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Figure 9.40 Shaker table with piezoelectric accelerometer as feedback element n.xaintaining
constant vibration amplitude. (From Sheingold, D. H. (ed.) 1980. Transducer interfacing
handbook, Norwood, MA: Analog Devices.)
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Figure 9.41 Force transducer with integral impedance circuitry. (Courtesy of
Sundstrand Data Control, Inc.)
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Insulator Figure 9.42 Force link preloaded to
respond to tension and compression.
Stud preload ;Cm)mesy of Sundstrand Data Control,
nc.

to increase their sensitivity (Figure 9.43). Transducers using this design are
called bimorphs because each electrode lead contacts two layers. When hooked
up in parallel these multiply output charge generated. Single packages that
respond to both compression force and torque are available.

Calibration

Force transducers can be calibrated by putting them in a press and varying the
clamping force. A simple calibration method also exists which is based on the
momentum transferred in the impact of a pendulum against the transducer (Moghisi
and Squire, 1980).
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Figure 9.43 Three-component piezo-
electric bimorph element. (From Doe-
belin, E. O. 1983. Measurement sys-
tems: application and design, New
York: McGraw-Hill.)

N\ 77

Application

Using ordinary piezoelectric phonograph cartridges, a dynamic weight detector
can be built that rapidly weighs milligram particles. The detector can be used
for weighing and selecting: for example, metal halide spherules for the fabrication
of high-pressure discharge lamps, where accurate dosage is critical (Mulder,
1982).

9.8 PRESSURE TRANSDUCERS*

Pressure transducers usually have high natural frequencies and little response
to spurious accelerations. Most designs incorporate a compensating accelerometer
built right into the transducer (Figure 9.44). About a 4:1 or 10:1 improvement
is possible in canceling undesirable vibration effects. This is limited by a transverse
vibration sensitivity that cannot be compensated for (Cobbold, 1974). When
dealing with high-frequency shock waves which may excite the transducer res-
onance, two solutions present themselves: (1) isolation from the mechanical shock
wave which is transmitted via the mounting—a plastic adapter serves as a
mechanical shock filter; and (2) matching of the compensating accelerometer’s
resonance with that of the pressure transducer—acceleration effects and ringing
due to the sharp pressure changes are reduced. The crystal materials originally
developed for use in transducers, such as barium titanate and lead ziconate, are
no longer used in production designs, and the single quartz crystal formerly used
is now almost invariably replaced by stacked crystals. Quartz crystals are usable
up to temperatures of about 350°C. Common pressure ranges are 50 to 100 MPa.

Applications

Pressure transducers exist in many general-purpose as well as specialized con-
figurations. The latter includes designs that can replace a spark plug in an engine,
those that' fit in a small cavity in a fuel injection line, and those that fit against

* Section 9.8 written by Karl Walter.
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a cartrifigC in a gun chamber for ballistic measurement. Water-cooling adapters
are available to compensate for pyroelectric effects.

A method for measuring the vertical contact stresses beneath the foot using
an array of piezoelectric pressure transducers in the shoe has been developed
(Heqmg et al., 1982). Breaking of a light beam enables an ADC that samples a
multiplexed signal from an array of 500 transducers at frequencies from 12.5 to
100 Hz. A typical footfail (500 ms) generates at the highest scanning rate 50,000
to 60,000 bytes of data. These are stored in a 64-kbyte RAM of the microcompl;ter.
The computer can then perform the difference calculations necessary to convert

data to vertical contact stresses and display them either graphically or alpha-
numerically on its own monitor.

9.9 DISPLACEMENT TRANSDUCERS*

Sor_ne commercially available systems using quartz transducers (very high leakage
resn§tance) and electrometer input amplifiers (very high input impedance) can
achieve an effective total resistance of 10™ Q, which gives a sufficiently slow
leakagc? to allow (almost) static measurement.

) Plezoelqctric ceramic phonograph cartridges provide a fairly sophisticated
yet Inexpensive device for measuring displacement (Fishman, 1975). Typical
!eakage resistances are ~10 GQ). When conditioned with appropriate high-input-
impedance charge amplifiers, the low-frequency response can be extended several
orders of magnitude. :

Yan Randeraat and Setterington (1974) describe the transducer dynamic
behavior and drive and receive circuits for echo sounders. These emit and sense

a.coustic pulses and calculate the traveled distance from the measured elapsed
time of flight.

* Section 9.9 written by Karl Walter.
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Interfacing
Flow Sensors

Kurt Kaczmarek and Bruce Hund

This chapter, which is organized by principle of measurement, covers the principles,
operation, and interfacing of devices that measure fluid flow. Sections 10.1 to
10.5 cover thermal, mechanical, differential-pressure, electromagnetic, and ul-
trasonic methods, respectively.

We use the word speed, a scalar quantity, as opposed to velocity, a vector
quantity, because many of the flowmeters in this chapter in their simplest form
do not provide direction information. The term fluid may refer to a liquid or
gas.

Different flowmeters measure different types of flow. The constant heat
infusion technique measures average mass flow (kg/s). Differential pressure
techniques and full-bore turbines measure average volume flow (m®/s). Elec-
tromagnetic and ultrasonic flowmeters measure average fluid speed (m/s). Thermal
convection techniques and differential pressure techniques such as the Pitot tube
measure local fluid speed (m/s). The instrument system designer must know
exactly which quantity is to be measured, particularly if the fluid is compressible.

0.1 THERMAL FLOWMETERS*

Thermal flowmeters place a heated element in the flow path of a fluid. Heat is
transferred from the element to the fluid at a rate determined by the temperature

* Section 10.1 written by Kurt Kaczmarek.
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difference between the element and fluid (AT, °C), the specific heat of the fluid
(c, J/kg'K), the speed of the fluid («, m/s), and the flow profile. Two techniques
of flow measurement make use of heat transfer. The thermal convection method
measures the heat lost from the heating element while the constant heat infusion
method measures the fluid temperature change due to the heat infusion.

Thermal Convection Flowmeters

Theory. The thermal convection flowmeter measures the local speed of
a fluid by measuring the heat lost from a heated element in the flow path. The
element may be any resistive device such as thin tungsten wire, a thermistor,
or a thin metal film on a substrate. The element is heated above the ambient
temperature of the fluid by passing a current through it (Joule heating). The
rate of heat transfer is given approximately by King’s law:
P = A(T, — TXC, + Cu'? (10.1)
where
P = heat transfer rate (W)
A = effective area of heated element (m?)
T, = temperature of heated element (°C)
I,

u

temperature of fluid (°C)

speed of fluid (m/s)
Co, C, = empirical constants determined by the structure of
the heated element and the fluid specific heat
If the element and the fluid are in thermal equilibrium, the heat lost to the fluid
is the same as the Joule heating in the element:
P=PR (10.2)
where
P = power to element (W)
I = current through element (A)
R = element resistance (2)
Combining Eqgs. (10.1) and (10.2) yields
_ AT = TYC, + Cu'P)
R
Equation (10.3) has four variables: 1, T,, T;, and u. Since R is related to T, for
any resistive element, we can solve for u by holding either I or R constant. If
we hold 1 constant, the element temperature will vary widely as the fluid speed
u is varied. This will result in poor sensitivity at high fluid speed and possible

element burnout at low speed. Therefore, we normally hold R constant, which
also holds T, constant. If we also know the fluid temperature T, we can solve

12

(10.3)
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for u in terms of 1. Lumping all of the constants into two empirically determined
constants K; and K, yields

u = K’ ~ K (10.4)
The feedback system required to hold R constant greatly increases the frequency
response of the constant-temperature system over that of the constant-current
system.

Types of probes. Figure 10.1 shows that the probe with the heating
element may take on several forms. The hot-wire probe [Figure 10.1(a)] is most
often used to measure airspeed. The thin tungsten wire operates nearly red-hot
for adequate sensitivity. Figure 10.1(b) shows a thin-film probe used for supersonic
airspeed measurements. A thin film of platinum is deposited on an insulating
substrate and the resulting structure is very rugged. Both the hot-wire and thin-
film probes have a positive temperature coefficient; that is, R vs. T exhibits an
increasing relationship (Chapter 7). The thermistor probe in Figure 10.1(c) is
used to measure blood speed in biological studies. The additional thermistors
on this probe are used to compensate for changes in the ambient blood temperature
and to provide information on the direction of the flow (Webster, 1978). The
thermistor probe has a negative temperature coefficient.

Tungsten wire
8 um dia.

1 mm length, 1 Q

20

Wire support

(a)

(b)

R R vl

1
R, ) R, ) R,

{c}

Figure 10.1 Thermal convection probes. (a) Hot wire probe. (b) Hot film p_robe.
(c) Thermistor probes. Thermistors R, sense ambient temperature; thermistors
R, sense fluid speed. (Parts (a) and (b) from Doebelin, E. O. 1983. Measurement
systems: application and design, New York: McGraw-Hill.)
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interfacing thermal convection probes. Achieving the desirable constant-
temperature mode of operation requires some sort of temperature control feedback
circuit. Figure 10.2 shows a simple circuit that maintains a hot-wire element at
a constant temperature (constant resistance). Suppose, for example, that the
bridge in this circuit is initially balanced so that v_ = v, for a given airspeed.
Suppose now that the airspeed increases, cooling the hot wire. R, decreases,
causing v_ to decrease. The output of the op amp v, then rises and causes i,
to rise, which causes i, to rise. Since the hot-wire current i, also rises, the hot
wire heats up until the bridge is again balanced. However, if we consider that
the overall bridge resistance from v, to ground is constant, we note that

Vi P, (P, is hot-wire power) 10.5)
so that combining Eqs. (10.4) and (10.5) and considering that v, « i,
u = Kl — Ky (10.6)

We may then connect v, to an ADC as an interface to the IBM PC. Equation
(10.6) is then easily implemented in software.

- Q
v 0 ! +6V
Ry S 1 iy
R, § Sk@¥
5k $
v— -_
v,
v, . .
i,,‘
Rz < >
-3 R -3 "
15Q¢ 1 ;2 CD Hot wire

Figure 10.2 Constant temperature cir-
= cuit for hot wire probe.

Practical considerations. While Eqs. (10.4) and (10.6) are useful theoretical
results, the actual w-i relationship may vary considerably depending on the physical
structure of the flow path and the heating element. Therefore, it is important
to calibrate the system for accurate measurements. Since we are interfacing
with a computer, a look-up table may be used to convert from the measured i

-to the fluid speed u.

Constant-Heat-Infusion Flowmeters

Theory. The average mass flow of any fluid may be determined by injecting
a known amount of heat into the fluid and measuring the temperature change
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downstream (Figure 10.3). The average mass flow is then given by
q
ot -1 (10.7)

where

F = mass flow (kg/s)

q = rate at which heat is added (W)

¢, = specific heat of fluid [J/(kg-K)]

T, = fluid temperature upstream of heater (°C)

T, = fluid temperature downstream of heater (°C)

Heating element,

P=I?R
[Tpu—— T, Ty Figare 10.3 The constant heat infu-
J sion method works by adding a known
/ / amount of heat to the fluid and mea-
/ t suring the resulting temperature change
1 Ty — T..

Practical considerations. The temperatures in Eq. (10.7) may be measured
with thermistors or thermocouples using the techniques in Chapter 7. Although
the constant-heat-infusion technique is theoretically straightforward, it is difficult
to get good accuracy, for the following two reasons: (1) heat may flow through
undesired paths, such as through the vessel walls; and (2) the downstream sensor
must be far enough away from the heating element to allow the temperature
profile to become uniform, which accentuates the heat-loss problem.

).2 MECHANICAL FLOWMETERS*

Mechanical flowmeters work by using the fluid to physically deflect a measuring
element such as a turbine wheel or drag element.

Rotating Flowmeters

Full-bore turbines. A full-bore turbine flowmeter measures the average
volume flow (m*/s) of a fluid. Such flowmeters are available for both liquid and
gas measurements. The rotation speed of a turbine wheel that occupies the full
cross section of a conduit (Figure 10.4) is described by

Q (ﬂz) (10.8)

nD? v

* Section 10.2 written by Kurt Kaczmarek.
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Magnetic pickup

Figure 10.4  Full-bore turbine. (From
Doebetin, E. O. 1983. Measurement
systems: application and design, New
York: McGraw-Hill.)

Flow straightener

volume flow rate (m*/s)
rotor speed (rev/s)

D = conduit bore diameter (m)

v = kinematic viscosity (m?/s)
Figure 10.5 shows that the function f in Eq. (10.8) is important only at low
turbine speed. Normally, the turbine is operated in the linear range where Q/nD?
is constant, so that the turbine speed is directly proportional to the average
volume flow rate. Since at higher flows the rotor bearing wear increases very
quickly, a given turbine flowmeter is usually rated for use over an approximately
10:1 range of flow. Note that because of their nonlinear performance at low

flow rates, turbine flowmeters are not suitable for measuring flows that reverse
in direction.

Q

n

ey
nD?

5

4

T :

2 i

- Linear ral
15 r_» ! ne Figure 10.5 Turbine characteristic.
1 | | | | ] (From Doebelin, E. O. 1983. Measure-

01 1t 10 100 1000 10,000 nD? ment systems: application and design,
v New York: McGraw-Hill.)

Propellers. Figure 10.6 shows a propeller-type flowmeter used to measure
wind speed. The principle of operation is the same as that of the full-bore turbine.
However, since the propeller does not intercept the full cross section of flow as
does the turbine, the propeller’s rotation rate is proportional to the fluid speed
rather than volume flow. The range of operation is greater than 10:1 because
the viscosity effects in Eq. (10.8) are less important than those for the turbine.
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Figure 10.6 Propeller airspeed sensor.

Interfacing rotating flowmeters. The rotation speed of a turbine or pro-
peller is easily measured with an optical (Chapter 8) or magnetic sensor w_hich
outputs one or more pulses for each rotation. If the pulses are TTL compatible,
they may be directly connected to an input port or interrupt line on the IBM
PC. The instantaneous fluid flow may be found by taking the reciprocal of two
consecutive pulses in software. Alternatively, the average flow over a period
may be found by counting the number of pulses in a given time interval; the
flow then is directly proportional to the counter value.

Practical considerations. Rotating flowmeters are quite accurate (as good
as 0.05% linearity) when properly calibrated and maintained. They are, however,
mechanically fragile and are easily damaged by excessive flow rates and foreign
solids in the flow stream. Periodic recalibration is essential to compensate for
bearing wear, particularly in corrosive or hostile environments.

Drag Flowmeters

Theory. Figure 10.7 shows a drag flowmeter that measures fluid speed.
The drag force on a suspended drag element is given by (Doebelin, 1983):

2
F, = Ed:‘%’!‘_ (10.9)
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E. O. 1983. Measurement systems:
application and design, New York:
McGraw-Hill.)

where

Cq
A = cross-sectional area of drag element (m?)
p = fluid mass density (kg/m®)

drag coefficient

u = fluid speed (m/s)
The drag coefficient depends on the drag element shape and is fairly constant
for a properly shaped element. The fluid speed is then directly proportional to
the square root of the force on the element. This force is most often measured
by a strain gage mounted on the supporting arm of the drag element.

interfacing. The strain gage is interfaced with the techniques in Chapter
9. The only software manipulation necessary is to take the square root of the
strain-gage voltage output and scale it appropriately. Alternatively, a software
lookup table may be used to perform this conversion.

Practical considerations. Drag flowmeters have good high-frequency re-
sponse (typically 100 Hz), although proper damping is essential for accurate high-
frequency work. A symmetric drag element allows the drag flowmeter to be
bidirectional with good zero-crossing behavior. Drag flowmeters are rugged and
are often used in fluids with suspended particles, which make many other types
of flowmeters useless. Drag flowmeters routinely measure both liquid and gas
flows.

10.3 DIFFERENTIAL-PRESSURE FLOWMETERS*

Differential-pressure flowmeters use the fact that between two points along a
flow path a pressure difference exists, which is related to the flow rate. This

* Section 10.3 written by Kurt Kaczmarek.
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pressure difference is measured with a differential pressure transdu.cer interfacefi
to the computer (Chapter 9). Linearization may then take place in software if
required.

Pitot Tubes

Theory. A Pitot tube (Figure 10.8) measures local fluid speed. The t}xbe
has two types of holes open to the fluid. The s%atnc port or ports open at right
angles to the fluid flow and the pressure here is the static fluid pressure, p,.
The port at the tube tip collects a mass of stagnant fluid at a total pressure p,.
If the Pitot tube is parallel to the fluid flow, the difference between these pressures
follows Bernoulli’s equation (Doebelin, 1983):

2

pu
P=D— DPs= T (10.10)
where
p = pressure difference (Pa)
p, = static port pressure (Pa)

p. = total (stagnant port) pressure (Pa)
p = fluid mass density (kg/m’)
u = fluid speed (m/s)

Therefore, the speed of an incompressible fluid is

. [K&“_P:)] v (10.11)
p

Free stream

ATIRALATLLLLAA LR AL L UR LA AN ALLA LA AN

Figure 10.8 Pitot tube. (From Doe-
belin, E. O. 1983. Measurement Sys-
tems: application and design, New
York: McGraw-Hill.)

Ditferential
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For a compressible fluid like air, the speed is

k- 1)/k 1/2
e G-

where k = c,/c, (ratio of specific heats).

Practical considerations. The Pitot tube is used most often to measure
airspeed in wind tunnels and airplanes, although it may be used in any fluid. It
is very accurate, rugged, and requires little maintenance. Its major disadvantages

are its poor sensitivity at low fluid speed and its nonlinear pressure-speed
relationship.

Obstruction Meters

An obstruction meter measures the volume flow rate (m/s) of a fluid by placing
a known obstruction into the flow path and measuring the pressure difference
on both sides of the obstruction with a differential pressure transducer.

Sharp-edged orifice.  Figure 10.9 shows the structure and pressure profile
of a sharp-edged orifice placed in the flow path. Although the pressure profile
is complex, it is consistent and has been well characterized and tabulated. The
volume flow rate for an incompressible, frictionless fluid is (Doebelin, 1983)

27172 _ 1/2
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Figure 10.9 Sharp-edge orifice. (From
Differential Doebelin, E. O. 1983. Measurement
pressure

systems: application and design, New
sensor York: McGraw-Hill.)
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where
Q = volume flow rate (m’/s)

A,, A; = unrestricted and restricted flow areas (m®)
Du» Pa = pressure upstream and downstream from the obstruction (Pa)
p = fluid mass density (kg/ m’)

Since A, and A, are constants, the flow—pressure relationship is a simple square-
root function like that for the Pitot tube [Eq. (10.11)]. o

Many variations of the sharp-edged orifice are used to .ogtlmlze the per-
formance for certain fluids and flow profiles. All share a similar square-root
flow—pressure relationship with only the constant terms varying.

Almost any fluid may be measured with this class of flowmeters. Tlfe dqsign
is simple and reliable. Accuracy as good as 1% is possible with careful calibration,

Linear flow-resistance element. Figure 10.10 shows two types of linear
flow-resistance elements used for measuring air volume flow in respiratory system
studies. The narrow channels provide a uniform airflow profile and hence a
linear pressure-flow relationship. A differential pressure transducer measures
across the element the pressure drop, which is proportional to the volume flow
rate (m’/s). .

The major disadvantage of this technique is that the narrow channels in
the element may easily become plugged with dust, condensed water, and so on,
causing inaccurate readings.

<TS
Close-packed /A >
channels ‘V“ 5

VA
4T,

R
W

<7
L7
R

Holes in groove
around perimeter

(a) (b)
i i J. G. (ed.) 1978.
Figure 10.10 Linear flow-resistance elemer}ts. (From.Webster, 978
Medical instrumentation: application and design. Copyright © by Houghton Mifflin
Co.)

10.4 ELECTROMAGNETIC FLOWMETERS*

The electromagnetic flowmeter is used to measure the average speed overfthet
cross section of almost any conductive liquid. Its operation depends on the fac

* Section 10.4 written by Kurt Kaczmarek.
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that a conductor moving perpendicular to a magnetic field will induce a voltage
across the conductor linearly proportional to the liquid velocity.

Principle of Operation

Figure 10.11 shows the essential structure of an electromagnetic flowmeter. A
magnetic field B is applied perpendicular to the direction of liquid flow. An
induced emf appears perpendicular to both the direction of flow and the magnetic
field. This emf is described by Faraday’s law:

b
v, = f u X B-dL (10.14)

a

where
v, = induced emf from point a to point b (V)
B = magnetic flux density (T)
a, b are the electrode locations (length L in m)
u = velocity of liquid (m/s)

Assuming that B and u are uniform and that B, u, and v, are orthogonal, the
following simple relationship results:

v, = BLu (10.15)

’ Figure 10.11 Electromagnetic flow-
meter. (From Webster, J. G. (ed.)
1978. Medical instrumentation: applica-
Bl tion and design. Copyright © by
Houghton Mifflin Co.)

The induced emf v, is measured with a pair of electrodes in contact with
the liquid. The type of electrodes used depends on the liquid. For many liquids,
including metals, the electrodes are made of some relatively nonreactive metal
such as platinum. Shercliff (1962) presents a detailed discussion of the theory
and operation of electromagnetic flowmeters.
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Sources of Error

Carefully designed and used electromagnetic flowmeters can have errors of legg
than 1%, but many possible error sources exist. In biological studies, for example,
the error in measuring blood flow may easily exceed 10%.

Equations (10.14) and (10.15) are valid only for a flow profile that is axially
symmetric; this is often the case. For known asymmetric flow profiles, a correctiop
factor must be applied to the flowmeter reading.

The electrodes may develop half-cell potentials with the liquid resulting in
an offset in the measured emf. This is not a problem if ac excitation is used.
The electrodes may become corroded or covered with foreign material over g
period of time, affecting their impedance and possibly the measured emf.

