Diagram
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Exponent A Exponent B _

—
‘ sign Y
= 2 > swap
add/sub — ¥
> shift
._, . . max(E,, Eg)
>1en - add/sub
-—> computation |
e sion T
i ! ! ;
i < detect carry, < hift | ft/ ol i
i Inc/Dec count leading 0’s shi € rg |
i s |

normalization Rounding logic

\ 4 \ 4

- Exponent
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ﬁﬁf&"n'gﬁﬁ Floating Point Multiplier Block Diagram
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Exponent A _ Exponent B

X

Overflow and i
Rounding Logic i

normalization

\ :. Exponent
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« Number formats fixed-point (singed, unsigned) and floating point
« Higher accuracy requires more effort regarding:

« Higher storage requirements

« Larger chip area for arithmetic

« Longer logic runtimes - Frequently implementing complex
arithmetic blocks in several clock cycles (pipelining)

« Higher energy expenditure of the calculation

« Choice of number format is critical to the efficiency of hardware
implementation
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Arithmetic - Circuits
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UNIVERSITAT Half Adder (HA)
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« Addition of 2-bit —I{A s |—
« Inputs A, B HA
« Output S (Sum), CO (Carry) —B co—
A B 5 CO
0 0 0 0
B —p—) 0 1 1 0
A S 1 0 1 0
L 1 1 0 1

D
S=ADB

CO=A-B
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(D) Iissess Full Adder (FA)

DRESDEN
- Addition of 2 bit and Carry 1 1
« Inputs A, B, CI (Carry In) A B
« Outputs S (Sum), CO (Carry) ——CO FA CI |e—
S
A B CI S CO
0 0 0 0 0
V ’ : : ! S =ADB®CI
0 1 0 1 0
0 1 1 0 1 CO=A-B+CI-(ADB)
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1
1 1 1 1 1
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(D) S Full Adder Gate Circuit
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S = A®BOCI
CO=A-B+CI-(A®B)

—

CcO

Carry path CI > CO: 2 gate stages
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) R Ripple Carry Adder
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« Concatenation of full adders to add n-bit numbers
« If no CI is needed, first stage can be replaced with HA

An-1 b4 a, b, a; by dy by
A B A B A B A B
C, —] FA Clf—o ——CO FA CI e——cO FA CI f«—cCO FA CI — C,
B B T LT T T T T T Bl L e L LT T T R B L
S S S S
Sn-1 S, Sy So
Critical path: CI - CO: 2*n gate stages
« Example:

« 32-Bit Adder > 64 gate delays
« 28nm: t ,.=50ps > T=3,2ns > f,,=310MHz
« State of the art: 32-bit processors at> 2GHz > How does it work?
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ﬁﬁf&"&?ﬁﬁ Carry Generate and Propagate
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« Carry paths are time critical!
« > Reduction of the logic levels in the carry path
 Introduce new values:

 P: Propagate: Passing on the carry

 G: Generate: Generating the carry

CO=G+CI-P

A B CI S co |pP G S =ADBOCI
0 0 1 1 0 0 0
0 1 0 1 0 1 0 P=A®B
0 1 1 0 1 1 0
G=A-B
1 0 0 1 0 1 0
1 0 1 0 1 1 0
S =P®CI
1 1 0 0 1 0 1
1 1 1 1 1 0 1
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UNIVERSITAT Carry Look Ahead
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« Prediction of carry bits > Carry Look Ahead
« Example n=4;
« C=Gy+C,P,
« C,=G;+C;P;=G;+G,P;+C,P,P,
« C5=G,+C,P,=G,+G;P,+G,P,P,+C,P,P,P>
¢ C,=G5+C5P5;=G5+G,P5;+G,P,P;+G,P,P,P5;+C,P,P;P,P;

Requires only 5 logic stages!
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ﬁﬁfys"ua'gﬁ'ﬁ Carry Look Ahead Adder
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a3 b3 a2 b2 al bl ao bO
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ﬁﬁ?&'}'{?ﬁ'ﬁ Carry Look Ahead Logic: ,Kogge Stone Adder®
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as; by a, b, a; by ay by Co
— —— T ) — T ) E— CLA Logic
QJ P3 9, P2 g1 Py kﬁlﬂ Adder Logic
) ) :
Js - p;.;j 921 Jo,in

w
GG m P3,0 92,in

PG E‘j
S3 SZ Sll SI

0
LJCU.LULB © Sebastian Hoppner 2015 Folie Nr. 70
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ﬁﬁfyz"ua'gﬁ'ﬁ Group Propagate and Group Generate
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« Pre-calculation of Generate and Propagate for an n-bit group

a3 b3 Ch) b2 dq b1 ao bO

« Group Propagate: PG=P5;P,P,P, - 2+1 gate stages
 Group Generate: GG=G5;+G,P5;+G;P;P,+G,P5P,P, - 4+1 gate stages
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. | 4-Bit cLA Adder
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ﬁﬁf&"n'gﬁﬁ Partitioning of Fast Adders
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as  b; a b, ar
[ ! [ ! |
cr c
[ [

—] nru—y

bo
[
cr
T

WW din

TD 4-Bit CLA Adder

H N Ais.15 By, Ai:s Byjg  Aza By Aszo Bsyg
ey | N2 3 T AT | 16-Bit CLA Adder
'SW 'SW 'SW 5,
P393 Ci2 P292 Cg P19: C4 Po 9o
+— Ci6 16-bit carry look ahead (CLA)
I 64-Bit CLA Adder
Ac3:48 Bgs.ag A47l:32 I?147:32 A31:116 B:la1:16 A15i0 5115:0
Cl le Cl le Cl le CI <—Q—CO
PG GG S PG GG S PG GG S PG GG S
S63:48 S47:32 S31:16 Sis.0
P4gJ4s Css P32932 C32 P16916 Cie Po90 |
+«— Cg4 64-bit carry look ahead (CLA)
GG PG
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Partitioning of Fast Adders

