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From th iti :
. eliotr;l(:;t:(:,ns (111) and (iv), we observe that the OR gate is avoided and therefore, it bec,, :
e dela. o ft;y’ p-term passes throtlxgh the EX-OR gate rather than sum term which SaVe‘:esg igh

. y of the OR gate. This path is especially useful for microprocessor address dec, di“%lcally,

] . c used 0 bUlld i N

Design Security

In qulRmer-II CPLD designs can be secured during programming using four independent e, 1

security pr‘ov1ded on-chip. This eliminates any electrical or visual detection of configuration patterns fvli'o
prevents either any accidental overwriting or pattern theft via readback. The security bits programmeg - ;-
reset only by erasing the entire chip. "

In-system programming

All CoolRunner-II CPLD parts are 1.8 V in-system programmable. They derive their programming voltage
and currents from the 1.8 V V. on the part.

12.6 FIELD-PROGRAMMABLE GATE ARRAY (FPGA)

The programmable logic devices(SPLDs and CPLDs) are based on similar basic architecture—the
programmable array logic (PAL) or the programmable logic array (PLA). Over the years, programmable
arrays have increased in size and complexity, and highly configurable output macrocells have been added
to enhance their flexibility and expandability. To increase the effective size and to add more functionality
in a single programmable device, alternative architectures have been developed which are known as field-
programmable gate arrays (FPGAs). The logic densities of FPGAs are much higher than those of CPLDs
They range in size from a few thousands to hundreds of thousands equivalent gates. From modern standards
digital circuits with hundreds of thousands of gates is not too large. FPGA devices support implementatior

of relatively large complex logic circuits.
The FPGAs do not contain AND, OR planes, instead they provide logic blocks for implementation of the

required digital functions.

AnFPGA is composed of a number of relatively independent configurable logic blocks (CLBs), conﬁgm'ﬂhl
I/O blocks, and programmable interconnection paths (known as routing channels). All the resources of the
device are uncommitted and that these must be selected, configured and interconnected by a user ©0 form &
logic circuit for his application. The basic architecture of an FPGA is shown in Fig. 12.45. }
There are a number of manufacturers of FPGA devices. The various families of FPGAs manufactured Of
different manufacturers differ primarily in the number of logic modules (from few hundreds t© hundr ‘
thousands), supply voltage range, power consumption, speed, architecture, process technology: numbe:o
pins, and type of packages, etc. Some of the major manufacturers of FPGAs manufacturing 2 wide rang=

products to suit various types of requirements are given in Table 12.8.
The basic FPGA architecture consists of an array of configurable logic blocks
blocks are surrounded by configurable input/output blocks. There are rows and column
interconnection paths. The I/O blocks can be individually configured as input, output, of

(=)

he logié
(CLBs)- Th g

pidirectional

Scanned by CamScanner



Programmable Logic Devices 565

KE____E_vcm

I/O blocks —=
— = — l l = —
l [
CLBI—] —|CLB[— CLB[—] e o o (CLBI
l
. | | &>
| L
cLB— e ——cia| o » » [cIB
i I
: I Tl e
. . . Inter
° ° ~=— connection —=
paths
CLBI—] CLB[] CLB[—] e oo |CLBI
I [l S
~=——1/O blocks
Basic Architecture of FPGA
Table 12.8 FPGA Manufacturers
" Manufacturer FPGA products ; www locator
Actel - Actl,2,3,IGLOO http://www.actel.com
; Altera Flex 6000, 8000, 10K, APEX http://www.altera.com
ko 20K, Stratix II, IIL, IV
R AT6000, AT40K http://www.atmel.com
Lucent Lattice SC, ECP2, XP2 http://www.lucent.com
- Quick Logic PASIC 1, 2, 3, Eclipse http://www.quicklogic.com
- Vantis VF1 http://www.vantis.com
© Xilinx XC4000, XC5200, Virtex, Spartan http://www.xilinx.com

Configurable Logic Blocks

There are a number of configurable logic blocks (CLBs) in an FPGA organized as an array of rows and
Columns, The logic blocks are connected to the /O blocks through common row/column programmable
Interconnects. The common row/column interconnects are known as glOba! interconnects. A logic block
consists of a number of logic modules (LMs). The logic modules are the basic !ogic elements in an FPGA.

e logic modules within a CLB are connected through local programmable interconnects. Figure 12.46

shows a CLB.
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{ - |
§ LM AN
CLB Global row
- M interconnect
K——> M
Global column __ | k
interconnect [ Local °
inter- *
connect  ®
F):> LM
¢
| _ ]
Fig. 12.46 Basic Configurable Logic Block
Logic Module

A logic module consists of an LUT (look-up table), a D-type FLIP-FLOP and a mutliplexer (MUX). Most
of the FPGAss are based on 4-input LUT. Figure 12.47 shows a block diagram of a logic module with 4-input
LUT. Output of the LUT becomes the output of the logic module either directly or through D-type FLIP-
FLOP. Thus, the output can be configured for combinational or registered (i.e., through FLIP-FLOP).

