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Lab 6
Nasty Realities

1 Objectives
In thislab, you will learn about:

1. capacitive loading and its effect on propagation delays,
2. trangmission lines and termination for long wires,
3. capacitive coupling on ribbon cables.

2 Prelab

All of the activity involved in this lab takes place in room 204B. Note that there is no way to
work on this lab in advance, so read this write-up carefully so that you will know what to do
when your lab section begins.  If you are Hill confused, please get help from a TA before the
dart of your lab section.

3 Overview

Much of engineering is knowing what you can ignore. For example, we ignore the behavior of
electrons in a digitd circuit and think ingead of 1's and 0's.  This approximation has proven very
successful, but it is important to know when we can no longer make it, or what to do to ensure
that we can makeit. Here are some of the assumptions we have been making:

- Wiresareided — a any point in time, the voltage a every point on the wire isthe same.
- There are exactly two logic levels— high and low.
- Trangtions occur ingantaneoudy from one voltage leve to the next.

This lab is broken into two large experiments. Section 5 discusses the concepts of propagation
delay and capacitive loading; Section 54 describes the associated experiment. Section 6
discusses the nasty redlities of wires, Section 6.5 describes the associated experiment.  Section 4
describes some of the miscdlaneous things you need to know in order to build the circuits in this
lab.



4 Detalls
4.1 Breadboard

We will use a breadboard to build the circuits for this lab. A breadboard is a dab of pladtic,
covered with holes connected in rows or columns by hidden metd contacts. By pushing stripped
ends of wires, leads of discrete components or IC pins into these holes, we connect them
eectricdly to anything in the same column or row.

The connections inside one section of the breadboard are shown in Figure la Use the rows of
connected holes for power and ground; use the columns for your circuit. Put chips horizontaly,
sraddling the wide space separating the two columns of connections. Ther pins should fit in the
lowest row of the upper columns and the upper row of the lower columns.

{ S Oy SN Y Y Y Y
rows o-ooo-oo—ooooo— oo oo o0—o-ooooo

504
A0
s
s

\

OO

columns <

o000, CHOHOHHD
0 B B = 2 o B B B
OO 1

I e e Y O O s B W W W

I e e e R O B W W Y
O OO
O OO
O OO
O OO
8 o o B

- OO
- OO
8 By B B 1T
o OO
EELELCELEET:  EREE
EELELCELEET:  EREE
EELELCELEET:  EREE

rows { -+ +-+——\ - - - -r—-r-r-r-r-+— -+l

Figure la Breadboard connections

Power the circuits in this lab with the HP E3630A power supply that we used in Lab 4.
Connect it to the banana jacks attached to te breadboard, and run wires from the jacks to the
breadboard's power/ground buses. Clamp the wires to the jacks by unscrewing the top of the
jack, threading a stripped wire end into the exposed hole, and screwing down the top of the jack.



4.2 Ribbon Cable fo| || |o| | Lo o o| |e

Some of the circuits in this lab use a long (ten foot)
ribbon cable, which is a fla grip of insulated parald i i O s O S O O i S
wires. Adjacent wires in the cable dternate between
connecting to the top and bottom pins of a 14-pin DIP
connector, shown in Figure 1b (note, the figure actualy

shows a 16- pin configuration).
Figure 1b Ribbon cable DIP plug

4.3 Resstorsand Capacitors

Resistors are marked with a code consisting of three colored bands. Each color corresponds to a
number, as listed below.

Black Brown Red Orange Ydlow  Green Blue Violet Grey White
0 1 2 3 4 5 6 7 8 9

The first two bands represent the first two digits of the resstance, and the third represents the
number of zeroes following the firsg two numbers. For example, a resistor labeled ydlow-viole-
red would be interpreted as 4700W, or 4.7 KW. A fourth band, if present, represents the tolerance
gpecification for the resstor vaue. Gold indicates 5% tolerance and silver 10%.

