Digital Logic Design — ECEN 3233
Oklahoma State University
Harsha Choday and James E. Stine, Jr.

Lab 2a: Logic Analyzers

1. Introduction

A logic analyzer is an electronic test instrument that can detect, measure and display
digital signalsin acircuit. Logic analyzers are frequently used for digital measurements
involving numerous signals. Logic anayzers became popular around the same time as the
early commercia microprocessors, and have become indispensible tools for digital
designers working with large digital systems. Before we can begin to appreciate the
versatility of logic analyzers, it is important to understand another class of test
instruments called as digital oscilloscopes. The following section will introduce and
compare the working principles of oscilloscopes and logic analyzers.

2. Background: Test I nstruments

What is an oscilloscope?

The oscilloscope is basically a graph displaying device — it measures and draws the graph
of an electrical signa. These graphs show how a signa changes over time: the Y-axis
(vertical) represents voltage and the X-axis (horizontal) represents time. The graph of a
signal obtained from a circuit can tell us many things about the signal:

How the signal voltage varies with time

The frequency of a periodic signal

A distorted signal could indicate a malfunctioning part
If thereis any noisein the signal

How much of thesignal isDC or AC

Modern digital oscilloscopes allow you to make severa waveform measurements like:
amplitude, period, rise/fall time, frequency, duty cycle, RMS and peak values. Figure 1
displays a modern oscilloscope. In Figure 1, notice the display on the oscilloscope; do
you see adigital signal? Why does the waveform have spikes?
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Figure 1: A modern digital oscilloscope displaying a digital signal

How does an oscilloscope wor k?

A digital oscilloscope samples the input signal and records its voltage level at that instant
of time as a binary number. Each time a digital oscilloscope captures a sample, the input
signal is fed to an Analog-to-Digital converter (A/D or ADC) that converts the input
signa’s voltage level to an 8-bit binary value (sometimes more bits are used). This binary
value represents the actual voltage level of the signal sample. By sampling many times
faster than the input signal’s rate and graphing these voltages, the oscilloscope is able to
reconstruct the signal in very fine detail. Figure 2 illustrates how the input signal is
sampled by the oscilloscope where by repeatedly sampling the input signal, as shown in
Figure 3, the oscilloscope can display a graph of the input signal.

m 8-bit Analog to Digital converter
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Figure 2: Sampling theinput signal
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Figure 3: Taking a large number of samples allows an oscilloscope to graph theinput signal

Such an accurate representation of the input signal allows designers to measure signa
characteristics such as rise/fall time, DC levels and ringing. A careful observation of
lower right corner of Figure 1 indicates that this particular oscilloscope is capable of
accepting four input signals and displaying them at the same time. Such an oscilloscope
could cost anywhere between $15,000 and $30,000 depending on its features and how
fast and how many samplesit can take.

However, with the advent of complex microprocessor based digital systems, there is a
need to graph 32-64 signals at the same time. A digital oscilloscope with 64 channels is
not only prohibitively expensive but also overkill for many designers who are merely
interested in the timing relation of the signals. Often, digital designers do not need to
measure the rise/fall time, DC level and ringing on all signalsin a system, however their
timing relationship is sufficient to determine if a digital system is working correctly.
Logic analyzers are the solution to this problem. Let us now see how a logic analyzer
differs from an oscilloscope and how it meets the needs of adigital designer.

Harris and Harris, © Elsevier, 2007



So, how does a logic analyzer graph theinput signal?

Each time a logic analyzer takes a sample of the input signal, it passes the sample to a
comparator. Rather than converting the input signal to an 8-bit binary representation of
the voltage level, the comparator merely compares the sample to a threshold level chosen
by the user. If the sample’s voltage level is below the threshold voltage, the sample is
considered to be logic low or ‘0" (see Figure 4). Similarly, if the sample's voltage is
above the threshold, it is considered to be logic high or ‘1'. By sampling many times
faster than the input signal’s rate, a logic analyzer is able to construct a digital
representation of an input signal (Figure 5).
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Figure4: Input sampling by a logic analyzer
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Figure5: Logic analyzer'srepresentation of the input signal
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What isthe advantage of logic analyzers?

The answer is cost. By displaying the logic levels instead of actual voltage levels, alogic
analyzer alows you to view more channels at much lower cost. A four channel
oscilloscope requires an expensive analog-to-digital converter and high-speed memory
for each of its channels, on the other hand, a logic analyzer uses a comparator which is
much lower in cost and only requires one bit per sample. As aresult, alogic analyzer like
the NCI’s GoL ogic model used in this class cost about $3000.