—] 4-_input L MUX Output
Inputs Look-up D
table D
e i 2
Clock —=p>
Fig. 12.47 Block Diagram of a Logic Module
Look-Up Table (LUT)

An LUT (look-up table) consists of a programmable memory and it can be used to generate logic function
in SOP form. For example, from Table 11.4, we can see that this table is similar to a 4-input and oné outP“s‘
logic circuit’s truth table. Therefore, a memory can generate canonical product terms. Figure 12.48 show
a block diagram of an LUT. It cqn31st§ qf a memory and a multiplexer (MUX). Let us assume th,e meﬂfl‘t’hrz
contents as given in the figure. Since, it is an 8-bit memory, therefore an 8 : 1 multiplexer is required. ]

3.bit logical input is A, A A, then

Y=AA4,+ A2A1A0+AzA|Z.,+A2AlAO d
in most of the commercially available FPGAs is 4-input circuit. Larger LUTs W"ullcs
ex logic to be performed per logic block, thus reducing the wiring delay betwee? bloc

I ; if
e needed. This will require larger multiplexer and an increased chance of waste
f the larger LUTs were not to be used. On the other hand, smaller look-UP 12

The look-up tablel
mp

llow for more ¢O
25 fewer blocks would b

11 of the functionality o
a
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require @ design to consume a large number of logic

2 thus increasing wiring delay between blocks while by ¢ \
cducing PET logic block delay. Therefore, 4-input LUT I
queture makes the best trade-off between area and delay 1
for a wide range of circuits. However, some of the latest 0
FpGAs have been designed with 6-input LUT structure. The l MUX —7Y
ilinx Virtex-5 family of FPGAs have used 6-input LUT -
echnology.
0
FPGA Cores . LsB[ 1
A commercially available FPGA may have all the CLBs Memory

aailable for a user to program them according to his

requirements. However, some FPGAs are available in which Fig. 1248  Block Diagram of an LUT
aportion of CLBs is used by the manufacturer to providea ~ =====-=* .

specific built-in function that can not be changed by a user. This is referred to as hard-core logic. The hard-

core logic approach has the following advantages:

* The hard-core logic may normally be implemented using lesser number of CLBs than the same logic
being programmed by a user. This saves the available chip resources, i.e., programmable area to the

The, ti £ user in developing a digital system
. i .o in the development im¢ 0 . ' o
. gf;ﬁ,f;“ﬁi‘;cm function can be thoroughly tested by the manufacturer, thereby increasing its

reliability. et 10 o -
tions, such as microprocessors, stan interfaces, and digi
Sig::;ne of the con;r;o)ﬂge‘;svegl:;?: in hard-core FPGAs. Since the hard-core designs are developed by the
processors (D518 these are the manufacturers’ intellectual property (IP).
manufacturers’, therefore, 17 ¢ programmed function has some programmable features also, it is known
In case, the manufact’® i;ftellectual properties may be combination of both hard-core and soft-core
% a sofi-core function- Sc;rtlznmg either or both hard-core and soft-core embedded processors and other

Kctions. The FPGAs flfe pla form FPGA because they can be used to implement an entire system without
ctions are known a8

the need for any external devices:

FPGA Process Techn0'8Y |
Th ocesS technologies used by various FPGA manufacturers. These are:
ere are different PT
gy——It is

« SRAM technoloth e are in-system programmable (ISP) and are reprogrammable.

technology 2nd ' ~_The antifuse technology developed by Actel Corporation of America is used for
* Antifuse techﬂ°(‘)°sg¥:po As which are one-time programmable (OTP).

proces:iintgefhnolo gy/“ may be one-time programmable (OTP) or ultraviolet erasable type of CMOS
EPRO

device. It is electrically erasable which may be in-system pro bl ff-
logy ch may y programmable type or 0
EEPROM tech2%" = 1vpe CMOS technology.

pased on static memory technology. The CMOS devices are fabricated by this

system pro logy—1! is flash-erase CMOS technology which may be in-system programmable type.
« Flash techno __Jtisa bipolar one-time programmable FPGA.

« Fuse techn0©

|
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Configuration Memory
Most of the modern FPGAs use SRAM. The SRAM bits are used to hold the user defined confy
gurati()n

values.

12.6.1 Xilinx Virtex FPGAs

The ﬁcld-pmgrammuhlc gate array was invented by Xilinx in 1984 and they are the leading manufact

of FPGA devices. There arc two major lines of Xilinx FPGAs, Spartan and Virtex. The Extended Spam”fcrs
and the Virtex-5 families arc the latest available FPGAs from Xilinx. n-3A

.

Configurable Logic Blocks
There are a number of CLBS organised as an array. Each CLB contains multiple basic logic units called
logic cells (LCs). The logic cells are same as the logic modules (LMs) discussed earlier. The logic cells are
LUT based. Each logic cell consists of an LUT, a FLIP-FLOP, and a multiplexer. In the Virtex-4 family
XC4VLX200 FPGA has CLB array of 192X 116 containing 200,448 logic cells. The number of LUTs and

the internal registers, i.¢., FLIP-FLOPs is 178,176 each. In the Virtex series of FPGA:s there is a concept of

slice. A CLB of Virtex-4 family of FPGAs consists of 89,088 slices. There are two LUTs and two FFs in each

slice. A CLB is made up of four slices.
m of 240 x 108 array of CLBs, 51,840 slices, each slice

The Virtex-5 family of FPGAs has a maximu

contain four LUTs and four FFs. A CLB of Virtex-5 family FPGAs is made up of two slices. The function

generators are configurable as 6-input LUTs or dual-output 5-input LUTs.
In addition to function generators and storage elements (FFs), each slice in both of the above FPGA

families, contain arithmetic logic gates, large multiplexers, and fast carry look-ahead chain.