2 a by 3 by
1

edld

> b,

Sz
P29 C P191%G €1 PoGo
carry look ahead (CLA) \

as by

S3
P393 C3
Ca

4-Bit CLA Adder

Ny

Carry Path (G)
4 gate stages

LI 16-Bit CLA Adder

C1 CI
G S PG GG S
SlS:lZ Sl

I
1:8 S

P393 Ci2 P292

16-bit carry look ahead (CLA) \ﬁ

a a Co
PG GG S PG GG S
7:4 S0
Cg P191 & Ci Po9o

< | Carry Path (G) 4 gate stages

L

64-Bit CLA Adder

N

\%31:48 Be3:as

As7:32 Bazzp  Astite Bspgg Atsio Bisyo

I I cI ] Co
PG GG S PG GG S PG GG S PG GG S
| I I |
Se3:48 S47:32 S3i1:16 Sis:0
PagJag Csg P32932 C32 P1dd1s Ci6 Po o
+— Cgas 64-bit carry look ahead (CLA) \\
GG PG

04.11.2015

o

Carry Path (G) 4 gate stages

« > 1+3:4+2=15 gate stages for C64
« 64-Bit Ripple Carry Adder would have =128 gate stages

23.10.2019
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ﬁﬁf&"n'gﬁﬁ _Manchester Chain® Full Adder
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« Fast carry forwarding through multiplexer
« Homogeneous hardware implementation of adder chains

S = PDBCI

CO=G+CI-P

Carry PathCI> CO: 1
Multiplexer

S
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35?55"&?3% Example: Carry Chain in FPGA Logic Blocks

DRESDEN

Fast carry paths in Field-

Programmable Gate Arrays (FPGAS) V]
Implementing fast adders and T
subtractors with configurable word o e Do )

82 1 o FF/LAT
el l i X SINTH gl-—pa
] — 0 SeRl
—ce g

WEN MC31 [—— o OEEH GE R0
EI=t = Dl 4 o
\:P CK sm |
t—1 w
o e =i o
o D T -
5
= + S ) oo
oo — [T
WEN MC31 |—— — oSAHI —) oSALO
—_D— D gsAo MK ar
couT = <o
—{CK SR ~
- T
[] Bx [ T L ] > BMUX
DIz ]
o O e ?D,i,, P .
o - B QFFALA
. : % L S oo
ol (S
DX = 1 ] . ﬁ [ T
: "o Dy sse =
DIE |- 72& ainmo @
L — sa
D64 4| AB:Af AT D o l N
X >
+— WE-WH _— D _,J > AMUX
AB:A > AB:Al 11 ? ‘?
L wewi =
06 . . ] [ e
o> an
05 o ol l':‘ —] e
WEN MC31 — —) I P oSALO
M D—I SR
oK O e ot :Dj K
EE: = by
CLK =
WEN MC31 _l =
wen (1
WE N

Figure 2-3: Diagram of SLICEM

Source: Xilinx 7 Series FPGAs Configurable Logic Block, User GuideUG474 (v1.7) November 17, 2014
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- Weighted addition of partial products a;-b,

A3 A2 Al A0
A3B0 A2B0 [ A1BO | 20BO B0
+ A3B1 | A2BI AlB1 | AOBI Bl
+ A3B2 | A2B2 | AlB2 A(QB2 B2
+ A3B3 | A2B3 | A1B3 | AOB3 B3
| [z fee Jes fee [ e et e [
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ﬁﬁf&"ﬁgﬁﬁ Multiplier Topologies
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- Addition of partial products a;-b; by ripple carry chains
Si
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Wallace Tree Multiplier

« Addition of the weighted partial A: AZB /23\\ g‘m) 50
products in a tree structure Reduction of : R\ [ ] feos) = [ et
the logic levels especially for large adders IS 5
(complexity O (log n)) (S TATILT 3

P7 P6 P5 P4 P3 P2 P1 PO
26 | 2> | 24 | 23 | 22 : 21 : 20
|
asb; : a,b; a3b2: a;bs a,b, asb; 1 b3 a;b, a,b; asb, | apb, a;by ayby ! ajby agh; | agbg
| | | I I
| CoN\ oy / i | :
| —1 HA — HA . HA | i
I | | I
1 |
NN [ D ; i ;
| | < : ) I I
| ova [ VA | [ VA I* : ! :
| | | : | |
\ 4 \ A A 4 \ AL A\ 4 \ 4 \ 4 \ 1 A 4 \ 4 ! A 4 A 4
bsas b, a, b; a; b, a, b, a; by ag
CLA adder
P, Pe Ps Py P; P, P, Py
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55?35"43%%5 Summary of Arithmetic Circuits

DRESDEN

Presentation of circuits for binary addition and multiplication
Strategies for optimizing hardware implementation regarding gate
delays

In the practical implementation further boundary conditions are to
be considered, such as e.qg. chip area, power consumption
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Data Paths
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ﬁﬁf&"a'gﬁﬁ Partitioning of Digital Systems
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/O Memory

N/

Control signals w

&
D

Control Unit Flags Data Path
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UNIVERSITAT Arithmetic Building Blocks

DRESDEN

« Arithmetic Logic Unit (ALU) process numerical and

logic data OPA OPB
« Operands (OPA, OPB, ...)

« Mode (M): Choice of operation, e.q.

