Digilab
DRAFT
Page 2/44

Digilab Circuit Board

User’s Manual

Clint Cole, Washington State University

January 2000

Introduction

The Digilab materials have been developed to provide both new and more experience engineers with a highly capable but inexpensive circuit-prototyping platform. The material centers on a circuit board that forms a complete, self-contained design platform that can be used to construct circuits ranging from basic logic designs through complex computer and control devices. The board contains a 5V power supply, an integral breadboard, a XilinxTM programmable gate array, several input switches and LED displays, and a host of standard connectors. The Digilab materials also include reference documents, several pre-designed circuits with associated software modules, and more than 30 lab exercises, all of which are freely available at the companion web site (www.eecs.wsu.edu/~digilab).

The lab exercises offer structured design problems ranging from simple logic circuits through complex digital devices, with several of the more advanced exercises involving real-time data exchange with a PC (e.g., audio playback, data acquisition, and real-time control circuits). Available software and circuit-design modules include a simple logic analyzer and pattern generator (both of these circuits use Digilab’s parallel port), parallel, serial, PS2 and VGA port controllers, and several graphing utilities for plotting data acquired via a parallel or serial ports. Together, the circuit board, lab exercises, and reference material forms the core of a state-of-the-art digital engineering teaching laboratory. The Digilab materials can be used as a part of an overall laboratory course in digital electronics design, or as an independent, self-paced learning tool. The board is available as an unassembled kit or as a fully assembled and tested circuit board. The lower-cost unassembled kit requires about 2.5 hours of assembly work, providing good exposure to Digilab’s electronic components as well as soldering techniques and electronics assembly and test procedures.

This document is divided into four sections. Section 1 presents basic electronics concepts and discusses all components used on the Digilab board. The material in section 1 is geared towards readers with little or no exposure to electronics systems, and in particular those who will assemble the Digilab board. Section 2 presents all circuits used on the Digilab board. Together with the schematics, this section forms a technical reference. Section 3 presents topics of interest to Digilab users, and section 4 presents assembly, test, and troubleshooting procedures. Although this document provides all required information for board assembly and test, it is recommended that those unfamiliar with electronics assembly receive further instruction and guidance in an educational laboratory prior to working with the board.
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Section 1: Background and Components

Background

A collection of electronic components that have been assembled and interconnected to perform a given function is commonly referred to as a circuit. The word circuit derives from the fact that electric power must flow from the positive terminal of a power source through an electronic device and back to the negative terminal of a power source, thereby forming a circuit. If the connections between an electronic device and either the positive or negative terminals of a power supply are severed, the device will not function. Many different types of electronic devices can be found in modern circuits, including resistors, capacitors, inductors, and semiconductor devices (including diodes, transistors, and integrated circuits). All of these devices are discussed later in this section. Devices in a circuit are connected to one another by means of electrical conductors, or wires. Once a wire connects two or more devices, the wire and all attached device connectors are said to form a circuit node. Certain wires (or nodes) provide electric power to devices, and other wires (or nodes) carry information between devices.
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A circuit requires a power supply to provide a constant and stable source of electric power to all devices. Electric power is derived from the basic electrical forces that charged particles (e.g., electrons) exert on one another. This attractive force, measured in volts, can be harnessed to do useful work in a given circuit (turning a motor, heating an element, lighting a lamp, communicating information over a wire, etc.). By keeping certain circuit nodes at specific voltages, the power supply provides a ready source of power for all components in a circuit. In a digital circuit, these voltage levels are constrained to two distinct relative values – “high” (called Vdd for reasons that will be explained later) and low (or GND). In general, the GND node in a digital circuit is the lowest voltage in the circuit, and all nodes labeled GND are tied together into the same node. Likewise, the Vdd node is the highest voltage in the circuit, and all nodes labeled Vdd are tied together into the same node. Vdd may be thought of as the “source” of positive charges in a circuit, and GND may be thought of as the “source” of negative charges in a circuit. In modern digital systems, Vdd and GND are separated by anywhere from 2 to 5 volts. Older or inexpensive circuits typically use 5 volts, while newer circuits use 3 volts or less. In digital circuits, the Vdd and GND voltages are used not only to supply electric power to circuit devices, they are used to represent information as well.

When charged particles are induced into motion by a voltage force, an electric current results. It is the flow of current that actually does work in electric circuits. When current flows through the windings of an electric motor, a magnetic field is created that can turn a shaft. When current flows through a resistive element, heat or light is produced. In a digital circuit, electric current carries charged particles along wires to and from various circuit nodes, causing either Vdd or GND to move among the various circuit components. A signal is a circuit node that "carries" Vdd and GND voltages among various circuit elements. Since a digital signal is constrained at one of two voltages (either Vdd or GND), it must be in one of two states (high or low), and it is said to carry one binary digit (or bit) of information. Thus, signals can carry bits of information (in the form of Vdd or GND voltage levels) around a digital circuit.
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Digital signals can transport Vdd or GND voltages around a circuit. These two distinct voltage levels can be assigned two distinct symbols; by convention, we borrow the numerical symbols “0” and “1”. Using such symbols allows the use of existing logical and numerical techniques to be applied to digital signals. For instance, an AND relationship can be logically described as “true” when all inputs are “true” (i.e., output Y <= “true” when inputs “A” and “B” and “C”… are all “true”). If we assign the symbol “1” to “true”, then the AND relationship yields a “1” when the inputs are all “1”, concisely demonstrated by the truth table. Always bear in mind is that the symbol “1” can be assigned to either Vdd or GND as needs dictate; never assume in a digital circuit that “1” means Vdd. Any digital system or circuit that assigns the symbols “0” and “1” to represent the information on a signal must clearly indicate whether a “1” is associated with Vdd or GND. Often, when a “1” is assigned to represent Vdd, a signal is said to be asserted high; and when a “0” is assigned to represent Vdd, the signal is said to be asserted low. Note that by convention, if a “1” is assigned to Vdd, it is always assumed that a “0” represents GND (and vice-versa).  Often, groups of digital signals may be grouped together to form a logical entity called a bus. Because each signal on a bus can carry a “1” or a “0”, busses can carry binary numbers. For example, if a 4-bit bus is used to represent a 4-bit binary number, then the bus can “carry” a binary number from 0 to 15 (0000 to 1111). 

In contrast to digital circuits, analog circuits use signals whose voltage levels are not constrained to two distinct levels, but instead can assume any value between Vdd and GND. Many input devices, particularly those using electronic sensors (e.g., microphones, cameras, thermometers, pressure sensors, motion and proximity detectors, etc.) produce analog voltages at their outputs. In modern electronic devices, it is likely that such signals will be converted to digital signals before they are used within the device. For example, a digital voice-memo recording device uses an analog microphone circuit to convert sound pressure waves into similar voltage waves on an internal circuit node. A special circuit called an analog-to-digital converter, or ADC, converts that analog voltage to a binary number that can be represented as a bus in a digital circuit. An ADC functions by taking samples of the input analog signal, measuring the magnitude of the input voltage signal (usually with reference to GND), and assigning a binary number to the measured magnitude. Once an analog signal has been converted to a binary number, a bus can carry that digital information around a circuit. In a similar manner, digital signals can be reconstituted into analog signals using a digital-to-analog converter. Thus, a binary number that represents a sample of an audio waveform can be converted to an analog signal that can, for example, drive a speaker. In general, analog signals are more sensitive to degradation over time or over transmission distance, and they can be more difficult to process in electronic circuits. It is because digital signals are more robust and easier to work with that electronics industries the world over have “gone digital”. 

Components 

The Digilab circuit board, shown in Appendix B, contains all the components listed in Appendix A. During the manufacturing process, all parts are assembled onto the Digilab printed circuit board (PCB). This section will briefly discuss each of the components.

Circuit board

Electronic components are often assembled and interconnected on a flat surface known as a circuit board. The several types of existing circuit boards may be divided into two broad categories: those intended for prototype or experimental circuits; and those intended for production and/or commercial sale. Circuit boards used for experimental work are often referred to as breadboards or protoboards. Breadboards allow engineers to construct circuits quickly, so that they can be studied and modified until an optimal design is discovered. In a typical breadboard use, components and wires are added to a circuit in an ad hoc manner as the design proceeds, with new data and new understanding dictating the course of the design. Since breadboard circuits exist only in the laboratory, no special consideration need be given to creating reliable or simple-to-manufacture circuits -- the designer can focus exclusively on the circuit's behavior. In contrast, circuit boards intended for production or commercial sale must have highly reliable wires and interconnects, permanent bonds to all components, and topographies amenable to mass production and thorough testing. And further, they must be made of a material that is reliable, low-cost, and easy to manufacture. A fiberglass substrate with copper wires (etched from laminated copper sheets) has been the PCB material of choice for the past several decades. The Digilab board is a simple example of such a board. Note that most often, production circuit board designs are finalized only after extensive breadboard phases. Components are permanently affixed to production boards using the soldering process (discussed later).
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In a PCB that uses through-hole technology, holes are drilled through the pads so that component leads can be inserted and then fastened (soldered) in place. In a PCB that uses surface-mount technology, component leads are soldered directly to the pads on the surface. Each set of pads (or holes) in the PCB is intended to receive a particular component. To identify which component must be loaded where, reference designators are printed on the circuit board immediately adjacent to the pads using a silk-screen process. A parts list (Appendix A) links a designated set of pads to a physical component by describing the component and assigning it a particular reference designator.  The reference designators guide assemblers and testers when they are working with the PCB.  Many components must be placed into the PCB in a particular orientation. By convention, components that require a particular orientation have one lead designated as pin 1. On the PCB, a square pad rather than the typical circular pad denotes pin 1. 

On all but the simplest PCBs, wires must be printed on more than one surface of fiberglass to allow for all the required component interconnections. Each surface containing printed wires is called a layer. In a relatively simple PCB that requires only two layers, only one piece of fiberglass is required since wires can be printed on both sides. In a more complex PCB where several layers are required, individual circuit boards are manufactured separately and then laminated together to form one multi-layer circuit board. To connect wires on two or more layers, small holes called vias are drilled through the wires and fiberglass board at the point where the wires on the different layers cross. The interior surface of these holes is coated with metal so that electric current can flow through the vias. The Digilab board is a simple two-layer board; some more complex computer circuit boards have more than 20 layers.