Configuration
The devices of Virtex family are configured by loading the bitstream into internal configuration memory in
various modes.
IP Cores
DSP, bus interfaces,

In these devices, there are IP cores for commonly used complex functions including

processors, and processor peripherals.

Process Technology

The Virtex-4 family of FPGAs are produced using 90
Virtex-5 family of FPGAs are produced using 65-nm cop

-nm copper CMOS process technology, whereas the

per CMOS process technology.

12.6.2 Altera Stratix FPGAs

Altgra Corporation of Amgrica is producing wide range of FPGAs to meet different req
::::i?xolt; :721’0(;/:3 stam?d in 2002 with the introduction of Stratix family. Subsequent
astioned ), Stratix I GX (2005), Stratix III (2006) and Stratix IV (2008) were introd

AeauOnes I parentheses along the family. The basics of Stratix II family of FPGAs have been €
discussion here.

uirements. The Stratix
ly, Stratix GX(2003)

uced in the ¥
hosen f0f

_____4
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Stratix FPGAs contain a two dimensional row- and column-based architecture to implement custom logic.
A series of column and row interconnects of varying length and speed provides signal interconnects between
Jogic array blocks (LABs) and various other blocks, such as memory block structures and digital signal

processing (DSP).

Logic Array Block (LAB)

The configurable logic block (CLB) is called as logic array block in Altera FPGAs. Each LAB consists of eight
adaptive logic modules (ALMs). An ALM is the basic building block of logic for efficient implementation of
user logic functions. LABs are grouped into rows and columns across the device. In addition to eight ALMs,
each LAB contains carry chains, shared arithmetic chains, LAB control signals, local interconnect, and
register chain connection lines. The LAB structure is shown in Fig. 12.49. The local interconnect transfers
signals between ALMS in the same LAB. The local interconnect is driven by column and row interconnects,
ALM outputs in the same LAB, and neighbouring LABs from the left and right through the direct link
connection. The direct link connection feature helps in minimising the use of row and column interconnects
which increases the performance and flexibility. Multiple LABs are linked together via the global row and
column interconnects.

Row interconnects of variable
speed and length

, ~h] prbo [
r" A bl = T }LMS — [
104 / Direct
Direct link f:onnqct
interconnect <= - — mterlmk.
from adjacent o D from adjacent
block \ -] s M ,/block
= 0 ) L /
Local Ct?lmn}nbilnterco?lnects
interconnect oI variable spee

and length

Fig. 12.49 Stratix II LAB Structure

Adaptive Logic Modules (ALMs)

The basic building block of logic in these FPGA:s is the adaptiye_ logic module (ALM). }.Each ALM contains
a variety of look-up table (LUT)-based resources that can be dmde_d between two adaptive LUTs (ALUTs).
There are eight inputs in an ALM and one ALM can be used to implement various combinations of two
functiong including any function of upto six inputs and certain seven input functions.

In addition to the two ALUTS, each ALM contains two programmable registers (D-type FFs), two dedicated

full adders, 2 carry chain, a shared arithmetic chain, and a register chain. Using these resources, the ALM can
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implement various arithmetic functions and shift registers. Each ALM drives all types of interc,

global row and column, carry chain, shared arithmetic chain, register chain, and direct copp enneF o
Figure 12.50 shows block diagram of the ALM. The eight data inputs are: data a, data b dact Inter; th,
data €0, data 0, data el, and data f1. The first four data inputs, data a, data b, data ¢, and data’ de C, daty d:
by the two LUTs, whereas data e 0 and data f0 are dedicated to adder 0 and reg 0, and data ¢ | Dbeg teg
are dedicated to adder 1 and reg 1. and daty ¢,

Each ALM has two sets of outputs (combinational and registered) that drives the global ang local .

resources. The combinational output can be either LUTs output or adder output. For combinationg TOuting

the register is by passed. The registered output is obtained via the register. The two sets of OUtpzl:s u
are

independent.
Carry in
] I $_T° genera.l or
datafo — ocal routing
dataco —— adde0 ‘rDJj P o fogmeno
dataa — reg0
datab —— Combinational o

datac —— logic | ‘
To general or

datac 1 —
regl
dagerd _ To general or
! . " local routing
‘ Carry out ‘
shared arithmetic register chain
out out
Fig. 12.50 Block Diagram of ALM
Operating Modes of ALM

The ALM of Stratix II can operate in one of the following modes:

* Normal mode

* Extended LUT mode

* Arithmetic mode

* Shared arithmetic mode

N, Orr_rlal _Mode In the normal mode combinational logic functions are generated. Two cquma“O:;l
ﬁmgtlons In various combinations of 8 inputs can be implemented or a single function of upto siX inputs
be' implemented in this mode. Figure 12.51 shows the various combinations of logic functions geflezgs.
using the two LUTs. In Figs. 12.5 1(a) and (b), the inputs are independent for the two LUTs, whereas o
12.51 (¢), (d), and (/) 1, 2, and 4 inputs respectively are common between the two functions.