Nonuniformity in the magnetic field either along or perpendicular to the
axis can cause significant errors due to the formation of local circulating currents
within the fluid.

DC vs. AC Operation

Comparison of dc and ac operation. Equation (10.15) applies for either
dc or ac magnetic fields; the induced emf v, will have the same waveshape as
the magnetic field B. Where electrode polarization and offset voltages are not
a problem, dc excitation is preferred for its simplicity. For most applications,
however, ac excitation is required to minimize these electrode problems.

Transformer voltage. Figure 10.11 shows the source of another problem
unique to ac excitation. The electrode wires along with the conductive liquid
form a closed loop within the magnetic field. Since the loop axis is not exactly
perpendicular to the magnetic field, a transformer voltage v, is induced in the
loop. This interfering voltage may be several times larger than the desired voltage
from the electrodes.

Since the transformer voltage is proportional to the derivative of the magnetic
field, it is 90° out of phase with the desired electrode voltage, as shown in Figure
10.12. We can express the sum or measured voltage as

v,=v,+uv,=V,sin() + V,cos (1) (10.16)
where v, is the electrode voltage with amplitude V, and v, is the transformer
voltage with amplitude V,.

Figure 10.12 shows that one way to separate the two signals is to sample
v, when v, is maximum and v, is at its zero crossing. This gating is difficult to
do in practice, however, because any phase error results in a substantial contribution
of v, to the measured signal.

Figure 10.13 shows a better technique called phase-sensitive demodulation
(see Section 9.2) in which we multiply v, by the magnet current i,,, which is in
phase with both the magnetic field and v,. We then have

v, = U, = [V, sin (&) + V,cos (11, sin (1) (10.17)
= V.1, sin(#) + V.1, sin (?) cos (1)
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We then integrate over one peri i i
period (equivalent to low-pass filtering v,) and get
a v.oltage Ur proportional to the flow while the transformer voltage isp cancelged

out:
27
Ur = L v, dt

=VI,7+0

In some designs (Wyatt, 1971) a phase-sensitive demodulator is also used to
extract the transformer voltage and apply it as negative feedback to the initial

signal v,. This cancels out the transformer voltage before i
Al ore it ri -
sensitive demodulator. e ¥ fraches the ur haso

(10.18)
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In some designs, square-wave Or trapezoidal magnet excitation is used
instead of sinusoidal excitation. In this case, since the transfor{tler voltage is
zero except at the i, zero crossings, we can use the sampling technique described
carlier.

Ultrasonic sensors are useful for measuring flow in many biologigal and industrial
applications. These sensors are piezoelectric materials. that emit sh(?n bursts of
acoustic waves. For the flow determination the acoustic frequency is above the
audible range. Ultrasonic flow measurements are based on one of two phys.ical
principles. The first is that the effective velocity of .sound in a moving medium
is equal to the velocity of sound relative to the medlurp plus the vel.ocny of the
medium (transit-time flowmeters). The second principle is the change in frequeqcy
(Doppler shift) that occurs when an ultrasonic wave 1S scattereq by a moving
medium. In this section we describe the basic types of ultrasonic flowmeters,
their principles of operation, and applications.

Transducers

Ultrasonic flowmeters use transducers made of piezoelectric material (Sectiqn
9.3) that converts power from electric to acoustic form. This piezoel;ctﬁc material
should ideally have low noise, be highly efficient, and create a high-Q (?lectro-
mechanical transducer. A commonly used crystal is lead znrcona}e tltanau_e.
Advantages of this material are a very high efficiency for com{emng electric
power to acoustic form and a high Curie temperature (approxnmately 30Q°C)
which reduces the probability of depolarizing the material when soldering wires
to the transducer (McCutchen, 1973). .
Ultrasonic transducers can be molded into any desired shape by melt!ng
the material and reforming it. These crystals are artificially polarized by placing
them in a strong electric field as they cool through their Curie temgerature.
Normally, the transducers are formed into disks and coated on opposite faces
with metal electrodes. A transmitter has an electronic oscillator that drives (he
crystal through these electrodes. A receiver’s electrode§ are attached to a radio-
frequency amplifier. For maximal efficiency, the crystal is usually one-half wave-
length thick. .
The choice of an operating frequency for the transducer is govejmed .by
several intrinsic factors. The finite diameter of the transducer produces diffraction
patterns, in the same manner as an aperture does in optics. Figure 10.14 shqws
the outline of the beam pattern for several transducer diameters anfl frequencies.
The near-field beam is mostly contained within a cylindrical outlme:, and there
is little spreading. The beam intensity is still not uniform because interference

* Section 10.5 written by Bruce Hund.
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Figure 10.14 Near and far field for
various transducer diameters and fre-

quencies. Beams are drawn to scale,
passing through a 10-mm-diameter ves-
sel. Transducer diameters are 5, 2, and
1 mm. Solid lines are for 1.5 MHz;
dashed lines for 7.5 MHz. (From
Webster, J. G. (ed.) 1978. Medical in-

strumentation: application and design.
Copyright © by Houghton Mifflin Co.)

creates multiple maxima and minima within the region. The distance of this near
field (d,) is
DZ
T
where D is the transducer diameter and A is the wavelength.
The beam diverges in the far field, and the beam intensity is inversely

proportional to the square of the distance from the transducer. The angle of the
beam divergence is

dy (10.19)

1.2)

Use of the far-field effect should be avoided because of its lower spatial resolution.
Larger transducers and higher operating frequencies can be used to achieve near-
field operation. High spatial resolution measurements can be obtained for industrial
fluid flow, by choosing an operating frequency and transducer size that makes
the near-field distance approximately the same as the diameter of the pipe into
which the fluid is flowing.

Frequency considerations are very important for blood flow measurements.
For a beam of constant cross section, the power decays exponentially due to
the absorption of heat in the tissue. This suggests a low operating frequency f
because the absorption coefficient is approximately proportional to frequency.
The most common ultrasonic flowmeters, Doppler flowmeters, depend on the
power scattered back from moving red blood cells. Since the back-scattered
power is proportional to f*, maximizing this power suggests a high operating
frequency. The compromise is to choose a frequency between 2 and 10 MHz.

Transit-Time Flowmeters

One of the simplest types of ultrasonic flowmeters is the transit-time flowmeter.
This flowmeter has widespread industrial applications and can also be used for
both respiratory and blood-flow measurements. Figure 10.15 shows two transducer
arrangements used in transit-time ultrasonic flowmeters. The arrangement in
Figure 10.15(a) has the advantage that the transducers can be clamped to the
outside of the pipe or blood vessel, which prevents the restriction of fluid flow.
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Figure 10.15 Transducer arrangements for transit-time flowmeters.

Figure 10.15(b) shows the transducers insulated from tht? pipes for.high-tempemture
applications (e.g., coal gasification) and the ultrasonic waves interfaced to the
medium using buffer rods or waveguides (Fagenbaum, 1980).

In Figure 10.15(a), the effective velocity of sound in the blood vessel or
pipe is equal to the velocity of sound ¢ plus a component due to 4, the velqcnty
of fluid flow averaged along the path of the ultrasound. # = 1.33% for laminar
flow and & = 1.07% for turbulent flow. 7 is the velocity averaged over the cross-
sectional area and & differs from 2 because the ultrasonic path is along a single
line rather than averaged over the cross-sectional area. The formula for the
transit time in the downstream (+) and upstream (—) direction is

- distance - P (10.21)
conduction velocity ¢ + @ cos @

Equation (10.21) shows that the transit time is shorter for flow with the sound
and longer for flow against it.

A variation of the foregoing method uses short acoustic pulses tha}t are
transmitted alternately in the upstream and downstream directions to obtain the
time difference Ar between the upstream and downstream transit times. The
value of At is proportional to the average velocity 4 and is

2Dicos@ _ 2Diicos @
2

¢~ Pcos’® ¢
At measurements of this type can be obtained by using the transducer anar.ngement
of Figure 10.15(a), where the crystals alternate as transmitter and receiver, or
by having a transmitting and receiving crystal on each side of the bloqd yessel
or pipe. One drawback to Ar measurements is that the resulting At is in the
nanosecond range, and complex electronics are required to achieve adequate
stability. o
Figure 10.15(b) (Doebelin, 1983) shows a simpler form of the transit-time
ultrasonic flowmeter that has some industrial uses. For Eq. (10.22), 6 = 0 and

(10.22)

At =
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At = 2Dg/ct. ¢ may vary with temperature and can cause significant error
because ¢ appears as ¢? in Eq. (10.22).

The most common transit-time ultrasonic flowmeters use the transducer
arrangement of Figure 10.15(a). The advantages of these flowmeters are that (1)
many liquids and gases can be monitored because particles are not required for
scattering; (2) the flow direction can be determined; (3) they are relatively insensitive
to viscosity, temperature, and density variations; and (4) industrial units of this
type have the highest accuracy of commercially available units (Lynnworth,
1979). A major disadvantage of transit-time ultrasonic flowmeters for blood-flow
measurements is that invasive surgery is required to expose the vessel.

Transit-time ultrasonic flowmeters can be used to measure liquid flow in
many industrial applications. Examples of fluids measured include water, milk,
oil, treated sewage, pharmaceuticals, and paper pulp slurry. The Series 240
Clampiton Flowmeter (Controlotron Corp., 1984) is an example of an industrial
flowmeter that clamps on the outside of a pipe. This unit can measure liquid
flow ranging from 0.3 mm to 9.14 m/s, with an accuracy to 1% and will work
with any given pipe size (2.54cm to 1.52 m OD), pipe material, and pipe schedule
(wall thickness). Controlotron gives the typical resolution of the Series 240 unit
as 1.52 mm/s.

Ultrasonic flowmeters have also been used as pneumotachometers (PTMs)
to measure the instantaneous rate of volume flow of respired gas. The theoretical
advantages of ultrasonic PTMs are (1) fast response time, (2) wide dynimic
range, (3) absence of moving parts, (4) negligible flow obstruction, (5) inherent
bidirectionality, and (6) less sterilization and cleaning. Presently, ultrasonic PTMs
are still in the development stage. The problems that prevent successful imple-
mentation include (1) the poor acoustic efficiency of ultrasonic transmission
through gases; (2) the wide variation in gas composition, temperature, and humidity;
and (3) poor understanding of the nature of the ultrasonic field and how it interacts
with moving gas (Plaut and Webster, 1980).

Continuous-Wave Doppler Flowmeters

Figure 10.16 shows the transducer arrangements used in the continuous-wave
Doppler flowmeters. These flowmeters work on the principle that when a target
recedes from a fixed source that transmits sound, the frequency of the received
sound is lowered due to the Doppler effect. The formula relating this frequency
shift and fluid velocity is
2
fy = Huwcosd (10.23)
c

where

f4 = Doppler frequency shift

Jo = source frequency

u = target velocity
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Figure 10.16 Transducer arrangement for continuous-wave Doppler flowmeters.
(a) Transmitter and receiver on opposite sides. (b) Transducers both on same
side (transcutaneous operation).

velocity of sound

angle between the beam of sound and the axis of

the pipe or vessel

If the flow is not axial or the transducers do not lie at the same angle, additional

trigonometric factors must be included.

Em%':lcl:?x'lzlate the maximal velocity of a fluid with an acoustic velocity of 1500 m/s,
using a Doppler-ultrasonic flowmeter having a carrie'r frequency of 5 MHz and
transducer angle of 60°, given a Doppler frequency shift of 6 kHz.

Answer: Substitute these data in Eq. (10.23):
25 % 10° Hz)(cos 60°)u
1500 m/s

c
0

6 x 10°Hz = (10.24)
Rearranging gives

_ (6 x 10°X1500 m/s)
~ @6 x 10° Hz)(cos 60°)

Figure 10.17 shows the block diagram of a simple nond.irectiona.l continuous-
wave Doppler flowmeter. The low output impedanf:e oscillator dn}/es the.low-
impedance crystal. The ultrasonic waves are transmltt&?d' to the moving panlclt?s,
which reflect the Doppler-shifted waves to the receiving crystal. Thg radio-
frequency amplifier signal plus the carrier signal is detected to produce a difference

iven by Eq. (10.23).
frequ"sl'[;:eyaﬁldio-freaegcy( signal is produced using a frequency—tq—voltage conven.er
to produce a quantitative output to a recorder. The Zero-Crossing detector emits
a fixed area pulse each time the audio signal crosses.the Zero axis. Th&?se puls;:S
are low-pass-filtered to produce an output proportional to the velocity of the

particles.

u = 1.8m/s (10.25)
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Figure 10.17 Simple Doppler ultrasonic flowmeter.

Figure 10.18 shows the results of the foregoing processes for a Doppler
ultrasonic blood flowmeter. The detector output (Figure 10.17) is low-pass filtered,
with a corner frequency of about 15 kHz, to remove the high frequencies resulting
from cell motion and noise. Figure 10.18(a) shows that the resulting output
consists of the desired high-frequency Doppler shift superimposed on the large
low-frequency waves caused by vessel-wall motion. High-pass filtering, with a
corner frequency of 100 to 180 Hz, removes the vessel-wall motion signal [Figure
10.18(b)].

The audio-frequency amplifier (Figure 10.17) drives a speaker or earphone,
and the resulting wooshing sound provides useful qualitative information to the
listener. Venous blood flow sounds like a low-frequency rumble. Arterial blood
flow rises to a high pitch once each beat, and the listener may hear smaller
waves produced by the underdamped flow characteristics of the arteries. Simple
Doppler flowmeters can be used to qualitatively evaluate leg, arm, and neck
blood vessels that lie within 1 cm of the sKin.

The zero-crossing detector (Figure 10.17) is used to convert the input audio
frequency to a proportional analog output signal. This detector consists of a
comparator with hysteresis that produces a constant-area pulse for each crossing
of the zero axis. A signal-to-hysteresis ratio (SHR) of 7 is recommended to
eliminate noise and still register the majority of zero-crossings (Webster, 1978).
Figure 10.18(d) shows the output of the zero-crossing detector as a series of
pulses. These pulses are low-pass filtered to produce the recorder output shown
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Figure 10.18 Continuous-wave Doppler signal-processing waveforms. (a) Detector
output. Large low-frequency waves are caused by vessel wall motions. Small
ripple is the desired signal from the cell. (b) By high-pass filtering, the wa.ll
motion signals are rejected. (c) Zero-crossing detector has an adjustable hysteresis
band, indicated by horizontal lines. (d) Zero-crossing output is a series of equal-
area pulses. (e) A low-pass filter yields an output related to cell velocity. (From
Webster, J. G. (ed.) 1978. Medical instrumentation: application and design.
Copyright © by Houghton Mifflin Co.)

in Figure 10.18(e). This filter should have a corner frequency of about 25 Hz
to reproduce the frequencies of interest in the flow pulse. )
The most important advantage of continuous-wave Doppler flowmeters 18
that transcutaneous blood-flow measurements can be made using the transduqer
arrangement shown in Figure 10.16(b). This type of flowmeter can be used with
liquids containing entrained gases or solids. Other advantages are that (1) the
delays in the device are minimal and mainly a function of the filters in the system,
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(2) there is little interference from the electrocardiogram (ECG) in the flow signal
during blood flow measurements, and (3) they are also appropriate for use in
low-cost flow switches.

Continuous-wave Doppler flowmeters require particles in the fluid to produce
the Doppler-shifted signal. This Doppler-shifted signal is not at a single frequency
for a variety of reasons:

1. The velocity profiles are not blunt, with the particles moving at the same
velocity. These particles moving at different velocities produce different
Doppler shift frequencies.

2. A given particle remains in the beam intersection for a short period of time.

3. Tumbling particles and turbulence cause different Doppler-frequency shifts.

Two other disadvantages of the continuous-wave Doppler flowmeter are
that little information is provided on the flow profile and that the flow direction
cannot be determined without additional signal processing.

One approach to providing flow direction is the quadrature-phase detector.
Figure 10.19 shows the block diagram for this device. A phase-shift network
splits the source frequency into two components that are 90° apart. The sine

i [»?
Oscitlator —o0° ) Summer

o shift
’\ Summer || Detector |

Kgﬁ”’” L
~ Radio-frequency
S - - amplifier
N /\/\/ e
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- I
- Particle
Transmitter R R 17 A
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]
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+
R R -
AND @1- Comparator 8 ».
Audio-frequency
Output to amplifiers
recorder

Figure 10.19 Block diagram for directional Doppler flowmeter.
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and cosine signals at the carrier frequency are summed before detection. The
output from channel A then leads or lags the output from channel B, depending
on whether the fluid flow is away from or toward the transducer. The logic
circuits route one-shot pulses through the top or bottom AND gate, depending
on the direction of fluid flow. The differential amplifier circuit provides bidirectional
output pulses that are low-pass filtered to produce the recorder output.

Pulsed Doppler Flowmeters

The pulsed Doppler flowmeter operates in a radarlike mode to provide information
about the fluid flow profile. Figure 10.20 shows the basic principles of this device.
The transducer is excited with a brief signal burst. This transmitter can also act
as the receiver, since the Doppler shift reflections are received at a later time.
The time delay between the transmitted and received signals is a direct indication
of distance. Therefore, it is possible to get a complete plot of the reflections
across the pipe or blood vessel. The velocity profile across the yessel can be
obtained by examining the Doppler shift at various delays. It is possible to
assess blood-vessel diameters with the pulsed Doppler flowmeter. The received
signals A and C, in Figure 10.20, are due to the reflections from .the near and
far walls of the vessel, respectively. The distance betwen these reflections indicates
the vessel diameter.

A B C
Nl Variable
electronic

Transmitter/receiver

Figure 10.20 Principle of pulsed Dop-
pler flowmetry. A and C represent the
ultrasonic power reflected by the near
and far walls of the vessel. B is the
component reflected by particles. The
electronic gate is adjusted to produce a
signal that contains mainly reflection B
for processing. (From Bom, N. 1977.
Echocardiology with doppler appli-
cations and real-time imaging, The
Hague, Netherlands: Martinus Nijhoff
L | Medical Division.)

L_J_: gate
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Amplitude-mode, or A-mode, ultrasonic scanning, apd echocardiggraphy
operate on a similar principle. An ultrasonic transducer is pla}ced against tl}e
area of the body or organ to be scanned. This transmitter emxts' an !ﬂtrasonlc
signal that is reflected by any discontinuity of tissues along the .dlrectxon of the
scan axis. The time delay between the transmission and reception can be used
to determine the location of the discontinuity along a single scan path.
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The duration of the transmitted pulse is important when using a pulsed
Doppler flowmeter for blood-flow measurements. Ideally, this pulse should be
very short to achieve good range resolution. To achieve a good signal-to-noise
ratio (SNR) and good velocity discrimination, the pulse duration should be long.
The usual compromise is to use an 8-MHz pulse of 1-us duration (Webster,
1978).

The pulsed Doppler systems have an inherent velocity/range limitation that
places constraints on the pulse repetition ratio f,. To avoid range ambiguities,
the return from one pulse must be analyzed before sending out the next. Therefore,

c

< IR, (10.26)

where R,, is the maximal useful distance range. The sampling theorem demands
that

1> 2 (10.27)
Combining Egs. (10.26) and (10.27) with Eq. (10.23) yields
2
Up(cos O)R,, < s—c— (10.28)
1]

which shows that the product of the range and maximal velocity along the
transducer axis is limited. Equation (10.28) implies that it is not possible to
measure high velocities at long range. Spectral spreading, which may produce
some frequencies higher than expected, and the imperfect cutoff characteristics
of the low-pass filters used to prevent aliasing (Section 4.2) produce more stringent
measurement constraints than indicated by Eq. (10.28).

The transducer construction is more complicated in pulsed Doppler than
in continuous-wave Doppler systems. A crystal transducer has a high Q (narrow
bandwidth) and therefore rings at its resonant frequency long after the electric
signal ends. The pulsed Doppler transducer is modified by adding mass to either
its front or back. This modification lowers the Q (widens bandwidth) of the
crystal. This new Q value is generally 5 to 15. The use of a common transducer
for both the transmitter and receiver requires a gate to turn off the transmitter
during reception. A one-stage gate is not sufficient to isolate the large transmitter
signal from the extremely small received signal. The transmitter is turned off
by two gates in series.

The processing of the received signal in pulsed Doppler systems presents
some additional problems. The radio-frequency amplifier requires some type of
switching network to protect the amplifier from overload during transmission,
and to prevent any oscillator voltage from entering the amplifier during reception.
An arrangement of diodes that conduct for the large transmitter signal and not
for the small received signal is an example of such a network. The real-time
flow-measurement profiles are achieved by using up to 16 gates that delay the
received signal for various lengths of time. The instrument output is then 16
parallel curves, each corresponding to a different depth across the blood vessel
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or pipe, that show flow velocity versus time. The flow profile is constructed by
rapidly scanning across the 16 channels (Webster, 1978).

The main advantage of a pulsed Doppler flowmeter is that it provides
information on the fiuid flow profile. Another advantage is that small volume
samples are taken over the cross-sectional area of the blood vessel so that narrow.
frequency spectra are fed to the zero-crossing detectors. Finally, because pulsed
Doppler flowmeters require only one transducer that acts as both the transmitter
and receiver, this system is ideal for catheter-tip flowmeters. These flowmeters
have been used in determining the blood velocity in various locations of the
body’s circulation system (Bom, 1977).

Interfacing the IBM PC to an Ultrasonic
Doppler Flowmeter

Figure 10.21 shows a circuit for interfacing a Parks Electronics Laboratory
(Beaverton, OR) Model 810 nondirectional continuous-wave ultrasonic Doppler
flowmeter to the IBM PC. This circuit converts the audio output from the
flowmeter into a series of equal-area pulses. These pulses represent zero crossings
and are fed into the IBM PC through the most significant bit (bit 7, pin 25) of
port B of the 8255 programmable peripheral interface on the prototype board
(Section 3.2).
The circuit can be broken down into the following parts:

1. The first section is a high-pass filter consisting of the 1-uF capacitor and
the 820-() resistor. This filter removes the reflections due to the vessel-
wall motion. The corner frequency of this filter is 180 Hz (Flax et al.,
1973).