— ADD, SUB, MUL, DIV, SHIFT, AND, OR, ...) M F
« Result (RES)

« Status Flags (F): Additional information about the

operation, e.qg. RES
— CARRY, OVERFLOW, SIGN, ZERO

 ALU data path building blocks can be combinational
or sequential

« In SSE Lab, dedicated building blocks are available
for the arithmetic operations
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« Ordering n-bit flip-flops for data storage

- Reset-value of register, set at implementation time by selecting the
flip-flop type (Set, Reset)

D Qr— Qn-l
D-FF _ QR=0b0...10

) C

RN

j)- D[n-1:0] — — Q[n-1:0]

' C A A A
D1 D Qr— Q]_
D-FF RN

T s D x X di X d2 X d3
c—p Q@ oar X d1 X d2
D QfF— Qp cl)

D-FF

¢ ) C RN Very fast access (1 clock), very

? short delay CLK 1 =>Q

C RN 23.10.2019 © Sebastian Hoppner 2015 Folie Nr. 85
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Register with Enable 1

Conditional writing to flip-flop when E = 1

Qi+1=D;, when E=1
Qi+1=Q;, otherwise

Implementation using Multiplexer

 Permenant data writing
« Selection of data

C A A a A
0 ‘ RN
Q
D — 1 E _
: D x X d1 X d2 X d3
R dl
c _> Q Q X
(|3 - Low circuit complexity
RN  Hardly any increase in power consumption
with high write activity
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Eﬁ?\'ﬂe"r!éﬁ'ﬁ Register with Enable 2

DRESDEN

« Implementation using Clock Gate
« Selective clocking for the register

b ——Q gt S W [ S
RN |
E —
CG > CG £
(I) D x X di X d2 X d3
RN
Q QR X d1

« Higher circuit complexity (area)
« Higher power consumption with high write activity
« Lower power consumption with low write activity
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ﬁﬁfye"ua'gﬁ'ﬁ Power Loss Reduction through Clock-Gating
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Power consumption

A

tin
Register without Clock Ga g

Power

consumption of C | Register

clock gates > wri ivi
0% 100% write activity

« - Clock Gating application depends on the operation scenario
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DRESDEN
Addressable memory
Port
Memory Array
- Data word length: ng
- Addresses: n,
_ Memory Array
Access via ports
« Write: MEM( )=Dqy
« Read: Q=MEM( ) RE —
Criteria: WE — -
« Storage density [Bit/pm?2] "‘ |“
* Access time (number of clock CLK—
cycles, delay CLK->Q) %
 Power consumption Data
 Non-volatile memory (yes/no)
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Types of on-Chip Memory

sizes

Latch

FlipFlop

SRAM

(embedded)
DRAM

(embedded)
Flash
ROM

OTP

No

No

No

Yes

Yes

Yes

<0.4

<7 (Cell)
<5 (Macro)

<30

<30

<15

<10

Values estimated for 28nm technology node

23.10.2019

some 10ps

some 10ps

some 100ps

some 100ps

some ns

some 100ps

some 100ps

some Bits

some Bits

some kBit to
MBit

some kByte to
Mbyte

some kByte to
Mbyte

some kBit to
MBit

some kBit to
MBit

© Sebastian Hoppner 2015

Control circuit needed bec. level
sensitive!

Complex control circuit
(SRAM Macro)

Dynamic memory, refresh
needed. Possibly extra process
options (costs!)

Extra process options (costs!)

»,Mask programming” during
implementation

,one-time programming”“ when
testing the chip
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« Example: Port
« Synchronous SRAM Port
1 clock access time Speicher Array
« Write-Through Function
RE —
i ite through  idle e
Write read write throug kb LHA
N7
CLK Daten

ADDR A0 X Al X \\AZ X A3
DIN X o1 X\ X D3
\

WE

X
RE Read time CLK=>Q
Q X MEM(A2) X D3

X MEM(A1)=D1 X MEM(A3)=D3
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* Single Port (SP)
— Access from one
Write/Read Port

Memory
Array

* Dual Port (DP)

— Access from 2 independent
Write/Read Ports

— Synchronous and
asynchronous variants
possible

— Arbitration / prioritization of
Write accesses to the same
addresses necessary

- Two-Port (TP) Port B (R)
— Access from one Write Port
and one seperated Memory
Array
Port A (W)
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Register Files

Arrays of registers with multiple write and read ports

Addressable access
Typically synchronous (same clock for all ports)
Faster access (1 Clk), short delay CLK 1 =>Q

ADDR,—
DIN,——
REK_
WEK_

ADDR,—
DIN,—
REO_
WEO_

CLK—

— Qx

— Qg

23.10.2019
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N
Speicher
Array
Application in systems with

multiple cores
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Eﬁf&"&éﬁﬁ Example: Register File for SDR Processor

DRESDEN

« Register File for Infineon X-GOLD SDR™ 20 Processor '
« Developed by the HPSN chair (2008/2009)

« 16-words of 34 bits each, 4-Write Ports, 6 Read Ports
* Cell-Based Design > Optimization at Transistor level

|k | [

Write Data [ Data in 2 e 16T Source: infineon.com
RN - D " D "
WE MUX |2 " :
LK ~ |Data In| = Storage | -
b2 Latch . Latch |-
W T DS o
o ACLEG | EN S s —{EN F e e e e e e e e
N . » WE[a][1]
Write Address 1] |" | CLKG |= ' . WEb][1]
— D 4> EN L . :
Addresg . 16x2 see |[Fig. 3 : " WE[C] [1] —
A :  WE[d][T] .
~ | Latch v
> E]}CLKG ISIN — - ADEC : —
CLK _:“ ~ Write .
2){4 [ ]
D Read Read . CLK
Loos : .
WE B : WEa)[0]
* WE[b][0]
Eiatch ADEC E WE[]
Read Address S Read . WE[d][0] EN
Read Enable - '—'—
CX - used CBD cell Oy s [ . BNN -
transparent for CLK=0 | | transparent for CLK:1| | combinational A T —— 1:.{[.)]}?15.‘ .IZ - .'1.'1.7.‘»