— ____-‘
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Fig. 12.51 Various Combinations of Logic F unctions Generated using an ALM (a) Two 4-Input Functions M5
"""" and 3 Input Functions (c) 5 and 4 Input Functions (d) Two S-Input Functions (e) 6-Input Function
() 6 and 2 Input Functions

input functions can be implemented by making two five

Extended LUT Mode Some specific seven-
input functions to a 2 : 1 multiplexer.

iI}put functions, sharing four inputs, and applying these two five-
Figure 12.52 shows its implementation.

Arithmetic Mode The arithmetic mode is used for implementing adders, counters, accumulators,
comparators, and parity functions. In arithmetic mode, an ALM uses two sets of two four-input LUTs

alongwith two dedicated full adders.

Shared Arithmetic Mode In shared arithmetic mode, an ALM can implement a three-input add. In this
mode, the ALM is configured with four 4-input LUTs.
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Fig. 12.52 Extended LUT Mode of an ALM

SUMMARY

The basic concepts of programmable logic devices and programmable gate arrays have m
With the development of these devices, it has become possible to design complex digital systems,
However, high-level design techniques and computer-aided tools are required to produce efficien PLD
and FPGA implementations. Testing of PLD and FPGA implementations also require computer-assisted
test tools. The design and test tools for these programmable devices are beyond the scope of this book,

The emergence of these devices has revolutionized the design of digital systems similar to the

emergence of microprocessor. The programmable logic concept has emerged as a technology that has
given the power to design one’s own custom ICs which cannot be copied by others.

The design of embedded systems in small size has become possible by using FPGAs with intellectual

properties, such as microprocessors, and DSP, etc. The embedded systems without using external devices
and battery operated digital systems have

proved very useful because of the availability of low-power
FPGAs with intellectual properties, :

GLOSSARY

Anfifuse A programmable element inve
impedance circuit element).
ASIC (Application specificintegra

: tedcircuit) AnlIC configured by the manufacturer as per the specifications
supplied by the user for a specific application. |

BGA (Ball grid array) An IC package used for ICs requiring large number of pins. The pins are of smal |
round ball shapes. |

nted by Actel Corporation named as PLICE (programmable low-

gic block in an FPGA consisting of logic modules @d ll:c‘;l
0 connect logic modules within the CLB to generate required ¢f

CLB (Configurabie logic block) A 1o
programmable interconnect that

: 1s used t,
functions.

: . ber 0
saniivalent gates. 8ic device) A programmable logic device containing a large 0™
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Figure 12.2. “Perfboard” can be handy for prototype circuits constructed with discrete components,
although it is not particularly good for ICs. The terminals are press-fit into the holes (or flared with

a special tool) and wired underneath.

of Wire-Wrap board is available with the
pins on the component side of the board
(the usual procedure is to have the pins
stick out the other side). Although this
type of board is less dense (fewer 1Cs
per square inch), it is easier to use with
discrete components, since you can see
them while wrapping, and it allows closer
spacing between adjacent circuit boards,
since both components and Wire-Wrap
pins take space on the same side. This
kind of board without sockets is actually
quite convenient for construction of
linear or digital circuits. Figure 12.4
shows an example. In Figure 12.5 we
have compared a prototype circuit built
on a Wire-Wrap panel with the final
printed-circuit version used in production.
Printed circuits are much easier to
produ_ce In quantity; they are superior
electrically and less cluttered than Wire-

Xve;a:p panels. We will talk about PC cards

PRINTED CIRCUITS

12.04 PC board fabrication

The best method of constructing any elec-
tronic circuit in quantity is to use a printed
circuit, a stable insulating sheet of mate-
rial with thin plated copper lines bonded to
the sheet forming the circuit paths.
Although early printed circuits were asso-
ciated with poor reliability (Remember the
advertisements stressing the superior qual-
ity that only handcrafted television sets
without printed circuits could provide?),
the process of manufacturing board
material and producing finished boards
has been perfected to the point that
printed-circuit boards now have very few
problems. In fact, PC boards offer the
most reliable fabrication technique. They
are routinely used in computers, space-
craft, and military electronics where high
reliability is essential.

—
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Wrap boards provide a neat and fast construction method particularly good for
circuits made with digital ICs. This board uses a printed-circuit pattern to bring out the Wire-Wrap
pins on the component side, an alternative to the usual underside pin configuration. Its peculiar
shape is dictated by the interior of the oceanographic pressure cell into which it fits.

Figure 12.4. Wire-
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Figure 12.5. A Wire-Wrap prototype board and its printed-circuit successor. PC boards are I¢%
cluttered and far easier to fabricate in quantity. They eliminate wiring errors, too.
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Elgure 12.6. Foil pattern for a simple single-
sided PC board. This “layer positive” was
photographically reduced from a double-sized
hand-taped Mylar pattern. The circuit board
is 3.25x3.5 inches and has 4 ICs, 24 resistors,
11 capacitors, 5 diodes, 1 trimmer, and 1 piezo
buzzer.