2. The second section is a noninverting amplifier with a gain of 11. This
amplifier also has a low-pass filter in the feedback loop (1-nF capacitor and
10-k () resistor) that has a corner frequency of 16 kHz. This low-pass filter
removes the cell-motion signal and high-frequency noise.

3. The 709 op amp is a comparator with hysteresis that is the circuit’s zero-
crossing detector. A 709 op amp is used because a 741 op amp has internal
compensation that makes its slew rate (Section 1.5) too slow for the comparator
in this circuit. The 5.1-MQ resistor in the feedback loop drops the +13-
V output voltage to +2.5 mV at the noninverting input of the op amp.
This input voltage gives the comparator a signal-to-hysteresis ratio of ap-
proximately 7 (Webster, 1978).

4. The 10-nF capacitor and 1-M{Q resistor form a differentiator that produces
a short pulse for triggering the 555 timer.

S. The 741 op amp and the 3.3-kQ resistors produce a trigger between 0 and
+15 V.

6. The 555 timer acts as a one-shot (Section 3.4). The 10-k{} resistor and
10-nF capacitor set the one-shot output pulse to a width of 110 us.

Sec. 10.5 Ultrasonic Flow Sensors 327

1002 1.2kQ

AAAA

-L vy '.".'

1kQ 5.1 MQ
Model 810 Speaker _L o
meter

flow
o
?— = 1nF
Input Audio 1 k& 10k
—— f
-
1uF 741
- +
8209
HBV
= o
338
8253 timer I AW
8la
s 103 10nF
1k23 k23 13_ ) o 3.3k I-—j
‘ <
n A 741 -5V
1BM PC PB7 |- = Lo
~ 8265 |25 3 5 33k8 1 M2
10nF = 1 10nF L
200 kS | T 2
Output to A
display 100ka 3 =
[

Figure 10.21 Circuit for interfacing the continuous-wave Doppler flowmeter to the IBM
PC using the prototype board developed in Chapters 3, 4, and 5.

7. The voltage divider produces pulses between 0 and +5 V for input into
the 8255.

The noninverting amplifier that drives the speaker produces an audio output.
The Model 810 Doppler Flowmeter has a built-in speaker, but this speaker is
turned off when the earphone jack is used to supply the input for the circuit
(Figure 10.21). This optional amplifier and speaker are used when the Doppler
flowmeter is interfaced to the IBM PC.

Interfacing of the circuit in Figure 10.21 to the IBM PC is accomplished
by a BASIC/assembly-language program. The main program is written in BASIC
(Figure 10.22). This program calls the assembly-language subroutine (line 180)
that is listed in Figure 10.23. The IBM BASIC and Macro Assembler reference
manuals describe the various instructions and formatting procedures, and Appendix
C-1 in the BASIC manual details how to interface BASIC with an assembly-
language subroutine (IBM, 1983).
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10 PRINT “"Program for interfacing the IBM PC to an ultrasonic flowmeter v

20 PRINT ll**************************************************************"

30 PRINT

40 INPUT "Transmitter frequency in MHz?".,F

50 FRQ = F*1000000

50 INPUT "Angle between ultrasound and vessel?" A

70 pi = 3.14159

80 B = A*pi/180 : Convert degrees to radians
90 ANG = COS(B)

100
110
120
130
140

150
160
170
180
190

200
210
220

230
240
250
260
270
280
290
300
310

320
330
340
350
360
370

380
330
400

PRINT

INPUT "When ready to input data, push any key",L

PRINT

PRINT "Data output”

PRINT

DEF SEG = &H3F3%4 : Define subroutine location

BLOAD "PGRM" ; Load subroutine

DEF SEG = &H3FS%4 : Redefine subroutine location

PRGM = 0

CALL PRGM . Call assembly language subroutine
N=0 ; Set offset to O

M=1 ; Set up counter

DEF SEG = &H2000 ; Define data location

R = PEEK(N) . Get low byte of first value
N=N+1 ; Increment offset

V = PEEK(N) : Get high byte of data value

V = 256*V ; Get proper offset for high byte
V=V+R : Combine high and low byte

V1l = &H7FFF - V ; Determine timer value

V2 = V1*(1/1192500) ; Determine elapsed time

V3 = 1/v2 ; Determine Doppler shift
V4 = (V3*1500)/(2*ANG*FRQ) ; Determine fluid velocity
PRINT "Doppler frequency shift", V3, "Hz"

PRINT "Fluid velocity", V4, "m/s"

M=M+1 ; Update counter
IF M = 21 GOTO 380 ; Done?

N=N+1 : Not done, increment data value
GOTO 230 ; Get next data value

PRINT

PRINT "End of data" ; Quit

END

Figure 10.22 BASIC program for interfacing a Doppler flowmeter to the IBM PC using
the prototype board developed in Chapters 3, 4, and 5.
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STACK SEGMENT PARA STACK 'STACK' ; Define staok segment
STK DB  B8DUP{'STACK')
STACK ENDS
DATA SEGMENT ; Define data segment
COUNT DW 1
DATA ENDS
CODE SEGMENT ; Define code segment
PRO PROC FAR ; Start of process
ASSUME CS:CODE, DS:DATA, SS:STACK
; Prototype board ports
CNTRL EQU 303H ; Parallel I/0 control register
GATE EQU 30CH ; Gate to enable timer output
PORTB EQU 301H ; I/0 port B
SWORD EQU 307H ; Timer/counter control register
TIMEO EQU 304H ; Timer/counter #0
PUSH ES ; Save ES value

MOV AX,20000H ; Set up location to store data
MOV ES,AX ;

MOV CL,O0 ; Clear index register

MOV SI,CL ; Clear index pointer

MOV AL,O ; Shut off timer output

MOV DX, GATE

OUT DX, AL

MOV COUNT,O ; Clear sample counter

MOV AL, 30H ; Load status word for timer/counter #0
MOV DX, SWORD

OUT DX,AL

MOV AL,OFFH ; Load low—-byte value of counter #0
MOV DX, TIMEO

OUT DX,AL

MOV AL,7FH ; Load high—-byte value of counter #0
OUT DX, AL

MOV AL, 82H ; Set up input port as 8255 port B
MOV DX, CTRL

MOV DX, AL

MOV DX, PORTB
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DONE:

PRO
CODE

IN
OR
JS
JMP

MOV
MOV
out

MOV
IN
OR
JS
JMP

MOV
MOV
our

MOV
MOV
out
MOV
IN

MOV
IN

MOV
MOV

MoV
INC
CMP
JE

ADD
MOV

JMP

POP
RET

ENDP
ENDS
END

AL,OlH ;
DX, GATE
DX, AL

DX,PORTB ;
AL,DX
AL, AL
D H
C ;

AL,O ;
DX, GATE
GATE, AL

AL, 30H :
DX,SWORD ;
DX, AL
DX,TIMEO ;
AL,DX
BL, AL
AL,DX :
BH, AL
AX,BX :

ES:[SI],AX
COUNT ;
COUNT, 20 ;
DONE ;

cX,2 :
SI,CX

A H

ES ;

»

»
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; Check input for pulse

If pulse, go to B
No pulse, check again

Start timer

Check input again for pulse
If pulse, go to D
No pulse, check again

Another pulse, so stop timer

Output status word to read low-byte first
followed by high byte

Read low byte and save it

Read high byte and save it
Read data into AX
; Read data into memory location
Increment data counter
See if all data read in

If so, go to DONE

Increment memory pointer

Determine next time interval

Restore ES value
Return to main program

; End of process
; End of code

Figure 10.23 Assembly language program for interfacing a Doppler flowmeter to the IBM
PC using the prototype board developed in Chapters 3, 4, and S.
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The main program allows the user to input the ultrasonic flowmeter transmitter
frequency (in megahertz) and the angle (in degrees) between the ultrasound and
vessel corresponding to their interface situation. This program collects the data
(through the subroutine) and prints out the Doppler frequency shift and fluid
velocity. The program as listed will allow the user to gather 20 data samples.
If a different number of data samples n is desired, the following changes are
necessary. In the BASIC program, change line 350,

IFM = 21

to read
IFM = (n + 1)
In the assembly-language subroutine, change

CMP COUNT, 20
to read

CMP COUNT, n

The BASIC program statement, DEF SEG = &H3F9%4, tells where the
subroutine is found in memory (see BASIC manual Appendix C-1 for further
description). The DEF SEG = &H2000 defines where the data samples begin.
This value changes depending on where the user chooses to store the data. If
a different location is desired, the assembly-language subroutine should be made
to reflect this new location by changing

MOV AX, 2000H

to
MOV AX, (location to start storing data).

The assembly-language subroutine is used to gather the data. These data
values are the intervals between pulses from the analog circuit. One of the
counters of the 8253 timer on the prototype board (Section 3.5) is used to
determine the interval between pulses. This subroutine also handles all the gating

between input and output ports and starts and stops the timer (counter 0 in this
example).
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Interfacing
User Input Devices

Stephen C. Kettman, Thomas J. Yorkey,
and Kurt Kaczmarek

One of the major features that adds to the versatility of a personal computer is
the ability of the user to interface to it and to control it using devices other than
the keyboard. Many times the keyboard is not the optimal interface in a computer
application. In this chapter we cover some of the many controlling devices,
collectively known as pointing devices, including the joystick, trackball, mouse,
touch screen, light pen, and x-y digitizer.

11.1 JOYSTICKS*

There are two commonly used types of joysticks. In one type, motion of the
control stick changes the position of potentiometers. In the other, the control
stick causes switch closures.

Potentiometer-Type Joysticks

Figure 11.1 shows that the potentiometer-type joystick has two potentiometers
that provide resistance outputs proportional to the position of the control stick.
The potentiometers are mounted on adjacent sides, thus forming an x-y coordinate
axis. When the contro! stick is positioned in the center of its axes, both the x

* Section 11.1 written by Stephen C. Kettman.
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(a) (by

Figure 11.1 A typical joystick. (a) External view showing control stick and fire
button. (b) Internal bottom view of potentiometer-type joystick.

and y potentiometers are in the center of their resistance ranges. Placing the
stick in the upper right corner forces both potentiometers to their maximal
resistance positions, and the lower left corner provides the minimal resistance
positions (Ciarcia, 1979). The mechanical connection to the potentiometers is a
gimbal arrangement that rotates the wipers when you move the control stick.
The resistances must be converted into digital values for use by the computer.
The IBM game-control adapter provides one conversion method. The game-
control adapter card must use one of the system board’s expansion slots. Figure
11.2 is a block diagram of the adapter. The select is generated when the address
is 0201 hexadecimal. The block that converts the resistance to a pulse duration
uses a 558 quad timer. The four timers permit use of two simultaneous Jjoysticks.

One-shot trigger
" Convert
AEN resistance
— Address to a pulse Resistance
decoder . L
IOR duration. from joystick
— 558 quad
ow Enable timer
D7-DO
3 - Three-state
buffer 4
C Digitel inputs
4 from
j push buttons

Figure 11.2 Block diagram of the IBM game adapter board.
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The resistance R of each potentiometer varies the duration of each of four one-
shots on the 558 chip according to the equation

duration = 24.2 + 0.011(R)  (ps) (11.1)

All four one-shots are fired simultaneously by an OUT command to port address
0201 hexadecimal. An IN command from the same port address reads the values
of the four one-shot outputs and the status of each of the fire buttons. The time
interval for each of the one-shots to time out is proportional to the resistance
of the potentiometer connected to it. The IBM PC contains the clock and
registers that convert duration to a digital number.

Figure 11.3 shows how two joysticks are connected to the IBM PC. Figure
11.4 gives the bit assignments of the byte obtained by executing an IN command
from port address 0201 hex. The STICK command in BASIC returns the x and
y coordinates of the joystick from accessing port 0201 hex. A more thorough
discussion of the game control adapter together with a circuit diagram is given
in the IBM Technical Reference Manual (IBM, 1983).

Rather than devote an expansion slot exclusively to the game card, we can
build a similar circuit using one of the available I/0 ports on our custom-designed
prototype card. This provides better use of the expansion slots but also makes
the BASIC commands dedicated to the game port useless because they are

Joystick A Joystick 8
— e

09
20 | X
x 010 | potentiometer
potentiometer | “r' 3
o011 I/ |8utton1
Button1| /1 40—o0 ©
—O0 012
v 3 5 O-
potentiometer ;. 013 j s v
Button2{ [ 6 S potentiometer
— O O—T0114 I/ |Button2
70+4—0 o—
015

"y

Figure 11.3 Game port 15-pin male D-shell (DM-15) connection to the IBM PC.

Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0

B #2 B #i A #2 A #1 B B A A
Button Button Button Button y pulse x pulse y pulse x pulse

Figure 11.4 Game adapter board data assignments.
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specific for port addresses 0200-020F hex. Figure 11.5 is a schematic of a circuit
for connecting a potentiometer-type joystick and also a switch-type joystick. Its
port address is 0309 hex. An OUT command to this port address causes
BIOW (buffered TOW) and E9 (decoded from address 309 hex) to go low, which
triggers the 556 dual timer. Refer to Figures 3.7 and 3.8 for details of the address
decoding on the prototype card. The x and y potentiometer resistances set the
pulse durations for the one-shots.

An IN at address 0309 hex causes BIOR and E9 to go low, which enables
the 741.S244 Tristate buffer. This allows both one-shots and the fire button to
be read on inputs X5-X7. One approach to determine the timing would be with
an assembly-language program that triggered the one-shots and then continuously
read the port until both one-shots timed out. BASIC is not useful because it is
too slow a language to read the pulse duration. To provide an accurate means
of measuring the pulse duration, an 8253 programmable counter on our prototype
card (Section 3.3) is loaded and enabled just before triggering the one-shots and
is read when each one-shot goes low. An alternative to using the 8253 would
be to increment a counter in software for both the x and y values as long as the
one-shots are high. After scaling x and y counts from the 8253 so as not to be
outside the screen boundaries, the LOCATE command is used to place the cursor
according to the scaled count values.

An alternative to the foregoing approach uses an ADC. Figure 11.6(a)
shows how potentiometers x and y feed channels 1 and 2 of the ADC0816 ADC
on the prototype board (see Chapter 5). Figure 11.6(b) gives a BASIC program
that reads a digital value from each channel corresponding to the potentiometer
voltage. These values are then scaled and used with the LOCATE command
to position the cursor on the screen.

Switch-Type Joysticks

Figure 11.7(a) shows that the switch-type joystick indicates position using four
internal switches: Up, Down, Left, and Right. If the stick is moved up, down,
or to one side, only one switch is closed. If the stick is moved diagonally, two
of the switches are closed (Heilborn and Talbot, 1983). Figure 11.7(b) shows
the standard 9-pin plug assignments for switch-type joysticks. The joystick uses
inputs X0-X4 of the buffer in Figure 11.5. Notice that pull-up resistors are also
connected to these inputs. An open switch (no movement in that direction)
sends a logic 1 to the input of the buffer. A closed switch sends a 0. Switches
operate similarly for the fire button. Figure 11.7(c) gives the buffer input values
for all possible switch positions.

Figure 11.8 shows a BASIC program that converts the joystick’s switch
position into the physical movement of the cursor. Lines 700 to 740 implement
a subroutine that reads the port (control line EI3 is port 30DH) and sets three
variables for the main program. XI is the x increment and controls movement
to the left or right. XI is set to — 1 for left, + 1 for right, and 0 for no movement.
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Figure 11.5 A circuit for interfacing both a potentiometer-type joystick and a switch-

type joystick to the IBM PC.
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CLS
REM ENABLE CHANNEL &H30A TO START CONVERSION
OUT &H30C, 2

REM SELECT CHANNEL 1
OUT &H308, 1

REM START CONVERSION
OUT &H30A, 0

REM GET X POSITION
X%=INP(&H308)

REM SCALE X%
XX%=(X%*1.5) - 76
IF XX%>=81 THEN XX%=80

REM SELECT CHANNEL 2
OUT &H308, 2

REM START CONVERSION
OQUT &30A, 0

REM GET Y POSITION
Y%=INP(&H308)

REM SCALE Y%
YY%=(Y%/3) — 16

REM SELECT CHANNEL 4

OUT &H308, 4

REM START CONVERSION

OUT &H30A, 0

REM GET FIRE BUTTON STATUS
F8%=INP(&H308)

IF F8%=1 THEN BEEP

REM POSITION CURSOR
LOCATE YY%,XX%,1,0,6
GOTO 105

(b}
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Figure 11.6 Interfacing a potentiome-
ter-type joystick using the ADC0816
analog-to-digital converter on the pro-
totype board developed in Chapters
3, 4, and S. (a) Circuit diagram.

(b) BASIC program for reading joy-
stick settings and controlling a screen
cursor.

Similarly, YI is the y increment and controls movement up or down. Y1 is set
to — 1 for down, + 1 for up, and 0 for no movement. If the fire button is pressed,
FB will be a 1; otherwise, it will be a 0. The main program uses XI and YI to
determine what the row and column values should be for the LOCATE command
and positions the cursor accordingly. Note that ANDing the data read from the
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{a)

Pin Function
1 Up
2 Down
1 2 3 4 5 3 Left
. . ° . . 4 Right
. . . [ 5 Unused
6 7 8 9 6 Fire button
7 Unused
8 Ground
9 Unused
{b)
Buffer input Decimal Hex
X4 X3 X2 X1 X0 value value
Center 1 1 1 1 1 31 15
Up 1 1 1 1 0 30 1E
Down 1 1 1 0 1 29 10
Left 1 1 0 1 1 27 18
Right 1 V] 1 1 1 23 17
1 1 0 1 0 26 1A
1 1 0 0 1 25 19
1 0 1 1 0 22 16
1 0 1 0 1 P4 15
Fire 0 1 1 1 1 15 OF

{c)

Figure 11.7 Switch-type joystick. (a) Dashed boxes are switches that close when
the joystick is moved in their direction. (b) Standard pin assignments for the

DB-9 connector. (¢) Data input for each joystick position.
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50
100

105
110

115
120

125
130
140
150
160
170
180
190
200
210

215
220
230

695
700

705
710

715
720

725
730

CLS
ROW=1 : COL=1

REM CALL THE READ PORT SUBROUTINE
GOSUB 695

REM CHECK IF FIRE BUTTON PRESSED
IF FB=1 THEN GOSUB 800

REM CHECK IF NO MOVEMENT

IF XI=0 AND YI=0 THEN GOTO 110
IF XI=—1 THEN COL=COL-1

IF XI=1 THEN COL=COL+l

IF YI=—1 THEN ROW=ROW+l

IF YI=1 THEN ROW=ROW-1

IF ROW=0 THEN ROW=1

IF COL=0 THEN COL=1

IF ROW=25 THEN ROW=24

IF COL=81 THEN COL=80

REM PLACE CURSOR BASED ON ROW AND COL
LOCATE ROW,COL,1,0,7
GOTO 105

REM A SUBROUTINE TO READ THE PORT
XT%=INP(&H30D) AND &HLF

REM GET X DIRECTION
XI=SGN(XT% AND &H4) — SGN({XT% AND 8)

REM GET Y DIRECTION
YI=SGN(XT% AND 2) — SGN(XT% AND 1)

REM GET THE FIRE BUTTON INFORMATION
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FB=1 — SGN(XTZ AND 16) Figure 11.8 BASIC program for read-
ing switch-type joystick settings and

800 BEEP controlling a screen cursor using the
810 RETURN circuit of Figure 11.5.

buffer with &HI1F (line 700) forces all but the bits of interest, X0-X4, to be a
0 value. This technique is called masking and allows inputs X5-X7, which were
used in the last section, to be ignored. Also note that in lines 160 and 170 the
+y direction on the screen is downward. This is why ROW is incremented
when YI = —1 and decremented when YI = +1.

Figure 11.9 gives the manufacturers of some popular switch-type and po-
tentiometer-type joysticks. Amiga Corp. makes an unusual switch-type device
called the Joyboard. It is a controller that permits the user to simulate skiing
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Potentiometer type Switch type
A2D Atari
Astar International Championship Electronics
BMP Enterprises Coin Controls
CIM Commodore
Datamost Datasoft
Kraft Discwasher
Syntronics D-Zyne Video
TG Products Electra Concepts
Wico Gim Electronics
Zircon HES
Konami
Milton Bradley
Newport
Questar
Roklan
SpectraVideo
Suncom
Wico
Zircon Figure 11.9 Manufacturers of joy-
sticks.

by standing on it or bobsledding by lying on it. Although these are uses the
company suggests, the Joyboard could be beneficial in an environment where
use of a hand-controlled device is not an option or as an additional input device
in an application where both hands and feet are used, such as an aircraft flight
simulator (Freiberger, 1983).

11.2 TRACKBALLS*

A trackball is a control device that consists of a ball mounted in a base with
part of the ball’s surface exposed. Movement of the ball causes optical encoders
to generate pulses that indicate the speed and direction of rotation. Most trackballs
produce between 50 and 550 pulses per revolution. Trackballs are used for
graphics applications in computer-aided design systems, image processing, and
video games.

The LT200 trackball from Disc Instruments can be used with the IBM PC
with some additional interface hardware. Figure 11.10 shows the internal con-
struction of this trackball. The ball lies on two perpendicular rods (the x and y
axes) with an optical interrupter disk connected to each rod. Moving the ball
rotates the rods and their associated disks. This generates two pulse trains based
on the rate of rotation of the ball. The LT200 generates 480 pulses per revolution
of the ball. The photodiodes in the optical encoder are placed such that the
encoder detects the proper left or right (up or down) movement. The trackball

* Section 11.2 written by Stephen C. Kettman.
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Figure 11.10 Internal construction of
a trackball.

produces four TTL level signals, indicating motion in the +x, —x, +y, and —y
directions (Andrews, 1983).