The unloaded PCB appears green because thin sheets of green plastic have been applied to both sides (otherwise the PCB would appear pale yellow). Called solder masks, these sheets cover all exposed metal other than the component pads and holes so that errant solder can't inadvertently short (or electrically connect) the printed wires. All metal surfaces other than the exposed pads and holes (i.e., the wires) are underneath the solder mask. Not infrequently, blue or even red solder masks are used.

Circuit components are manufactured with exposed metal pins (or leads) that are used to fasten them to the PCB both mechanically (so they won't fall off) and electrically (so current can pass between them). The soldering process, which provides a strong mechanical bond and a very good electrical connection, is used to fasten components to the PCB. During soldering, component leads are inserted through the holes in the PCB, and then the component leads and the through-hole plating metal are heated to above the melting point of the solder (about 500 to 700 degrees F). Solder (a metallic compound) is then melted and allowed to flow in and around the component lead and through-hole. The solder quickly cools to form a strong bond between the component and the PCB. The process of associating components with reference designators, loading them into their respective holes, and then soldering them in place comprises the PCB assembly process.

Examine the Digilab board, and note the printed wires on either side. Wires on one side go largely "north and south" while wires on the other side go largely "east and west". The perpendicular or Manhattan arrangement of wires on alternate layers is very common on multi-layer PCBs. Locate some vias, and note that they connect wires on opposite sides. Locate various components, their hole patterns, and associated reference designators. Identify pad 1 for the various components. Note that the through-holes are somewhat larger than the vias, and that component leads can easily be inserted into their through-holes, but not into vias.

Transistors and Integrated Circuits

Transistors, in the simplest sense (which is how we will use them here) can be thought of as electrically controllable "on/off" switches. They are three-terminal devices, where one terminal is the control terminal (called the "gate" or "base" depending on the type of transistor) and the other two terminals may be thought of as the input and output. The two most common transistor types in use today are the MOSFETs (an acronym for Metal Oxide Semiconductor Field Effect Transistor) and BJTs (an acronym for Bipolar Junction Transistor). Both types are frequently used in modern digital circuits, but their different characteristics make them suitable for different applications. For example, MOSFETs require very little electric power to operate, they can be inexpensively manufactured in extremely small areas, and they can be switched on and off relatively quickly, so they are well suited for use in complex integrated circuits like microprocessors. Although this discussion will deal primarily with MOSFETs, the same general principles apply to BJTs as well.

The input and output terminals of a MOSFET (or just FET) are called the source and the drain, and the control input is called the gate. An electrical connection is created between the source and the drain (i.e., the FET is turned “on”) when the gate input is asserted. One kind of FET, called an nFET, is turned on when Vdd is present at the control input, and a second type, called a pFET, is turned on when GND is present at the control input. Thus, an "asserted" input for an nFET means that the control signal is at Vdd, and for a pFET means the control input is at a GND. The figures below show the circuit symbols and equivalent switch diagrams for both nFETs and pFETs.
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Individual FETs are often used as stand-alone electrically controllable on-off switches. As an example, if a pFET were used to turn on and off an appliance, then a power source might be connected to the source input, and a load (such as a motor, lamp, or other electrical component in an appliance) might be connected to the drain input. A logic signal applied to the gate could then turn the load device on (gate = GND) or off (gate = Vdd). Typically, a relatively small voltage (on the order of a few volts) is required to turn on a FET, even if the FET is switching large voltages and currents. Individual FETs used for this purpose are typically rather large (macroscopic) devices.

FETs can also be arranged into circuits that perform useful logic functions such as AND, OR, NOT, etc. In this application, several very small FETs are constructed on a single small piece of silicon (or chip of silicon) and then interconnected with equally small metal wires. These microscopic FETs typically occupy an area of less than 1 x 10e-7m2. Since a silicon chip might measure several millimeters on a side, several thousands or even millions of FETs can be constructed on a single chip.   Circuits assembled in this fashion are said to form "integrated circuits", because all circuit components are constructed and integrated on the same piece of silicon.

Most FETs are manufactured using the semi-conductor silicon. During manufacturing, a silicon chip is implanted with ions to make it more conductive in the areas that will become the FET source and the drain regions -- these regions are commonly called diffusion regions. Next, a thin insulating layer is created between these diffusion regions, and another conductor is "grown" on top of this insulator. This grown conductor (typically silicon) forms the gate, and the area immediately under the gate and between the diffusion regions is called the channel. Finally, wires are connected to the source, drain, and gate structures so that the FET can be connected in a larger circuit. Several processing steps involving high temperatures, precise machine alignments, and various materials are required to produce transistors. Although a description of these processes is beyond the scope of this document, the processes are well documented and many very readable references exist (e.g. see the IBM website http://www.chips.ibm.com/bluelogic/manufacturing/makechip/makechip1.html).
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The basic principles of FET operation are actually quite straightforward. The following very basic discussion applies only to nFETs; pFET operation is entirely similar, but the voltages must be reversed. Refer to one of the many available texts for a more proper and detailed presentation of FET operation.

As the figure below shows, both the source and drain diffusion areas of an nFET are implanted with negatively charged particles. When an nFET is used in a logic circuit, its source lead is generally connected to GND, so that the nFET source, like the GND node, has an abundance of negatively charged particles. If the gate voltage of an nFET is at the same voltage as the source lead (i.e., GND), then the presence of the negatively charged particles on the gate repels negatively charged particles from the channel region immediately under the gate (note that in semiconductors such as silicon, positive and negative charges are mobile and can move about the semiconductor lattice under the influence of charged-particle induced electric fields). A net positive charge accumulates under the gate, and two back-to-back positive-negative junctions of charge (called pn junctions) are formed. These pn-junctions prevent current flow in either direction. If the voltage on the gate is raised above the source voltage by an amount exceeding the threshold voltage (or Vth, which equals about 0.5V), positive charges begin to accumulate on the gate and positive charges in the channel region immediately under the gate are repelled. A net negative charge accumulates under the gate, forming a channel of continuous conductive region in the area under the gate and between the source and drain diffusion areas. When the gate voltage reaches Vdd, a large conductive channel forms and the nFET is “strongly” on.
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As the following figure shows, nFETs used in logic circuits have their source leads attached to GND and Vdd on their gate turns them on, while pFETs have their source leads attached to Vdd and GND on their gate turns them on. 
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For reasons that will become clear later, an nFET with it's source attached to Vdd will not turn on very strongly, so nFET sources are rarely connected to Vdd. Similarly, a pFET with its source attached to GND will not turn on very well either, so pFETs are rarely connected to GND. Armed only with this basic description of FET operation, it is possible to construct the basic logic circuits that form the backbone of all digital and computer circuits. These logic circuits will combine one or more input signals to produce an output signal according to the logic function requirements. Shown below are the logical truth tables for the AND, OR, and NOT functions that will be used to guide logic circuit development. Note that the AND and OR truth tables can be extended to any number of inputs.
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These truth tables use 1's and 0's to show the logic relationships. If we wish to build an actual circuit to implement these relationships, we must decide whether a 1 represents a signal at Vdd or GND (and similarly, whether a 0 represents a Vdd or a GND signal). It may be tempting to associate a logic 1 with Vdd and a logic 0 with GND, but in circuit design, it is equally valid to assign a logic 1 to a GND signal and logic 0 to a Vdd signal. 

When constructing a FET logic circuit, four basic rules must be followed:

· pFET sources must be connected to Vdd and nFET sources must be connected to GND;

· the logic circuit output must always be connected to Vdd via an "on" pFET or to GND via an "on" nFET;

· the logic circuit output must never be connected to both Vdd and GND at the same time;

· and the circuit must use the fewest possible number of FETs.
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Following these rules, a circuit that can form the AND relationship between two input signals is developed. In the circuit on the left below, the output (labeled Y) is connected to GND only if the two inputs A and B are at Vdd. The two nFETs labeled Q1 and Q2 are said to be in series; in general, a series connection of FETs is required for an AND function. In the circuit on the right below, the output Z is connected to GND if A or B are at Vdd. The two nFETs labeled Q3 and Q4 are said to be in parallel; in general, a parallel connection of FETs is required for an OR function. 

Keeping in mind the rules for FET logic circuits, an AND structure is created from Q1 and Q2 below. Using just these two FETs, Y is driven to GND whenever A and B are at Vdd. But we must also ensure the output Y is at Vdd when A and B are not both at Vdd; restated, we must ensure the output Y is at Vdd whenever A or B are at GND. This can be accomplished with an OR'ing structure of pFETs (Q3 and Q4 below). The AND'ing structure and OR'ing structure are assembled in the circuit on the below right. The adjacent operation table shows the input and output voltages for all four possible combinations of inputs. This circuit has two interesting properties: it uses the fewest number of FETs possible to create an AND relationship; and the output produces a GND signal when the inputs A and B are both at Vdd. In order to have this circuit's performance match the AND truth table above, we must assign the input signals a logic 1 for a Vdd, and the output signal a logic 1 for a GND. This should create no confusion -- we are always free to interpret a Vdd signal as a logic 1 or as a logic 0.
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Because this circuit “inverts” the assertion level of the output from the assertion level of the input, this circuit has been named a “NOT AND” or NAND. To create an AND circuit in which both the input signals and output signals can associate a Vdd signal with a logic 1, an inverter circuit must be added to the output of the NAND gate. As the name implies, an inverter produces a Vdd output for a GND input, and vice-versa. Shown below are the five basic logic circuits: NAND, NOR (for “NOT OR”), AND, OR and INV (for inverter). The reader should verify that all truth tables show the correct circuit operation. These basic logic circuits are frequently referred to as logic gates.

In each of these circuits, the minimum number of FETs has been used to produce the required logic function. Each circuit has nFETs "on the bottom" and pFETs "on the top" performing complementary operations; that is, when an OR relationship is present in the nFETs, an AND relationship is present in the pFETs. FET circuits that exhibit this complementary nature are called Complementary Metal Oxide Semiconductor, or CMOS, circuits. CMOS circuits are by far the dominant circuits used today in digital and computer circuits. (Incidentally, the Metal-Oxide-Semiconductor name refers to older technologies where the gate material was made of metal and the insulator beneath the gate made of silicon oxide). These basic logic circuits form the basis for all digital and computer circuits.