Capacitors are labded amilarly, though usudly with three digits rather than colored bands
The number printed is the number of picofarads (pF). For example, a capacitor labeled “104”
corresponds to 100000 pF, or 0.1 n-.

5 Transentsand Delay M easurement
5.1 Propagation Delay

Contrary to what smulation software would have you bdieve, logic levels do not change
indantaneoudy. In redity, a trangtion from O to 5 V or vice-versa requires a gradua change
from one voltage to the next. What happens is that transstors switches on or off, charging or
discharging a capacitor to produce the output voltage.

The propagation delay t of a gate defines how quickly its output responds to a change a its
input. Thus the propagation delay expresses the delay experienced by a signa when passing
through a gate. It is measured between the 50% trangtion points of the input and output
waveforms.  Because a gate usudly displays different response times for risng or fdling input
waveforms, two definitions of the propagation delay are necessary. The L defines the response
time of the gate for a low to high (or postive) output trangtion, while Lo refers to a high to low
(or negative) trangtion. Overdl propagetion delay is often defined as the average of t, . and
toHL, but in this class we propagation delay more conservatively as the maximum of to y and tph .



5.2 Capacitive Loading

In a given logic family, the propagetion dday of a gate is dependent largely on the capacitance
that its output must drive. This means tha if one gate tries to drive many others, its cagpacitive
load will be large and propagetion dday will increase.  The incrementd delay is directly related
to the load capacitance. Each additional load adds a constant amount to the overall delay.

5.3 Ring Oscillator

A dandard circuit for dedlay measurement is the ring oscillator, which conssts of an odd number
of inverters connected in a circular chain. Due to the odd number of inversgons, this circuit does
not have a stable operating point, so it oscillates. The period T of the ostillation is determined
by the propagation time of a single trangtion through the complete chain, or T =2 ° t, ° N,
where N is the number of inverters in the chain. The factor 2 results from the observation that a
full cycle requires both alow-to-high and a high-to-low trangtion.

54 ToDo

We will build a ring oscillator and observe the output on the oscilloscope, enabling us to
cdculae the t, for a sngle inverter.  We will then add additiond capacitive loads on the
individud inverters and observe the effect on the ring oscillator frequency.

1. Buld the ring osdllaor crcuit in
Figure 2a on your breadboard. Use a |_
7AFO4PC  hex inverter chip, whose
pinout is shown in Fgure 2b. Figure 2a 5-stage ring oscillator
Remember to connect pin 14 to +5V
and pin 7 to ground!
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output a pin 2, or equivdently a any
of the five inverter outputs Measure —| b
the period T of the ring oscllator and [ ’
cdculae the t, for a dsngle inverter. l

2. Usng the oscilloscope, observe the T J' | .

Record this value on the checkoff sheet

and show your waveform to the TA. o | -
To redly impress your TA, explan L L -
why the waveform looks more like a Figure 2b 74F04PC hex inverter pinouts

sine wave than a square wave.

3. Connect a 100 pF capacitor from pin 4 to ground. What effect does this have on T? Now,
connect additiona load capacitors from pin 6 to ground, and pin 8 to ground. After adding
each capacitor, measure the ring oscillator period. Record these three vaues on the checkoff
sheet, and show tha the reationship between load cepacitance and propagetion delay is
roughly linear. Show your find waveform to the TA.



6 Wires
6.1 Nasty Realities

The nesty redity of wires is that they have so-cdled “paraditic’ resstance, capacitance and
inductance.  Usudly, these paradstics are smal enough to be ignored, but ther effect can
dominate when awireislong or when ahigh-speed sgnd is used.

Figure 3 is a modd of these parastics. The resstors are due to the wire conducting
imperfectly, the capacitors are due to nearby conductors and the inductors are due to current in
the wire producing a magnetic fidd.

Parasitic capacitance $ows a wire's response to a sudden change in voltage, while paragitic
inductance dows the response to a sudden change in current. Mogt digita logic lines conduct
little current but require the voltage to change quickly. Power supply lines have the opposite
problem — their voltage is congtant, but they may need to provide a sudden burst of current when
a large collection of dgnas change together (typicadly on a clock edge). Such current spikes
limit the power supply’ s ability to maintain a condant voltage.

