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Semiconductor Devices

1 Bipolar Transistors: C ™ b_\ U e

p N :
N NPN transistor

 Junction Field Effective Transistor (JFET):

S ~ y D
P
N-channel FET b N
1 Metal-Oxide-Semiconductor (MOS) Devices: \\ G
G
S Metal S D
S e
P+ N+ N+

NMOS Device P-
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CMOS Process

( Cross-Section Diagram  Polysilicon Al

Sio,

n-well

p-substrate

Source from
For a great tour of IC fabrication process, see
http://www.fullman.com/semiconductors/semiconductors.html
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Digital Signals and Basic Logic Gates

O Digital signal values
True 1 High Woltage (e.g. 5V).
False 0 Low \oltage (e.g. 0V)

1 Basic logic gates

X
1. Inverter X—D@— Y =X

Truth Table of
an inverter

2. AND 1 D—z=xev
. NAND X X e
3 ’ }z_x Y

Y

110

0 |1

X Y | Z
0O 0 | O
0O 1 |0
1 0 |0
1 1 |1

Truth Table of
an AND gate
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5. NOR

4. XOR

5. XNOR

Basic Logic Gates

X —

Y ) > /Z=X+Y
x —

Y ) D Z=X+Y

X:) R —
Y Z = XeY +XeoY

Z=X®Y

X:) L ==
Y Z = XeY +XeoY

Z=X®Y

X Y | Z
0O 0 | O
0O 1 |1
1 0 |1
1 1 |1
X Y | Z
0O 0|0
0O 1 |1
1 0 |1
1 1 (0

Truth Table of
an OR gate

Truth Table of
an XOR gate
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Basic Logic Gates

J Tri-state Buffer

| Vﬁz o

T 13

o X——@ o —v
: S
S——‘-|>Q — M C TED@—

2-to-1 multiplexer Bi-direction circuit

Truth table of a
tri-state buffer

cor| 0O
R ON| O

= O X
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Gate Delay Definition

\ _Vin—b Vout
\50%
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Sequential Logic Circuits

1 D latch
D
D— Qr—
CLK—]  Qt— CLK e
Q

» When CLK=1, Q always reflects the signal value at input D
> If CLK=0, Q stores the last D value which appears at D just before CLK falls to 0

4 D Flip-flop
D — QFH— D
CLK—d> Q— ck L
Q e

> D flip-flop will not change its output values unless there is a negative edge event
at CLK input (CLK switches from logic 1 to 0).

» When a negative edge appears at CLK input, D Flip-flop updates Q to the current D value
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Timing Parameters for D Flip-Flops

d Clock-Q Delay

D__ |
P QI CLK |
— P CLK § —
o XX X |
DFF < ,
Clock-Q delay
1 Setup Time 0 Hold time
D D
CLK CLK
<—> Setup time <—> Hold time
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Decoder Circuits

1 A decoder circuit uniquely selects one of its outputs according to its

Input signals

 2-to-4 decoder implementation

N inputs

Decoder s 2Noutputs

XY |21 Z2 Z3 Z4
0 0 1 0 0 O
01 0O 1 0 O
1 0 0O 0 1 O
1 1 0O 0 0 1

X+DQ—‘—>— 71 (00)

Y+{>Q—0

- —— 72(01)
)— Z3 (10)

| —— za)
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Decoder Circuit

1 3-to-8 decoder implementation

» Assume that we have 2-to-4 decoders available as standard components

» When CS is low (0), all the outputs of the decoder are

I 0 x
ow (0) v
CS
X ® X
2-t0-4 decoder
Y ® Y L
CS
Z ——>0
X
Y
CS
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Sequential Logic Circuits

 Counter
i Clk C B A
» Basic binary counter
0 B C Init. 0 0 O
DFF DFF DFF
n [P Q { P 24 —{D EJ t 0 0 1
ck [ ] M TP 9 t 0 1 0
1 O 1 1
> Synchronous counter t 1 0 O
1 1 0 1
| T 3 T 1 1 0
M fﬁD— t 1 1 1
DFF 5 DFF
—D Q D_‘—D Q I__D o)
' Q [o] o]
ol [ [—

CLK
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Sequential Logic Circuits

O frequency divider

» Divide clock frequency by 4

DFF

DFF

—D Q D Q CLK
B G‘I—F () CLK_4 o
CLK _| CLK_4
» Divide clock frequency by 3
DFF DFF
Q 0 QH _
JL FC _\ |7 CLK_3
CLK )y |
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Sequential Logic Circuits

1 Register
» A row of storage elements (e.g. D flip-flops)
Q3 Q2 Q1 Qo0 O[30]
DFF DFF DFF DFF '
—D EJ D QJ D QJ D QJ
P Q AF Q Q Q
Data
CLK
O Shift register
Q3 Q2 Q1 QL Lk Q3 Q2 Q1 QO
DFF DFF DFF DFF
0 D Q D Q D Q D Q Init. 1 0 1 0
—G Q —9 Q _CE Q _CE Q 1 0 1 0 1
CLK : 0 0 1 0
0 0 0 1
t 0 0 0 0
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Major Parasitic Effects in Digital ICs

1 Ideal Circuit

Q : Vout

| AL
Vin | Interconnect |
b I

J il No delay!
1 Real Circuit

e el

- C . Vout
Vin_ N AN\ _OU S
4‘ ) —c c—/ L i B \Vout \_
VC N N |c Significant delay!