When these circuits are used in schematic drawings, well-defined shapes are used rather than the FET circuits (it would simply be too tedious to draw the FET circuits). Those shapes are also shown below. Note that a straight edge on the input side and smoothly curved output side means AND, while a curved edge on the input side and pointed output side means OR. Note also that a bubble on an input means that inputs must be at GND to produce the indicated logic function, and that a bubble on the output means that a GND output signal is produced as a result of the logic function. (The lack of a bubble on inputs means that signals must be at Vdd to produce the indicated function, and the lack of a bubble on the output means that a Vdd signal is produced as a result of the logic function.)
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Note that each of the symbols above has two appearances. The symbols on the top may be considered the primary symbols, and those on the bottom may be considered the conjugate symbols (properly, each symbol is the conjugate of the other). The reader should verify that the “bubble-GND / no-bubble Vdd” rule presented above holds for either symbol in a pair. For example, examine the OR-shaped NAND symbol and the NAND operation table, and verify that if the A or B input signals are at GND, then the output is at Vdd.

The terms chip and integrated circuit refer to FET circuits using microscopic transistors that are all co-located on the same small piece of silicon. Chips have been designed to do all sorts of functions, from very simple and basic logical switching functions to highly complex processing functions. Some chips contain just a handful of transistors, while others contain several million transistors. Some of the longest-surviving chips perform the most basic functions. These chips, denoted with the standard part numbers "74XXX", are simple small-scale integration devices that house small collections of logic circuits. For example, a chip known as a 7400 contains four individual NAND gates, with each input and output available at an external pin.

As shown in the figures below, the chips themselves are much smaller than their packages. During manufacturing, the small, fragile chips are glued (using epoxy) onto the bottom half of the package, bond-wires are attached to the chip and to the externally available pins, and then the top half of the chip package is permanently affixed. Smaller chips may only have a few pins, but larger chips can have more than 500 pins. Since the chips themselves are on the order of a centimeter on each side, very precise and delicate machines are required to mount them in their packages.

Smaller chips are usually packaged in a "DIP" package (DIP is an acronym for Dual In-line Package) as shown below. Typically on the order of 1" x 1/4", DIP packages are most often made from black plastic, and they can have anywhere from 8 to 48 pins protruding in equal numbers from either side. DIPs are used exclusively in through-hole processes. Larger chips use many different packages -- one common package, the "PLCC" (for Plastic Leaded Chip Carrier) is shown below. Since these larger packages can have up to several hundred pins, it is often not practical to use the relatively large leads required by through-hole packages. Thus, large chips usually use surface mount packages, where the external pins can be smaller and more densely packed.
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On schematics and on the PCB silkscreen, chips are often shown as square boxes denoted with a "U__" reference designator. Note that on the Digilab PCB, all the chips are loaded in sockets. Sockets are generally used when chips may need to be replaced or upgraded (such as older PC BIOS ROMs), or when chips are on a circuit board that might be damaged during frequent handling (such as the Digilab board). Chips, even in their plastic packages, are quite fragile are subject to damage from a variety of sources, including electrostatic discharge or ESD. Placing chips in sockets allows them to easily be replaced if they do get damaged.

When placing sockets in the PCB and later, chips into the sockets, pin 1 must be correctly oriented. The PCB silk screen, IC sockets, and the IC's themselves all indicate where pin 1 is located. For smaller chips and their sockets, a small notch is located on one end indicating pin 1 is to the immediate left. By convention, that same notch pattern appears in the PCB silk screen. For larger IC's, either the corner of the IC nearest (and to the left) of pin 1 is shaved off, or a small indentation (or dot) is located at the corner nearest pin 1.

The Digilab board contains several different ICs. U1 is used to filter (or "clean up") the button inputs so that they provide clean edges when pressed (more on this process, called debouncing, later). U1 also provides additional current to drive the LED displays. U2 provides current for the eight individual LEDs (LEDs are described later). U3 is a "Field Programmable Gate Array" (or just FPGA) Xilinx chip that can be configured to perform virtually any moderately-sized digital function – this chip is used extensively in many labs. U4 and U5 are small chips that provide clock sources for the Xilinx FPGA. Although not strictly necessary, these clock chips can produce the higher frequencies that are needed in some applications. U6 is an optional configuration ROM for the Xilinx chip, and U7 and U8 are used by the Xilinx PC-based programming circuit. Finally, U9 converts the RS-232 voltages (-3V to -12V for a "1" and 3V to 12V for a "0") to voltages compatible with digital circuits (0V to 5V).

Diodes

Diodes are constructed from the same type of silicon as transistors, but they are simpler devices that have only two terminals. Called the anode and cathode, the two ends of the diode are constructed of positively doped silicon (the anode) joined directly to negatively doped silicon (the cathode). This pn-junction exhibits the unique characteristic of allowing current to flow in only one direction (from the anode to the cathode). Diodes have a minimum threshold voltage (or Vth, usually around 0.7V) that must be present between the anode and cathode in order for current to flow. If the anode voltage is not at least Vth greater than the cathode voltage, no current will flow. Likewise, if the cathode voltage is greater than the anode voltage, the diode is said to be reverse-biased and no current will flow. In an ideal diode, if the diode voltage equals the threshold voltage (plus a small amount), then unlimited current can flow without causing the voltage across the diode to increase. And, if the diode is reversed-biased, no current will flow regardless of reverse-voltage magnitude.
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Note the identification methods used to mark a diode's cathode terminal: the schematic symbol has a line at the point of the triangle; the physical diode has a dark line on the plastic component housing; and the silk-screen pattern has both a line at the cathode end and a square pad for the cathode lead. When loading a diode into a circuit board, make sure that the dark line on the diode matches the line in the silk-screen pattern. Remember that since diodes allow current to flow in only one direction, a backwards diode will cause the circuit to malfunction.

Diodes locations on the circuit board are typically denoted with a "D__" reference designator. 

Output LEDs

Circuits often require output devices to communicate their state to an user. Examples of electronic output devices include computer monitors, LCD alphanumeric panels (as on a calculator), small lamps or light-emitting diodes (LED's), etc. Outputs from the Digilab board consist of eight individual LED's and a four-digit LED display that can display the digits 0-9 in each digit position. As with diodes, LED's are two-terminal semiconductor devices that conduct current in only one direction (from the anode to the cathode). The small LED chips are secured inside a plastic housing, and they emit light at a given frequency (RED, YELLOW, etc.) when a small electric current (typically 10mA to 25mA) flows through them. On the Digilab board, only red LEDs are used, but they are available in many colors. Since LEDs are polarized devices, they must be placed in the circuit board with the correct orientation. As with diodes, LED cathode terminals are identified using unique marks (see the figure below). 
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The LED's on the Digilab board are denoted with an "LD__" reference designator. Applying VDD to the J2 circuit connections labeled LD1 – LD8 will illuminate the LEDs. An LED schematic symbol is shown below, together with a sketch of a physical LED and a typical silkscreen pattern. As can be seen, the schematic symbol resembles a regular diode, but with added arrows indicating light emission.
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The seven-segment LED display has four individual digits, each with a decimal point. Each of the seven segments (and the decimal point) in a given digit contains an individual LED. When a suitable voltage is applied to a given segment LED, current flows through and illuminates that segment LED. By choosing which segments to illuminate, any of the nine digits can be shown. For example, as shown in the figure below, a “2” can be displayed by illuminating segments a, b, d, e, and g.
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Seven segment displays come in two varieties -- common anode (CA) and common cathode (CC). In a CA display, the anodes for the seven segments and the decimal point are joined into a single circuit node. To illuminate a segment in a CA display, the voltage on a cathode must be at a suitably lower voltage (about .7V) than the anode. In a CC display, the cathodes are joined together, and the segments are illuminated by bringing the anode voltage higher than the cathode node (again, by about .7V). The Digilab board uses CA displays.

The seven LEDs in each digit are labeled a-g. Since the Digilab board uses CA displays, the anodes for each of the four digits are connected in a common node, so that four separate anode circuit nodes exist (one per digit). Similar cathode leads from each digit have also been tied together to form seven common circuit nodes, so that one node exists for each segment type. These four anode and seven cathode circuit nodes are available at the J2 connector pins labeled A1-A4 and CA-CG. With this scheme, any segment of any digit can be driven individually. For example, to illuminate segments b and c in the second digit, the b and c cathode nodes would be brought to a suitable low voltage (by connecting the corresponding circuit node available at the J2 connector to ground), and anode 2 would be brought to a suitable high voltage (by connecting the corresponding circuit node available at the J2 connector to Vdd).
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The Digilab board uses two 2-digit displays to create a single 4-digit display. These displays use the reference designators DSP1 and DSP2, and they appear as relatively large rectangular boxes on the silk screen. Since they contain LEDs, they must be loaded into the board with the correct orientation or they will not function -- the displays must be loaded with the decimal points nearest the slide switches.

Inputs (buttons and switches)
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Circuits often require inputs that come directly from users (as opposed to inputs that come from other devices). Input devices can take many forms, among them keyboards (as on a PC), buttons (as on a calculator or telephone), rotary dials, switches and levers, etc. The Digilab board has twelve input devices, including four push buttons (BTN1 - BTN4) and eight slide-switches and (SW1 - SW8).
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Resistors

Resistors are two-terminal devices that restrict, or resist, the flow of current. The larger the resistor, the less current can flow through it for a given voltage (an equation known as Ohm's law, V=IR, relates current, resistance, and voltage). Electrical resistance within the resistor body is caused by the collisions of electrons in motion through the resistor. Such collisions cause energy to be dissipated in the form of heat or light (as in a toaster or light bulb). Resistance is measured in Ohms -- a 1 Ohm resistor is relatively small, and a 100KOhm resistor is relatively large. Resistors find many uses in electronic systems. On the Digilab board, resistors are used to limit the current that flows into an output LED (so they don't burn too bright and destroy themselves) and to limit the current that flows in response to a button or switch input being activated. The Digilab board uses several different resistor values. Of course, the correct resistor must be loaded in the correct place on the PCB.