Together, inductance and capacitance make the wire behave like a transmission line with a
characteristic impedance determined by the values of L and C. The characteristic impedance
(abbreviated Zp) is andogous to resstance but applies to dynamic rather than datic Sgnds. The
halmark of a trangmisson line is that 9gnds propagate down its length a finite speed, so we can
no longer treet the wire as having the same voltage everywhere,

A mgor problem with wires is ther tendency to dow sgnds down — to roughly hdf the
gpeed of light in a vacuum. This is not important a low frequencies but can become a problem at
high frequencies. For a 1 GHz square wave clock, the sgnd will have the oppodte phase just
8cm (~3") away from the driving circuit!  Circuit board designers routindy baance the lengths
of clock lines on motherboards to ensure that al the logic circuits receive ther clocks
amultaneoudy.

Figure 3 More realistic model of a wire

6.2 Transmisson Line Termination

Accounting for the speed of sgnds is not the only difficulty with transmisson lines  Any time a
dgnd encounters a change in charecteridic impedance, a fraction of the origind dgnd is
reflected back toward the source. The amount of reflection is proportional to the mismatch ratio
of the two line segments. The same phenomenon occurs with visble light as it travels from ar to
glass to water. In wires, impedance mismatches can happen at connectors, when traces on the
circuit board split, and most commonly, when the Signd reaches its destination circuit.

Reflections are never good in digitd logic — they adways degrade the sgnd. The reflected
sgnd is superimposed on the incoming sgnd, causng voltage overshoot, ringing, reduced rise



times, trangdtion glitches, and bad karma  Reflections can cause double clock pulses, reduced
timing margin, and even damage to chipsin extreme cases

Proper termination can diminate reflections. Connecting a resstor with a vaue equd to
the characteridic impedance of the trangmisson line is the smplest form of termination. This
causes dgnds traveing dong the transmisson line to disdpate in the resgtor, diminaing
reflection. Ribbon cable (what you will use in today’s lab) and twisted par have a characteristic
impedance of about 100W. RG-58 coaxia cable, which we used to connect the signa generator
to the oscilloscope in Lab 4, has a characteristic impedance of S0W.

6.3 Capacitive Coupling

Capacitance exids between any and every par of conductors, whether they are two wires in a
cable or the space shuttle orbiting earth. The amount of capacitance is inversdy proportiona to
the distance between the conductors and directly proportiona to the amount of conductor (wire)
in the pair of interest.

In cables, too much capacitance is a problem for two reasons. it reduces the characteristic
impedance, making it harder to drive the cable, and it contributes to the coupling of sgnas
between pairs of wires® This coupling, or crosstalk, degrades the signd quality, lowering the
maximum usable frequency for agiven cable.

The traditiond remedy for crosstak is to reduce the capacitive coupling by mechanica
means (conductor size, separation and didectric constant) or by placing an eectrogtatic shield
between the conductors, as described in Section 6.4. In cases where there is a mathematica
mode for the crosstak, fast processors running clever agorithms can reverse the effect. This is
exactly what's being done with DSL, where the phone companies are sending megabits/second
of data over linesthat “traditionally” would only support 56 kb/s.

6.4 Shidding

The mogt common way to reduce capacitive coupling is to surround the conductor of interest
with a meta shidd. Coaxid cable is the best example — the inner conductor is insulated and
encircled by the grounded shidd. Although there is capacitive coupling between the two
conductors, the shidd prevents the inner conductor from affecting any neighboring sgnd
conductors. The problem with coaxid cablesisthat they are big and expensive.

Fortunately, partid shidding is often sufficent. Pacing a grounded wire between two
sgnd-carrying wires in a ribbon cable is a smple form of incomplete shidding that works well
in practice.