Y v Y 2-15



Power Consumption of CMOS Gates

1 Dynamic Power Consumption

Vin

0

- -

P

Dynamic

4 Short-Circuit Power Consumption

I A P = [ lsc (t)Valt

=0.50CeV; o f

1 Leakage Power Consumption
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Transistor Sizing

i Power i Silicon
area

Driver Size Driver Size Driver Size
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Design Constraints for Digital ICs

vinl ——
Vin2 Circuit Under Voutl
Vind —

CLK —

construction — \out2

[ Delay (speed) constraints

— For example, the delay from Vinl to Voutl should be smaller than 10 ns; the clock
frequency should be greater 100MHz

J Power constraints
1 Area constraints

2-18



How to Find Circuits Complying with Design
Constraints

Full-custom approach

Standard-cell based approach
Gate-array approach
FPGA approach

1. It heavily depends on
designers’ expertise.

2. Finding a proper circuit
iImplementation can be
very time consuming.

3. \Very creative circuit
Implementations can be
achieved.

These approaches heavily use

design automation techniques

to search circuits complying with
constraints.

They are time saving approaches.

These approaches require

pre-developed technology libraries.

The quality of the final implementation

depends on algorithms and libraries

used in the search.
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Example: How to Search a Proper Circuit
mplementation in FPGA Design Flow

d FPG

FPGA cell
library

A Design Flow

Schematic
Capture

netlist

HDL coding &
Logic Synthesis

A 4

Implementation

Technology mapping
Placement & routing

Pass

Timing verification

Download
Generate FPGA Bit Stream ”

FPGA
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Example: How to Search a Proper Circuit

ImEIementation In FPGA Design Flow

 Given Logic Function

— This circuit is either from a D : ] O—— d

schematic capture or from b

logic synthesis =
T
C

O FPGA Library Components

— The library contains five components
— Three inverters at size 1, 3, 5
— Two two-input NAND gates at size 1 and 3

1 Design Constraints

— The maximum delay between an input and an output should not exceed 5 ns
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Example: How to Search a Proper Circuit

ImEIementation In FPGA Design Flow

1 Step 1: Use the available logic gates to implement the given function.
(Technology Mapping)

INV1 NAND1
o b :
5 B
INV2 Ll>Q—L
_jO— e
C DOJ NAND2

INV3
(] Step 2: Select proper size for each gate used in the above circuit.

(Gate Sizing) 1X ax
— After this step, the circuit can a%j@ d
be simulated to verify that it T
complies with timing constraints. D 1X 3X
— In the simulation, the parasitic Li>O_L -
capacitance and resistance on c DO—'_DO €
1X

interconnects are estimated
(Estimated wire load)
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Example: How to Search a Proper Circuit
Implementation in FPGA Design Flow

O Step 3: Determine where to place these gates and how to
connect them (Placement & Routing).

— Some algorithms first place the components
and then route the interconnects. _linvt
— Some algorithms perform the placement NANDI Z
and routing simultaneously —( Z
— N
— INV2—’ INV3

» Steps 1, 2, and 3 are included in the implementation phase of the FPGA design Flow

4 Step 4: Perform post-layout simulation to verify that the generated
circuit complies with timing constraints

— Since detail information of each interconnect is available, the circuit can be simulated
with accurate wire load.

— The process that writes the accurate wire load into the circuit netlist is called
back annotation 2-23



What Information Should Be Stored in FPGA
Librarx

4 Logic function

 Timing (delay) information
 Power consumption information
1 Silicon area

 Layout information

 Placement & routing constraints
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Example: How to Store Delay Information

O Normally, the delay of gate is proportional to the load on its output

.

Delay = D,+ K*Load

Delay

v

Load

So, we can store two parameters (D, and K) for each gate to model its
delay property.
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Binary Number System

1 Converting binary numbers to decimal numbers

Binary Decimal
1011 > 1*27°3+0*2"2 +1*2"1 +1*2"0 = 11
0111 > 0*273 + 1*27"2+1*2"1 +1*2"0 =7

1 Converting binary numbers to hexadecimal numbers

1111010110100011

' ' ' '

F 5 A 3
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Binary Addition

» A single-bit full adder

A

» Example
0101
+ 1001
1110
» 4-bit adder
A[0] B[0]
] Full
C_In—" adder
'
S[0]

=) >—) o ope
. D l l
L _ | Full
. C_in adder |C_out
= TS
[ 3
|/
All] B[1] Al2] B[Z] A[3] B[3]
Full Full Full
co ™ adder c 1 ™ adder c 2 M adder [ C_out
v v
S[1] S[2] S[3]
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Handling Negative numbers

O Signed magnitude

» The left-most bit is a sign bit
0 indicates positive a number and
1 indicates negative a number

1 One’s complement

» For positive number A, it is
represented as usual binary number

» For negative number -A, its
representation is obtained by flipping
the bits of the binary representation of A

Signed magnitude

Decimal

0

P PR P OOO

1’s complement

0

PP OORRELRO

0

P OFRPROROLR

0

P PR EFPOOO

0

OCORRPRREPLRELO

0

OFrRPORFRRFPROLR
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Handling Negative numbers

2’s complement

Decimal

O Two’s complement

0

> For positive number A, it is the 0
same as the one’s complement 8
> For negative number A, add one 1
to the one’s complement 1
representation 1

0

OCORRLPRREPLELO

0

OFRPORFRRFPROR

By using two’s complement number representation, minus operations

can be performed by adders

3 011 2

— 1 + 111 — 3
—>

2 1 01 O -1

Overflow -
Ignore / 2

—>

010
+ 101
111
-1
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