Resistors come in many shapes and sizes, and depending on their size and construction technology, they can dissipate differing amounts of power (the amount of power dissipated in a resistor can be calculated using the equation P=I2R, where I is the current flowing through the resistor and R is the resistance). Typically, resistors used in digital systems encounter relatively low voltages and currents, and therefore, they can be relatively small. The Digilab resistors are rated to dissipate 250mW of power, or 1/4 Watt. Resistors that can dissipate more than 1/4 Watt are physically larger. For example, power resistors that can dissipate several Watts or more can be cigar-sized or even larger. For small resistors, resistor values are "encoded" as a series of colored bands on the resistor body. 
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Resistor Packs
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Resistor values are also "encoded" on the pack body, but the code uses a three-digit number instead of colors. The first two digits are simply multiplied by 10n, where n is the third digit. For example, if "271" was printed on a resistor pack, the resistors inside would be 270 ohms (27 x 101 = 270). The three-digit number corresponding to resistor value is usually the last number (after the last dash) printed on the resistor pack. 

In circuit schematics, resistor packs are shown using the same jagged-line symbol as discrete resistors. On PCB silk screens, they are typically shown as a narrow rectangular box. Reference designators are usually "R__" (like discrete resistors), or "RP__". On the Digilab board, the RP__ designator is used. Resistor packs are usually polarized, and they must be oriented correctly in the PCB. A small black dot is located on the pack near pin 1 -- this pin should line-up with the square pad on the PCB that also denotes pin 1.

The Digilab board uses several resistor packs with three different values.  Two bussed resistor packs (the 270 ohm RP1 and the 10K ohm RP2) are used by the LED circuit -- the 270-ohm resistors set the LED current (and therefore the LED brightness), and the 10K ohm resistors ensure the LEDs remain off until they are purposely turned on. Similarly, the 270 ohm isolated resistor packs RP7 and RP8 set the LED current for the seven-segment displays, and the 2.2K ohm isolated resistor pack RP9 ensures that display digits remain off until expressly turned on. The remaining packs are all 2.2K isolated packs, and are all used to debounce the buttons and switches. 

Capacitors
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Capacitance is measured in Farads -- a one Farad capacitor can store one Coloumb of charge at one volt. For engineering on a small scale (i.e., hand-held or desk-top devices), a one Farad capacitor stores far too much charge to be of general use (it would be like a car having a 1000 gallon gas tank). More useful capacitors are measured in micro-farads (uF) or pico-farads (pF). The terms "milli-farad" and "nano-farad" are rarely used. Large capacitors often have their value printed plainly on them, such as "10 uF" (for 10 microfards). Smaller capacitors, appearing as small disks or wafers, often have their values printed on them in an encoded manner (similar to the resistor packs discussed above). For these capacitors, a three digit number indicates the capacitor value in pico-farads. The first two digits provides the "base" number, and the third digit provides an exponent of 10 (so, for example, "104" printed on a capacitor indicates a capacitance value of 10 x 104 or 100000 pF). Occasionally, a capacitor will only show a two digit number, in which case that number is simply the capacitor value in pF. (To be complete, if a capacitor shows a three digit number and the third digit is 8 or 9, then the first two digits are multiplied by .01 and .1 respectively). Often, a single letter is appended to the capacitance value -- this letter indicates the quality of the capacitor.

Capacitors are used on the Digilab board to keep the voltage supplies and some signals stable regardless of circuit activity, and to store charge when inputs are activated in order to slow their assertion times. Twenty-seven capacitors of three different types and values are used on the Digilab board. The majority of the capacitors (24 out of 27) are used to decouple Digilab's integrated circuits from the power supply. These 24 bypass capacitors are placed on the board very close to the Vdd pins of all chips, where they can supply the short-term electrical current needs of the chips. Without such bypass capacitors, individual chips could cause the Vdd supply across the entire Digilab board to dip below 5V during times of heavy current demand. Nearly every chip in every digital system uses bypass capacitors. Bypass capacitor value can be determined if the worst-case current requirements are known (by using the formula I = C v/t), but more typically, capacitors in the range 0.01uF to 0.1uF are used without regard to the actual current requirements. The Digilab board uses 0.047uF bypass capacitors. The board also uses a bulk bypass capacitor (C27) to provide charge storage for the entire circuit board -- this large 47uF capacitor can supply the individual bypass capacitors during times of exceptional need.
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Depending on the size of the capacitor, the PCB silk screen will show either a circle or rectangle to indicate capacitor placement (usually, smallish capacitors are shown as rectangles, and larger capacitors as circles). Some capacitors are polarized, meaning they must be placed into the PCB in a particular orientation (so that one terminal is never at a lower voltage than the other). Polarized capacitors either have a dark stripe near the pin that must be kept at a higher voltage, or a "-" near the pin that must be kept at a lower voltage. Silk-screen patterns for polarized capacitors will also often have a "+" sign nearest the through-hole that must be kept at a relatively higher voltage. Capacitors use a "C__" reference designator.

Connectors

The Digilab board uses several connectors for various purposes, but in general, they all communicate electronic information between the board and outside devices. By convention, connectors are given the reference designator "J__". Since connectors come in so many different sizes and shapes, they are usually shown on the PCB silk screen and on circuit schematics as just rectangular boxes. In general, connectors must be placed into the PCB in a particular orientation. Most often, the unique through-hole patterns associated with a given connector make it obvious how it must be inserted. 

[image: image56.wmf]Actual chip die

Bond wire

PLCC package

DIP package

Pin 1

indicator

Pin 1

Pin 1

indicator

Pin 1

Tin 

through

hole

 lead

Bond wire

Tin 

surface

mount

 lead

Plastic chip

carrier package

Actual chip die

Plastic chip

carrier package

Several connectors on the Digilab board allow communication with a computer. Connector J5 is a PS/2 connector that can accept a standard PC mouse or keyboard. J9 is standard parallel port connector that can be used to implement any parallel port protocol (Centronics, ECP, EPP, etc.). Connector J4 is a RS-232 serial port that can use a two-signal protocol to exchange data with a computer (e.g. XON/XOFF -- only RXD and TXD are connected). J7 is a standard 15-pin VGA connector that can be used to drive any VGA monitor. The remaining connectors are used for on-board prototyping. J2 is a 72-pin DIP socket that allows easy connections between the Digilab devices and the integral breadboard (see the "Using the Digilab Board" section later in this document). J3 is a standard 1/8"stereo audio jack, and BN1 and BN2 are standard BNC connectors, all of whose inputs are available as connections on J2. Finally, the header strips J6, J8, J10, and J11 allow for easy connection of test and measurement equipment.

Voltage Regulator

The Digilab board can use any power supply that creates a DC voltage between 6 and 12 volts. A 5V voltage regulator (7805) is used to ensure that no more than 5V is delivered to the Digilab board regardless of the voltage present at the J12 connector (provided that voltage is less than 12VDC). The regulator functions by using a diode to “clamp” the output voltage at 5VDC regardless of the input voltage -- excess voltage is converted to heat and dissipated through the body of the regulator. If a DC supply of greater than 12V is used, excessive heat will be generated, and the board may be damaged. If a DC supply of less than 5V is used, insufficient voltage will be present at the regulator’s output.
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Solderless Breadboard

The solderless breadboard (the large, white plastic component with rows and columns of holes) provides a working space where temporary circuits can easily be built. Components (e.g., chips) can easily be pressed into the breadboard and then connected with bits of wire to other chips or to the circuit nodes available through the J2 connector. Initial lab exercises use the breadboard area for the construction of several circuits. The breadboard is intended to be attached to the Digilab PCB over the large central open area using the double-sided tape already present on the breadboards. When affixing the breadboard, place it as close to the LED displays as possible.
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Section 2. Digilab Board Circuits

Signals

The Digilab board has been designed to allow rapid circuit construction and convenient test lead attachment. Most signals are routed to the prototyping connector (J2), to the gate array and to a test lead connector. Depending on function, the signals arise from devices or connectors on the board, or they drive devices or connectors on the board. The following table defines all Digilab signals and shows all their connections.

	Signal
	Definition
	Connections

	A1 - A4
	Seven-segment Anode connections
	SSDs, FPGA, J1, J2

	CA - CG
	Seven-segment Cathode connections
	SSDs, FPGA, J1, J2

	DP
	Seven-segment Decimal Point connection
	SSDs, J1, J2

	BT1 - BT4
	Push Button connections
	Buttons, FPGA, J1, J2

	SW1 - SW8
	Slide switch connections
	Switches, FPGA, J1, J2

	LD1 - LD8
	LED connections
	LEDs, FPGA, J1, J2

	LDG
	Gate connection on LED driver 74HC373
	74HC373, FPGA, J2

	AUDC
	Audio connector (J3) common connection
	Audio connector, J2

	AUD1
	Audio connector (J3) channel 1 (tip)
	Audio connector, J2

	AUD2
	Audio connector (J3) channel 2 (shaft)
	Audio connector, J2

	CLK2
	U5 clock IC connection
	CLK2, FPGA, J2

	O1 - O5
	User configurable (unassigned) FPGA pins
	FPGA, J1, J2, J6

	PD0 - PD7
	Parallel port data pins
	Par. Port, FPGA, J2, J10

	PWE
	Parallel port Write Enable (EPP mode)
	Par. Port, FPGA, J2, J10

	PAS
	Parallel port Address Strobe (EPP mode)
	Par. Port, FPGA, J2, J10

	PDS
	Parallel port Data Strobe (EPP mode)
	Par. Port, FPGA, J2, J10

	PINT
	Parallel port Interrupt (EPP mode)
	Par. Port, FPGA, J2, J10

	PRS
	Parallel port Reset (EPP mode)
	Par. Port, FPGA, J10

	BN1S, BN2S
	BNC connector shields
	BNC1 connector, J2

	BN1P, BN2P
	BNC connector center posts
	BNC1 connector, J2

	R, G, B
	VGA Red, Green, and Blue signals
	VGA connector, FPGA, J1, J6

	HS
	VGA Horizontal Sync
	VGA connector, FPGA, J1, J6

	VS
	VGA Vertical Sync
	VGA connector, FPGA, J1, J6

	RXD, TXD
	RS-232 receive and send signals
	Serial connector, FPGA, J1, J6

	PS2D, PS2C
	PS2 port data and clock signals
	PS2 connector, FPGA, J1, J6


Power Supply

The circuits and components on the Digilab board require a 5VDC power supply. The board is equipped with a 7805 +5VDC LDO voltage regulator (U10) that ensures 5V is present on the board whenever a 6V-12VDC wall-plug transformer is attached at the power jack J10. Any 6-12VDC wall-plug transformer can be used, provided it has a coaxial 2.1mm center positive connector. The power circuit also uses a bulk decoupling capacitor (C27) and a red LED (LD9) in series with a 270 Ohm resistor to indicate when power is present. With all IC’s loaded, including a 25MHz oscillator, the board consumes between 300 and 400 milliamps (depending on any FPGA-based circuits). Breadboard circuits or connected devices can markedly increase current consumption.
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Push Buttons