Johannes Uhlig, Sebastian Hoppner, Georg Ellguth, and René Schiiffny, A Low-Power Cell-Based-Design Multi-Port Register
File in 65nm CMOS Technology, IEEE International Symposium on Circuits and Systems ISCAS 2010, 2010, p. 313-316,
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ﬁﬁf&"n'gﬁﬁ Example: Register File for SDR Processor
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« Implementation in 65nm CMOS Technology
« =0,026mm?2 chip area (0,02Bit/pm?2)
« 300MHz clock frequency

« Increased efficiency compared to synthesis and
place & route implementation:

* 449 of saved area and
« 30% of power consumption reduced

3x2x4 addr | latches E ==

Johannes Uhlig, Sebastian Hoppner, Georg Ellguth, and René Schiffny, A Low-Power Cell-Based-Design Multi-Port Register
File in 65nm CMOS Technology, IEEE International Symposium on Circuits and Systems ISCAS 2010, 2010, p. 313-316,
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« The interconnects of data path blocks should be flexible and
reconfigurable

 Bus systems serve the networking (connection) of data path
elements

« 3 approaches will be presented:
» Tri-state Bus
« Multiplexer Bus

« Complex bus systems and Network-on-Chip
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Tri-State Driver

Gate outputs generate 2 logic levels (0,1)

VDD

GND

VDD
T

GND

Connecting several gate outputs is only possible if they drive the same

level

VDD

GND

5)

VDD

VDD

hl

GND

VDD VDD
T I
0
GND GND

23.10.2019
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(D) Iissess Tri-State Driver
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« Introducing a third initial state (Tri-State) Z
« Output driver is switched to high impedance, by separate control signal (OE)

VDD VDD VDD
T T

1 0 ‘ Z
14 e
GND GND GND

« Connecting several gate outputs in tri-state is possible.
« Only one driver may be active!

VDD VDD VDD VDD

Tz Tz Tz 1
Enienin s

GND GND GND GND

Tri-state Bus
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(D) S Tri-State Buffer
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« Buffer with Tri-state output driver

OE OF A V4
0 X yA
A — Z
1 0 0
1 1 1

OE

A A0 X Al X A X a3
Z AO X Al > @( A3

« Combinational ﬁates and sequential building blocks (e.g., registers) may
be supplied with tri-state outputs.
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35?55"43%% Data Paths with Tri-State Buses
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BUS A

/\1— OE_1_A /\1— OE_n_A

Block1 | reereeesessesees Block n

OE 1 B ——V /\ OE n B ——v /\

A A

| | | |

BUS B

« Several building blocks can be connected to one tri-state bus
« Only one driver may be active per tri-state bus > Control unit!
« Several buses possible for parallel data transfer between building blocks
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Disadvantage of Tri-State Buses

—

—

Source

Source/

Sink
Tri-Stat

N

Insert distributed
buffers to reduce signal
propagation delay

Sink
1

Using distributed
uffers is not
possible!

>L,/Source/
Sink

Tri-State

In current designs with automated Place & Route (P&R), tri-state

Source -1~ "Long" wire with
parasitic
capacitances
Hl——_z Sink
1
1 "Lone" wire with
Source/ T ong" wire wit
Sink parasitic
Tri-State capacitances
Hl— Source/
T Sink
_L_| Tri-State
signals are avoided!
23.10.2019
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Eﬁ‘f\'?E"R'SFT%% Multiplexer Buses

DRESDEN

« Selecting the data sources for bus using multiplexer
« Selecting bus for the input of data path element using multiplexer
« Multiplexer Select signals are set using control unit

BUS A

e ~

\ 4
\ 4

[
>

Block N

d

r—----

BUS B
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UNIVERSITAT Multiplexer Bus

DRESDEN

 Advantage: No Tri-State driver

« Number of multiplexer inputs depends on necessary data
connections

« Goal: Minimization of the necessary multiplexer inputs
« Possibility of hierarchical implementation of multiplexers
« Bus Multiplexer: Selecting data source for the bus

« Input Multiplexer: Selecting data source for the input of data
path element
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ﬁﬁf&"&gﬁﬁ Example: Bus Implementation

DRESDEN

- Example: C=(A+B)+A/2 OPA OPB

M

LOAD A IN=> REGA

LOADB  IN-> REGB 1
SHIFT RIGHT

COMP1  REGA - ALU(OPA) 2 RES

REGB = ALU(OPB)

REGA = SHIFT
COMP2  ALU(RES)=> ALU(OPA) 2 REGA

SHIFT-> ALU(OPB)
STORE ALU(RES) = OUT 1

REGB

« > 2 Data buses needed (BUS A, BUS B)
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Eﬁ‘f\'?g".q'éﬁﬁ Example: Bus Implementation (Tri-State Bus)

DRESDEN

o
C
5

BUS A

IN ‘ A |
E 4 —
© 5
< [a) =~
3 Q 3 W o
o E < (a4 -
E A })

@)

BUS B
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ﬁﬁ?&"ﬁéﬁﬁ Example: Bus Implementation Multiplexer Bus Variant 1

DRESDEN

IN >
” ! ! ? | ‘ >—OouT
E b4 —
© 5
< [aa) =
L © o v o
o o < o [
& ; 5
@)
BUS B
Vo
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ﬁﬁ‘f\',*E"F:éﬁtﬁ Example: Bus Implementation Multiplexer Bus Variant 2
DRESDEN

« Reduction of Multiplexer

~—~[>— ouT

IN I
v ¥_/
<E,;
— (a
L:E @)
< J = m
e 1= | @ b
o E o a4
- o0
9 O i
@)
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Eﬁ‘f\'?E"R'Sﬁﬁ Complex Bus Systems

DRESDEN

The previous bus systems require application-specific control by a control unit

gr}?y almre not standardized > Integrating prefabricated building blocks (IP) is
ifficult.