The “Mylar” or photoplot

Printed-circuit-board production begins
with a set of actual-size transparencies on
which an opaque pattern delineates the de-
sired circuit traces and “pads” (Fig. 12.6).
There are lots of rules and tricks in this
business, but the basic idea is to figure out
how to make all the interconnections the
circuit demands by running lines around
a board. As we will describe shortly
(Section 12.08), these transparencies are
usually produced directly on film by
computer-driven photoplotters or laser
plotters, working from a description
of the circuit that you produce on a
CAD (computer-aided design) system.
However, for simple circuits, you may
choose to do the layout manually, sticking
opaque tape and patterns onto clear
Mylar film. In the latter case you usually
make the taped Mylar pattern twice actual

size, from which you photographically
produce an actual-size transparency.

No matter what the parentage of the
final 1:1 transparency, the result is a set
of conductor patterns on film. For the
simplest boards you may be able to make
all the needed connections (perhaps aided
by a few wire “jumpers”) with a single-
sided board, which has all its traces on
the underside (officially called the “solder”
side; the top is called the “component”
side). Most often, however, you need
traces on both sides of the board. Such
double-sided boards invariably use plated-
through holes (the holes in the board are
lined with foil, connecting corresponding
pads on both sides of the board). This
really makes a difference when you are
attempting to route traces, because you can
always switch sides (using a “via” hole)
when a trace runs into a dead end, whereas
with a single-sided board you often get
hopelessly boxed in. As an important
side benefit, the use of plated-through
holes ensures a superior solder joint to the
component leads, because the solder wicks
up through the hole.

For complex digital circuits you often
see laminated multilayer PC boards, in
which interior layers (called the “core”)
are used to carry ground and power-supply
voltages, and sometimes signal lines as
well. Four-layer and six-layer boards are
pretty routine these days, with occasional
use of more layers (up to 40!) in desperate
situations.

Manufacturing

The board material (usually 1/16 inch
of so-called FR-4 board, a fire-resistant
epoxy-bonded fiberglass) comes clad on
both sides with copper (“2 ounce” thick-
ness is standard; the copper is 0.0027 inch
thick). The first step is to drill the holes,
using a template or automated drilling ma-
chine keyed to the full-size photopositive
from the photoplotter or the Mylar
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pattern. ~ The holes are then “plated  “soldermask™ coating over the entire
through™ by a tricky multistep copper plat- board, covering all of the foil except for
ing process, creating continuous conduct- the pad areas. This greatly reduces the
ing paths from onc side of the board to  tendency to form “solder bridges” between
the other. closely spaced traces during subsequent
The next step is to create a tough “re-  soldering operations. It also makes the

sist” matenial, adhering to both sides of the ~ board moisture- and scratch-resistant. Sol.
board everywhere except where the foil for ~ dermask materials can be applied by sik-
the circuit is to remain. This is done by  screen methods (“wet mask”) or by the
(a) coating the board with a light-sensitive ~ same photographic “resist” methods used
film (usually a thin adhesive “dry film”), to create the foil circuit pattern (“dry
then (b) exposing the board to light with  mask”). You can recognize the soldermask
the full-size photopositive accurately sand- by its dark green color and by the observed
wiched on top, and (c) chemically “devel-  fact that it is practically impossible to re-
oping” the film (as in conventional —move. In industrial board manufacture,
photography) to make the exposed areas the board might then be stuffed by auto-
permanent. A step analogous to photo-  matic machines, with all joints soldered in
graphic “fixing” then removes the unex- a few seconds in a “wave-soldering” ma-
posed film, in precisely the pattern that chine. The alternative is to stuff and solder
will ultimately become the circuit traces. by hand.
Then the board, with the pattern of resist There is a simpler process of board man-
now masking the areas where the copper  ufacture that is sometimes used, especially
foil is ultimately to be removed, is im- = jnsmall production situations or for single-
mersed into a solder-plating bath. The  sided boards, where plated-through holes
result is to plate solder (a tin/lead alloy) aren’t needed. In this method you be-
everywhere that the foil pattern is to re-  gin by coating the board with photo-resist,
main, including the insides of the holes. then expose it through a full-size negative
Next the resist is removed chemically, (rather than positive) of the desired pat-
exposing the copper that is to be removed, tern, i.e., a photographic film that is trans-
and the board is treated with a copper- parent wherever you want foil to remain.
etching compound. That leaves the de-  The resist is developed, and then the unex-
sired pattern of solder-plated copper, posed resist is dissolved away. This board
complete with plated-through holes. At then has a layer of tough resist covering
this point it is important to carry outastep  the copper that is to remain, so you sim-
known as “reflow soldering,” which con-  ply expose it directly to the etching com-
sists of heating the board to make the thin  pound (omitting the solder-plating step,
solder plating flow. This prevents the for-  above). After the superfluous copper has
mation of tiny slivers of metal (from the  been etched away, the remaining resist 18
undercutting action of the etching bath)  washed off with solvent, leaving Fhe_dé‘
that could otherwise cause conductive sired pattern in copper. At this pointit1s
bridges. Reflow soldering also improves  best to treat the board with an “electroless
the solderability of the finished board; a  tin-plating bath in order to cover the cop-
reflow-soldered board is a delight to “stuf”  per with a metal less susceptible to corro-
with components. sion. As before, the edge-connector fingers
The next step in board manufacture is  will then be gold-plated. The final step ;ﬂ
to electroplate the edge-connector fingers this process consists of drilling t.he holes n)lf
with gold. The final process in board man-  hand, using the actual conductive pa“ea”
ufacture consists of applying a tough as a guide (each “donut” pad has a S
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opening in the center to aid in drilling the
finished board).