Outputs from the four momentary-contact push buttons are normally low, and are driven high only while the button is actively pressed. The buttons nominally have a worst-case bounce time of about 1ms; however, an RC circuit and a CMOS buffer IC sit between the push buttons and all connections on the board (see below). These circuits remove button bounce and provide clean edges and ample power.
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LEDs

Eight red LEDs are provided for circuit outputs. The LED cathodes are tied to ground via 270-ohm resistors (in resistor pack RP9). The anodes are driven by U2, a 74HC373 CMOS D-register with 24mA per pin output current. Inputs to the 74HC373, each of which have a 10K pull-down resistor (RP8), arise from a common circuit node tied to both the FPGA and connections on J2. Thus, care should be taken not to drive the LED inputs from both the J2 connector and from the FPGA simultaneously.
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BNC connectors
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Serial Port

Serial port signal definitions and connector and circuit details are shown below. The Digilab serial port is compatible with RS232 two-wire communication protocols; that is, only the RXD and TXD signals from the serial port are routed to the FPGA (see below). When using the serial port, a two-wire protocol such as XON/XOFF must be used. Specified RS232 voltages are +12V to +3V for a logic “0” and –12V to –3V for a logic “1” (the "dead area" between -3v and +3v is designed to absorb line noise). The Digilab board uses a MAX202 RS232 voltage converter to convert these signals to 5VDC for a logic “1” and GND for a logic “0”. The circuit is shown below. 
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Serial Port Pin Definitions

Pin #       Name

Function

  

1

DTR

Data terminal ready

  2

RXD

Received data

  3

TXD

Transmitted data

  4

DCD

Data carrier detect

  5

SG

Signal ground

  6

DSR

Data set ready

  7

CTS

Clear to send

  8

RTS

Request to send

  9

RI

Ring Indicator


VGA connector

The five standard VGA signals (Red, Green, Blue, Horizontal Sync, and Vertical Sync) are routed from the FPGA to the VGA connector and to the J6 header (the J6 header allows for easy connection of test and measurement equipment). As shown below, a series resistor-diode circuit is used with the R, G, and B signals to ensure that they never exceed 0.7VDC. Note that each color is either on or off, which allows for eight different colors.
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Parallel Port

All parallel port signals except pin 15 (SPP Error), pin 12 (SPP paper out), and pin 13 (SPP Select) are routed. Although the signal names reflect the Enhanced Parallel Port (EPP) mode, any protocol can be used for data transfer. All signals are also available at the J10 headers for easy test and measurement equipment connection. The Xilinx programming circuit also uses the parallel port connector, which is discussed next. Refer to that discussion for more information regarding the parallel port circuit. 

	Pin
	EPP signal
	EPP Function

	1
	Write Enable (O)
	Low for read, High for write

	2-9
	Data bus (B)
	Bidirectional data lines

	10
	Interrupt (I)
	Interrupt/acknowledge input

	11
	Wait (I)
	Bus handshake; low to ack

	12
	Spare 
	NOT CONNECTED

	13
	Spare 
	NOT CONNECTED

	14
	Data Strobe (O)
	Low when data valid

	15
	Spare
	NOT CONNECTED

	16
	Reset (O)
	Low to reset

	17
	Address strobe (O)
	Low when address valid

	18-25
	GND
	System ground
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Xilinx Programming Circuit

The programming circuit (below) has been designed to accommodate a standard parallel cable or the Xilinx xchecker serial cable. Either cable will be auto-detected from with the Xilinx project manager, so that no external programming software is required. If a cable is not automatically detected the first time the Xilinx software is run with the board, it may be necessary to manually set the cable type in the Xilinx Design Manager “communications” pull-down menu.

The xchecker interface uses a 7-pin header (J11 on the Digilab board) to connect to the FPGA programming port (readback functions are not supported). All programming signals are labeled near the J11 header so that the xchecker cable can be connected without confusion. Note that 1K pull-ups are provided on the PROG, INIT, and DONE signals. The parallel port interface serves both programming and functional needs. A circuit has been designed that allows the port to be manually switched from programming mode to port mode. Slide-switch SW9, located near the parallel port connector, can be placed in the “PROG” mode for programming and “PORT” mode to use the parallel port as a parallel port. Note that to program the FPGA and then use the parallel port, care must be taken in the application circuit design to not drive the port data signals until after the switch is moved to the “PORT” position.

The Digilab board can also accommodate a Xilinx SPROM in the 8-pin socket U6. To program from the ROM, a standard 2-pin jumper must be installed on J8.
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FPGA

The Digilab board can accommodate either a Xilinx Spartan XCS05 or XCS10 FPGA in the 84-pin PLCC socket. Either of these SRAM-based FPGA’s may be programmed using a parallel cable, a Xilinx xchecker serial cable, or an SPROM (see above). The parallel cable provides an inexpensive programming solution that is compatible with the Xilinx CAD-tool cable detection software, so that the FPGA can be programmed without leaving the Xilinx environment. Refer to the Xilinx Spartan data sheet  (http://www.xilinx.com/partinfo/spartan.pdf) for technical data regarding the FPGA’s.


	Pin #
	Function
	Pin #
	Function
	Pin #
	Function

	1
	GND
	29
	CG
	57
	CLK2

	2
	Vdd
	30
	M1_NC
	58
	BTN2

	3
	PWE
	31
	GND
	59
	BTN1

	4
	PD0
	32
	MODE
	60
	LD8

	5
	PD1
	33
	Vdd
	61
	LD7

	6
	PD2
	34
	M2_NC
	62
	LD6

	7
	PD3
	35
	CF
	63
	Vdd

	8
	PD4
	36
	CE
	64
	GND

	9
	PAS
	37
	CD
	65
	LD5

	10
	PRS
	38
	CC
	66
	LD4

	11
	Vdd
	39
	CB
	67
	LD3

	12
	GND
	40
	CA
	68
	LD2

	13
	CLK1
	41
	INIT (O4)
	69
	LD1

	14
	PDS
	42
	Vdd
	70
	LDG

	15
	PWT
	43
	GND
	71
	DIN (O5)

	16
	PD5
	44
	O1
	72
	 DOUT(RXD)

	17
	PD7
	45
	O2
	73
	CCLK

	18
	PD6
	46
	O3
	74
	Vdd

	19
	SW8
	47
	A4
	75
	TDO(PINT)

	20
	SW7
	48
	A3
	76
	GND

	21
	GND
	49
	A2
	77
	TXD

	22
	Vdd
	50
	A1
	78
	R

	23
	SW6
	51
	BTN4
	79
	G

	24
	SW5
	52
	GND
	80
	B

	25
	SW4
	53
	DONE
	81
	VS

	26
	SW3
	54
	Vdd
	82
	HS

	27
	SW2
	55
	PROG
	83
	PS2C

	28
	SW1
	56
	BTN3
	84
	PS2D


Clocks and Resets

Two 8-pin DIP sockets (U4 and U5) have been provided for system clocks. Two clocks have been provided so that peripherals that demand particular clocks (e.g., the VGA and serial devices) can get them while still allowing a general system clock. U4 is considered the primary clock, and it has been routed to the primary clock buffer on the FPGA (pin 13). U5 has been routed to a second clock buffer on the FPGA (pin 57). No special reset circuits have been provided.

Data access connectors (J1, J2, J6, J10)


	Pin
	Signal
	Pin
	Signal
	Pin
	Signal
	Pin
	Signal

	A1
	SW1
	A17
	LD4
	C1
	SW2
	C17
	LD3

	A2
	SW3
	A18
	LD2
	C2
	SW4
	C18
	LD1

	A3
	SW5
	A19
	LDG
	C3
	SW6
	C19
	CLK2

	A4
	SW7
	A20
	TXD
	C4
	SW8
	C20
	RXD

	A5
	CA
	A21
	PS2C
	C5
	CB
	C21
	PS2D

	A6
	CC
	A22
	VS
	C6
	CD
	C22
	HS

	A7
	CE
	A23
	B
	C7
	CF
	C23
	G

	A8
	CG
	A24
	R
	C8
	A1
	C24
	PAS

	A9
	A2
	A25
	PRS
	C9
	A3
	C25
	PDS

	A10
	A4
	A26
	PWT
	C10
	BTN1
	C26
	PINT

	A11
	BTN2
	A27
	PD7
	C11
	BTN3
	C27
	PD6

	A12
	BTN4
	A28
	PD5
	C12
	DIN (O5)
	C28
	PD4

	A13
	INIT (O4)
	A29
	PD3
	C13
	O3
	C29
	PD2

	A14
	O2
	A30
	PD1
	C14
	O1
	C30
	PD0

	A15
	LD8
	A31
	PWE
	C15
	LD7
	C31
	GND

	A16
	LD6
	A32
	GND
	C16
	LD5
	C32
	Vdd


J2 is a 72-pin socket connector that allows easy access to all Digilab signals for breadboarding purposes. All J2 pin definitions are provided in silk-screen labels immediately adjacent to the connector. In its intended use, individual wire-jumpers can be inserted into socket pins on J2 and into the breadboard area. Note that J2 has seven pins providing GND connections and seven providing Vdd connections as well.

J6 and J10 are single-row header connectors intended to allow easy connection of test and measurement equipment. Both J6 and J10 have GND pins that can serve as references for test and measurement equipment. All pins definitions are provided in silk-screen labels immediately adjacent to the connectors.

Schematic representations of the J2, J6, and J10 header connectors follow. Refer to the table of signal definitions provided earlier in this section.


Circuit board

The circuit board uses a 1oz. Copper, two layer, plated through-hole process with 6mil minimum trace size. Silk-screens are provided on both sides; the backside silk-screen acknowledges Digilab board sponsors Xilinx and Teradyne, without whom this project would not have been possible.