Figure 11.11 shows a block diagram of a trackball interface. It uses two
8-bit up-down counters, one each for the x and y axes. The +x trackball output
connects to the up-count pin of the first counter and — x connects to the down-
count pin. Similar connections are made with +y and —y to the second counter.
Now the pulse generation can be translated into x and y coordinates. Notice
that the outputs of the counters connect to an input port so that the computer

/-\ L_‘\ Up
+x Data bus
/ Boundary
Trackball detection —{>
—X Down logic
-y |ty A8
8 Address bus

Up/down _L__|Three-stata] |

counter / buffer ,
| I
Enable x

L \ Up
_j Boundary Decoder
detection
Down logic
Enable y
]
B .
Up/down Vi Tristate | |
counter / buffer

Figure 11.11 Block diagram of trackball interface.
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can read them and position the cursor based on the counter values. The upper
and lower limit detection logic prevents the counters from rolling over from 255
to 0 or from 0 to 255 due to continuously rolling the ball in one direction (Andrews,
1983).

The trackball from Wico Corporation also operates by generating pulses
optically and uses its own interface card. This interface card is similar to the
one described above but has eight additional registers. The first two registers
contain the x and y positions from the trackball. Writing to these registers can
set starting values or force particular values at any time. The next two registers
determine whether the readings should stop at 0 and 255 or wrap around. Writing
to two of the last four registers controls the resolution of the readings by selecting
a particular divider for the x and y values. The possible dividers are 1, 2, 4, or
8. It does not matter what is written to these registers because only software
switches are set and reset. At the fastest setting (i.e., divide by 1), a quarter
rotation of the trackball produces a 16-point difference in the x or y value. The
same amount of movement at the slowest setting (i.e., divide by 8) changes the
x or y reading by two points (Morgan, 1983).

TG Products makes another type of trackball that contains two potentiometers
and plugs into the game port just like a joystick. It also requires the IBM game-
control adapter card. All existing software for the joystick can be used with the
TG trackball because the operation is exactly the same. Rotating the ball changes
the resistance of potentiometers, thus varying the time duration of the one-shots.
The range of values produced is 0 to 255 with no wrap-around capability (Morgan,
1983).

11.3 MOUSES*

A ““Mouse” is a generic name for a hand-held digital input device that translates
movement across a surface to cursor position on the computer screen. Most
mouses have buttons that can be depressed to provide programmed inputs.
Figure 11.12 shows a typical mouse. Terminology of the mouse technology
includes * mickey,” which 1s the smallest measure of mouse movement; the
plural of mouse is ““mouses,”” not “‘mice.’

The mouse has grown increasingly popular in the past few years, especially
in menu-driven programs, word processing, high-resolution graphics, and video
games. Apple Computer with its Lisa system was the first personal computer
company to use a mouse to control applications. They have continued this
technology into the present Macintosh line as well. Much of the interaction
between the user and the computer is achieved by moving the mouse; this causes
motion of the cursor on the screen. Software files appear on the screen as small
pictures called icons. The user selects a file by moving the cursor to the appropriate

* Section 11.3 written by Stephen C. Kettman.
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Figure 11.12 The mouse, a cursor positioning device.

icon and pressing the button on the mouse. Figure 11.13 shows the screen of
a Macintosh computer while running MacPaint, a graphics drawing program.
Similar software is available for the IBM PC. Microsoft Windows and Digital
Research GEM are examples of programs that implement a Macintosh-like graph-
ics/mouse interface between the user and the PC-DOS operating system.

A common type of mouse generates pulses using photo-optical sensors and
optical interrupter disks similar to a trackball. These sensors detect rotation of
an internal ball that rolls when the mouse is moved across a desktop. This
mouse is often described as an ‘‘upside-down trackball.”” The mouse from Microsoft
Corporation operates in this way and is available with one of two different
interfaces: a plug-in board for the IBM PC and a serial RS-232C version for any
MS-DOS-based computer. With appropriate software, the display cursor au-
tomatically tracks the mouse whenever it moves, regardless of the task the system
is currently executing. The programmer has 16 different functions available by
calling a procedure named MOUSE in the format CALL MOUSE (n,n,n,n). The
four parameters must always be specified and can have any legal variable name.
The first parameter determines which of the 16 functions will be executed.
Executing CALL MOUSE (N1,N2,N3,N4) with N1 = 3 returns the mouse cursor
position and button status. N2 contains the current state of the buttons (0 =
button up). N3 contains the current horizontal cursor position (0-639) and N4
contains the current vertical cursor position (0-199). Function 3 is probably the
most common call to the Mouse software. A typical main program woulq get
the mouse location and button status using Function 3, compare to known locations,
and check if buttons were pressed. Based on this information, a particular
subroutine could be called or the program could keep looping (Peters, 1983).
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Figure 11.13 The screen of the mouse-driven Apple Macintosh computer. A number of
hard/software implementations attempt to implement this user interface on the IBM PC.

Logitech manufactures another mechanical-optical mouse that operates with
an internal ball. This mouse has three buttons that can be used to send any
three keyboard commands to the computer. The unique feature of the Logitech
mouse is that it attaches in series with the keyboard of the IBM PC via an
interface box. This means that all mouse outputs appear to be keyboard commands
to the computer. The first advantage of this arrangement is that the RS-232C
serial ports are left free and can be used for another purpose. Second, no special
software is needed for integration to detect cursor movement. A small program
that is provided allows the user to define the input buttons to send any desired
character to the computer. This mouse can run with any program that recognizes
the cursor movement keys (Derfler, 1983).

A second type of mouse is strictly optical and does not contain a roller
ball or any moving parts. The PC Mouse from Mouse Systems is one example.
Two LEDs inside the mouse shine down onto a two-color grid of lines on a
special board, then reflect back up through a lens and are detected by a four-
quadrant sensing device. This results in a position that is reported to the computer
(Markoff, 1983). This operation is similar to that of an optical bar-code reader
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except that it is two-dimensional. The PC Mouse requires special software to
convert the position to cursor movement, and it interfaces to the computer via

an RS-232C port (Derfler, 1983).

11.4 TOUCH SCREENS*

Because pointing is a natural response, the touch screen is bt?commg popular
as an interactive device. The resistive touch screen (TSD Display Prosiucts,
1983) uses a thin, transparent panel which mount§ in front of the CRT display
monitor. Figure 11.14 shows that this panel consnsts. 9f two conductl.ve sheets
separated by an insulating spacer at the edges. An Fxcmng voltage applied across
one of the sheets creates a voltage gradient within the Panel. When the.panel
is touched, the two sheets make contact and the unactnva{ed sheet receives a
fraction of the voltage applied across the other sheet. ’I'!ns output voltage is
proportional to the position touched. The exciting voltage is then removed.fr.om
the original sheet and applied to the othel: sheet perpendicular to Fhe ongm:«}l
voltage gradient to measure the second axis output voltage. A National Senn-
conductor ADC0809 analog-to-digital converter convert§ the voltage to a binary
number. A Motorola 6802 microprocessor formats this binary and performs other
control functions. .
The TSD touch screen has five operating modes:

* Mode 0: Inactive. The screen is completely inactive and produces no output
when the screen is touched.

Mylar sheets

Transparent
conductive

wires Figure 11.14 A resistive-type touch
screen.

* Section 11.4 written by Stephen C. Kettman.
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* Mode 1: Continuous output. The screen outputs touch position data con-
tinuously whenever the screen is touched.

* Mode 2: Output on initial touch only. The screen produces output only
on the first touch and must be released before any other output will be
produced.

* Mode 3: ADDS Regent 40 alignment. Mode 3 is used to align the touch
panel to an ADDS Regent 40 terminal.

* Mode 4: Fixed array of 80 touch pads. The screen is divided into 80 pads,
10 horizontally by 8 vertically, with each pad separated from the adjacent
one by an insensitive area. The pads are six characters wide by two lines
high. Figure 11.15 displays this screen layout. Whenever the screen is

touched, a single ASCII character is sent to the computer, depending on
the pad pressed.

A second type of screen from TSD Display Products uses an ultrasonic
technique. Piezoelectric transducers mounted along the edge of the screen set
up acoustic surface waves in the screen. The waves travel along the glass much
like ripples on the surface of a pond. The travel time from the source transducer
to the receiving transducer is constant unless a passive foreign object such as
a finger disturbs them. In this case the x and ¥y location of the object can be
predicted by an echo-ranging technique.

nEOLooEEE
HOOOMNRNMERER
CIEEEENRREREE
(1L EE R EFEE M
LM EE R
HEMMMEMEDN
DDBDEBEBE Figure 11.15 The 80 divisions of the
CIMEGEM0 [][~][][#]| TSD Display Products touch-sensitive

screen when in Mode 4.

Another type of touch screen uses capacitance sensing. The CRT’s glass
faceplate is divided into distinct areas with a transparent conductive coating over
each area. A wire connects each of these pads to a controller board, which
continually scans the screen. When a pad is touched, the body’s capacitance
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Figure 11.19 A simplified tracing of
the electron beam. The arrows indicate
the direction of the beam, and the
dashed lines represent the blanking
during retrace.

trigger pulse is abbreviated Vsync. In television sets and in most monitors, the
frequency of the Hsync pulse train is 15,750 Hz and the Vsync frequency is 60
Hz. However, on the IBM monochrome monitor, the Hsync is at 18,432 Hz
and the Vsync is at 50 Hz. Thus the IBM monochrome monitor can only be
used with an IBM, or equivalent, display-driver board.

In some high-resolution graphics monitors and in television sets, the raster
scan operates in an interlace mode. That is, the beam traces every other horizontal
position on the first half frame and then interleaves another trace on the second
half frame. Figure 11.20 shows a simplified interlacing technique in which the
solid line is the first half frame. Interlacing allows the image to be updated twice
as often, yet keeps the bandwidth of the system the same. That is, the raster
scan is not traveling twice as fast.

Unlike the case for the IBM monochrome display, some monitors require
the Hsync, Vsync, and video signals all to be superimposed to form one signal.
This composite video signal must be decoded by the monitor. Figure 11.21
shows the pinout for the IBM PC monitor connector. Note that the video signal,
Hsync, and Vsync are all kept separate.

The phosphor coating on a monochrome display is all of one type and
typically covers the whole screen. What limits the spatial resolution is how fast
the gun can turn on and off. With color monitors, each pixel (picture element)

o}
5
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Intensity
Video
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Figure 11.20 A representation of the
interlace mode. The solid line is the Figure 11.21 The pinout for the IBM
first trace. PC monitor connector.
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Xfreq CLK
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is actually three groups of different phosphors forming either a triangle or a line.
Each type of phosphor emits either a red, a green, or a blue hue. To control
the exact color of a pixel, three electron guns are used, one for each phosphor
type. The guns are identical in operation but are defined as red, blue, or green,
depending on which phosphor type they focus. The intensity of each gun is
controlled so that all three phosphor dots appear to merge into a distinct color
from a viewing distance. These monitors therefore require three inputs, called
RGB (red, green, blue), instead of the video signal.

Due to the physical limitation on the size of phosphor elements, color
monitors have a poorer spatial resolution for alphanumeric displays. Television
sets make the poorest monitors, primarily because the bandwidth of a television
set, typically 5 MHz, is much too narrow to allow the electron gun to turn on
and off fast enough to provide the high resolution needed in a monitor. The
IBM PC with an optional color graphics board can use a normal color monitor,
since it produces the RGB video signals.

Light Pens

A light pen is a pen-shaped device that detects the light emitted by the phosphor
screen. When its tip is placed on the phosphor screen, it detects light immediately
beneath it. It then sends a signal to the processor that indicates this detection.
A phototransistor or photodiode in the tip detects the light. A phototransistor
is preferred because of the higher sensitivity, but the response time is slower.
These photodetectors produce a current that is converted to a voltage, amplified,
and high-pass filtered. The high-pass filtering prevents false triggering from 60-
Hz sources such as fluorescent lights and dc sources such as sunlight reflection.

Figure 11.22 shows a possible technique for decoding the light pen’s position.

1

Hsync CLK
Vsync RESET
EN y coordinate

L RESET
EN x coordinate

Figure 11.22 A possible decoding
technique for the light pen.
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Counter 1 is clocked by Hsync each time a new line starts. The counter is reset
with Vsync each time the raster returns to the top of the screen. So counter 1
has the y coordinate of the raster scan. If we make a clock that has a frequency
of N Hsync, where N is any real number much greater than 1, it produces N
pulses for every Hsync pulse. Counter 2 is clocked by this new clock signal,
called Xfreq, and is reset by Hsync. This divides the horizontal line into N
equal segments, or x coordinates.

The output of an S-R flip-flop connects to the enable lines of the counters,
By tying the output of the light-pen circuit to the S input of the flip-flop, the
counters are disabled when a spot of light is detected. The CPU can then read
the contents of the counters, determine where the light pen was pointing, and
reset the flip-flop to allow further use of the light pen. To prevent a false reading
created by the user sliding the light pen around a lit screen, the light-pen pulse
may be gated with a strobe switch. In this way, the counters will be disabled
only when the user is pointing to the desired location and is also depressing a
strobe switch.

The Motorola 6845 CRT controller chip, which is used on the IBM (or
compatible) display driver, makes interfacing a light pen easier. When a TTL
pulse occurs on the 6845 light-pen input, the x and y coordinates of the light
pen’s position are loaded into buffers. Figure 11.23 shows the pinout of the
light-pen connector on the display driver card. Pin 1 is the complement of
the light-pen pulse, that is, a normally high pulse. Pin 2 is not used. Pin 3 is
the complement of the light-pen strobe, an active low signal that allows the light-
pen coordinates to be latched only when a strobe switch is depressed. Pins 4,
5, and 6 are used for powering the light-pen circuitry.

Pin Function

1 Light pen

2 NC

3 Light-pen strobe

4 Ground

5 +5 Figure 11.23 The pinout for the light-
6 +12 pen connector on the IBM PC display

driver card.

Light-Pen Example

Figure 11.24 shows the schematic of the light-pen circuit we developed for use
with the IBM PC monitor. Operation is more difficult because this monitor uses
a high-persistence phosphor (type P39). The Technical Reference Manual warns
against the difficulty of using light pens with this type of phosphor because the
phosphor may still be bright from the persistence of the previous frame when
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Figure 11.24 Schematic of the light-pen circuit.

the raster passes over the pixel again. This makes detecting a change in brightness
difficult. However, we found that the phosphor decays in brightness with a time
constant of approximately 4 ms, so that by proper thresholding we are able to
use this light pen. Better results should be possible with the shorter persistence
of the color monitor. The light-pen connector of the IBM PC provides only a
positive voltage supply, so no negative voltages are available. Therefore, the
op amp has a bias voltage of +5 V to allow an inverting configuration.

We used a photodiode as the photodetector because of its fast response
time. The first stage of the light-pen circuit converts the photodiode current to
an output voltage. This voltage is —I(R), so for a positive current the output
voltage is negative. The resistance value was chosen so that the output of the
first stage goes into saturation when the photodiode detects the raster scan.
Instead of the desired sharp pulse, the persistence causes an output shaped like
a ramp with an average slope of approximately 1 V/us. This sluggish response
prohibits the determination of any single x coordinate, although large areas can
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be detected. The 100-nF, 20-kQ high-pass filter blocks dc light from windows
and attenuates 60-Hz light from fluorescent lamps.

The high-pass filter is followed by a comparator to square the signal up.
This is followed by a 10-nF, 33-kQ high-pass filter, which catches the edge of
the negative-going pulse to trigger a 555 one-shot. The output of the one-shot
is inverted to provide the correct voltage level for the light-pen pulse. The
duration of the one-shot was chosen to be 3.6 ms, which provides for the raster
to be well out of view of the light pen but not to be passing under the light pen
again. A debounced pushbutton provided a strobe for the light pen.

The photodiode was placed in a small tube. A large interference problem
was caused by the horizontal synchronization pulses. To minimize this problem,
a piece of grounded foil shield was wrapped around the end of the tube closest
to the monitor to shield the photodiode.

IBM BASIC includes special light-pen commands. The command v =
PEN(n) returns to v a value from the routine PEN specified by the option n.
The options are:

0 Returns — 1 if strobe was down since last poll, 0 if not.

1 Returns the last activated x coordinate in the range 0 to 319 in medium
resolution, and 0 to 639 in high resolution.

2 Returns the last activated y coordinate between 0 and 199.

3 Returns the current pen-switch value, —1 if down, 0 if up.

4 Returns the last known valid x coordinate.

5 Returns the last known valid y coordinate.

6 Returns the character row position, between 1 and 24, where the pen was
last activated.

7 Returns the character column position where the pen was last activated.
The range is 1 to 40 or 1 to 80, depending on WIDTH.

8 Returns the last known valid character row.

9 Returns last known character column.

Advanced BASIC (i.e., BASICA) also includes the command
ON PEN GOSUB line number

in which the specified subroutine is called when a light-pen pulse is detected.
Both of these routines require the light-pen strobe to be active to acknowledge
a light-pen pulse.

The enabling for these two commands is handled by the three commands
PEN ON, PEN OFF, and PEN STOP. PEN ON must be executed to start !ight-
pen polling, and PEN OFF stops the polling. Command PEN STOP is z.lvallable
only on advanced BASIC. PEN STOP is very similar to PEN OFF, the difference
being that the new coordinates are saved with a PEN STOP statement, but the
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subroutine specified by the ON PEN GOSUB command is not executed, so that
if a PEN ON statement is executed after PEN STOP statement, a GOSUB may
immediately occur. When a GOSUB occurs, an automatic PEN STOP is executed,
but a PEN ON is automatically performed on a RETURN.

If the user is familiar with 8088 assembly code, the BIOS light-pen routine
may be used instead of the BASIC commands. Using assembly code greatly
increases the speed of the program over that of an interpretive language like
BASIC. To use the BIOS light-pen routine, an INT 16 (INT 10H) command is
executed with register AH = 4. Upon return from BIOS, AH will equal zero
if the light-pen strobe was not done or 1 if it was. If AH = 1, the DH register
contains the row character position and DL the column position of the light-pen
position. Also, CH contains the raster line or y-coordinate (0-199), and BX
contains the pixel column or x-coordinate (0-319 for medium resolution, 0-639
for high resolution).

We present a simple example using our light pen and the available software.
We assume that a menu has been brought up on the monitor in which there are
three choices, each preceded by a displayed box. The user must make a selection
by pointing the light pen at the desired box. Figure 11.25 shows the monitor
display for this example. To specify the problem further, let the x character
coordinates of the three boxes all have the same range, 1-3, and let the y character
coordinates be 1-3, 6-8, and 11-13, respectively. The routine below waits for
a light-pen interrupt. It then determines if the choice is valid by checking the
y coordinate strobed in. The x coordinate is not checked, since the delay from
the first stage does not allow us to determine a correct value. If the y coordinate
is not valid, the routine prints an invalid-choice message for the user and then
returns to wait for another light-pen interrupt. If the choice is valid, the routine
determines which one of the three options was selected by taking the integer
value of the y coordinate divided by 5 and adding 1.

10 ON PEN GOSUB 35

20 ON PEN

30 GOTO 30

35 REM GET Y COORDINATE

40 Y=PEN(6)

45 REM SEE IF CHOICE IS VALID

50 IF (Y > 0) AND (Y < 4) GOTO 75

B choice 1
B choice 2

B choice3

Figure 11.25 Monitor display for the
light-pen example.
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55 LOCATE 20,1

60 WRITE "INVALID CHOICE"
70 RETURN

75 CHOICE=INT(Y/5) + 1

1.6 X-Y DIGITIZERS*

Light pens can provide an easy and often very convenient interface to a computer.
However, light pens only allow the user to point on a screen, not to draw or
write unless significant software is included. Sometimes a need arises to trace
a picture or write on a tablet and have that image digitized so that a computer
can analyze it. For this type of interface, an x-y digitizer is best suited. Anp
x-y digitizer, or tablet, is a device that sends to a computer the coordinates of
the location of a special pen on the tablet. By moving the pen around the tablet,
the x-y pairs corresponding to the pen location are transmitted to the computer.,

Method of Conversion

X-y digitizers have three possible ways of converting the position of the pen to
x-y pairs (Williams, 1982). In the first method, the tablet sets up an electromagnetic
field which is disturbed by the pen in some predictable way. The second method
is very similar and uses a magnetostrictive method. A screenlike mesh is under
the tablet surface, and the intersection of two wires uniquely describes an x-y
pair. Pulses of current travel along the wires, creating associated magnetic fields.
The pen detects the moving magnetic fields and is able to decode the coordinates.
Since both of these methods use electromagnetic fields, they can cause damage
to magnetic storage media. These two techniques have spatial resolutions down
to 25 pm and cost over $800.

The third technique uses ultrasound and offers a trade-off between accuracy
and price. Ultrasound emitted from the pen is sensed by detectors alqng the
border of the tablet that are able to decode the placement by measuring the
length of time it took the sound to travel to them. This method is relatively
inexpensive, but only has spatial resolution down to 250 um. However, human
repeatability is only within 125 um, which lies between the two ranges. That
is, if someone were to draw a line, the line could only be retraced to within 125

pm.
Bit Pad One

Summagraphics manufactures the Bit Pad One digitizer, which uses the. mag-
netostrictive method for decoding (Summargraphics Co., 1979). The Bit Pad

* Section 11.6 written by Thomas J. Yorkey.
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One has three ways of interfacing to a computer. Perhaps the easiest to use is
the RS-232C serial interface. In this mode, the digitizer can send data in ASCII
BCD or in straight binary. Fewer bits are needed to transmit the x-y pairs in
straight binary, so the digitizer is able to sample the pen location more often.
This leads to a maximal transmission rate of 166 X-y pairs per second, or 28,800
baud. It can also be set to sample the pen positions only a few times per second.