Complex digital systems require flexible, standardized bus systems
Basic concept:
« Standardized bus interface (Data, , Control and Status signals)
« Addressing Bus users (ID)
« Access via ports (similar to Memory)
« Internal bus control logic is responsible for data transfer and monitoring the

access
Bus
—— ‘ ‘ C:(>| {——> Data
Module A [i——) ~ 7 K——>| Module C ¢—— Address
— —
, {&— Control/Status
—— —
Module B [\——| % + b—| Module D
: : (———
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ﬁﬁf&"n'gﬁﬁ Complex Bus Systems- Crossbar Buses

DRESDEN

,Circuit Switched Network™ = Multiplexer Bus

Master and Slave components with standardized bus interface

Arbitration and Prioritization of access by Bus Controller

Synchronous (CLK)

Sequential access (Address cycle, Data cycle, Wait cycles when Bus ,busy", Burst)
Examples: ARM AHB, WishBone, ...

Bus Control: Arbiter, Decoder
A A * 1 | | ? A L N BN
«--f--2' | 1o I >
ADDR I
Master A L M‘X: Ly Slave A
< 1 I :ﬁ 1 | | |
L > R L I
: : :) I I : L d-}F - 5
| I .
I 1 | O »
Master B i Jd—2- ! N ° o SlaveB
< ' | g , | !
} > . I
|
|
] ' : :
:Data Write Mux I
——TrF—___ _ U I A )
Master N [£ H/~ 7
« ° K: | Slave N
> Data Read Mux
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ﬁﬁf&"n'%'ﬁ? Example - Crossbar Buses

DRESDEN

« Advantages:
« Standardized bus interface
« Low latency (few clock cycles)
« Easy to implement (synchronous
design)
« Disadvantages: ‘
« Local synchronous clocking for "global }: &
wiring" on the chip
« Higher costs regarding chip area and
power consumption

« can limit the maximum clock FECEEE S
frequency :

« Example: Music 2 SIMD Cluster

Infineon/IMC MuSiC2 SIMD
Cluster (conv. interconnect)
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0 S Network on-Chip (NoC)

DRESDEN

,Packet Switched Network™ - Routing of
Packets through the network (Router) - Address -
Flexible topologies possible

Standardized package format and components

interface

High performance (data throughput, latency)
in complex systems through parallelism

Global asynchronous realization possible,
individual cycles of the individual components

|
1
1
Module A [« L» Router [+— Router <« Module C
|
: ) A :
: NoC |
| v \ 4 I
1
Module B ¢ — Router [+~—— Router ¢ —| Module D
|
Lo - i
Module E
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ﬁﬁfyz"n's‘t,‘ﬁﬁ Example: Tomahawk 2 NoC

DRESDEN

« Tomahawk?2: Software-Defined Radio baseband processor, developed by TUD-MNS and
TUD-HPSN

* Connecting system components in a NoC
« Point-to-point connections with fast serial links > compact layout

PE PE PE APP GPIO
y y " |
(&) i s
PE [+ R2 |« » R3 |« —-‘5"
$ ‘ E
CM = (o
(@] ! i
1 g
v v é i
Qle——» RO |« » R1 [« PE ol e
3 i a 3t
g v 8
»| | FEC SD PE PE PE
+

Hoppner, Sebastian and Walter, Dennis and Hocker, Thomas and Henker, Stephan and Hanzsche, Stefan and Sausner, Daniel and Eliguth, Georg and
Schlissler, Jens-Uwe and Eisenreich, Holger and Schiffny, René, An Energy Efficient Multi-Gbit/s NoC Transceiver Architecture With Combined AC/DC
Drivers and Stoppable Clocking in 65 nm and 28 nm CMOS, IEEE Journal of Solid State Circuits 50 (2015), no. 3, 749-762,
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55?35"43%%5 Requirements for Data Paths

DRESDEN

« Clock frequency and Data throughput, measured in
« [GHZ]
« Operations per seconds [GOPS]
« Chip area, measured in
* [pm2]
« NANDZ2 equivalents (technology-independent
standardization)

 Energy per calculation step, measured in
* [pI]
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ﬁﬁf&"&gﬁﬁ Clock Frequency and Throughput

DRESDEN

path 1

- Data paths have many timing paths with delay t;q,

« Starting point: register output

« End point: register input

- Clock frequency is limited by the critical path (f,,,=1/max(tyey))
« Only few data path elements are critical to timing
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ﬁﬁf&"a'gﬁﬁ Clock Frequency and Throughput

DRESDEN

ty;=1.5ns ty»,=3.5ns ty3=2.0ns

S ¥tal I ¥a

fmax=1/maX(tde|ay) 9 285MHZ
« Latency: 4 clock cycles
« Data throughput: 285MHz/4=71 MOP /s (without Pipelining)
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Eﬁ‘f&".;'gﬁﬁ Clock Frequency and Throughput Optimization

DRESDEN

 Logic Re-Timing:
td1=1-5n5 td2=3.0nS td3=2.5nS

oA H—0

fmax=1/maX(tde|ay) - 333MHz
« Latency: 4 clock cycles
« Data throughput: 333MHz/4=83 MOP/s (without Pipelining)

« Can be done automatically by synthesis tools
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Eﬁ‘f&"&?ﬁﬁ Clock Frequency and Throughput Optimization

DRESDEN

« Inserting register stages:
ty;;=1.5ns td211=1.9ns’v\td »=1.7ns ty;3=2.0ns

D :: D D : D

C_/

° fmax=1/maX(tde|ay) - 500MHz
« Latency: 5 clock cycles
« Data throughput: 500MHz/5=100 MOP/s (without Pipelining)