Section 3. Using the Digilab Board
Breadboarding

Breadboarding refers to the process of rapidly creating experimental and prototype circuits using a circuit board (called a breadboard) that has been designed for just that purpose. Breadboards have grids of “through-holes” that are designed to accept component leads with very little effort – a lead can simply be pushed into a hole. A typical breadboard has rows of five or six holes that are electrically connected into a single circuit node. When a device lead is inserted into one of the five holes, the remaining four holes are connected to that lead as well. Therefore, components leads or jumper wires that are inserted into a row with other component leads or wires will form a single circuit node (jumper wires are .22 or .24 gauge wires that have been stripped of about ¼” insulation on both ends). Using a breadboard allows components and interconnections to be rapidly added, studied, and modified.

Digilab’s breadboard has 630 “tie-points” (or through-holes) arranged as 126 rows of five holes each. The breadboard can receive any components whose lead diameters are 50 mils or less, provided the leads can be manipulated to fit 100-mil spaced holes. Any standard small-signal resistors, capacitors, inductors, transistors, diodes, switches, and other passive components can be used. Many different IC's can also be also used, and in particular those in standard DIP packages. Note that although the Digilab board uses a 5V supply, up to 12 volts can safely be used for signal conditioning circuits on the breadboard area (although a 12V signal should never be connected to one of the permanent IC's on the Digilab board!).
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The breadboard has a central groove separating two banks of  holes. When inserting a chip into the breadboard, make sure that it straddles the central groove, and that is pressed into the breadboard far enough for the chip’s body to contact the surface of the breadboard. (Note: if a chip is inserted so that it does not straddle the central groove, pins on opposite sides will be electrically connected, or shorted, and the chip will not function properly.) Before a chip can be used in a circuit, it must be connected to a source of electrical power. Certain pins (Vdd or Vcc) must be attached to a voltage source, and certain other pins (GND) must be attached to the circuit’s ground node (recall that on the Digilab board, Vdd is 5V). On a typical digital DIP package, a single pin opposite pin1 must be connected to Vdd, and a second single pin in the opposite corner must be connected to GND. Some digital IC’s and most analog IC’s do not have standard locations for Vdd and ground pins – you must consult the data sheet to find pin definitions for such parts. The remaining pins provide the chip's inputs and outputs, and they are connected according to the requirements of the circuit being constructed. 
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Devices inserted into the breadboard can be “jumper-wired” to devices on the Digilab board using the J2 connector. For example, circuit inputs can be driven from the slide-switches or buttons, and circuit outputs can drive the LED’s. Remember, all chips must have their Vdd and GND pins connected to Digilab's Vdd and GND supplies before they can be used. Vdd and GND connections are also available on the J2 connector.

To breadboard a logic circuit using DIP chips, the following general procedure can be followed.

1. Obtain a data sheet or other reference source showing the names, functions, and locations of all pins on the chip.

2. Press the chip into the breadboard so that it straddles the center groove.

3. After making sure that the Digilab board is unplugged, connect the Vdd and GND pins of the chip to the Vdd and GND connections on J2.

4. Connect the input and output pins of the chip as indicated by circuit requirements. For inputs that must come from buttons or switches, use wires to connect the chip inputs to the appropriate input connections on J2. For outputs that must drive LEDs, connect the chip outputs to the appropriate LED connections on J2.

5. Plug in the Digilab board, and ensure the power-on LED illuminates. If it does not illuminate normally, unplug the Digilab board and look for any short-circuits in your breadboard circuit (recall a short-circuit occurs when Vdd is connected directly to GND).

6. Test your circuit to verify it meets the given design requirements.

7. Unplug the Digilab board and dismantle the circuit.

Using the FPGA

Any CAD tool designed circuit that requires fewer that about 5K – 10K gates can be programmed into the Xilinx FPGA. However, the circuit description must first be transformed into the format required by the FPGA. This transformation proceeds in several steps, typically beginning with an EDIF, VHDL, or Verilog file format and ending with a Xilinx “bit” file format. Xilinx (of course) produces a tool that accomplishes this transformation, which is available in the Xilinx Alliance and Foundation products (see the Xilinx web site). Although other methods of transforming files may be available, only the Xilinx solution has been used with the Digilab board. Although the use of the Xilinx tools is beyond the scope of this document, Xilinx has several good tutorials and helpful documentation available at their web site.

All signals on the Digilab board that connect the buttons, switches, and LEDs to the J2 connector are connected to the Xilinx FPGA chip as well. Any circuit implemented in the FPGA can use the buttons and switches as inputs and the LEDs as outputs. When the Digilab board was fabricated, the buttons, switches, and LEDs were connected to particular pins on the FPGA (see the table in the previous section for all FPGA pin definitions). To connect an FPGA-based circuit to these devices, you must include information in your schematic to “map” circuit inputs and outputs to particular FPGA pins. Mapping is accomplished by including special components in your schematic called IPADs, IBUFs, OPADs and OBUFs. These components exist solely to allow you to define physical pin connections, and so they only need be used in circuit schematics that you intend to download. 

Once you have a complete and error-free schematic, you may add IBUFs and IPADs to all inputs, and OBUFs and OPADs to all outputs. Then, the IPADs and OPADs can be connected to particular pins by double-clicking the pads and entering the “LOC” parameter and pin number in the appropriate fields (Name and Description, respectively). In the example circuit below, two switches (SW1 on pin P28 and SW2 on pin P27) are connected via an AND gate to LED1 (LD1 on pin P69). If this circuit were downloaded to the FPGA, then LD1 would illuminate whenever SW1 and SW2 were asserted.


Once all IPADs, IBUFs, OPADs, and OBUFs have been added and edited with pin locations, you can begin the implementation process by choosing the “Implementation” button from the Xilinx main screen. In the first dialog box that appears, choose Yes to update the netlist from the schematic editor. In the second dialog box, make sure the device is S10PC84 and speed is 3 before proceeding; the version and revision names can use the defaults. Press the Run button, and then wait for the status window showing Translate, Map, Place & Route, Timing, and Configure processes to terminate. Before proceeding, make sure that the Digilab board is powered on and connected to the PC via the parallel cable, and that SW9 is in the PROG position. Then select the Programming option from the Xilinx main window, and “hardware debugger” from the subsequent dialog box. The cable should be auto-detected; if not, manually choose the parallel cable in the Cable ( communications dialog box. Once the cable has been detected, you can download your design simply by double-clicking on the appropriate file name in the hardware debugger window.

Two 8-pin DIP clock sockets have been provided for use with the FPGA. Labeled U4 and U5, they connect to pin 13 (Xilinx primary clock buffer #1) and pin 57 (Xilinx primary clock buffer #3). Clock sources up to 80MHz have been successfully used with the board.

The FPGA programming circuit has been designed to accommodate a standard parallel cable, the Xilinx xchecker serial cable, or an SPROM. When programming the FPGA from within the Xilinx CAD tool, both the parallel cable and the Xilinx xchecker cable will be automatically detected (so no external programming software is required). If a cable is not automatically detected the first time the Xilinx software is run with the board, it may be necessary to manually set the cable type in the Xilinx Design Manager “communications” pull-down menu.

The parallel port interface serves both programming and functional needs. A circuit has been designed that allows the port to be manually switched from programming mode to port mode. Slide-switch SW9, located near the parallel port connector, must be placed in the “PROG” mode for programming and “PORT” mode to use the parallel port as a parallel port. Note that to program the FPGA and then use the parallel port, care must be taken in the application circuit design to not drive the port data signals until after the switch is moved to the “PORT” position.

To use an SPROM, load it in the 8-pin socket U6, and install a standard 2-pin jumper on J8.

Section 4. Assembling, Testing, and Troubleshooting the Digilab Board

Assembly

If you acquired the Digilab board in kit form, you should read through this section prior to beginning any assembly procedures.

Two major tasks must be completed in the assembly process: loading the correct components into the proper through-holes in the circuit board with the required orientation; and soldering the components in place and trimming their leads. Remember, this is your circuit board -- strive to make it look neat, clean, and well built. Sloppy workmanship may save you a few minutes, but it will cost you down the road.

Loading the circuit board

To place (or load) components correctly in the PCB, you must match the reference designators on the PCB to the reference designators in the parts list of Appendix A. Recall than on the circuit board, reference designators are alphanumeric codes like "J2" or C19" that are associated with a particular set of through-holes. In appendix A, these same reference designators are associated with brief component descriptions in order to help you locate them in you lab kit. When loading any given component, you must determine whether the component is polarized. A polarized component must have one (or more) lead(s) at a higher voltage than other leads, or it will not work. Practically, this means that the component must be loaded into the PCB in a particular orientation. Polarized components can be identified by special marks placed on the PCB and on the component itself. For example, the silk-screen outline of a part may have a notch or a flattened corner to indicate part orientation; in this case, the component will also show the same notch or flattened corner. Or, one pad on the PCB might be square to indicate that it must receive pin 1 of a component. Polarized components will generally include means to identify a particular pin, such as a shorter lead to indicate the higher voltage pin, "+" or "-" signs to indicate higher or lower pin voltage requirements, or other identifiers such as notches or flattened surfaces. The following table shows all polarized parts used on the Digilab board, together the means used to determine their correct orientations.

	Component
	Reference Designator
	Placement identification

	Diodes
	D1, D2, D3
	Stripe on diode must be at same end as stripe on silkscreen

	LEDs
	All LD_
	Flat edge on LED lens to flat edge on silkscreen

	Capacitors
	C27
	Lead marked "-" on capacitor to hole not marked "+" on silkscreen

	Resistor Packs
	All RP_
	Black dot to square hole

	Sockets
	All U_
	Socket notch to silkscreen notch; U3 shaved corner (socket & silksceen)

	Displays
	DSP1 & 2
	Decimal points towards slide switches (SW1 - SW8)

	Volt. Ref.
	U10
	Load so metal backing can fold to touch metal on PCB; align holes


Be sure to familiarize yourself with this table before you begin soldering. Although it is possible to remove and reinsert incorrectly loaded parts, it is time consuming and damaging to the board. Components not shown in the table below may be loaded with any orientation. Note that the unique shapes and lead patterns of the connectors allow them to be loaded correctly into their through-holes with no ambiguity.

Some parts must have their leads bent before the part can be fitted into its holes (for example, resistors have axial leads that must be bent 90 degrees). Since PCB area is proportional to cost, through-holes are generally spaced as close together as possible. Therefore, if a parts leads must be bent, then they should be bent as close to the part body as possible.