The Bit Pad One also allows interfacing to be done on the IEEE 488 (GPIB)
standard bus (see Chapter 12) or in straight 8-bit parallel transmission. In the
parallel mode, up to 200 x-y pairs per second can be transmitted.

The Bit Pad One can transmit the coordinates of the pen in either metric
or English units. In the metric mode, the x and y coordinates range from 0 to
2794 in 100-pm intervals. In the English mode, the x coordinate ranges from 0
to 2200 in 0.005-in. intervals, and the y coordinate ranges from 0 to 2000 with
the same spacing.

The initial states of the sampling rate, units, and type of interface are all
set in hardware. However, any or all of these modes can be changed under
software control.

11.7 DIGITAL CAMERA*

In this section we describe the operation of the MicronEye digital camera (Micron
Technology, Inc., 1983). For many simple experimental applications this camera
is a low-cost (under $500) alternative to using one of the many sophisticated and
expensive image-acquisition systems on the market.

Basic Description

Figure 11.26 shows the two MicronEye styles: bullet and camera. The bullet
consists of a compact cylindrical housing containing only the lens and image
sensor. It must be located within 2 m of the computer for proper operation.
The camera style (about $100 more than the bullet) is rectangular and contains
line-driver circuitry as well as the lens and image sensor so that it may be located
up to 16 m from the computer.

The MicronEye is available with plug-in boards to interface with the IBM
PC, the Apple IIE, and the Commodore 64. The user need not build any additional
hardware if one of these computers is used. A version with an RS-232C interface
is also available for use with other computers. We discuss here only the IBM
PC version, although the others are similar in operation.

Specifications

The resolution of the system is 128 columns X 64 rows for a total of 8192 picture
elements (pixels). Higher resolution (up to 640 X 128) is available with the
special software supplied with the system.

* Section 11.7 written by Kurt Kaczmarek.
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o

Figure 11.26 MicronEye camera
styles. (a) MicronEye bullet. (b) Micron-
(@ (b} Eye camera.

The exposure time is about 300 ms for normal room lighting. It may be
adjusted manually or automatically. In the automatic exposure mode, a software
routine calculates the fraction of pixels that are on and compares that fraction
with some predefined level, say 50%. The exposure is then adjusted with software
to bring the fraction of illuminated pixels to approximately 50%. Image rates of
up to 15 frames/s are possible at high illumination and low exposure times; a
rate of 2 to 3 frames/s is typical for normal room lighting. Note that the MicronEye
software does not save each picture in memory; each new picture destroys the
last one unless the user stores it elsewhere in PC memory.

The 1S32 optic RAM is a two-level (black /white) sensor. By taking several
pictures at different exposure times, some gray-scale information may be derived
with software-averaging techniques. Software is supplied with the system to
implement four levels of brightness.

Principle of Operation

Sensor. The optical sensor is the 1S32 optic RAM chip made by Micron
Technology. The IS32is a 1 x 64-kbit dynamic RAM (random access memory)
IC. The top of the case is clear to allow light to fall directly on the silicon chip.
A standard C-mount lens on the MicronEye case focuses the image onto the
chip.

Figure 11.27 shows the internal structure of one cell of a dynamic RAM
chip. The capacitor C is charged if the cell is storing a 1 and discharged if the
cell is storing a 0. Since the insulation in C is not perfect, the charge from a 1
leaks away with time, eventually resulting in a 0 stored in the cell. Light falling
on a particular cell accelerates the discharge of the capacitor in that cell.

Sensing a picture. In order to take a picture, the optic RAM is loaded
with all 1°s bit by bit by the MicronEye hardware interface. After exposure to
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! c Figure 11.27 Dynamic memory cell.

When the capacitor C is charged, the
cell stores a logic ‘“1"’. When C is dis-
Data line charged, a logic ““0”* is stored.

Pixel select

light for about 300 ms, those cells receiving light are discharged to the 0 state.
After exposure, each cell in the optic RAM is read as memory data with the
proper addresses to the 1S32 being generated by the MicronEye hardware. The
data are transferred from the optic RAM to the interface board and then to
the computer memory at software-determined locations.

Using the MicronEye

PC requirements. At least 64 kbytes of RAM are required on the PC to
run the supplied software. At least 96 kbytes of RAM are required if the user
uses the IBM Macro Assembler to modify the assembly code for a particular
application.

An IBM color/graphics board or equivalent is required to display pictures
on the screen with the supplied software. Note that some ‘‘IBM-compatible’
graphics boards, such as the Hercules graphics board, may have slightly different
data or control formats than the IBM board, which require software adjustments.

Hardware. The IBM PC version of the MicronEye comes with an interface
board that plugs directly into any one of the bus slots on the PC. A cable is
supplied to connect the camera to the interface board. A fixed 16-mm focal
length lens with adjustable focus and aperture is supplied with the MicronEye.
The user can easily replace it with any C-mount lens of the type used on home
television cameras. A zoom lens may be particularly useful if the low resolution
of the MicronEye becomes a problem.

Software. The MicronEye comes with a substantial package of well-
documented software written in a combination of IBM BASIC and 8088 assembly
language. This package acquires pictures from the MicronEye, displays them
on the IBM PC high-resolution graphics screen, prints them on an Epson printer,
stores them on floppy disk, changes the image format, and performs other useful
functions.

Practical considerations. The most important factor for good imaging is
high contrast. Since gray areas in the scene must be represented as one of only
two or four brightness levels, slight changes in illumination may result in large
changes in the displayed image. Entirely black-and-white scenes are necessary
for reproducible results.
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Since the optic RAM sensor requires about 300 ms to sense an image, the
scene must remain stationary during this time to prevent blurring. If moving
objects are to be imaged, very high illumination must be used so that the exposure
time will be short.

Further Information

For the user who wants more details on the operation of such a camera, Ciarcig
(1983a,b) provides a complete camera design.
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GPIB (IEEE 488)
Interfacing

Patrick S. Hamilton

Over the past few years many different digitally controlled instruments have
been developed. In an effort to standardize communication among laboratory
instruments, Hewlett-Packard developed a communication and control strategy
called the HPIB (Hewlett-Packard Interface Bus). Other manufacturers developed
instruments that used this bus and eventually the Institute of Electrical and
Electronics Engineers developed a standard document describing the bus. They
called it the GPIB (General Purpose Instrument Bus) or IEEE Standard 488-
1978 (IEEE, 1978). The use of a standard control bus enables one device, such
as the IBM PC, to control as many as 15 other devices with a single interface.
If no such standard bus existed, this could require 15 different interfaces, each
driven by different software, to control the same number of devices.

A device connected to the bus can send bytes of data or commands to as
many as 14 other bus devices. Because the GPIB uses an asynchronous handshake
to pass data, data may be sent at whatever rate the devices on the bus operate.
Hardware considerations limit the maximal practical data transmission rate to
about 250 kbytes/s (i.e., 2 Mbits/s), but at that rate the GPIB may be used to
control many types of devices, including printers and disk drives. In this chapter
we detail the workings of the GPIB and some of the common protocols for
controlling devices with the GPIB. At the end of the chapter we outline a simple
approach for interfacing the IBM PC to the GPIB. This should suffice for the
IBM PC user who may only need to control a limited number of devices.

361
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12.1 GPIB BUS STRUCTURE

The GPIB is a set of 16 lines. Eight of the bus lines carry data (or commands)
and eight are bus control lines. Of the eight control lines, three provide for
handshaking to coordinate data transfers, and five are for other bus-control
functions.

Any device connected to the GPIB bus may send (called a talker) or receive
(called a listener) data over the bus (Figure 12.1), and at least one device must
act as a bus controller (called a controller). One device may perform combinations
of these functions. If more than 15 devices are connected, the excess loading
of the bus may cause unreliable operation.

In our case, an example of a bus controller is an IBM PC, which also
typically is a talker and a listener as well, sending data to devices and collecting
and saving data from devices. Examples of devices that only act as talkers are
digital voltmeters and counters. Examples of devices that are only listeners are
x-y plotters, waveform generators, and motor controllers. Examples of devices
that both talk and listen are magnetic tape drives and programmable spectrum
analy zers.

General Data byte
interface transfer Data bus
managennent control
{ l DIO1-DIO8 J Data input/output
v
DAV (data valid}
NRFD (not ready for data)
- NDAC (not data accepted)
— L ATN (attention)
— IFC (interface clear)
— SRQ (service request}
- REN (remote enable}
EOI (end or identify}
] \YJ
Controlter, Talker, Talker Listener
ga!ker, listener only only
listerver

Figure 12.1 General GPIB structure.

GPIB Signal Logic

All lines on the GPIB operate at TTL voltage levels, but the bu§ uses negative
logic because the lines are driven by open collector drivers. This means that a

Sec. 12.1  GPID BUS Structure 363

voltage level less than 0.8 V corresponds to a logical 1, and a voltage level
greater than 2.5 V corresponds to a logical 0.

The output pin of an open-collector circuit, as implied by the name, connects
directly to the collector of the output transistor. The emitter of the transistor
is connected to ground. When the output transistor is active, the output is
grounded. When the transistor is inactive, the output is floating. For bus operation
the outputs of the line drivers are connected to +35 V through resistors, so that
when the drivers are inactive the bus lines are pulled to +5 V.

Data Lines

The eight data lines on the GPIB send data and command bytes from one device
(the talker) to as many devices on the bus as are listening (the listeners). Devices
connected to the data bus must use buffers to read the data to ensure that they
do not overload the bus.

Control Lines

The GPIB has eight separate control lines: DAV, NRFD, NDAC, ATN, IFC,
SQR, REN, and EOI. Many bus procedures require that more than one device
use the same control line to report its status. For instance when data are being
transmitted to two devices, each device must signal acceptance of the data using
NDAC. The NDAC line must not signal that the data have been accepted until
both devices have read the data. This type of control-line operation is accom-
modated by the open-collector drivers.

In the case of the NDAC line, when two devices are waiting to accept
data, they both actively pull the NDAC line low. As soon as one device accepts
the data, they become inactive, but the control line remains low, signaling that
the data should remain on the bus until the last device releases the control line.
When the bus is inactive, all bus lines are at +5 V (logical 0).

DATA VALID (DAV). DAYV is one of the three control lines used in the
handshaking procedure that controls the transmission of data on the GPIB. A
logical 1 (voltage level less than 0.8 V) on DAV indicates that data are available
on the data lines.

NOT READY FOR DATA (NRFD). NRFD is another of the three control
lines used in the handshaking procedure that controls the transmission of data
on the GPIB. The devices receiving data use NRFD to signal when they are
ready to receive. When all devices are ready to receive data they release NRFD,
allowing it to be pulled to a voltage level of +5 V. This logical 0 on NRFD
signals the transmitting device that all listening devices are ready to receive data.

NOT DATA ACCEPTED (NDAC). NDAC is the third control line used in
the handshaking procedure that controls the transmission of data on the GPIB.
The devices receiving data use NDAC to indicate to the transmitting device that
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the data have been read. When all devices have read the data on the bus they
release NDAC, which goes to logical 0. This signals the transmitting device that
all listening devices have accepted the data.

ATTENTION (ATN). ATN is used by the device controlling the bus to
signal that a command is being sent. A logical 1 (voltage level less than 0.8 V)
on ATN indicates that the bytes being transmitted by the controller are commands,

INTERFACE CLEAR (IFC). IFC is used by the bus controller to initialize
all devices on the bus. A low voltage level (logical 1) causes all devices connected
to the bus to be reset to their initial states.

SERVICE REQUEST (SRQ). SQR is used by devices on the bus to signal
the bus controller that they require service. A bus device might use SRQ to
signal that it has completed a task, an error has occurred in its operation, it has
data to transmit, or for a number of other reasons. When the device controlling
the bus detects a low level on SRQ it must poll the devices on the bus to
determine which one is requesting service. When it discovers which device has
requested service the bus controller may take steps to carry out the service
request.

REMOTE ENABLE (REN). REN is used by the bus controller to enable
devices on the bus to receive commands or data from the GPIB. A low level
on REN enables all devices on the bus to be controlled by the GPIB.

END OR IDENTIFY (EOI). EOI has two functions. Any device transmitting
data on the bus may assert EOI (pull EOI to a low voltage level) to signal the
end of a data transmission. EOI is also used by the bus controller to initiate a
parallel poll. When both ATN and EOI are asserted, a parallel poll is executed,
causing devices configured for a parallel poll to present status bits on the data
bus.

122 GPIB HANDSHAKE PROTOCOL

Data are transmitted on the GPIB one byte at a time. The control lines DAV,
DRFD and NDAC manage byte transfers by performing a ‘‘handshake”’ between
the transmitting and receiving devices. The handshake procedure ensures that
a byte is put on the bus only when all listening devices are ready, that the
listening devices only read from the bus when a valid byte is there, and that the
transmitting device holds its data on the bus until they have been read by all
the listening devices. The timing diagram in Figure 12.2 illustrates how the
DAV, NRFD, and NDAC signals are used to pass data.

Before placing any data on the bus, the transmitting device must wait fgr
the NRFD signal to go high. Because NRFD is driven by open collectors it will
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DATA ————( VALID DATA )————
DAV ~ ’

NDAC , \ Figure 12.2 GPIB handshake timing
(physical voltages).

only go high after it has been released by all the devices on the bus. When
NRFD is high all the devices on the bus are ready to receive data.

Once NRFD goes high the transmitting device may place data on the bus.
The transmitting device signals that there are valid data on the bus by asserting
DAYV (pulling DAYV to a low level).

When the receiving devices detect a low level on DAV, they read the data
from the bus. As each device finishes reading the data, it releases NDAC. After
the last device has read the data from the bus, NDAC goes high, signaling the
transmitting device that the data have been accepted. Once the data have been
accepted by all the bus devices, the transmitting device may remove the data
from the bus and release DAV.

12.3 BUS OPERATION

Devices connected to the GPIB may be able to send or receive data on the bus,
control the bus, or carry out any combination of these three bus functions.
Before any data transmission the bus controller must specify which device is
the talker and which devices are the listeners. The bus controller also performs
a number of other bus functions. These bus functions are initiated by sending
bus commands to the other devices on the bus.

Bus commands are sent in the same way as data are sent on the bus, but
ATN is set to a logical 1 by the bus controller to signal that the byte being sent
is a command. When a command is sent on the bus, all the devices connected
to the bus read the command and handshake with the controller.

Bus Commands

The bus controller may send four types of commands to the other devices on
the bus: addressed, listen, talk, and universal. Only the first seven bits on the
data bus are used for commands, so that each command may be represented by
an ASCII character (Figure 12.3).

The type of command being sent is specified by bits 7, 6, and 5 of the
command (Figure 12.4). If bits 7, 6, and 5 are all logical 0, the command is an
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1 1 X Secondary

Figure 12.4 Command-type bit code.

addressed command. If bits 7 and 6 are 0 but bit 5 is 1, the command is a
universal command. Listen and Talk commands are specified by bits 7 and 6
of the command byte. If bit 6 is a 1 and bit 7 is a 0, the command is a listen
command. If bit 7 is a 1 and bit 6 is a 0, the command is a talk command.

If both bits 6 and 7 are 1, the command byte is a secondary command. In
general, secondary commands are used for configuring a device for a parallel
pole or for sending secondary addresses.

Talk/listen commands. As the name implies, talk commands specify the
talker in a data transmission, and listen commands specify the listeners. When
a talk or listen command is sent on the bus by the controller, the last 5 bits of
the command specify which device should talk or listen. Devices that are connected
to the GPIB may be configured through hardware or software to have any bus
address from 0 to 30. When a device detects a listen command whose five least-
significant bits match its address, it enters a listen mode. In listen mode a GPIB
bus device reads all data sent on the bus. Similarly, when a device recognizes
its address in a talk command, it enters the talk mode. When the controller has
finished sending commands, the talker may send data on the bus.

If a talk command is sent with its five least-significant bits set (i.e., address
1FH or 31 decimal), it is an untalk command (UNT), and all devices in talk
mode return to their idle modes. Similarly, when a listen command is sent with
all address bits set (i.e., address 31), it represents an unlisten command (UNL).
After a UNL is sent, all listening devices leave listen mode and no longer read
any data sent on the bus.

Universal commands. Universal commands affect all bus devices. There
are only five types of universal commands: Local Lockout (LLO), Device Clear
(DCL), Parallel Poll Unconfigure (PPU), Serial Poll Enable (SPE), and Serial
Poll Disable (SPD).

Local Lockout (LLO). The Local Lockout command is represented by the
ASCII code 11H. LLO is used to disable the front panel controls of all devices
on the bus. With the panel controls disabled there can be no conflict between
instructions sent on the bus and instructions from the manual controls of the
devices.

Device Clear (DCL). Device Clear is represented by the ASCII code 14H.
As implied by its name, DCL resets all devices on the bus.
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Parallel Poll Unconfigure (PPU). The PPU command is given by sending
an ASCII code 15H on the GPIB. A PPU command resets the parallel poll
responses of all devices on the bus, allowing new parallel poll responses to pe
specified for the bus devices. The details of parallel poll operation are more
fully explained later with the addressed instruction, Parallel Poll Enable.

Serial Poll Enable (SPE) and Serial Poll Disable (SPD). The SPE and SPD
instructions (18H and 19H, respectively) are used in executing a serial poll of
the bus devices. When the bus controller detects a service request, it must
determine which device is requesting service before it may act on the request.
When an SPE command is sent all devices respond to their talk commands by
sending a single status word to the controller.

The controller carries out a serial poll by first sending out an SPE command,
After the SPE has been sent the controller sends talk commands to one device
after another. After each talk command is sent the controller reads the status
word sent by the device instructed to talk. When the controller finds the device
it can send out an SPD. The SPD command causes the bus devices to return
to a normal mode so that the controller may carry out the service request.

Addressed commands. Addressed commands affect only those devices
that have previously been sent a listen command. In this way addressed commands
affect only selected devices. The five addressed commands are Go To Local
(GTL), Selected Device Clear (SDL), Parallel Poll Configure (PPC), Group Trigger
(GET), and Take Control (TCT).

Go To Local (GTL). The GTL command is represented by the ASCII code
1. When a GTL is sent on the bus all listening devices return to local control.
This command cancels the universal command LLO and allows selected bus
devices to be manually controlled.

Selected Device Clear (SDC). An SDC command is carried out by sending
an ASCII code 4 on the bus. This command clears those devices that have
received listen commands.

Parallel Poll Configure (PPC). A PPC command is sent with an ASCII
code 5. It prepares any devices that will participate in a parallel poll. A parallel
poll is carried out to determine which devices on the bus are requesting service
when SRQ is low.

A parallel poll is initiated when ATN and EOI are both asserted by the
controller. This causes any devices that have been configured for a parallel poll
to place a status bit on one of the bus lines. The controller may then examine
the bus lines to determine which devices require service.

The PPC command is used to specify which bit a device will use to display
its status, and whether the device will use a logical 0 or 1 to indicate that it
requires service. After a PPC has been sent, the listening devices wait to receive
a secondary command. The lower three bytes of the secondary command specify
which bit the device will use to display its status during a parallel poll. As
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examples, 000 in the lower 3 bits of the secondary command indicate that the
device should use the least significant bit of the data bus to display its status,

. and a 001 indicates that bit 2 of the data bus should be used. The fourth bit of

the secondary command specifies how the device should indicate that it requires
service. A 0 sent in the fourth bit specifies that the device should signal that it
requires service by setting its status bit to a logical 0. A 1 in the fourth bit
position indicates that the device should signal that it requires service by setting
its status bit to 1 during a parallel poll.

During a parallel poll, more than one device may use the same data bit to
display their status. If two devices have been instructed to set their status bit
to 0 when they require service, the bit on the data bus will be a 0 if either of
the devices requires service. If the two devices have been instructed to set their
status bit to 1 when they require service, the bit on the data bus will be a 1
only if both devices require service.

Group Trigger (GET). A GET command is sent with an ASCII code of 8.
GET synchronizes the operation of a number of devices. The devices to be
triggered must first be programmed to perform some specific task when they are
triggered. When the devices receive a GET, they begin their tasks.

Take Control (TCT). The TCT command, represented by an ASCI code
of 9, transfers control of the bus from one bus controller to another. The device
which is to be the new bus controller is sent a listen command followed by the
TCT command. Upon receiving the TCT command, the device may take control
of the bus and begin sending commands to the other bus devices.

12.4 GPIB EXAMPLE: A SYSTEM FOR MONITORING MULTIPLE
HOSPITAL PATIENTS

A system of patient monitors controlled by a central computer, such as the IBM
PC, is an example of how the GPIB might be used (Figure 12.5). In this hypothetical
system the central computer is used to record and provide periodic access to
the data collected by eight patient monitors. The patient monitors provide such
data as respiration rate, heart rate, and blood pressure. Any of the monitors is
able to alert the central computer (i.e., the controller) in the event of a dangerous
change in a patient’s heart rate, respiration rate, or blood pressure.

System
controller
(IBM PC)
GPIB
Patient Patient Patient Patient
'“°';'t°" '"0';10' '"°g"°f m‘;““ *** Figure 12,5 GPIB-controlled patient
monitoring system.
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Such a patient monitoring system would allow a nurse to monitor the
conditions of eight patients from a single location. The patient data could also
be recorded on files at the central computer, which might be accessed to analyze
trends in a patient’s condition.