0 12.05 PC board design ' /

There are several important decisions you
have to make during PC board design,
during component “stuffing,” and finally
when the board is used in an instrument.
In this section we will try to touch on the
most important of these.

O PC board layout '\ /

To make a printed-circuit board, you must
ultimately convert your schematic diagram
into a corresponding pattern of desired
copper-foil traces that will compose the
finished board. There are basically two
ways: (a) Working from the manually
drawn schematics, you can use pencil and
paper (and lots of erasers!) to figure out a
set of interconnection paths (“routes”) that
does the job, then manually apply opaque
tape and preformed connection patterns
accurately onto clear polyester film to
make the finished “Mylar” masters, or (b)
you can convert your hand-drawn schemat-
ic to a connection “netlist,” then use a
CAD (computer-aided design) program to
figure the trace routing, producing a set of
precision machine-drawn “photoplots” di-
rectly; better still, you can replace the man-
ual schematic drafting with CAD-based
“schemadtic capture,” in which you draw
the diagrams directly on a graphics work-
station, using a graphic tablet or mouse.
CAD-based circuit drawing and layout
(option b, above) has many advantages, in-
cluding automatic netlist extraction, pain-
less documentation, the ability to check
for design and layout rule errors, the abil-
ity to make changes relatively easily, and
the ability to produce complex multilayer
boards with precise alignment of pads and
traces. It is the method of choice for
nearly all complex and high-density PC
board production. However, we would like

to begin simply, by briefly describing man-
ual methods of PC board layout (option
a, above). Once you know how to do a
PC board layout by hand, you will un-
derstand what you’re trying to make with
the complex computer-based CAD .tools.
Furthermore, for simple jobs the manual
methods may be all you need, and they
are cheaper (and sometimes quicker) than
CAD-based methods. They are particu-
larly appropriate for the uncrowded boards
you might use in simple unsophisticated
instruments, of the sort you might build
in small quantities for research laboratory
use. They are also well adapted to boards
containing parts with unusual shapes and
lead spacings. Later, in Section 12.08, we
will describe the CAD methods that are
mandatory for high-density digital multi-
layer boards intended for large production.

There are several stages along the way
from a schematic diagram to a final printed
circuit. Beginning with the diagram, you
generally work out trial  pencil
sketches of component layouts and inter-
connections, eventually working these to-
gether into a final pencil layout drawing.
From this you make the “Mylar,” con-
sisting of accurately aligned “pads” (ter-
minal areas for component connections)
and taped interconnections. Precut pat-
terns are used for IC and transistor pads
and for ribbon and edge connectors, since
these have standard spacings and dimen-
sions. The pencil sketch and Mylar are
usually made double size to allow greater
accuracy (and to keep your eyes from pop-
ping out!). When the Mylar (two Mylars
for double-sided boards) is completed, it
is photographically reduced to an actual-
size negative, from which a trial board is
made as described previously. You gener-
ally “stuff” the prototype board with com-
ponents, turn on the power, and then hunt
down the errors; this lets you correct the
Mylar artwork to produce final boards.
The following subsections provide some
further details and hints.
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0 Initial sketch

we recommend doing the initial layout
with pencil on grid paper (5 lines/inch),
with two colors to indicate foil patterns
on the top and bottom (assuming it is
a double-sided board). We usually use
black pencil for runs on the bottom and
green or red for the top (component) side.
Since you’re likely to do plenty of erasing,
it is best to use vellum graph paper.
The 0.2 inch gridding corresponds to 0.1
inch final size, the universal measure for
IC pin spacings, transistor pinouts, edge
connectors, etc. Your drawing should be
the view from the component side; i.e.,
the sketch of the component-side (top-side)
foil pattern looks like the final pattern, and
the sketch of the bottom foil pattern is
what you would see looking down through
the finished board with x-ray eyes. While
working on the layout, indicate component
outlines with a pencil of a third color. All
this work should be freehand. Don’t waste
time with an outline template; just use
the grid lines as a guide to draw IC and
component pinouts.

It is generally best to work up some
trial layouts on a piece of scratch paper,
particularly for sections of the circuit that
may require special layout to minimize
long lines or capacitive coupling. It may
take some experimentation to arrive at
good component arrangements. A trial
layout might consist of a block of the
circuit with two or three op-amps, or
perhaps the input or output section of
the circuit. These blocks should then be
worked together onto the large gridded
vellum, with adjustments being made as
you go. Don’t hesitate to do lots of erasing!