Once a part has been loaded into its corresponding holes, it is often helpful to bend the leads that protrude out the bottom of the board flat against the board to hold the part in place. Once a part is soldered onto the board, its leads can straightened and then trimmed as close to the PCB as possible.

Finally, the connector components  J6, J8, J10, and J11 are header strips. Headers are metal pins about 1/2" long that can be used to readily attach test probes to the circuit board (see the connector picture above). Header strips for these four connectors are supplied as one long header strip that has 40 pins. The strip can easily be broken into lengths of 14, 2, 15, and 7 pins respectively for loading into the board.

Soldering

Solder is compound containing several different metals and resin material. Solder is universally used to attach electronic components to PCB's for several reasons: it is a very stable compound; it melts easily at a relatively low temperature; it rapidly cools to from a strong bond; and it is highly conductive to electric current. The type of solder used for "hand" (or manual) soldering appears as long strands of thin, wire-like material wrapped onto spools. These strands are actually hollow, with a liquid resin material inside. When the solder is heated and melted, the resin is released, and it flows out onto the surfaces that are to be soldered. The resin helps the solder flow smoothly around the metal joints and away from non-metallic surfaces.

Recall that the PCB through-holes are coated with tin, and that component leads are made of tin (or some other metal). Soldering joins these two metal surfaces -- the holes and the component leads -- with a good and stable electrical and mechanical contact. A soldering iron is a hand-held device that can quickly heat the solder to its melting point. In practice, a soldering iron is used to heat the surface to which the solder is to be applied, rather than the solder itself. Then, the solder can be touched to any of these hot surfaces, causing it to melt and flow in and around the surfaces. If the soldering iron is touched only the solder itself, and if the solder melts and flows through the joint without the joint's metal surfaces also being heated, an ineffective or cold solder joint forms. Cold solder joints can look just fine under close visual inspection, but they are often very poor conductors of electric current. To be sure that a good, hot solder joint is formed, touch the tip of the soldering iron to both the hole and the component lead, and bring the solder in from the opposite side.

The "five steps of soldering" are summarized below.

1. Touch soldering iron to both trace/hole metal and component lead;

2. allow time for all surfaces to heat (3 or 4 seconds);

3. touch the solder to the hot surfaces from opposite side of lead/hole as soldering iron;

4. allow enough time (about a second) for the solder (about 1/4") to flow into through-hole and all around component lead. Watch as the solder completely fills the space between the hole and lead (the solder should roughly be flush with the PCB surface when you are finished);

5. Pull the solder and iron away, allow a few seconds for the solder to cool, and inspect your work. Make sure the solder has flowed all around the lead and hole. 


Assembly procedure

The following procedure presents an orderly way to assemble the Digilab PCB. It is recommended that the steps in this procedure be followed in order. All steps in the procedure must be performed even if the prescribed order is not followed.

Remember -- before soldering any components, make sure they are placed in the PCB correctly!!!!

1. Locate the 11 resistors in the kit and separate them according to value (four 10K ohm, four 1K ohm, and three 270 ohm). Insert them in the proper holes in the PCB, bending the leads flat against the underside PCB surface to hold them in place. Solder the resistors in place, and trim their leads within 1mm of the PCB surface.

2. Load the 24  .047uF capacitors into the PCB, secure them (by bending the leads), solder and trim.

3. Load the two 100pF capacitors (C22 and C23), secure, solder and trim.

4. Load the electrolytic capacitor C27, and solder it in place. Be sure to orient it correctly -- if you solder it in backwards, it will overheat and burn out.

5. Load the 9 LED's into the board. Be sure to load them with the correct orientation (recall that backwards LEDs will never turn on). Secure and solder them, and trim the leads.

6. Load and solder the resistor packs into the proper locations, making sure that pin 1 is correctly oriented (black dot to square hole).

7. Load the four buttons and eight switches, and solder them in place.

8. Load the two displays (DSP1 and DSP2), making sure that the decimal points are towards the edge of the board where the slide switches are located. Solder them in place, and trim the leads.

9. Load the IC sockets and solder them in place. Be sure to get them correctly oriented.

10. Break the header strips into the correct lengths, load them and solder them in place.

11. Load all connectors and solder them in place.

12. Load and solder the voltage regulator U10, making sure the metal fin can fold down against the metalized area of the board with the holes properly aligned.

13. Peel off the backing on the solderless bread boards, and affix them (via the resident double-sided tape) to the PCB in the large open area. Place the breadboard so that it is as near the seven-segment displays as possible.

14. Load all IC's into the appropriate sockets.

15. Inspect the board for any missing parts. When all parts are correctly loaded, test the board to see if any rework must be performed.

Test procedure

The following test procedure provides a systematic way to check that all Digilab’s circuits are working correctly. At the successful completion of each procedure listed below, place a check mark in the blank adjacent to the "OK" or enter the requested data. If any test fails, proceed to the following troubleshooting guidelines.

Part 1. Power supply tests.

Plug the power supply into a bench outlet, and plug the other end into the Digilab board.

Make sure that the power-on LED (LD9) illuminates and glows brightly. Then, check the Vdd voltage with a voltmeter and ensure that Vdd lies in the range 4.85V to 5.10V.
If the power-on LED illuminates and Vdd is in the proper range, proceed to part 2 below; else, refer to the troubleshooting section below. Then return here and repeat the test until no failures are present.

Part 2. LED tests.

Retrieve a piece of 2" pre-stripped wire from the Digilab kit. Insert one end of the wire into a Vdd connection on J2, and insert the other end into first into the LED1 connection on J2. If LED1 illuminates, check the remaining LEDs by moving the wire end from LED1 to LED2, then LED3, etc. 

If all LED’s illuminate, proceed to part 2 below; else, refer to the troubleshooting section. Then return here and repeat the test until no LED failures are present.

Part 3. Button and switch tests.

Insert one end of the wire into the LED1 connection on J2. Insert the other end first into the BTN1 connection, and then sequentially into the remaining BTN and SW locations. With the wire end inserted into each switch position in turn, check whether LED1 is appropriately illuminated.

If all buttons and switches can illuminate/extinguish LED1, then proceed to part 3 below; else, refer to the troubleshooting section. Then return here and repeat the test until no button or switch failures are present.
Part 4. FPGA test

A circuit is available at the Digilab web site that can be used to fully test the Digilab board and all connected devices. This simple circuit places a counter on the seven-segment displays, and connects the eight slide switches to the eight individual LEDs. If a 25MHz clock is loaded in U5, then the four buttons can be used to control the counter. Obtain a copy of the “brdtest” circuit from the Digilab web site. Download the brdtest circuit and verify the performance of the various connected devices.

If the seven-segment displays, LED’s, buttons and switches all function properly, your board is functional and ready for use; else, refer to the troubleshooting section. Then return here and repeat the test until no failures are present.

Troubleshooting procedure
If any test fails, perform the following troubleshooting procedure:

1. The most common failures result from poor solder joints. Inspect all the components involved in the particular non-functioning circuit operation, and look for poor or nonexistent solder joints (you may need to refer to the circuit board schematics to discover which components to check). For example, if an LED fails to illuminate in the first set of tests, you will need to inspect the LED, RP8 and RP9, U2, and J2. Fix any obvious problems that are discovered. Repeat test procedure, or go to step 2.

2. Apply a hot soldering iron to all solder joints involved in the circuit. If it appears that very little solder is present, apply a bit more solder. Repeat test procedure. If failure persists, go to step 3.

3. Use a DVM to measure the voltage levels on all nodes in the circuit (you may need the assistance of a qualified lab technician in this step). If a circuit node has the incorrect voltage at a given time (for instance, the BTN1 connection on J2 should show 5V when BTN1 is pressed), a non-functioning component may be the problem. Replace any non-functioning components.

4. If all else fails, contact your lab assistant or lab coordinator for assistance.

Appendices

A. Digilab PCB parts list

	Qty
	Reference Designator
	     Description

	2
	 BN1,BN2
	 PCB right angle BNC connector

	4
	 BTN1-BTN4
	 Momentary contact push button

	24
	 C1-21,C24-26
	 Ceramic .047 (or .1uF) capacitor

	2
	 C22-23
	 Ceramic 100pF capacitor

	1
	 C27
	 Aluminum Electrolytic mini 47 uF (or 22uF) capacitor

	3
	 D1-D3
	 Diode standard small signal

	2
	 DSP1,DSP2
	 7-segment LED display, .56, CA, 2 digit

	1
	 J2
	 72 pin DIP socket (from AMP)

	1
	 J3
	 Stereo audio jack 1/8"

	1
	 J4
	 DB9 female serial port connector

	1
	 J5
	 6 pin mini-din PS/2 keyboard connector

	1
	 J6, J8, J10, J11
	 14, 2, 15, 7 pin hdr strip ( use one 40 pin hdr)

	1
	 J7
	 DB15 3-row VGA connector

	1
	 J9
	 DB25 parallel port female connector

	1
	 J12
	 2.1mm power connector

	9
	 LD1-LD9
	 RED LEDs

	4
	 R1,R6,R7,R9
	 1/8 standard resistor 10K

	4
	 R2-5
	 1/8 standard resistor 1K

	3
	 R8,R10,R11
	 1/8 standard resistor 270

	5
	 RP1-4,RP10
	 Isolated resistor pack 100

	4
	 RP5-7,RP11
	 Isolated resistor pack 2K

	1
	 RP8
	 Bussed resistor pack 10K

	1
	 RP9
	 Bussed resistor pack 270

	9
	 SW1-9
	 STDP slide switch

	2
	 U1,U8
	 74HC244

	1
	 U2
	 74HC373

	1
	 U1_S, U8_S,U2_S
	 20-pin DIP socket U1, U8, U2

	1
	 U3
	 84 pin PLCC socket

	1
	 U4
	 1/2 size 25.175MHz osc

	1
	 U4_S
	 8-pin DIP socket U4

	1
	 U5_S
	 8-pin DIP socket U5

	3
	 U6
	 8 pin dip socket (for xilinx ROM) 

	1
	 U7
	 74HC125

	1
	 U7_S
	 14-pin DIP socket U7

	1
	 U9_S
	 16-pin DIP socket U9

	1
	 U10
	 7805 500mA 5V TO220 LDO

	4
	 NA
	 6/32 .250 hex standoff

	4
	 NA
	 6/32 .250 machine screw


B. Digilab PCB Drawing
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Production circuit boards typically start out as thin sheets of fiberglass (about 1mm thick) that are completely covered on both sides with very thin sheets of metal (typically copper). A "standard" circuit board might use a 1 ounce copper process, which means that one ounce of copper is evenly spread across 1 square foot of circuit board. During the manufacturing process, wire patterns are "printed" onto the copper surfaces using a compound that resists etching (hence the name Printed Circuit Board or PCB). The boards are subjected to a chemical etching process that removes all exposed copper. The remaining, un-etched copper forms wires that will interconnect the circuit board components, and small pads that define the regions where component leads will be attached.