Data Access

Under normal conditions, the computer would sample and record data from the
eight patient monitors every minute. Reading the patient data from the first
patient monitor would first require a UNL command to be sent to ensure that
no unwanted devices were listening. After the UNL command the bus controller
would send a listen command with the address of the first patient monitor.

After selecting the correct patient monitor to listen, the controller would
release ATN and transmit instructions to the monitor. The controller might send
the characters ““H.” to the monitor to indicate that it wished to read the patient’s
heart rate. The ‘““H’’ would indicate that the monitor should send the controller
data on the patient’s heart rate. The ““.”” would be used to indicate the end of
the instruction. After instructions to the monitor the controller would send
another UNL command to remove the monitor from listen mode.

The monitor would now be prepared to send the heart rate to the central
computer. The computer would send a talk command with the first monitor’s
address to allow the monitor to transmit the data.

After sending the heart-rate data to the computer, the monitor would mdicate
the end of its transmission by asserting EOL After receiving the data and the
end of message signal the central computer would be free to send an UNT
command to the monitor and sample data from the other patient monitors.

Alarm Operation

In the event of a drastic change in a patient’s heart rate, blood pressure, or
respiration rate, a monitor would inform the central computer through a service
request. Most GPIB interfaces allow a service request to interrupt the controlling
computer, ensuring that the service request is carried out when it is received.

The computer’s interrupt service routine would conduct a poll of the bus
devices to determine which device caused the service request. Either a serial
or parallel poll could be conducted in a matter of milliseconds.

If a serial poll were used, the controller would first send out a UNL
command to remove all the monitors from the listen mode. The UNL would
be followed by an SPE command to prepare the monitors for a serial poll. The
controller would then send talk commands to each of the monitors in turn and
read each of their status bytes. A status byte could be used to indicate not only
which device had requested service, but also the vital sign that triggered the
request.

If the monitors were configured properly at system initialization, a parallel
poll could be used to determine which monitor was requesting service. A simple
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scheme for configuring the monitors to respond to a parallel poll would be to
have each of the eight monitors control one bit of the data bus. If a monitor
required service during a parallel poll, it could set its bus line to a logical 1.

The monitors would be configured for the parallel poll by first sending an
unlisten command to the bus to ensure that none of the devices were listening.
The controller would then send a listen command to the first monitor. A PPC
command could then be sent followed by the secondary command 0C8H. This
would configure the first monitor to assert the first bit of the data bus during a
parallel poll if it were requesting service. A UNL command would then be sent,
followed by similar procedures to configure each of the monitors.

To accomplish the parallel poll, the controller would assert ATN and EOI
simultaneously and read the data bus. The monitor requiring service would put
a 0 on its status bit. After determining which monitor had requested service,
the computer would inform the nurse which patient was having difficulty and
the nature of that patient’s problem.

Practical Considerations

The example of the centrally controlled patient monitoring system is a good
illustration of how a number of devices may interact over the GPIB, but hardware
limitations of the GPIB might make such a system impractical. The GPIB was
designed to operate in a relatively noise-free environment over a distance of not
more than 20 m. These conditions might not be met in a hospital setting.

12.5 IMPLEMENTATION OF A GPIB INTERFACE

There are interface cards available for implementing a GPIB bus on the IBM
PC. Appendix A lists manufacturers of such cards. These interface cards are
generally based on one or more VLSI GPIB chips. For example, an Intel im-
plementation would use the 8291 talker/listener, 8292 GPIB controller, and two
8293 GPIB bus transceivers (Intel, 1983). Other VLSI implementations of the
GPIB include the Texas Instruments TMS9914, the Signetics HEF4738, and the
Motorola 6848. A GPIB board allows the IBM PC to be a talker/listener/controller
and to control the GPIB with a minimum of software overhead. The interface
handles all handshaking and procedures such as taking control of the GPIB.
Most interfaces also allow an SRQ to interrupt the processor.

If a user has a limited need for GPIB control, such as operating a GPIB-
controllable function generator, a simple interface may be devised with two
parallel 8-bit input ports, two parallel 8-bit output ports, and 16 open-collector
line drivers (Figure 12.6). The output ports drive the open-collector buffers,
which are connected to the control and data lines of the GPIB. The input ports
monitor the levels on the bus lines.

Such an interface requires software to handle all aspects of bus operation,
but this operation is relatively straightforward. For example, to send a command
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Figure 12.6 GPIB-to-PC control signal interface.

on the bus, the computer first sets ATN high (setting the bus level of ATN to
ground). The computer then tests NRFD. When a high level is detected on
NRFD, the computer loads the command code into the output port connected
to the data lines and sets DAV. The computer then tests the NDAC bit to H
determine when the data have been accepted. When NDAC is observed to be
high, the operation is complete.

In operating this simple interface, care must be taken to ensure that all
unused outputs are high during a bus operation. For example, if the computer
is receiving data, it must have OFFH loaded into its data output buffer to avoid
driving the GPIB data bus.
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Telephone

Communication

Karl E. Walter

Data communication capability opens a new dimension in computing for the
personal computer user. A modem (modulator/demodulator) translates electrical
signals into sounds (and vice versa), permitting digital data to be sent over voice-
grade telephone lines. A modem allows a personal computer to communicate
with other larger computers that contain data bases of information. It also allows
person-to-person communication between personal computer owners.

This chapter is to familiarize the reader with current modem technology
and availability in the marketplace. It places emphasis on the more commonly
used voice-grade modems. We discuss limitations of the telephone network and
review performance characteristics, together with common modulation methods.
Also, we present a survey of various available modem types.

13.1 MODEM COMMUNICATION

Computer-to-computer communication over the telephone system is accomplished
with modems connected to each computer to convert between the voltage-level
bit streams and audio signals. Modems are serial communication devices. The
most popular character-encoding scheme is 7-bit ASCII (American Standard Code
for Information Interchange). An extra bit is added for parity-error checking,
and start and stop bits notify the receiver of the beginning and end of a character.
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Since the start and stop bits synchronize the receiver and transmitter circuits,
data can be sent asynchronously. That is, the receiver does not need to know
in advance when a character is to be sent. The RS-232C standard was specifically
designed for interfacing a data terminal equipment (DTE), such as a terminal,
and a data communications equipment (DCE), such as a modem. Chapter 6
gives a detailed discussion of serial transmission.

The modem interfaces to the telephone lines. It does this either acoustically
through the telephone handset or more commonly by hardwired connection using
a data access arrangement (DAA). The phone network is a regulated public
utility, and a direct connect interface must adhere to rules and regulations stipulated
by the FCC under part 68.

Acoustic Coupling

The acoustic coupling technique interfaces to the telephone handset (usually
through tightly fitting rubber caps), sending data through its microphone and
receiving through its speaker. The two major advantages of this coupling technique
are that it does not require an FCC-registered interface and that it lends itself
to use with portable equipment. This comes in handy when direct phone connection
is not possible, such as in a telephone booth.

Unfortunately, the disadvantages of acoustic coupling outweigh the advan-
tages. The standard telephone handset was designed for voice, not data trans-
mission. The telephone’s microphone works well for voice, but signal distortion
problems arise with data transmission. The most popular acoustic couplers are
limited to operating at rates between 110 and 1200 bits/s (bps). The most important
disadvantage is that acoustic coupling does not allow auto-answer and auto-dial
operations. These are very important when the modem is integrated within the
host computer (Durham, 1982b).

Direct Coupling

Direct coupling modems operate at up to 2400 bps (some manufacturers claim
high reliability to 9600 bps and beyond with adaptive digital signal processing
techniques) over ordinary dial-up telephone lines. At this writing, the most
commonly used rates are 300 and 1200 bps, but 2400 bps is becoming increasingly
common. The DAA telephone interface includes a two-to-four-wire hybrid trans-
former, which matches the device’s output impedance with that of the telephone
line. It also isolates it from the line, which ordinarily carries a low-frequency
ac ringing voltage of about 100 V. The DAA has three purposes: it isolates the
computer from the high ringing voltage, prevents the computer from being damaged
in the event of a telephone line fault.(such as when lightning strikes the line),
and protects the telephone line in case of a computer fault.

Direct coupling eliminates the nonlinear telephone handset by direct hard-
wired connection to the phone line. In addition to the obvious data transmission
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properties that this allows, it also enables two key modem operations: (1) auto-
answer and (2) auto-dial.

Direction Modes

In different situations, data on a phone line travels in only one direction, in two
directions (but only one at a time), and in both directions simultaneously.

Simplex. This mode allows one-way communication only. An example
of this is broadcast. This is adequate when transferring data from a remote
terminal to a central computer for processing or storage.

Half-duplex. The half-duplex mode allows data to flow either way, but
in only one direction at a time. The modems use a set of two tones; one tone
represents a logic 1 and the other a logic 0.

Full-duplex. This approach uses frequency-division multipl.exing (FDM)
to separate two sets of tones that are not harmonicall)f related. .Thl§ allows full-
duplex communication, in which information moves in l'x?th directions at once
over a single pair of wires. One modem is called the originate moc!em because
the communication link is established beginning with it. The otl.ler is call_eq the
answer modem. The one operating in originate mode transmits using the originate
set of tones which are, by convention, in the lowar-frequen.cy bzf\nd. Thfa one
operating in answer mode receives these two tones and transmits using the higher-

-band answer tones. )
frequ‘lt?;zu are dialing a large computer network, your terminal is almost universally
considered the originating terminal, and therefore your modem need operate only
in the originate mode. If yon wish your equipment to be ablg to answer calls
from an originate modem, you need a modem capable qf operatx.ng in the answer
mode. If the other party is willing and able to establish tpq link but wants to
use answer frequencies, you could receive calls on an ongm?te-only qlodem.
As long as both modems do not use the same mode, the choxge of which end
uses which mode is arbitrary. Most of the popular comm?rcxe}l modems are
switchable originate/answer types so that they can be used in either mode.

Echo-plex. Most telephone network computer services use an echo-ple);
technique where characters sent are echoed back to the sender as a means of
error checking. The modems operate in a full-duplex mode, but .tl}e P.'Cs and
remote computers operate in half duplex. That is, both the originating and
answering ends do not send unique data simultaneously. Instead, a character
struck on the keyboard at the originate end travels all the way .to the answer
end, is interpreted at that end, and retransmitted back to the 9r1g1nate end (i.e.,
echoed) before it appears on the originator’s display screen. This process happeni
very rapidly, so that the originator sees the character struck on t_he screen almosr
immediately. Since the character has made a complete round trip, to the answe!
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end and back, the originator immediately sees if an erroneous character appears
on the screen and then can correct it.

Echo-plexing is effective for interactive computing. However, the full-
duplex capability is used differently for sending blocks of data bytes. In this
case it permits one end to send handshake signals and error-checking codes at
the same time that the other end is sending blocks of data bytes. This is discussed
further in Section 13.4.

13.2 VOICE-GRADE MODEMS

These modems are most popular among PC users. They are available as individual
units with their own enclosures and power supplies and as single boards that
plug directly into the PC’s bus. The technology was pioneered a number of
years ago by AT&T, but new companies have made a significant impact, particularly
Hayes with its series of Smartmodems.

The technique for converting digital information to an analog signal is
modulation. There are three basic methods for carrying information on a sine
wave: amplitude, frequency, and phase modulation. They can incorporate varying
levels of encoded information (e.g., 0 and 1 for two levels or 00, 01, 10, and 11
for four levels) (Butler, 1983). The most commonly used techniques are amplitude
modulation, frequency-shift keying, differential phase-shift keying, and a com-
bination of AM and phase modulation called quadrature amplitude modulation.

All these modems operate on the dial-up telephone network. They must

all operate in the limited voice-grade bandwidth of about 300 to 3300 Hz shown
in Figure 13.1,

AT&T 103/113

For a number of years, AT&T 103/113 series modems were by far the most
popular type of modem produced. They operate at a data rate between 0 and
300 bps. The 103/113 series, like other low-speed modems, employs frequency-
shift keying (FSK) modulation. This method uses two frequencies. Modulation
of a sine-wave carrier involves assigning one frequency to the logic 1 bit and
another to the 0. The frequencies are produced either by modulating one sine-
wave oscillator or by switching between two oscillators locked in phase. Filters
at the receiving end differentiate between the two frequencies.

These modems can operate over two- or four-wire circuits in full-duplex,
asynchronous mode. They use frequency-division multiplexing, transmitting and
receiving on two different sets of frequencies, which are spaced far enough apart
so that receive filters can discriminate between the two bands (see Figure 13.1).

The 103 series are originate/answer modems; they can operate in either
mode. The 113A is a standalone, originate-only modem for remote-site uses,
and the 113B is an answer-only modem card for central-site applications.
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Figure 13.1 Frequency allocations for AT&T 103/113 and 212A modem.s _for data com-
munication over voice-grade telephone lines. For full duplex operatifm, two distinct passbands
for originate and answer provide for passing data in each direction.

AT&T 212A

Most of the versions of the 212A modem available today are microprocessor-
based (Gaudreault, 1982). The 212A operates full duplex at 1200 bps over tyo—
wire dial-up lines, and contains a 300-bps AT&T 103 type modem for COlT'lpaJEiblhty
(Moore and Tindal, 1981). By convention, its originating end transmits in the
low band and receives in the high band (see Figure 13.1). Figure 13.2 gives a
list of 212A-compatible modem manufacturers.

The 212A uses a differential phase-shift keying (DPSK) modulation scheme.
In the DPSK technique, a sine wave of a given frequency is transmitted, and
the data symbols are encoded as phase changes. A certain phase change.represents
a sequence of several bits. Use of four phase changes permits encoding fqur 2-
bit data symbols. A phase change of 90° represents the bit pattern 00, 0°is 01,
180° is 10, and 270° is 11. This technique is popular in the midrange-speed
modems (1200 to 2400 bps).

The term “‘baud’ is often confused with bps. Baud really means the
number of data symbols or unique codes transmitted per second. In this case
there are 2 bits per data symbol, so a bit rate of 1200 bps corresponds to a b.aud
rate of 600 baud. Ir the previous 103/113 series example, the FSK techmqu_e
encoded 1-bit patterns using one data symbol (a frequency). Therefore,.the bit
rate and the baud rate were the same (e.g., 300 bps and 300 baud). In this 212A
series using DPSK, designers achieved four times the bit rate (12‘00 bps) and
only needed to double the baud rate (600 baud). Phas? modulation uses the
telephone bandwidth more efficiently for this digital application than does frequency
modulation.
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1. Bizcomp Menlo Park, CA
2. Cermetek Microelectronics Sunnyvale, CA
3. Concord Data Systems (CDS) Lexington, MA
4. Datec Chapel Hill, NC
5. Digital Equipment Corporation (DEC) Maynard, MA
6. General Datacomm Industries (GDC) Danbury, CT
7. Hayes Microcomputer Products Norcross, GA
8. Infotron Systems Cherry Hill, NJ
9. Micro-Baud Systems Santa Clara, CA

10. Mod-Tech Fremont, CA

11. Multi-Tech Systems New Brighton, MN
12. Nippon Electric Corp. (NEC) Santa Clara, CA
13. Novation Tarzana, CA

14. Omnitec Data Phoenix, AZ

15. Penril Rockville, MD
16. Prentice Sunnyvale, CA
17. Racal-Vadic Sunnyvale, CA
18. Rixon’ Silver Spring, MD
19. Tek-Com San Jose, CA

20. Universal Data Systems (UDS) Huntsville, AL
21. U.S. Robotics Chicago, IL

22. Ven-Tel Santa Clara, CA
23. Western Electric

24. Wolfdata Ithaca, NY

25. Zoom Boston, MA

Figure 13.2 Companies making 212A-compatible modems.

One of the technologies that has helped improve the performance while

lowering the cost of the modem is the increasing-performance LSI digital filters.
These filters are what separate out the originate and answer channels and previously
were complicated, difficuit-to-build analog filters. All filtering in the modern
212A modem is done digitally.

Higher Speed

Above 1200 bps, compatibility with the AT&T modems is more the exception
than the rule. AT&T has a 2400-bps modem, the 2224B. Some manufacturers
of 2400-bps modems follow the international CCITT V.22 standard. Increased
data rates require more sophisticated techniques to ensure error-free reception.
Most designs retain the same bands as the 212A modems. This permits use of
the digital filter chips designed for the 212A. It also provides for easy automatic
fall-back to the 1200-bps rate if the line noise is too high for reliable 2400-bps
communication.

These modems generally use the quadrature amplitude modulation (QAM)
technique. QAM uses both phase and amplitude to encode multiple-bit patterns.
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By using combinations of four different phase changes and four different amplitude
changes (16 combinations), 4 bits are encoded. One phase-amplitude change
corresponds to a specific 4-bit pattern. Thus the same baud rate of 600 baud
used in the 212A permits a bit rate of 2400 bps.

3 PERFORMANCE CAPABILITIES

There is a performance loss as bit rate is increased by using more encoding.
There is an increasing chance of noise transients destroying a whole group of
bits rather than just one bit at a time as in the FSK approach. Techniques such
as adaptive equalization permit good performance at the higher speed while
maintaining acceptable error rates.

Line Conditioning

Line conditioning is a technique for increasing data-handling capacity. Conditioning
involves the addition of passive circuits to the line in order to improve amplitude
degradation and frequency delays in the line.

Equalization

The higher-speed modems use adaptive equalization. They ‘‘learn’’ the electrical
characteristics of the telephone channel, and compensate electrically for line-to-
line differences. Most 212A designs successfully use fixed equalizers that are
set for a “typical” voice-grade line. The adaptive equalization significantly
reduces the error rate for the higher-speed modems.

Filters

Although modems merely convert digital signals to analog form and back again,
how well they perform this task depends primarily on their transmit and receive
filters. Filters determine important operating parameters, such as dynamic range,
signal-to-noise ratio, and bias jitter. Filter design is important with full-duplex
operation and is complicated by the fact that the modulated data carrier passes
through the modem’s transmit filter and DAA enroute to the phone line. The
DAA contains a two-to-four wire converter that mixes the transmit and receive
data carriers. If the telephone-line impedance is not exactly 600 2, the converter
reflects a portion of the transmit carrier signal into the receiver-signal path. In
general, a two-to-four-wire converter can reduce the reflected transmit signal by
approximately 10 dB when line mismatches stay within 30%.

Bias jitter. The principal cause of receive-data bias jitter relates to the
filter’s group-delay specifications. If a logic 1 bit and a logic 0 bit take diﬁ‘erept
amounts of time to pass through the filter, the data received reflect this differential
delay as bias jitter.
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Signal-to-noise performance. To optimize the SNR, the receiver filter’s
bandwidth should be as narrow as possible. A good rule of thumb for an FSK
modem is that the receiver bandwidth should be approximately equal to the
modem’s maximal bit rate (Durham, 1982a). Thus a 300-Hz bandwidth is optimal
for a 300-bps modem.

Microprocessor Control

The features of modern voice-grade modems were established by a popular
microprocessor-based modem product by Hayes, the 1200-bps Smartmodem 1200.
Most manufacturers of modems operating up to 2400 bps claim Hayes compatibility.
Thus this AT&T 212-type modem is the de facto standard. These modems have
a built-in command set that provides for control by a PC. Since each command
defined by Hayes is a sequence of ASCII characters preceded by the characters,
AT, this is called the AT command set.

Standard features are auto-dialing and auto-answer capabilities (see Figure
13.3). Typically, the modem is designed on a plug-in PC card, but there are also
many external models that have their own enclosure and connect through the
RS-232C serial interface.
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Getting Connected for Communication

Before any data can be transmitted or received, a connection between two
modems must be established. A call can be originated either manually or ay-
tomatically (by an automatic calling unit). When an originating modem detects
an answer, the modem is placed in the data mode. Similarly, a call can be
answered either manually or automatically, and the modem placed in the data
mode at the appropriate time. Figure 13.4 shows a typical modem call establishment
sequence. During the call sequence, the correct originate or answer mode must
be set.

. Call is placed to the remote modem.

Ringing occurs at the answering end.

. Answering modem is enabled to answer the call.

. Answering modem goes off hook at completion of ringing.

. Answering modem waits 2 s for the billing delay specified in part 68 of the FCC

regulations.

. Answering modem turns on transmitter to send an answering mode mark (2225 Hz).

7. The mark answer tone is received by the originating modem, and the.originating modem is
placed im the data mode.

8. Originating modem activates its carrier detect signal after its carrier detect delay.

9. Originating modem unsquelches its transmitter, sends an origination mode mark (1270 Hz),
and starts a 200- to 350-ms clear-to-send delay.

10. Answering modem receives originate mode mark signal.

11. Answering modem activates its carrier detect signal after its carrier detect delay.

12. Answering modem activates its clear-to-send signal. Answering modem can now start data
communication.

13. Clear-to-send delay of the originating modem expires. Originating modem can now start

data communication.

[ e S e

o

Figure 13.4 Modem call establishment sequence.

Depending on the particular application requirement, there are several call-
termination procedures. A modem terminates a connection (goes ‘‘on hook’’)
when a received carrier energy loss is detected. This sequence begins when the
received signal level goes below the carrier detect turn-off level. If the carrier
is off longer than the turn-off time delay, the modem immediately turns off the
transmit carrier. The modem is then disconnected from the network. Modem
manufacturers offer jumper wires or switches for this mode selection (Hanson,
1983).

If the answer modem does not receive a valid carrier signal in 10 to 18 s,
the modem goes on hook (auto-answer modems). If the modem is called by
mistake, it will not stay connected to the phone line because it will see no
received carrier.
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13.4 COMMUNICATION PROTOCOL

In order for a PC to communicate with another computer over a telephone system,
there must be a communication protocol. The computer must be able to tell
when another computer is trying to communicate. Also, transfer of files must
be done in an orderly way, with both computers using the same definition of
the data stream.