6.5 ToDo

1. Disconnect your ring oscillator circuit and hook up a 1 MHz 0-3V square wave from the
8112A pulse generator to the pin 1 of the hex inverter (or equivdently, to any inverter input).
Hook up 50W from this pin to ground — this presents the proper load to the pulse generator so
that the voltage you st is the voltage you get. Use four 200W resstors in pardld rather than

! Inductive coupling also exists, but it is insignificant compared to capacitive coupling.



HPSsaA645D

SN Ribbon cable

Figure 5 Schematic for Sec. 6.5.1-2

a sngle 50W resgtor. Connect the output of the inverter to one of the wires on the ribbon
cable. Refer to Figure 5 for schematic.

Using the oscilloscope, measure the signd a the inverter input on channd 1, and measure the
sgnd a the opposte end of the ribbon cable on channd 2. Use the metd base of the
breadboard as a common ground for both your oscilloscope probes and the pulse generator.

Compare the two dgnds — idedly, the sgnd a the end of the ribbon cable would be a
perfect inversgon of the square wave. Isthisthe case? Why or why not?

Measure the peak-to-peak voltage Vpp (induding any overshoot) for the high-to-low as well
as low-to-high trandtions on channd 2. Given tha the output range of the 74F04 is
approximately 0-3V, comment on the Vpp, measured a the end of the transmisson line.
Record your measurements on the checkoff sheet and show the waveform to the TA.

. Taminae the transmisson line by placing two resstors a the end of the ribbon cable —
330W to Ve and 200W to ground. Since these resstors are being placed in pardld with
repect to the transmisson line, the effective resstance is about 125W. This vaue is
aufficiently close to the characteristic impedance of the ribbon cable (100W) for our
purposes. How does this termination affect the waveform? Measure the new \jp, record it
on the checkoff sheet, and show the waveform to the TA. Refer to Figure 6 for schematic.

I -
________ |
1 { - -
! t i I I

Ao I I A
1MHz 0-3V A1 Channel of v B
UL LT HPsasasD L ——————
)

Inverters Used 74F04PC

The Output of HP8112A Pulse Generator

A2 Channel of

1/6 74F04PC HP54645D

16 wire
Ribbon cable

Figure 6 Schematic for Sec. 6.5.4 SND
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5. Leaving the res of the circuit intact, sdect an unused inverter and connect its input to
ground. Then connect its output, which should be ¢ (a DC sgnd), to the input of a wire
two steps over (refer to Figure 1b to see how the [dns correspond to the physica layout of the
wires). You will now have a square wave on one wire and V¢ on another, with one wire
between them carrying no 9gnd. On the oscilloscope, smultaneoudy display the Ve sgnd
a each end of the cable (use either a 2V or 5V scade on both channds). Your source
waveform should be a farly cdean 5V dgnd, but the sgnd a the other end should display
some oscillation. Explain why this happens. Refer to Figure 7 for schematic.

6. Findly, connect the wire carying no dgnd to ground, thus introducing a shiedd between the
two dgnds.  How does this affect the setling time and overshoot of the Vcc dgnd’s
oxillation? Show the TA the difference in the two waveforms and explan wha is
happening. Refer to Figure 8 for schemtic.
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Name: Name:

7

Checkoff

Ring oscillator built (unloaded), waveform displayed on oscilloscope TA:

t, =

Capacitive loads added to ring oscillator, fina waveform displayed on
oscilloscope

100 pF Tovera]l =
200 pF: Toveral =
300 pF: Toverat = TA:

Square wave measured at end of ribbon cable
Vpp (high-to-low transition) =

V pp (low-to-high trangtion) =

Explanation? TA:

Square wave measured at end of terminated ribbon cable, waveform displayed
on oscilloscope

Vip = TA:

Waveforms of V¢ with and without shielding displayed on oscilloscope

Explanation? TA:

Turned in on time TA:

Turned in up to one week late TA:

10

Lab Section:

(25%)

(20%)

(20%)

(20%)

(15%)

(full credit)

(half credit)