« Arithmetic Circuit IP (RTL) often configurable in terms of number
of clock cycles needed (e.g., Synopsys Design Ware)
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DRESDEN

35?55"435% Sequential Data Path Blocks

Implementation of sequential processes
Register values in time step i are the basis

for calculation in step i+1
Advantages:
« Shorter logic delay time (calculation in
several clock cycles) IN — " ouT
« Low hardware costs (reuse of blocks in S

different clock cycles)
Disadvantages:
« Longer calculation time

A

C A A A

w X
ouT x X do X di X d2 XFA)

« Latency N clock cycles
« Data rate 1/N operations per cycle
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ouT separate circuits ("Loop Unrolling")
D ; 1 « Or: inserting register stages into combinational

« Parallel processing of subtasks (pipelining), by:
o « Splitting the logic per computing step into

arithmetic blocks

—~(H, O O K e

C A A A A A A A

INXYA XBXCXDXXXX Xx
ouT x X x X x X x XFAa) X FB) X F(C) XF(D)

« Latency N clock cycles
« Data rate 1 operation per clock cycle
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ﬁﬁf&"a'gﬁﬁ Example: Sequential Binary Multiplier

DRESDEN
A D B .
1 0 0 1
AIN-1:0] B[O] 10 0 1 1
AND + 0 0 0 0 0
] Shift Right
+ 1 0 O 1 1
+ Control N 0 0 0 0 .
1
> P[2N-1:N-1]1 P[N-2:0] [¢ Clear P 00 1 0 1 1 0 1
¢ > P[2N-1:0]
shift right < —
| | Shift Right

PS[2N-2:N-1] PS[N-2:0]

A A A A A A

A x X 1001 X x
x X o101 X 0010 X 0001 X 0000 X o000 X X

XXXX_ XXXX ><ooooo_ooo><o1oo 1000 00 100_100 %01011_0 1o><00101_101>< 00000_000

- Output in N+1 clock cycles
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ﬁﬁf&"n'éﬁﬁ Example: Pipeline Multiplier

DRESDEN

« Inserting register stages in a binary multiplier
« Latency: 4 clock cycles, Data throughput: 1 output/cycle

g
e w T T
—i:— > 1 B BE_1 B ]

P2 Pl

Pe P. P, P, Py

Si
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55?35"42.%%% Summary of Data Paths

DRESDEN

 We discussed:
« Data path building blocks
« Memory architectures
 Bus systems
« Timing optimization for sequential data path blocks
« Inserting register stages
« Sequential Re-Timing
* Pipelining
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Hardware Implementation of
Algorithms
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UNIVERSITKT Hardware implementation of Algorithms

DRESDEN

« Algorithms can be described as:
+ Text
« Equations
« (Pseudo-) Code

 Scenario 1:
« Programming a given hardware (Processor)
— Given data path, memory architecture, instruction set
 Mapping the code to the hardware using a compiler
« Scenario 2:
« Design of Algorithm Specific Hardware (ASIC)
 Design of data path, memory architecture, control flow
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Eﬁ?\'ﬂe"r!éﬁﬁ Data Flow Graph (DFG)

DRESDEN

« Formal representation of data flow:

1 MUL,

Operations V={vy,Vvy,V,,...} 1 i' / E 1 ADD/SUB,
Delay D={d,,d,,d,,...} N ! 1 DIV
1 11
Set of edges E={¢g;,...} --F-------- - =
Pred,, all pred f Vi | di=2 LML,
red,; all predecessors of vi > : | ADD/SUB,
Succ,; all successors of vi i i 1 DIV
RN ey SRR U
3~ 1 ADD/SUB

« The "runtime" of an operation is specified in clock cycles
« Presenting start time and delay time
« Specifying the necessary hardware resources
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Scheduling

Determines the schedule of operations
Consideration of constraints

« runtime (Timing Constraints)

« Hardware complexity (Ressource Constraints)
Scheduling is an optimization problem

« Sets the start time of operations

« Follows the given boundary conditions

Result of scheduling:
 Creating a DFG
« Derived from this:
— Data path
= Which and how many data path blocks?
= Which and how many registers?
= How many buses?
— Register transfer after designing the control unit

23.10.2019 © Sebastian Hoppner 2015
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Example Algorithm

 Numerical DGL solution: y"+3xy'+3y=0
 Forward Euler method
« Saving output in RAM to ADDR

WHILE (x<a) DO
x1 :=x+dx;
ul:=u-(3-x-u-dx)-(3-y-dx);
yl:=y+(u-dx);
X :=x1; u :=
addr :=
ENDWHILE

ul; y :=vyl1;

1.2

0.8

> 0.6

0.4

0.2

0

Source: Scheduling Algorithms for High-Level Synthesis, Zoltan Baruch
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ﬁﬁf&"&gﬁﬁ Example Algorithm Data Flow
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u dx 3 X u dx X dx 1 addr
x ) Vi x)Va Va + ) Vio vy, (+
! |
y a
X
Vs X +
V3 dx Vg <<
. Vi1
X
Vs
Ve |
_ | —
y | BRANCH? |
e . DbhANLAS

Source: Scheduling Algorithms for High-Level Synthesis, Zoltan Baruch
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ﬁﬁf&"n'gﬁﬁ As Soon As Possible (ASAP) Scheduling

DRESDEN

« Scheduling Algorithm:
« Repeat for all nodes v;,
« Select a v; whose predecessors are all assigned
— Terminate v, 2> t;=max (t; +d;) for all j from Pred,; (- earliest time)
« Until all v, are assigned

Vio V12
1 @ 4 MUL, 2 ADD/SUB
, 2 MUL, 2 ADD/SUB
Vi1
3 1 ADD/SUB
4 1 ADD/SUB

- 4 MUL, 2 ADD/SUB
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ﬁﬁf&"n'gﬁﬁ As Late As Possible (ALAP) Scheduling