O Layout dimensions and hints

Try to have all ICs pointing in the same di-
rection, preferably in straight rows. Like-
wise, resistors should be in even rows, not
staggered. We use 0.030 or 0.040 black
tape for signal runs, with wider tape for

power supplies (0.05 or 0.062 inch) anq
very wide ground runs (0.1 to 0.2 inch, or
even wider; it’s common to broaden the
ground runs with lots of tape). Be syre
to include plenty of bypass capacitors, one
0.1uF for every two to four ICs. As yoy
scratch your head, trying to juggle the tan.
gled maze of interconnections, don’t forget
that components act as “jumpers” - they
can hop over runs on the board.

Dimensions and spacings: On the
actual-size PC board, we recommend holes
spaced 0.4 inch for resistors (W size),
with spacing of 0.1 or 0.15 inch between
resistors (with 0.15 inch spacing you can
get a tape run between adjacent pads). We
favor CK05 and CKO06 types of ceramic ca-
pacitors, with their controlled 0.2 inch lead
spacing, or the “DIP” 0.3 inch types (AVX
type MDOI, or Kemet C630C104M5U);
they can also be spaced 0.1 inch from other
capacitors or resistors. Leave some room
around ICs for logic clips: a minimum of
0.2 inch to the next IC pads and a min-
imum of 0.15 inch to the nearest resistor
or capacitor pads. Leave 0.030 inch spac-
ing between tape runs, and don’t run any-
thing closer than 0.25 inch from the edge
of the board, to allow room for card lifters,
guides, standoffs, etc. Avoid running lines
between the 0.1 inch spaced pads of an
IC, unless necessary. You can fit up to six
tape runs lengthwise between the pads of
a standard DIP IC pattern (they’re spaced
0.3 inch).

Recent PC design practice generally
favors much higher line densities (both
thinner lines and closer spacing) than the
values recommended above; the latter
would be called “15-15” design rules, sig-
nifying 0.015 inch minimum line width
with 0.015 inch minimum conductor clear-
ance. In the PC board industry, 15-15 rules
are considered quite relaxed, with 12-12
pretty standard; 12-12 rules let you run
one trace between adjacent IC pads on 0.1
inch centers (check for yourself that this is
permitted, providing the pads aren’t larger
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than 0.064 inch in diameter). High-density
bogrds often use 10-10 or 8-8 rules, with
wh_lch you can squeeze two traces between
adjacent IC pads (the maximum pad di-
ametgrs are then 0.050 and 0.060 inch, re-
spectively). Occasionally you see daring
boards with 0.006 inch or thinner traces;
Fhe designers of such boards are trading the
increased circuit density (three traces be-
tween adjacent pads, 20 down the center
channel!) against smaller plated-through
holes and other compromises that result in
poorer production yield and board robust-

ness.

O Connections to the board

For the majority of boards it is probably
best to bring out all connections through
“edge-connector” contacts, which mate di-
rectly with sockets available in a variety
of contact configurations. The most com-
monly used spacings are 0.156 inch, 0.125
inch, and 0.100 inch between fingers. Gen-
erally you’ll put an edge-connector pattern
at one end of the card, bringing power-
supply voltages and signals through that
connector. The card is mechanically sup-
ported, and it plugs in at that end (more
on that shortly). ‘

Often you see an
at the other end o

edge-connector pattern
f the card also, used

instead of a flat ribbon connector to bring
some other signals off the board or to other
boards. Another method for bringing
out signals is to use flat ribbon cable
terminated in DIP plugs; such cables
plug right into IC sockets on the boar_d.
You can buy these cables prefabricated in
various lengths, or you can make them
yourself with a kit consisting of flat cable,
unassembled DIP plugs, and a crimping
tool. Ribbon cables can also connect to the
board via in-line or “mass-termination”
connectors, which use one or two rows of
pins on 0.1 inch centers.

For simple boards the best method of
connection may be to use swage-solder

terminals or PC-type barrier strips with
screw terminals. Avoid the use of large
pads alone for connection of external wires

to PC boards.
Figure 12.7 illustrates a variety of PC

board connection techniques.

(] Odds and ends

With plated-through boards, use several
holes to join ground foils on opposite sides
of the board. Try to avoid using multi-
ple passes through the board to reach your
destination, since plated-through connec-
tions where no component is mounted are
more likely to give trouble. The layout of
a double-sided board generally winds up
with most tape runs going horizontally on
one side, vertically on the other.

General philosophy: Use smooth curves
or 45° turns, rather than right-angle turns,
for hand-taped layouts. Bring lines into
pads as if heading for the center of the
pad, rather than coming in at an oblique
angle. Don’t mount heavy components
on boards (a couple of ounces ought to
be the limit); assume that the instrument
will be dropped 6 feet onto a hard surface
sometime during its life! Put polarity
markings on the component side for diodes
and electrolytic capacitors, and label IC
numbers and pin 1 location (if there’s
room). It is always nice to label test
points, trimmer functions (e.g., “ZERO
ADJ”), inputs and outputs, indicator light
functions, etc., if you have room.