Diodes have many uses in electronic circuits. As examples, they are frequently employed in power supply circuits to turn alternating current (AC) into direct current (DC), they are used to limit the amount of over-voltage that can be applied to a given circuit node, and they are used to force given circuit nodes to remain at or below a certain voltage. On the Digilab board, three individual diodes are used to limit the voltages applied to the Red, Blue, and Green pins of the VGA connector (J6) to 0.7VDC or less (VGA color signals must lie in that voltage range to meet relevant specifications -- higher voltages would damage computer display electronics).
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The slide switches are also known as “single throw-double pole” (STDP) switches, because only one switch (or throw) exists, but two positions (or poles) are available (a pole is an electrical contact to which the switch can make contact). These switches can be set to output either Vdd (when the actuator is closest to the board’s edge) or GND. The push button switches are also known as “momentary” contact buttons, because they only make contact while they are actively being pressed – they output a GND at rest, and a Vdd only when they are being pressed.





Various input devices have many associated symbols and reference designators that appear in circuit schematics. Typical symbols for a button and for a switch are shown below. The reference designators used here are BTN_ for the buttons and S_ for the switches.





The buttons and switches can be placed in the PCB in any orientation.
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The eight slide switches can be used to connect either Vdd or GND to eight pins on the FPGA as well as to connections on J2. The switches exhibit about 2ms of bounce, and no active debouncing circuit is employed. As shown on the right, a 100 Ohm series resistor is used to provide nominal input protection.





Resistors are manufactured with many body colors, with tan or light brown being the most typical. The only significant resistor body colors are white and blue; these colors signify a non-flammable or fusible resistor. Such resistors are used in circuits where overheating might pose a safety risk. 





In circuit schematics and in parts lists, resistor reference designators always begin with an "R". You can see several rectangular white boxes with "R__" on the Digilab board silk-screen. The schematic symbol for a resistor is shown to below. Resistors are non-polarized, so they can be placed in the PCB in any orientation.








� EMBED Visio.Drawing.4  ���





� EMBED Visio.Drawing.5  ���





To determine the value of a small resistor (i.e., 1/8 Watt or 1/4 Watt), first locate the tolerance band on one end of the resistor -- it will typically be either gold (5% tolerance) or silver (10% tolerance). The color band at the other end of the resistor is band1. Use the table below to find the two-digit number associated with the colors of bands 1 and 2. The band nearest the tolerance band is the multiplier (or exponent) band -- the digits associated with the first two color bands are multiplied by 10 raised to the power indicated by the color of the multiplier band. The following table associates band colors to digits and multiplier factors. Simply multiply the two-digit value by the multiplier, and you've got the resistor value. 
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If a circuit application requires many resistors of the same value, and if those resistors can be located close together on a PCB, then a resistor pack can be used instead of individual resistors. Resistors in a pack function identically to discrete resistors -- they are just more economical to work with. Several different types of resistor packs are available. Two of the more common types, and the types used on the Digilab board, are called "bussed" packs and "isolated" packs. All resistors in a bussed resistor pack have one lead connected to a common node, while all resistors in an isolated pack have independent nodes (see the figures to the left.)
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A capacitor is a two-terminal device that can store electric energy in the form of charged particles. You can think of a capacitor as a reservoir of charge that takes time to fill or empty. The voltage across a capacitor is proportional to the amount of charge it is storing -- since it is not possible to instantaneously move charge to or from a capacitor, it is not possible to instantaneously change the voltage across a capacitor. It is this property that makes capacitors useful on the Digilab board. 
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Since the voltage regulator is an IC, or chip, it carries a "U__" reference designator like all the other chips. Note that the PCB silk screen pattern resembles the regulator when seen from above.  When loading the regulator into the PCB, be sure the fin is positioned directly over the thin rectangle on the silk screen. Also be sure that the holes are aligned before soldering the regulator.
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Note that LED components typically have the cathode side of their plastic diffusion lens slightly flattened, and a longer cathode pin as well. When placing individual LED components into the PCB, be sure the flattened side matches the flattened side of the silk-screen pattern.
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Two further capacitors (C22 and C23) are used to filter high-frequency noise from two programming signals required by the Xilinx chip. Filter capacitors are often used in such a manner to limit the rate at which voltages on a given circuit node can change. The graphs below indicate the time course of these signals before and after the filter capacitors are applied. 
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If a power supply provides a voltage higher than 7 or 8 volts, the regulator must dissipate significant heat. The "fin" on the regulator body (the side that protrudes upward beyond the main body of the part) helps to dissipate excess heat more efficiently. If the board requires higher currents (due to the use of peripheral devices or larger breadboard circuits), then the regulator may need to dissipate more heat. In this case, the regulator can be secured to the circuit board by fastening it with a screw and nut (see below). By securing the regulator tightly to the circuit board, excess heat can be passed to the board and then radiated away.
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The table on the right shows all FPGA pin connections. In this pin-list, gray boxes indicate dedicated pins that are not available for use. Italicized names indicate dual-purpose pins; for these pins, the Xilinx function is shown first followed by Digilab’s assignment in parenthesis.





Some FPGA signals, including the LED drive signals and the unassigned   (or open) signals are available on the J2 prototyping connector. Care should be taken to ensure that these signals are not simultaneously driven by both the FPGA and by other drivers. If the FPGA is loaded in the J3 socket and external circuits must drive these signals, it would be best to tri-state the FPGA signals.





The parallel port connector can be used as the FPGA programming port or as a parallel port. When downloading a circuit that drives the parallel port data signals, ensure that the signals are not driven until SW9 has been moved to the PORT position.





AND


truth table


A B  Y


0 0  0


0 1  0


1 0  0


1 1  1
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1 1  1
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 J1 is an expansion connector that accepts a 64-pin or 96-pin DIN euro-card connector. Only the A and C rows are connected to signals; the entire B row is not connected. All signals that are routed to the FPGA are also routed to J1; a connection list follows.





The BNC connectors BN1 and BN2 are provided to allow easy connection to test and measurement equipment. Both the shield and the center post are connected only to pins on the J2 connector to allow maximum flexibility. In a typical use, the BNC shield will be connected to GND using a jumper wire in the J2 connector, and the center post will be connected to the desired circuit node (again using a jumper wire).
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The three signals on the 1/8" audio connector J3 are only connected to pins on the J2 connector in order to allow easy connection of audio devices (e.g., speakers or microphones). In typical use, the common signal (AUDC) will be connected to GND with a jumper wire, and the channels (AUD1 and AUD2) will be connected to appropriate circuit nodes, also using a jumper wire. The connector allows for easy connection of speakers or microphones.
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The pin definitions for the PS2 connector are shown on the right. The clock and data signals (PS2C and PS2D) are connected to J6 (for easy connection of test and measurement equipment), and to the Xilinx FPGA. The PS2 signals are not routed to J2.
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Shown on the right is a representation of a 7400 logic IC that contains 16 transistors organized as four 2-input NAND gates. This small chip is housed in a 14-pin DIP package that provides pins for each of the NAND gates inputs and outputs, as well as a power and ground pin (labeled Vdd and GND). Note the picture shows the four logic gates placed inside a DIP outline, thereby showing both the function and pinout (or pin definition) of the IC. Appendix D provides chip drawings for five common 74XXX chips.
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A 74HC373 is used so that the LED drive signals can be decoupled from the FPGA, allowing the LED pins on the FPGA to serve a dual purpose if needed. The 74HC373 gate signal, which has a 10K pull-up (R1) can be driven from the FPGA or from a connection on J2.
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Circuits can be built by inserting wires into breadboard holes to connect the chip's VDD, GND, and input and output pins. Inputs may come from buttons and switches, and outputs may drive LEDs -- connections for all these devices are available on the J2 connector.�
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PS2 Pin Definitions

   Pin     Function
     1      Data
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Each row of 5 holes is electrically connected into the same circuit node; up to five component leads and/or wires can be connected�
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With the at Vdd, a conductive channel of negatively charged particels forms under the gate and the nFET is on.�

With the nFET OFF, the drain is not connected to GND; thus, some other circuit element must determine whether the drain is at HV or LV.�

With the nFET ON, the drain is directly connected to GND and is therefore at LV.�

With the gate held at GND, back-to-back pn junctions are formed, current flow is prevented, and the nFET is off�
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In a pFET, Vdd on the gate means 0V between the gate and source -- turning the pFET off.�
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Circuit symbol used for an nFET in a schematic deawing�
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When the gate of an nFET is at GND, the nFET behaves like an open switch�
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An insulator and conductor are grown in area between source and drain; this structure will form the FET's gate�

Silicon substrate or chip�

Charged ions implanted in silicon in areas that will become FET source and drain�

Source and drain diffusion regions are formed beneath the silicon surface�

Metal wires are added to connect the source, drain, and gate to other circuit nodes.�

Vias connect metal wires to diffusion and gate structures�

Cross-sectional view of FET �

A FET device is symmetrical; we simply label one side the source and the other side the drain.�
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For simulation purposes, labes can be added to wires between the IBUF's and the circuit. Labels are added by doule-clicking the wire and entering the name in the dialog box.�

"LOC" parameters are added by double-clicking the pad symbol and entering LOC in the Parameters Name feild and Pnn in the Parameters Description feild, and then pressing Add and OK.�
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1) PCB begins as ~ 1mm thick fiberglass sheet �

3) Etchant-resistive wire pattern printed on board�

2) Thin copper sheets added to both sides�

4) All copper removed except for wires and pads�

5) Holes drilled for component leads and vias�
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