A communication protocol was established a number of years ago for 8-
bit CP/M computers. This was in the form of a program called XMODEM that
was placed in the public domain, free for anyone to use. This program has
evolved and persisted over the years. The protocol established within the program
is very popular im PC communication products. In order to transfer data, XMODEM
uses a defined block shown in Figure 13.5.

Complement
Block »! of block > Data e ... —] Checksum
number number

128 bytes
Figure 13.5 XMODEM block format.

Once a communication link is established, blocks of 128 bytes at a time
are transmitted. Each block starts with a byte called the block number that
identifies it. Following this is the complement of the block number. Next in
the transmission are the 128 bytes of data from the file being transferred. Finally,
there is a 16-bit cyclic redundancy check (CRC) word calculated from the data
bytes (see Chapter 6).

Figure 13.6 shows the interaction required between sender and receiver.
Once the telephone link is established, the receiver sends a sequence of ASCII
NAK characters to let the sender know that it is available to receive data. If
the sender receives two of these NAKSs in 10 received characters, it knows that
it is connected to a ready receiver. The sender starts the transmission by sending
the control character SOH, which alerts the receiver that a block of data will
follow. After accepting 132 bytes (block number and its complement, 128 data
bytes, and the 2-byte CRC), the receiver determines if the data were received
properly by checking for the correct block number and CRC. To check for the
correct block number, the receiver adds these two bytes together. If the result
is something other than zero, it knows that there is a transmission error. The
receiver also computes the CRC of the received data and checks for agreement
with the transmitted CRC. Lack of agreement signals a transmission error.

If no error is detected, the receiver sends an ACK character to the sender.
The sender either sends the next block or sends an EOT character to the receiver
indicating the end of the file transfer. In the case of a detected error, the receiver
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Sender Receiver
Watch for two Send a NAK (15H)
NAK (15H) in
. every 10 seconds.
10 received Repeat 10 times
characters
Yes
Send a SOH (01H)
to signal start
of block

i Send a block :

Receive a block

Check block number,
Check checksum.

Send last
block Both OK?
again

Seb"ldoc":"‘ Send ACK (06H)

Yes

Send an EOT (04)

Figure 13.6 XMODEM communication protocol. Receiver can cancel sending at any time
by sending CAN (18H). Communication terminates if either end times out.

sends a NAK character to the sender, and the sender responds by retransmitting
the previously sent block of data.

If a connection is established, and the sender and receiver do not accomplish
the proper handshaking within a minute or so of the connect, the communication
terminates. Also, the receiver can stop the sender from transmitting further by
sending it a CAN character at any time.

XMODEM and other programs like it operate interactively through the
keyboard/display, giving the user ultimate control over the communication process.
Other popular communication programs include PC-Talk, Crosstalk, and Qmodem.
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Local
Area
Networks

Thomas J. Yorkey

A typical office setting may have personal computers, printers, telecommunication
devices, plotters, and perhaps mainframe computers. Ideally, we would like to
link all of these together in a local area network (LAN) so that they may either
run normally or communicate with one another. This could increase productivity
and permit consolidation of shared high-quality peripherals, such as laser printers.
For data acquisition, a remote-sensing system might have a set of nodes located
throughout a building or group of buildings. A LAN would permit the transfer
of collected data to a central PC.

A LAN is a data-communication system which allows a number of independent
data devices to communicate with one another. It is very simply a means for
connecting all the desired equipment together. A device connects onto a LAN
much like a terminal connects to a printer port. This connection is made through
a node, which in the simplest case is a ‘““smart box” that prefixes the address
of the intended receiver to the data it transmits and also watches for messages
to its own address on the network.

In this chapter we review the basic types of LANSs available, multiplexing
techniques, network topologies, and one very popular LAN called Ethernet. We
have not attempted to review all the possible LANs in the marketplace. This
is still an evolving area, with many manufacturers, including IBM, introducing
different hardware/software solutions. Eventually, one manufacturer, possibly
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IBM_, will emerge with the de facto standard. However, it is not clear at this
writing which company that will be.

14.1 LAN TYPES

Frequency

Based on the mu!tiplex.iqg techniques used, we can separate LANSs into two
broad categones: time division and frequency division (Anonymous, 1984). These
two techniques use the available bandwidth of the system differently.

Time-Division Multiplexing

Figure 14.1(a) shows that in a time-division-multiplexed (TDM), or baseband-
ne.tworking, system, a single device communicates on the network at a time,
using the full bandwidth of the system. This approach permits a very high
communication bit rate. To allow many users access to the network, the length
of a transmission must be limited to some predefined duration. Attached to the
beginning of each block of data is the address of the node where the data are
to be sent. Each node examines the address on the bus to identify its own data.
A LAN that uses time-division multiplexing is limited to only one user at any
instant. The practical limit on the total number of users on the LAN is determined
by the average message length and total number of messages that must be
transmitted in a given time.
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Frequency-Division Multiplexing

Figure 14.1(b) shows that in a frequency-division-multiplexed (FDM), or broadband,
network, the bandwidth is divided into a number of nonoverlapping frequency
bands. Each pair of communicating nodes is assigned one of these frequency
b‘ands. Thus at any instant many users may simultaneously be using the network,
since they are using different frequency bands.
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Typically, once two nodes establish a link on a broadband network, that
frequency band is dedicated to them so that no more addressing need precede
the data and no limit need be placed on the transmission length.

Frequency-division multiplexing has the advantage over time-division myl-
tiplexing that many users may be on the network simultaneously. However,
there is a physical limit to the total number of users that may use the network
simuitaneously. If all the frequency bands are used, no one else can get onto
the network. Thus FDM is faster than TDM, but the number of users may be
fewer. Some manufacturers use the same bands as those used by cable television.
This permits use of components and subsystems that are inexpensive and reliable,
since they have been placed in the high-volume market by the cable companies.
Such a broadband approach permits more than 100 simultaneous channels, each
operating at 9600 baud over a single coaxial cable.

2 NETWORK TOPOLOGIES

Although we can divide networks into two types of multiplexing techniques, the
way in which the nodes are interconnected can vary greatly. The map of how
the network is set up is called a network topology (Niles, 1983). We review
three of the most common network topologies: star, ring, and bus.

Any network topology must minimize the problems of contention and of
collision. Contention occurs when a node wants to transmit data onto the network
but the network is busy. Collision occurs when a node is transmitting data onto
the network and some other node starts to transmit on the same channel. This
collision of data results in a useless transmission for both nodes.

Star

Figure 14.2(a) shows the star network topology. A cel}tra_ll node accepts all
transmission, determines for which node the message is intended, and then
transmits the message to it. Time-sharing mainframe computer systems use the

(a) (b) (c)
Figure 14.2 Network topologies. (a) Star. (b) Loop. (c) Bus.
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star network. In this example, the central node is the computer and the other
nodes are the time-sharing terminals. All terminals transmit to the central node,
and the central node transmits to the terminals.

The central node must have buffers set up to prevent contention problems.
That is, the central node must be able to accept and transmit to all nodes

. simultaneously. Collision problems cannot occur because each node has its own

dedicated line to communicate with the central node.

A major fault with the star network is that if the central node goes down,
so does the whole system. The star network can be realized in either a broadband
system or by using a separate baseband system for each outer node.

Figure 14.2(b) shows the topology for the ring network. The concept is very
similar in operation to the parlor game ‘‘pass it on.”” The data are transmitted
from one node to the next in one direction only. If the data are not intended
for a given node, that node transmits the data onto the next node.

Contention problems are handled by the use of tokens. Tokens are predefined
blocks of data that travel along the network much as boxcars travel in a train.
The token circulates around the network, polling one station at a time for data
to transmit. If a node wants to put data onto the network, it looks for an empty
token and then fills it up. Once the token is intercepted by a node, it emits a
busy signal so that no other node can interrupt the transmission process. If a
node is an intended receiver, it accepts the data and leaves an empty token,
which then circulates and continues polling. Collision problems cannot occur
because a node can only transmit into one token at a time and it is the only
node that can be filling that token.

A ring network is inherently a TDM system. With this network, if any
node stops functioning the whole network breaks down. If a new node needs
to be added to the network, or an old one is removed, the whole network must
be turned off while the corrections are made.

The bus network is probably the most promising of all networks for office
automation. Figure 14.2(c) shows that the bus network is a baseband system to
which all the nodes connect. Before a node starts to transmit, it must sample
the bus to make sure that no other node is transmitting at that time. Each
transmission usually has a data limit to minimize contention. An advantage of
the bus network is that it will not stop functioning due to the loss of any particular
node. Thus nodes may be easily added or removed without any constraints on
the use of the network. Also, unlike the star, which requires a separate cable
running from each node to the central node, the bus is implemented by running
a single cable (usually coaxial or twisted pair) through all the offices. The nodes
then tap into the nearest location on the cable.



390 Local Area Networks  Chap. 14

Hybrids

A network may be a combination of the types listed above. Various types of
topologies can be intermixed together with a system that uses time- and frequency-
division multiplexing. These networks may serve some greater need than could
be served by a single type of network.

File Server

A file server is a network device based on a hard disk that provides file sharing
among the nodes in a LAN. A file server permits simultaneous use of the same
file by several nodes. This is unlike a disk server, which dedicates a portion of
a hard disk to each user and prohibits two users from opening the same file at
the same time. Typically, a file server provides mechanisms for private files as
well as public files so that a user can store information that will be accessible
only to himself. Normally, the public files include general-purpose programs
such as word processors and spreadsheets that all on the network can share
simultaneously.

4.3 LAN EXAMPLES

There are many types of LANS available to the consumer, and at this writing,
there is not yet a clear first choice. LANGs are relatively complicated to implement
because they depend not only on hardware but also on operating system and
application software. A multitasking operating system or operating environment
is necessary for general-purpose LAN use because the PC must be able to monitor
the LAN communications at the same time that it is running an application
program. To date IBM has not introduced a multitasking version of PC DOS,
and operating systems like Unix that have such capabilities have not become
popular in the PC world. One publisher alone offers more than 30 LAN titles
from the beginning to the advanced level (Telecom Library, 1985). In implementing
a LAN, a manufacturer typically follows one or more standards, a set of which
is published by the IEEE (1985). In this section we discuss LAN offerings fromn
several companies, including IBM and AT&T. There are many books available
on LANSs.

Ethemet

One of the first and still popular LANs is Ethernet, a bus-type LAN developed
jointly by Xerox, Intel, and Digital Equipment Corporation. There are a num.ber
of companies that offer this type of LAN. One leading vendor is 3Com Corporation.
Ethernet is a baseband system that uses a coaxial cable that is routed throughout
an office building. The cable is routed to pass within a few meters of the devices
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that are to connect to the network. These devices connect to the cable through
their own nodes (called controllers).

Contention and collision problems are handled by the controllers by a
process with the imposing title *‘carrier-sense multiple access with collision
detection’” (CSMA/CD). If a device wants to send data onto the network, it
samples the bus to see if something is already being transmitted. If the bus is
free, the controller sends the data onto the network. But if the network is busy,
the controller waits a random amount of time before trying to retransmit. If the
line is still busy, the controller waits an even longer random period of time.
Since each controller on the network is waiting a random duration before trying
to retransmit, the probability that all controllers will get their message on the
bus is increased, since they are likely to access the network at different times.

To overcome collisions, the controller continues to monitor the bus as it
is transmitting the data. If for some reason it senses something on the bus that
it did not transmit, it assumes that a collision must have occurred, so it stops
transmitting. Since the controller that transmitted the data that caused the collision
is also sampling the bus, it too stops transmitting. Both controllers then wait a
random length of time before trying to retransmit the entire block of data again.
This random wait increases the probability that both controllers will be able to
use the network without another collision. If a repeated collision occurs, the
mean length of random waiting increases.

Ethernet is an asynchronous transmission system, so each data block is
defined so that controllers can check the validity of transmission. Figure 14.3
shows that all messages start with a synchronization bit. Following this are the
address of the intended receiver, the source address, then a block of data of
predefined size, followed by a cyclic redundancy check (CRC). K for some
reason the receiver detects a CRC error, it requests retransmission from the
source.
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« Figure 14.3 Asynchronous transmis-
Time sion in the Ethernet system.

The length of the coaxial cable in Ethernet should not exceed 500 m. The
maximal number of nodes is 1024. But these systems may be cascaded to allow
longer cables and more nodes. Current technology allows for transmission rates
of up to 10 Mb/s (Guteri, 1984). Research shows that there are no appreciable
delays on Ethernet until system use is at almost 100% capacity.
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1IBM PC Net

This LAN was IBM’s first offering. Like Ethernet, it is a broadband system
that uses both coaxial cable and CSMA/CD. It provides for speeds of 2 Mb/s
and can support 72 PCs in groups of eight within 1000 ft of each other. Expansions
permit connecting up to 1000 PCs and bridges to other networks.

IBM Token Ring LAN

Physically, this network is wired as a star, but it operates logically as a token
passing ring. Thus there are no collision problemns since a PC cannot communicate
until an empty token is passed to it. This LAN operates as a baseband system
to 4 Mb/s. It can operate with Type 2 IBM twisted-pair cabling and can connect
to PC Net. The TI TMS380 token ring LAN chip set was developed for in-
plementing this network.

AT&T StarLAN

StarLAN is developed around the idea that every office building already has a
telephone system installed with twisted-pair wiring already in place. Although
this type of wire will only support speeds of 1 Mb/s, one-tenth the communication
rate provided by the coaxial cable of Ethernet, there is the advantage that minimal
rewiring is necessary to install a system in an existing building. The wire itself
is much less expensive than coaxial cable; thus this approach also has lower
wire costs for new installations.

Like Ethernet, this LAN uses the CSMA/CD protocol. It is a bus type
with a bus only 1 m long. The bus is located in the telephone wiring closet.
The short bus permits fast responses to detected collisions. Each PC connects
to the bus through twisted-pair wires using RS-422 differential line driver/receivers
(see Chapter 6). Hence the name StarLLAN since the configuration is a star. A
file server and network controller is at the center of the star. One bus can handle
up to 50 PCs located within 600 to 800 ft of the wiring closet. Multiple buses
can be tied together to increase the number of PCs in the LAN. The Intel 82586
chip set implements most of the StarLAN functions, including CSMA/CD.

Zenith Z-LAN

This is a broadband, coaxial cable LAN based on cable television technology.
This cable can carry four separate 500-kbps individual networks on separate
channels for distances up to 30 miles. In addition, it can carry voice or video
on two additional channels. Each Network Communications Unit can support
two PCs connected through RS-232C interfaces.

Corvus Omninet

This is a twisted-pair baseband LAN that runs at 1 Mb/s with CS'MA/CI'). It
supports up to 64 stations at 4000-ft separation. NEC is developing a single-
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chip controller that implements Omninet protocols that promises to increase the
bit rate to 4 Mb/s.

GM MAP

The General Motors Manufacturing Automation Protocol (MAP) LAN has as its
principal focus the interconnection of PCs on the factory floor (Kaminski, 1986).
It is a broadband, token-passing bus system. An advantage of broadband in this
application is that it allows several networks to exist simultaneously on the same
cable while providing the capability to carry voice and video on the cable as
might be needed for a security system.

14.4 STANDARDS

A number of standards are already published and others are in process that
define the various aspects of LAN technology.

10S/0sI

The International Organization for Standardization has developed the OSI (Open-
System-Interconnection) reference model (Voelcker, 1986). This architecture
provides for media and access-method independence. The organization of a LAN
using this approach consists of a hierarchical seven-layer tree that provides the
connection between the physical attachment to the network and the application
programs. The tree is implemented for different LANs with combinations of
hardware, software, and firmware. The seven layers are:

1. Physical

2. Data link
3. Network

4. Transport
5. Session

6. Presentation
7. Application

The physical layer contains the functions to make and break a connection,
and to maintain the connection while activated. For example, the CSMA/CD
or token-passing protocol is done here. The electronic and mechanical parts of
the transmission medium are not considered to be part of the physical layer, but
rather are parts of the medium itself. The data link layer provides synchronization
and error control for data sent over the physical connection. The network layer
routes communications through network resources to the part of the system with
the communicating application. It acts as a network controller by its selective

. routing of data to the appropriate process. The transport layer does end-to-end

data transfers. The session layer contains user shells. The presentation layer
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manipulates data into presentation form between points in the netw.ork., making
sure that the receiver can understand and use the data. The application layer
provides the home for resources for manipulating data such as file transfer,
terminal emulation, and distributed processing. ‘

The physical, data link, and network layers together ppwde the components
of the network used to transmit a message. The application, pre:sentatlon, and
session layers operate without regard for the actual physical medium used. The
transport layer is the liaison between these two groups of layers.

IEEE 802.5

This standard contains formats and protocols for the token ring, particularly the
token-passing sublayer, the physical layer, and the means of attach.ment to the
physical medium of the token-passing ring. This provides the basis of IBM’s
Token Ring.

IEEE 802.4

This deals with the token-passing bus access method and the associated physical
signaling and media technologies. The GM MAP LAN for the factory floor is
based on this standard.

IEEE 802.3

This is the standard for LANs that use CSMA/CD as the communication method.
Such networks include Ethernet, StarLAN, and PC Net. A TOP (Technical and
Office Protocol) for LANs in the office environment is based on this standard
(Farowich, 1986).

IEEE 802.2
This standard discusses the logical link control sublayer in the LAN protocol.
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LANSs are relatively expensive. Ethernet costs typically start at about $1000 per
controller and $4.00 per foot of cable. But the increase in efficiency §hould
offset this expense. Others sell for much less, depending upon capabilities.

The IBM Token Ring and Ethernet are comparable in performance even
though the Token Ring has a bit rate only 40% that of Ethernet. The chief
difference is that the token ring approach is deterministic (predictable) in t_ha‘t a
node knows when it is its turn to transmit compared to the random-time-transmission
approach of Ethernet.

LANs are important in the development of the automated office (Saal,
1981). When you return to your desk, you call up on your desk computer all
the messages that have been collected since you were away. You then see what
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needs to be done and answer any messages by calling up other users of the
network. You could generate a rough draft of a letter and transmit it to your
secretrary for revising, printing, and mailing. LANSs are also potentially useful
for transferring data among computers in multiple-location sensing applications.
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Manufacturers
of Interface Hardware

for the PC
Willis J. Tompkins

Here we list commercial sources of hardware for interfacing the IBM PC in the
laboratory environment. These interfaces include data-acquisition systems and
GPIB controllers.

There are two basic types of data acquisition systems: parallel interface
boards that plug directly into the PC’s system bus and RS-232C serial interface
devices that connect through the asynchronous communication adapter. The
parallel boards are generally more versatile, faster, more expensive, and require
a higher level of user expertise. The serial interface devices have less flexibility,
are easier to program and use, and can be separated from the PC by a distance.
You should select the type to use depending on the application. To use a parallel
board, you need a working knowledge of the principles in Chapters 3, 4, and 5,
and for the serial devices, Chapters 4, 5, and 6.

The GPIB permits the PC to control up to 15 laboratory instruments. The
details of this interface are summarized in Chapter 12.

.1 MANUFACTURERS OF PARALLEL DATA
ACQUISITION BOARDS

Action Instruments Analog Devices

8601 Aero Drive Two Technology Way
San Diego, CA 92123 Norwood, MA 02062-9106
(619) 279-5726 (617) 326-8703

396

Sec. A.2 Manufacturers of Serial Data Acquisition Systems

Burr-Brown Corporation
P.O. Box 11400
Tucson, AZ 85734

(602) 746-1111

Computer Continuum

75 Southgate Avenue, Suite 6
Daly City, CA 94015

(415) 755-1978

Cyborg Corporation

55 Chapel Street

Newton, MA 02158

(617) 964-9020

Data Translation, Inc.
100 Locke Drive
Marlboro, MA 01752
(617) 481-3700

ICS

8601 Aero Drive

San Diego, CA 92123
(619) 279-0084

Keithley DAS

28775 Aurora Road
Cleveland, OH 44139
(216) 248-0400

MetraByte Corporation

440 Myles Standish Boulevard
Taunton, MA 02780

(617) 880-3000

Acrosystems Corp.
66 Cherry Hill Drive
P.O. Box 487
Beverly, MA 01915
(617) 927-8885

Adac Corp.

70 Tower Office Park
Woburn, MA 01801
(617) 935-6668

Elexor Associates

P.O. Box 246

Morris Plains, NJ 07950
(201) 299-1615

Qua Tech, Inc.

478 East Exchange Street
Akron, OH 44304

(216) 434-3154

Rapid Systems, Inc.
755 North Northlake Way
Seattle, WA 98013

Scientific Solutions, Inc.
6225 Cochran Road

Solon (Cleveland), OH 44139
(216) 349-4030

Solartron Instruments
Two Westchester Plaza
Elmsford, NY 10523
(914) 592-9168

Stapleman Corporation
7911 North Rockledge
Glendale, WI 53209
(414) 352-5777

Tecmar Incorporated

6225 Cochran Road

Solon (Cleveland), OH 44139
(216) 349-0600

A.2 MANUFACTURERS OF SERIAL DATA ACQUISITION SYSTEMS

Omega Engineering
P.O. Box 4047
Stamford, CT 06907
(203) 359-7700

Remote Measurement Systems, Inc.

P.O. Box 15544
Seattle, WA 98155
(206) 328-2255

Software Science
P.O. Box 44232
Cincinnati, OH 45244
(513) 561-2060
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Starbuck Data Corporation

P.O. Box 24

Newton Lower Falls, MA 02162
(617) 237-7695

Tarus Computer Products, Inc.
4 Limbo Lane

Amherst, NH 03031

(603) 673-6662

Transensory Devices, Inc.