O Taping the Mylar

General advice: Use an illuminated “light
table” with a piece of precision gridded
Mylar taped to it. Don’t confuse this
with the inexpensive gridded plastic films
that are neither accurate nor dimensionally
stable; a piece of precision gridded film
will set you back at least $20. Put your
clear Mylar over, and stick down the IC
pads accurately on it. Use the pencil
sketch for guidance while taping. Wash

‘—
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Figure 12.7. Several connection techniques are illustrated in this digital recorder printed-circuit
card. The tape head connects via an in-line connector (which mates with a row of Wire-Wrap-type
pins), and other signals are brought out with “mass-termination” ribbon connectors and a dual
in-line ribbon connector. A test lead is shown clipped onto a “test point” terminal. This board
also illustrates PC board heat sinking (upper left), a logic-state indicator (upper right), miniature
single-turn trimmers, and single in-line (SIP) resistor networks.

your hands often to prevent deposition of
oily film on the Mylar, and use alcohol
to wipe any areas that might become oily.
Use an Xacto knife with curved blade for
tape and outline cutting, and learn not to
cut through the Mylar. Press the tape down
firmly after positioning; otherwise it will
eventually curl up. Allow generous over-
lap where tape meets pad, etc. When lay-
ing out tape, don’t hold it under tension;
it will shrink and pull away from pads.
Use precut bends and circles for the
larger tape widths (0.062 inch or wider)
when navigating tight turns. After the
Mylar is completely taped, check it
against the schematic by going over
each connection on the diagram with a
red pencil. When all seems OK, seal up

flaws on the Mylar with an indelible black
felt-tip pen.

Precut PC graphics patterns are avail-
able from several manufacturers. Table
12.1 shows some recommended types. The
Bishop Graphics catalog (5388 Sterling
Center Drive, Westlake Village, CA 91359)
includes extensive information on PC
board layout and execution.

12.06 Stuffing PC boards

Yo_ur worries aren’t over when you’ve got 2
finished board. You’ve got some decisions
to make (e.g., whether or not to use IC
sockets) and some important things to
do (e.g., defluxing and lead trimming)-
Herewith, some thoughts on these subjects.
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TABLE 12.1. SELECTED PC GRAPHIC PATTERNS

Pattern®

Bishop Datak
Sma.ll pads (0.150" OD) D203 JD-145
Medium pads (0.187" OD) D104 JD-146
Large pads (0.250" OD) D108 JD-150
Giant pads (0.300" OD) D293 JD-343
0.150" thermal relief — pos 5272
JDS-532
0.150" thermal relief — neg 5278 =
0.187" thermal relief — pos 5232 -
0.187" thermal relief — neg 5238 =
16-pin DIP 6109 JD-64
16-pin DIP with in-betweens 6946 JD-179
20-p!n DIP 6999 JD-575
20-pin DIP with in-betweens = JD-585
28-pin DIP 6904 JDS-398
28-pin DIP with in-betweens - JDS-591
TO-5 transistor 6077 -
TO-18 transistor 6274 JD-88
TO-92 transistor = JD-91
0.100" connector pads 5004 JD-145
0.100" edge-connector strip 6714 JD-123
0.156" edge-connector strip 6722 JD-121
0.031" black tape 201-031-11 =
0.040" black tape 201-040-11 -
0.050" black tape 201-050-11 =
0.062" black tape 201-062-11 =
0.100" black tape 201-100-11 -
0.200" black tape 201-200-11 =
0.062" universal corners Cu601 -
0.100" universal corners Cue607 -
Cue609 =

0.200" universal corners

(@ for 2:1 artwork originals.

Sockets

There is great temptation to use IC sockets
everywhere, for ease of troubleshooting.
However, if you’re not careful, the sockets
may well cause more trouble than they
prevent. In general, sockets are a good
idea at the prototyping phase, where IC
substitution may be necessary to convince
you that the trouble you’re having is a

design error, not a bad component. They
should also be used for expensive ICs (€.8.,
a D/A converter, microprocessor, or the
like), ICs that you’re likely to want to
change from time to time (e.g., a program
ROM), and ICs that have a good chance of
being damaged sooner or later (e.g., chips
that buffer input or output signals from
outside the instrument).

The problem is that a poorly designed
socket may prove unreliable over extended
time periods. A nonsoldered joint must
have a gas-tight seal, such as that created
by a mechanical metal-to-metal wiping ac-
tion, with the seal then being left undis-
turbed. PC edge connectors, for exam-
ple, used to be somewhat unreliable; with
time, manufacturers learned some good
tricks: bifurcated contacts (two indepen-
dently sprung contacts for each finger),
gold plating on the socket and on the edge
fingers, and good mechanical design to en-
sure firm contact pressure during wiping
and afterward. Joints that aren’t gas-tight
can be expected to fail after some time,
perhaps a year or so. This sometimes
happens inadvertently, e.g., by inserting a
component in a PC board and then forget-
ting to solder it. Such connections have
the maddening property of working fine at
first, then becoming intermittent months
or years later, owing to the formation of
corrosion. A different problem can arise
when heavy ICs (24 pins or more) are held
in sockets. They can work their way out
of the sockets after repeated vibration or
shock.

We have found that the pin-and-jack
type of IC socket (popularized by the
Augat 5zz-AG series), although expensive
compared with many other socket types,
gives good reliability.

Soldering and defluxing

The usual procedure is to insert some
components, turn the board over and bend
the leads aside to hold the components
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