In summary, digital oscilloscopes offer fewer channels and higher costs, but they display
input signal’s actual voltage levels. Such accurate measurement allows the designer to
observe signal characteristics such as riseffal time, DC levels and ringing. On the other
hand, logic analyzers offer more channels and lower costs, but they display a digital
representation of the input signal. Quiet often, a digital representation is sufficient to
observe the timing relationship between signals in a system.

3. Timing Principles

In area circuit, signals take finite amount of time to change from one state to another (or
from one voltage to another) as illustrated in Figure 6. The amount of time taken for a
signal to transition from LOW to HIGH is called its rise time (t;) and it is measured
between the 10% and 90% points of the signal voltage. The fall time (t;) is defined as the
time between 90% and 10% points when the signal is transitioning from HIGH to LOW.

One more important timing parameter of a digital logic gate is its propagation delay (tpq).
Thisisthe delay measured between the 50% point of the input signal to the 50% point of
the output signal (50% point is the half-way between HIGH and LOW). Please refer to
section 2.9 of your text for adetailed discussion of timing characteristics of alogic gate.
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Figure 6: Timing parameters of a logic gate

The waveform in Figure 6 shows logic levelsat OV (logic ‘0’) and 5V (logic‘1’). Can
you find the 10%, 50% and 90% voltage levels?

4. Thetest circuit: Ring Oscillator

The circuit shown in Figure 7 is known as ring oscillator, which consists of an odd
number of inverters connected in acircular chain. Due to the odd number of inversionsin
the chain, there is no stable point and as a result the circuit oscillates. Because a single
inverter produces a logical NOT of itsinput, it can be readily shown that the last output
of an odd-numbered chain of inverters is the logical NOT of the first input. This final
output changes a finite amount of time after the first inverter’s output causing the circuit
to oscillate.
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Figure 7: Ring oscillator circuit (5-stages)

The period of oscillations is determined by the propagation time of a signa transition
through the entire chain. The period T = 2*t,q* N, where N is the number of invertersin
the chain. Notice that the factor 2 arises in the above equation because a full-cycle
requires both alow-to-high and a high-to-low transition.

4.1 Building thering oscillator

Use NOT gates from your parts kit and build an 11-stage ring oscillator circuit on your
breadboard. Place your breadboard on the protoboard kits and connect the power supply
and GND. The ring oscillator will begin to oscillate as soon as it is connected to the
power supply. Notice that there are no externa inputs to a ring oscillator. Section 5 will
provide instructions on how to measure the period of oscillations using a logic anayzer.
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Figure 8: NAND Gate

The logic gate shown in Figure 8 isa NAND gate. A NAND function is simply an AND
gate followed by a NOT gate. Now, find a way to make a NAND gate work as an
inverter. Careful observation of the truth table given in Figure 8 will yield the answer.
After you find away to make a NAND gate function as an inverter, sketch the schematic
of a ring oscillator using NAND gates and ask your TA to verify your work. Then
proceed to building a ring oscillator on your breadboard using NAND gates only. Follow
instructions from the next section to find the period of oscillations of this ring oscillator
using alogic analyzer.
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5. Using the GoL ogic logic analyzer
(Adapted from GoLogic Virtual Classroom)

This section will provide instructions for using the GoLogic logic analyzer to observe the
ring oscillator waveform on your PC. Furthermore, you will also get instructions on how
to measure the period of oscillations and then compute the propagation delay (t,q) of each
NOT gate.

Before you can view the signal waveform on the logic analyzer, the logic analyzer needs
to record (or sample) the input signals. This process is often referred to as taking atrace.
Taking atrace involves three basic steps. Each step is explained in detail

1. Connect the signalsto the logic analyzer’ s input channels.

2. Configurethelogic analyzer

3. Pressthe‘Go’ button

Step 1 — Connecting the signal to the logic analyzer’ s input channel. Now, carefully
observe the set of connector wires attached to the GoL ogic logic analyzer. The end of
each connector has a color coded sleeve with a marking on it. These connectors are
divided into five groups AO-A7 (white), A8-A15 (red), BO-B7 (yellow), B8-B15 (blue)
and CAO-CA3 (green). This essentially means that your GoLogic logic anayzer is
capable of accepting 36 inputs (or channels). There are afew GND wiresin each
connector group. In thislab, we will use channel AO for connecting the ring oscillator
output to the logic analyzer. Before you connect any signal to the GoL ogic logic
anayzer, make sure that you have connected the GND wire from your breadboard to the
GND connector on the GoLogic. Next, connect awire from the input of the first inverter
in the chain to channel A0 on the GoLogic. Now you are ready to setup the software and
run the GoL ogic logic analyzer.