DRESDEN

« Scheduling Algorithm :
« Repeat for all nodes v;
- Select a v; whose successors are all assigned
— Terminate v; 2 t;=min (t; —d;) for all j from Succ,; (= latest time)
« Until all v, are assigned

1 N Vz 2 MUL

5 Vs 2 MUL
N A
3 2 MUL, 2 ADD/SUB
4 @ 4 ADD/SUB
Vs Vi vy, /

- 2 MUL, 4 ADD/SUB
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Mobility
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"""

-
““
-

= == e e e mm mm mm ] e e

Degree of freedom of start time of operations without affecting the

latency of DFG
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RGNS GHE Resource Constraints

DRESDEN

« Scheduling for
« given hardware resources (chip area)
« Extreme case: minimal hardware (modules, buses)
« Use of mobility (no increase in latency):

Vi Vs Vis
1 () () @ 2 MUL, 1 ADD/SUB

2 MUL, 1 ADD/SUB

2 MUL, 2 ADD/SUB

2 ADD/SUB

- 2 MUL, 2 ADD/SUB
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35?55"&?%% Example: Scheduling for Minimal Hardware

DRESDEN

« Inserting additional clock cycles - Increasing the latency

1 2 (+) 1 MUL, 1 ADD/SUB
2 _“_““““““““:/1_0_“. 1 MUL, 1 ADD/SUB
3 o "_v:l_“ 1 MUL, 1 ADD/SUB
eI 1 MUL, 1 ADD/SUB
s . 1 MUL

e Tc 1 MUL, 1 ADD/SUB
7 ney 1 ADD/SUB

- 1 MUL, 1 ADD/SUB
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ONIVERSITAT Time Constraint Scheduling

DRESDEN

« Scheduling for a given processing time

« Application e.g. digital signal processors (DSP) with real-time requirement >
Output must be available according to the given number of cycles

« Example: Minimal Hardware with latency = 6 clock cycles

1 1 MUL, 1 ADD/SUB
> 1 MUL, 1 ADD/SUB
3 1 MUL, 1 ADD/SUB
4 2 MUL, 1 ADD/SuUB
5 1 MUL, 1 ADD/SUB
6 1 ADD/SUB

2> 2 MUL, 1 ADD/SUB
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ﬁﬁf&"a'gﬁﬁ Registers and Branches in DFG

DRESDEN

« Detailed DFG with explicit representation of registers
« Visualization of data storage - Hardware register

« Basic for designing pipelines

« Explicit representation of branches

---| REGA |---| REGB |---| REGC [---| REGD |[---

1 ‘.
2
3 N ‘:
------------------------- -i‘- ADD1 |4 NEG -'i--—-
4 \""""",'_'\_&_ o
1 BRANCH?

""""""""""""" REGE ""‘I"'
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Eﬁ‘f\'?E"R'é.‘%%% Data Buses in DFG

DRESDEN

« Assigning data buses to edges of the DFG
« > Determines the number of necessary data buses
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« Building pipelines by adding (if needed):

« Registers, Data path blocks, Buses

 Throughput of 1 output per clock cycle at N clock latency

 Be aware of (conditional) jumps! - - if necessary discard results

- - [ REGA J{ vt [ REGB |~ { REGC | - 7w T [REGD REGD1

2

3

4 ~(¢ | I BRANCH? |
--------------------- REGE |- -4 2002 | neo -j:--—-—-—- ——————-

\
23.10.2019 © Sebastian Hopprier 2003~~~ Folie Nr. 137




Eﬁ‘f\'?E"R'é.‘%%% Memory Access in DFG
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Sequential SRAM access

cycle | cycle i+1 cycle i+2 cycle i+3 _ cycle i+4
| write i read iwrite throughi idle
CLK _I -
ADDR A X: Al Xi 2 X: " i
| |
oN X o X x X ;
WE | : '
RE i
Q i

><
2
m
<

A3)=D3

<
<
m
=
--4--H=F--r--1
=
><
O
w

>
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Memory Access and Read from SRAM

Example:

,/’"\\ S L
RE=1Y 1 ()
WE=0 } , ; ;

! 1 ADDR  f--4[a0o1 |-
RE=1 }| 2 U
WE=0 | |

5 1 ADDR |[-------- r| ADD1
RE=1 {3 7
WE=0 |

! 4 ADDR |f=mmmmmm e e -
RE=0 ; 4
WE=0 /

Calculate the address through Fixed-Point ALU
Consider SRAM signals such as registers

" Control logic (FSM)

23.10.2019

o
4 1

o

Read to REGA
1 Read to REGB
2 Read to REGC

Q F-{ REGA |----

Q -1 REGB |----
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Memory Access and Write to SRAM

« Calculate the address through Fixed-Point ALU
« Consider SRAM signals such as registers

« Example:

o

Write from REGD

4 Write from REGE
5 Write from REGF
---1 REGD |----

~-1 REGE [----

-] REGF [----

,/’— "s\\ —— ” 3 L . 1 174
'I’ RE=0 ‘\‘ 1 :' + E
/ WE=1 1} | | i
! \ 4 ADDR -_-'{ ADD1 ':. ________
1 1 N - '/ ----- s‘
i RE=0 1 2 ! + !
i WE=1 | ! I
i i 4 ADDR fF======-- H ADDI i - -
\ RE=O {3
i WE=1 i
\ ! 4 ADDR |-=-=---ecmcemeeea-
\ RE=0 / 4
\ WE=0 /

23.10.2019

" Control logic (FSM)
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« Constructing data path from a DFG
« Determine the number of

* Modules

« Registers

« Buses/ data connections

« Design of data path with bus system (for example
multiplexer) - see section Data paths / Buses
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UNIVERSITAT Register Transfer Representation

DRESDEN

« Representation of processes in Register Transfer Notation

Memory access?