Step 2 — Configuring the logic analyzer. Before you start the GoL ogic software, make
sure that the logic analyzer is connected to your PC via the USB cable and it is getting
power from the adapter. Now, double click the GoLogic icon on your desktop to start the
software. You will awindow similar to Figure 9. Observe the labels on the menu buttons
that have been pointed out in Figure 9. You will be using these menu buttons from the
tool bar to complete your task.

Harris and Harris, © Elsevier, 2007



GolLogic #1 (*.trc) - [50 MHz Normal timing]

Fle Edt Search Data Options Window Help

3|

Thresholds

Figure9: GolL ogic startup screen

‘GO’ button

DA S TAO ,_JL.ﬂ; KN \@ -B & =l m@ly—m Tiigger Sarmples:,048576
ﬂ| j| _rl L[J_%P:eslme ﬂ _»_J

Now, click on the Settings button and you should see a window similar to Figure 10.
Notice the five tabs highlighted in Figure 10, these tabs are all part of the setup window.

Fill out the *Stepl: Sampling’

tab as shown in Figure 10.
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Figure 10: Sampling setup for GoL ogic
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After completing the ‘Sampling’ section, move on to the next tab: ‘Step 2: Channel
Groups'. In channél setup, you are basically indicating to GoLogic which of the 36 input
channels have to be sampled and graphed. For this lab, we are using just one channel AO.
So click on channel 0 under ‘Pod A’. After you are done selecting your input channel,
your screen should look like Figure 11.
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Figure 11: Channel setup for GoL ogic

The next setup tab is *Sep3: Triggering’. When you setup a trigger, you are essentially
instructing GoLogic when to stop. If you set a trigger for a rising edge on the input
signal, then GoLogic will observe the input continuously until a rising edge occurs and
when it occurs, GoLogic will stop sampling the signal and generate a graph with the
sampled data. For this lab, we will use ‘Immediate trigger’, so select this option from the
‘Trigger Form' drop-down menu. In this form of triggering, GoLogic will not look for
any patterns on the input signal; instead it will fill its memory with samples and then
stops sampling any further. A graph of the stored samplesis generated at the end.

10
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The fina step is to set the threshold voltage level for the logic analyzer. Idedly, we
would like to set the threshold voltage at half the supply voltagei.e. if the supply is 5V,
then threshold would be 2.5V. But for this lab exercise, we will set the threshold voltage
at 1.88V. Can you explain why we set the threshold lower than the ideal value?

To set the threshold voltage, click on the * Threshold” button on the tool bar (see Figure 9)
and you will see a small pop-up window as shown in Figure 12. Since our input signal is
on channel AQ, you need to set the threshold for Pod A. Select the * Custont option and
use the arrow buttons to set the desired threshold voltage for Pod A.
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Figure 12: Threshold setup for GoL ogic

Step 3 — Press the *Go’ button. After you have completed al the setup steps, click on the
‘GO’ button and observe the message area next to it. GoLogic will run for a short while
and stop. At this point, GoLogic has taken samples of the input signal and created a graph
of the samples. To view the graph, click on the ‘Waveform’ from the tool bar. The
waveform window should look like Figure 13. Use the zoom tool to adjust the waveform
zoom level.
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Figure 13: Waveform of thering oscillator output

Now you need to measure the time period of the waveform that has been graphed. To do
this accurately, GoLogic provides markers similar to what you have seen in Model Sim.
Use your left mouse button to place the red marker on arising edge of the waveform, and
then use the right mouse button to place the blue marker on the following rising edge of
the waveform. The time delay between these markers in indicated at the top of the
markers (see Figure 14). This delay is the period of oscillations (T). Now connect the
output of the ring oscillator constructed from NAND gates to the logic analyzer and
measure its period of oscillation.

Figure 14: Placing the markers
12
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5a. Calculating the gate propagation delay

After you find the period of oscillation (T), you can calculate the propagation delay of
each NOT gate (t,q) using the equation:

T=2-t,-N
pd
where N is the number of stagesin the ring oscillator and T is the period of oscillations.
Repeat this calculation for the NAND gate ring oscillator.

6. What toturnin

Attach a copy of the waveform generated by GolLogic aong with your report (this
waveform must show the period of oscillation using read and blue markers). At the end of
your report, write acomment on how the period (T) changes with number of stages (N).

7. Extracredit

The ring oscillator shown in Figure 7 has no inputs and we have no control over the
oscillations. In other words, once you apply power, the circuit will start oscillating. So,
modify the circuit in Figure 7 such that you can control the oscillations using an enable
signal i.e. the circuit should oscillate only when the enable signal is HIGH, otherwise the
circuit should be in a steady state. Y ou are not expected to test this new circuit, so a hand
sketch would be adequate to qualify for extra credit. Ask your TA if you have any
guestions.
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