/ / Read/Write?

Vg
MR «

Data path transfer Operations Arithmetic operatlons
Flag evaluations

NEXT STATE

STATE

« A register transfer block describes one clock cycle
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UNIVERSITAT Example RT-Sequence
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: REGA>MUL1,0PA
: REGB->MUL1,0PB
: REGC>MUL2,0PA

o0 m>

: REGD-> MUL2,0PB

wnlun
Ll NS

A: MUL1,R—>ALU1,0PA ALU1: ADD
B: MUL2,R>ALU1,0PB

N W

_________________________ @_{::::::: A

: ALU1,R>ALU1,0PA ALU1: ADD
D: REGD—>ALU1,0PB

w|>

A

\ ALU1,NEG?

A: ALU1,R->REGE 0:S.5
5.5 1:S 6

| S 4

/
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ﬁﬁf&"a'gﬁﬁ State Machine and Control Logic

DRESDEN

RT representation defines the states and state transitions of FSM
Conditions: Flags

RT representation defines the signals - output logic of FSM
Switching buses (tristate driver, multiplexer)

« Configuring data path blocks (ADD / SUB)...

- see section FSM
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(D s Summary of Algorithms

DRESDEN

* Presentation of the data flow graph, scheduling and optimization
« ASAP, ALAP, Resource Constraints and Timing Constraints

« Pipelining
« Register Transfer Sequence - Derive data path and FSM

/0 _ Memory
IR
7/

&
D

Steuerwerk Flags Datenpfad
(Control Unit) (Data Path)

Steuersignale

i 4L
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55?{,}"42.%51% Example: Exponential function for Neuromorphic Hardware
DRESDEN

é'. HT\

Neuromorphic hardware for the Human Brain Project
« Brain simulation
« Technical applications, e.g. robotics

« Challenges:
« Simulation of a large number of neurons and
synapses in biological real time
Development of a many-core computer with> 4 million
ARM processors (SpiNNaker 2)
« Architecture Development - University of
Manchester
« Chip Design > TU Dresden

Human Bram |‘|'ni{‘{'1

Source: Human Brain Project SpiNNaker 1 Chip
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55?\',*5"42.% Example: Exponential function for Neuromorphic Hardware
DRESDEN

. . exp
Calculation of dynamics of neurons and synapses eXp

Often used: eX |||
Number format: 32-bit, s16.15 fixed-point

Processor Core (ARM Cortex M4) k

« So far exp() realized in software (=30 clocks)

« > hardware accelerator for exp (),
« Connection as AHB slave to processor

AHB b
ARM o=

exp(.) output
calculation > FIFO
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ﬁﬁf&".{gﬁﬁ Example: Exponential function for Neuromorphic Hardware
DRESDEN

e
L =R\

rac(6) Kx(g)

N7

from AHB bus

Dividing the argument of the expone|r(tjal(int(4)
function '
ex=e(xint+xfrac+xlsb)

20

Look-up tables for integer part (int) and
fractional part (frac)
4th degree polynomial approximation for LSBs

Accuracy <1LSB for 32-bit, s16.15 fixed-point
number format

15

explx)

exp(x)

| | 1 | | |
0 0.05 01 0.15 0.2 0.25
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55?&"42.%% Example: Exponential function for Neuromorphic Hardware
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s| (12) |int(4)|frac(6)| x(9) | from AHB bus

- + +_ ?
E int LUT frac LUT gD %)
--a-e. f -- . g - - = I - -
Pipeline with 4 stages ~
FIFO at output (32 values) g
Implementation in 28nm CMOS ’
>500MHz clock frequency ===l f |[===| g |==7 i 1 [ a
possible C3 Ca
Y
=== f |===] g |-= combinational logic
% L.@‘—‘ register
B
- output FIFO ¥ result to AHB bus
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55?&"42.% Example: Exponential function for Neuromorphic Hardware

DRESDEN

Measure

exp accelerator

software exp

Throughput @500MHz

Time per exp, pipelined
Latency

Energy per exp (nominal)
Energy per exp (0.7V/154MHz)

Total area

250Mexp/s
2clks/exp

6¢lks/exp
0.44nlJ/exp

0.2InJ/exp
10800,.m?

J. Partzsch et al., "A fixed point exponential function accelerator for a neuromorphic many-core system,"

2017 IEEE International Symposium on Circuits and Systems (ISCAS), Baltimore, MD, 2017, pp. 1-4.

doi: 10.1109/ISCAS.2017.8050528

23.10.2019

© Sebastian Hoppner 2015

5.3Mexp/s
95clks/exp
95clks/exp
25n)/exp
12nl/exp
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SerDesISerDesISerDes o en—. —

Processing

i Shared Memory

Processing
Element

, Processing
Processing Element Shared Memory
Element

zr.

SerDes | SerDes | SerDes | SerDes | = Memory Interface
e Tt o e o o o et et g
Test chip: Santos
28nm SLP CMOS, 18mm?2
Component test chip for Neuromorphic Supercomputer

4 processing elements, memory interface, fast serial I/0Os
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ﬁﬁf&"n'?ﬁ'ﬁ Announcement summer semester 2017
DRESDEN

Modul Neuromorphic VLSI-Systems

Neuromorphe Systeme Analoger CMOS-Schaltungsentwurf

Ranvierscher

Schnurring

(U RHIN
CATIIAIALLILN

/ ol NS
. 16384 spiking pixals

128

* Grundlagen zu neuronalen Netzen und ihrer technischen Realisierung "
* Integrierte analoge Schaltungen: Entwurf, Simulation, Verifikation (FP
* Praktischer Schaltungsentwurf und Layout mit Cadence Qﬁ: 4

Human Brain Project
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