44060 Old Warm Springs Boulevard
Fremont, CA 94538

(415) 490-3333

} MANUFACTURERS OF GPIB BOARDS

ICS

8601 Aero Drive

San Diego, CA 92123
(619) 279-0084

IOtech

23400 Aurora Road
Cleveland, OH 44146
(216) 439-4091

MetraByte Corporation

440 Myles Standish Boulevard
Taunton, MA 02780

(617) 880-3000

TransEra Corporation
3707 North Canyon Road
Provo, Utah 84604

(801) 224-6550

Zi-tech Instrument Corp.
21-51 Park Boulevard
P.0. Box 60490

Palo Alto, CA 94306
(415) 326-2151

National Instruments

12109 Technology Boulevard
Austin, TX 78727-6204

(512) 250-9119 )

Qua Tech, Inc.

478 East Exchange Street
Akron, OH 44304

(216) 434-3154

Real Time Devices, Inc.
1930 Park Forest Avenue
P.O. Box 906

State College, PA 16804
(814) 234-8087

Schematic Diagram
and Port Definitions

Willis J. Tompkins

Examples throughout this book use either the prototype board developed in the
book or the commercial Tecmar Lab Master data acquisition card. The port
assignments of both are listed here.

B.1 PROTOTYPE DATA ACQUISITION BOARD

Figure B.1 is a complete schematic diagram for the data conversion prototype
board developed in this book. Figure B.2 gives the port assignments for the
ports on the prototype board that are defined throughout this book.

B.2 TECMAR LAB MASTER DATA ACQUISITION BOARD PORTS

Figure B.3 gives the port assignments for the Tecmar Lab Master data acquisition
card used in other examples in the book. The Tecmar card has 16 analog inputs
provided by a 16-channel analog multiplexer connected to a 12-bit successive-
approximation ADC. It has two analog outputs provided by two single-chip 12-
bit DACs. The card also has 24 bits of digital 1/0 implemented with an Intel
8255 chip, the same one used on the prototype card developed in this book.

DAC operation. To send a 12-bit number to the DAC, the number is

divided into two bytes and sent one byte at a time. For DAC channel 0, write
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Figure B.1 Prototype board data conversion circuit. This schematic was produced
using a computer-aided design system. Included is all the circuitry from Figs.
3.6, 3.7, 3.11, 3.27, 3.31, 4.16, 5.19, 5.20, and 5.21.
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402 Schematic Diagram and Port Definitions Appendix B

4l Port

lect number

e (hex) Name Function Component
) 300 PORTA Parallel /O port A Intel 8255

i 301 PORTB Parallel I/O port B Intel 8255

i 302 ~ PORTC Parallel /O port C Intel 8255

3 303 PCNTRL Parallel 1/O control Inte} 8255

1 304 CNTO Counter 0 Intel 8253

5 305 CNTI Counter 1 Intel 8253

5 306 CNT2 Counter 2 Intel 8253

1 307 TCNTRL Timer/counter control Intel 8253

8 308 ADC ADC address and National ADC0816

data

9 309 STAT ADC status 74LS365A

10 30A START ADC start National ADC0816
1 308 DACO DAC address Analog Devices AD558
12 30C GATE Timer/counter gate 74L.S373

13 30D Joystick port 741.5244

14 30E Unassigned

15 30F

16 310

By 3n

18 312

i 313

120 314

21 315

2 316

23 317

24 318

25 319

26 31A

7 31B

328 31C

329 31D

E30 31E
E31 31F

Figure B.2 Port assignments for the prototype board.

the most-significant byte to port 710H and the least-significant to port 711H. For
DAC channel 1, use the same approach with ports 712H and 713H.

ADC operation. To set up the ADC, write the number 80H to control

port 714H. Write the channel number to port 715H. Write anything to port
716H to start conversion. Wait for the end of conversion bit to go high (bit 7
of status port 714H). Then read the least-significant byte from port 715H and
the most-significant byte from port 716H. Reading from port 716H must always
be done because it is this read process that resets the end-of-conversion bit.
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Port
number
(hex) Function
710 Output: DAC channel 0 most-significant byte
data
m Output: DAC channel 0 least-significant byte data
712 Output: DAC channel | most-significant byte
data
713 Output: DAC channel 1 least-significant byte data
N4 Output: Tecmar control
Input: Tecmar status register
s Output: Write ADC channel (0 to 15)
Input: ADC LSB
716 Output: ADC start conversion control
Input: ADC MSB
nc Parallel 1/0 port A
D Paraliel 1/O port B
TIE Parallel /O port C
TIF Output: Paraliel /O control

Figure B.3 Port assignments for the Tecmar Lab Master data acquisition card.

Parallel 1/0 operation. The parallel 1/O ports are implemented with the
same part as used on the prototype board described in this book, the Intel 8255.
It operates in the same manner except that different ports are assigned to it.



Sec. C.1 The Program

Cursor commands:
1 - Left cursor 2 — Right cursor
Arrow keys move cursors left and right
and waveform up and down
SHIFT key accelerates cursor commands
m — Move wave left to cursor location
z — Zip outside cursors

# — Change sample rate b — Sweep
x — XY Lissajous display p — Polarity inversion
d — Derivative i - Integral
. e f — Low-pass filter r — Resample
Dlgltal s — Smaller 1 - Larger
o0 — Original q - Save display as original
- v — View both waveforms h - Histogram
OSC]]_IOSCOPC . CTRL-r - Read file CTRL-w — Write file
g — Set sampling gain
* — Peak search ! — Print display

Program

? — Back to this display CTRL-c - Quit

Willis J. Tompkins | °

Figure C.1 The “‘help’ screen showing the key functions of digital oscilloscope

Continue

program PCDAT.
By adding a parallel data acquisition card and a graphics card, you can turn your
PC into a digital oscilloscope for capturing and manipulating analog data. For N
this example, we use the prototype board developed in this book and a Hercules de shift: i\
monochrome graphics card (Hercules Computer Technology, 1984). The reason -a6v
that we chose this graphics card is its excellent display resolution of 720h X I
348v (compared to IBM’s color graphics adapter resolution of 640h X 200v). :
>.1 THE PROGRAM Cursors: -
Left: A - :’A‘-.__/’-' 4
The digital oscilloscope program (called PCDAT) is written in the high-performance ::&)Vm ATl 3 ;
C language, which we recommend as the language of choice for serious laboratory . N
computer applications. For developing the program, we used the Lattice C Right:
compiler (Lattice, 1984) and software tools from the C-food smorgasbord (Lattice, ggovms
1983). We used the commercial HALO C libraries for graphic processing (Media )
Cybermetics, 1985; Traister, 1985). Delta:
The PCDAT program permits capture and display of a single-channel analog ;Jfg"‘:s
signal at a selected sample rate. Single keystroke functions are included for ’ pa——

manipulating the data in many ways, including low-pass filtering (key ‘“F”’
P 8 y y g P g (key ) Figure C.2 Normal display screen of PCDAT. The upper-right window shows

dlﬂ‘erer.‘tlauon (key “D"), imd ",‘,t egration @key I"). . . the original waveform captured, in this case, an electrocardiogram. The large
Figure C.1 shows the “‘help”’ screen with all the keyboard functions. Figure window shows the resultant waveform, in this case the derivative, after processing

C.2 shows the normal display mode. The original waveform captured is in the ; the original waveform.
404




406 Sec. C2  Future Software Directions

small window at the upper right. The processed version of the waveform is in
the main display window. Figure C.3 is an example of an x-y (Lissajous) display
obtained with the ‘X’ key function. The results of any keystroke function are
computed and displayed almost instantaneously.

Figure C.3 The x-y or Lissajous dis-
play of PCDAT. The original wave-
form of Figure C.2 is plotted on the x
axis, and the processed waveform is
on the y axis.

We have included the complete program listing here so that you can see
the various processing algorithms and perhaps modify them for your own use.
Of course, a working knowledge of the C language is necessary for a proper
understanding.

2 FUTURE SOFTWARE DIRECTIONS

We are currently changing our applications over to a different C compiler and
different C graphics libraries. We are using the Microsoft C compiler (Microsoft,
1986) and the MetaWINDOW C graphics library (Metagraphics, 1986).

C Programming

Microsoft C (now at version 4.0) is among the best C compilers currently available
for the IBM PC. It includes a substantial library of functions, including support
for the Intel 8087 and 80287 math coprocessor chips. Incidentally, a math co-
processor chip is a necessity for many scientific applications. Without it, ap-
plications that require floating-point functions, such as the fast Fourier transform,
have extremely slow run-time performance. As we go to press, Turbo C from
Borland International shows great promise as a C compiler for the IBM PC. It
has excellent run-time performance, an interactive editor, and fast compilation.

There are many books available on programming in the C language. The
one by Kernighan and Ritchie (1978) provides the standard that quality compilers
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implement. However, this is not the most tutorial book on C. For learning C,
Costales (1985) provides a good reference with many examples. There is also
available a unique book /disk system for learning C interactively (Pine, 1985).

Graphics Software
For graphics displays, the MetaWINDOW C graphics library, which we are now

adopting, has many impressive features. In addition to standard graphics ca-
pabilities, this product has many extras. These include the ability to work with
multiple compilers, automatic sensing of the type of graphics board in a system,
mouse support, and no licensing fees (for one of the versions).

Most other graphics libraries are specific to the compiler. This single product
supports several compilers, including Lattice C, Microsoft C, Turbo C, Pascal,
Turbo Pascal, FORTRAN, and others. The ability to sense the type of graphics
card in a system and to adapt to it automatically is important because of the
diversity of graphics hardware products in place. Mouse support is becoming
increasingly important with the increase in Macintosh-like products for the IBM
PC, such as Digital Research GEM and Microsoft Windows. Lack of licensing
fees for the memory-resident version of the product is important for small companies
that cannot afford the fee for using graphics libraries in commercial software
products that they develop.

Data Acquisition Library

This leaves a signal conversion library. There are many signal acquisition cards
with a diversity of capabilities in the market. Since these cards are probably
the least standardized type of PC card, a library to support a particular card
must normally be obtained from its manufacturer or must be developed in assembly
language by the user. The flexibility of C in mating with assembly language
permits the development of a C-callable library. This was our approach for our
signal acquisition cards.

Another Useful Product

A very useful product for fixed disk PC users is XTREE (Executive Systems,
1986) which gives a pseudographical view of the subdirectory structure and
provides many commands for manipulating the files stored on the fixed disk. It
makes dealing with the subdirectories a delight compared with the cumbersome
commands provided by PC DOS.

/* pcdat.c - W, Tompkins - 1/9/86
Another in the long line of DAT programs.
For the PC prototype board.
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*/

Uses MultiHalo to drive different graphics cards.
All fuanctions starting with an underline character
are MultiHalo commands (e.g., _ptabs(x,y)).

To relink, you nead the following in addition to the
#include'd headers below:
lcxs.lib - C-food library
halocs.lib, halodvs.obj
haloxxxx.dev, such as halohaerc.dev or haloibm.dev
must be on default drive

To link, put files on appropriate drives and:
link halodvcs+ctb:podatf+b:podat,b:pedat, NUL,
b:halocvstb:lcxs+lcmtlc

Libraries sc.lib and function timer() are by Pat Hamilton.

#include "c:stdio.h” /* home of disk I/O commands */
#include "b:halodef.h"
#include ”"b:pcdatdef.h"

/*
/*

/*

/*

/*

/*

/*

/*

/*

/*

/*

/*

sb stores the original waveform */
db stores the manipulated waveform */
int sb[512],db([512] ;
cursor control variables */
int locur = 150, rcur = 400, icur = 150, iinc = 1 ;
int csel = 0 ;
dc shift variables */
int offset = 1, dc shift = 0 ;
sampling frequency and miscellanecus variables */
int fs = 500, ix1, ix2, *ptr, *endpnt ;
origin for text display under box */
int xtex = XTLOC, ytex = YTLOC, ytexl = YTLOC+20 ;
int ydel = 20 ;
digital filter variables */
int xnt,ynt,xml,xm2,xpl,xp2,yal,ypl,yp2 ;
buffer for text strings =/
char sbuf[80] ;
variables to keep track of cursor voltsges */
float gain = 1.0, slgain = 1.0, dgain, igain ;
variables to keep track of time base */
flcat T.dV,ms ;
disk I/0 variable */
FILE *fp ;
graphics variables */
int highres = 1 ;
float wxl = 0.0, wyl = 347.0, wx2 = 719.0, wy2 = 0.0

Appendix ¢

.
4

Appendix C Digital Oscilloscope Program

/* window (box)

definitions */

float 1bx[6], 1by[6], bbx[4], bby([4] ;

main (axgc, argv)

int arge ;

char *argv(] ;
{

int c,crot,maxval ;

int 1,9,

x,y.yl,y2, 2z ;

int func,errl ;

if (argo I= 2) (

printf("Enter graphics device - \n") ;

printf(" h for Bercules \n") ;
printe(" i for IBM\n");
printf (" e for IBM enhanced\n") ;

printe(~: =) ;
setstring(getch())
}

else setstring(*argv(i]) ;

adinit() ;
boxinit () ;

_setdev(sbuf) ;
_ingerr(func, errl) ;
if (errl == FNF)

{

printf("Graphics device handler not found\n™);
exit() ;

}

_initgraphics (highres) ;
~setworld(wxl,wyl, wx2,wy2) ;

T = (float) 1.0/fs ;
ms = T*1000.0 ;

peri() ;

_movtcabs (xtex, ytex) ;
text("Nelcome to the world of PCDAT - Type '?' for
help”) ;

while(1)

{

xtex = XTLOC ;
ytex = YTIOC ;
ytexl = YTLOC+ydel ;
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T = (float) 1.0/fs ;

ms = T*1000.0 ;

dV = 5.0/(256.0*gain*slgain) ;
_movtcabs (xtex, ytexl) ;
sprintf (sbuf, "Gain: %4.01f
_text (sbuf) ;

curse(lcur,ON) ;

curse (rcur,OR) ;
while(!pckchk()) ;

¢ = pckre() ;

/* test for SHIFT keys */

if (pckgss() == 1 | pckgss() == 2) {
iinc = 10; offset = 10;
}
/* test for non-ASCII arrow keys */
erot = (c >> 8) & OxO00FF ;
if (crot == 75) ¢ = '(!
if (crot == 77) ¢ = ')’
if (crot == 72) c = 'A!
if (crot == 80) c

“ we %o W

LI §
- ',

¢c = c & OxOOFF ;
switch(toupper(c)) {

/* The following commands deal with cursor activity

*/

/* Show cursor values

=/

case SPACE:
showvals() ;
break ;

/* Shift waveform up
=/
case '*':
dc_shift 4= offset ;
for (1 = 0; 1 <= 511; 1++) {
dbfi] = db[i] + offset ;
}
offset = 1 ;
clrlbshw() ;
break ;

/* Shift waveform down
*/

=,gain)

Appendix C

Appendix C Digital Oscilloscope Program

case ',':
dc_shift -= offset ;
for (1 = 0; 1 <= 511; 1++) {
db[i] = db[i] - offset ;
}
offset = 1 ;
clrlbshw() ;
break ;

/* Peak search
*/
case '*':
curse(lcur, OFF) ;
curse(vcur,OFF) ;
maxval = -30000 ;
for (1 = 0; 1 <= 255; 1++) {
1£(dbfi] > maxval) {
maxval = dbfl] ;
lcur = 1 ;
}
}
maxval = -30000 ;
for (1 = 256; 1 <= 511; 1++) {
1f£(dbfi] > maxval) {
maxval = dbfi]
rcur = 1 ;
}
}
curse(lcur,ON) ;
curse(rcur,ON) ;
break ;

/* Select cursor one (the left one)
*/
case '1':

csel = 0 ;

break ;

/* Select cursor two (the right one)
*/
case '2':

csel = 1 ;

break ;

.
v
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case ')':

if (csel) {
icur = rcur ; shftr() ; rcur = icur ;
}

else {
icur = lcur ; shftr() ; lcur = icur ;
}

break ;

case '(':

if (csel) {
icur = rcur ; shftl() ; rcur = icur ;
}

else {
icur = lcur ; shftl() ; lcur = icur ;
}

break ;

/* This moves the waveform at the left cursor position
to the left edge of the screen

*/

case 'N':
sweur()
j =511 - ix1 ;
for (1 = 0; 1 <= §; 1++) dbfi] = db[ix1 + 4] ;
i+t ;
for (1 = §; 1 <= 511; i++) db[i] = 0 ;
clrlbshw() :
break ;

/* This clears (zips out) everything outside the cursors
*/
case '2’:
sweur() ;
for (1 = 0; 1 <= ix1; 1i++) dbfi] = 0 ;
for (1 = ix2; 1 <= 511; 1+4+) db[i] = 0 ;
clrlbshw() ;
break ;

/* This is the end of the cursor specific commands

*/

/* Display help menu

*/

case

l?l:

manu() ;
break ;

Appendix C Digital Oscilloscope Program

/* CTRL-C to quit

*/

case CTRLC:
_Closegraphics() ;
exit() ;

/* CTRL-R  read from disk
*/
case CTRLR:
_Closegraphics() ;
printf("Read file [.dat]: *) ;
cgets (sbuf} ;
strcat (sbuf, ".dat") ;
if ((fp = fopen(sbuf, "rb")) == RULL) {
errmess() ; bresk ;
}
if ((fread(db,2,512,fp)) I= 512) {
errmess () ; break ;
}
if ((fclose(fp)) == -1) { errmess() ; }
_initgraphics (highres) ;
_setworld(wxl, wyl, wx2,wy2) ;
clrshw() ;
break ;

/* CTRL-W write to disk
*/
case CTRLN:
_closegraphics() ;
printf("Write file [.dat]: ") ;
cgets (sbuf) ;
strcat (sbuf, " .dat") ;
if ((fp = fopen(sbuf, “wb")) == WULL) {
errmess() ; break ;
}
ir ((fwrite(db,2,512,£p)) = 512) {
errmess() ; break ;
}
if((fclose(fp)) == -1) { errmess() ; }
_initgraphics (highres) ;
_setworld(wxl,wyl, wx2,wy2) ;
clrshw() :
break ;

/* Set sampling rate
*/
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case ‘'#':
_Closegraphics() ;
printf ("Sampling rate [1 - 5000 sps]: ") ;
cgets(sbuf) ;
sscanf (sbuf, "8d",&2) ;
Aif (1 <= 2z &6 2z <= 5000) {
fa =2 ;
}
alse
{
printf(”\n\nRate error - hit key C") ;
while (!pckchk()) ;
}
_initgraphics (highres) ;
__setworld(wxl,wyl, wx2,wy2) ;
peri() ;
break ;

/* This parading display sweeps away the old data
to make way for the new
*/
case 'B':
clrsecx()
Af (fs >= 1000) fs = 1000 ;
sprintf(sbuf, "Now sampling at ??? sps”) ;
_movtcabs (120,330) ;
_text(sbuf) ;
dbox() :
i=0;
while (!pckchk())
{
point(i, dbfi), OFF) ;
db[1]) = gain*adget2() ;
point (i, dbfi], OW) ;
1= (1 == 511) ? (-1) : (1) ;
++1 ;
}
¢ = pckre()
J=1;
for (L = 0; 1 <= 511; 1++)
{
sb[i] = &[]] ;
= (j==511) ? (-1) : () ;
J++ ;
}
slgain = 1.0 ;
orig() ;
goto noradisplay ;
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/* Continue
*/
case 'C':
clrshw(}

goto noradisplay ;

/* Three-point central difference derivative
y(nT) = (x(nT) - x(nT - 2T)) / 2*T
*/
case 'D':
xm2 = dbf0] << 4 ;
xml = dbfl] << 4 ;
for (1 = 2; 1 <= 511; 1++)
{
xnt = dbfl) << 4 ;
db{i) = (xnt - xm2)/2 ;
xm2 = xml ;
xml = xat ;
}
db[0] = db[2]/3 ;
dbf1] = (2*dbf[2])/3 ;
maxval = -30000.0 ;
for (1 = 0; 1 <= 511; 1i++) |
if (db[i] > maxval) maxval = db[i] ;
}
dgain = 100.0/maxval ;
for (1 = 0; 1 <= 511; i++) db[l] = db[i]*dgain ;
hanning() ;
hanning() :
hanning() ;
clrlbshw() :
break ;

/* Low-pass filter based on Hanning

*/

case 'F':
hanning() ;
clrlbshw() ;
break ;

/* Gain coatrol for sampling

*/

case 'G':
_closegraphics() ;
printf("Gain for sampling: ") ;
ogets (sbuf) ;
sscanf (sbuf, "8£",&gain) ;
_initgraphics(highres) ;
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_setworld (wxl, wyl, wx2,wy2) ;

peri() ;
break ;
/* Histogram
*/
case 'H':
clrser() ;
lbox() :

for (1 = 0; 1 <= 511 ; 1++) {
_movabs (i + XOFF, YOIT) ;
_lnabs (i + XOFF, YOFF - db[i]) ;
}

break ;

/* Trapegzoildal integration
Y(nT) = y(aT - T) + (T/2)*(x(aT) + x(nT - T))

*/

case 'I':
xnl = dbfo0] ;
yml =0 ;

for (1 = 1; 1 <= 511; 1++) {
xnt = dbfi] ;
yat = yml + ((xnt + xml) / 2) ;
xml = xnt ;
yal = ynt ;
dbfi] = ynt/10 ;
) .
db[0] = dbf1) ;
maxval = -30000 ;
for (1 = 0; 1 <= 511; i++¢) |
if (dbfi] > maxval) maxval = dbl[l] ;
}
dgain = (float) 100.0/maxval ;
for (i = 0; 1 <= 511; 1++) dbfi) = db[i]*igain ;
clrlbshw() ;
sprintf(sbuf, "Integral= %d ",ynt) ;
_movtcabs (120,330) ;
_text(sbuf) ;
break ;

/* This makes the waveform twice as large
*/
case 'L':
for (1L = 0; 1 <= 511; 1++) db[i] = db[i] << 1 ;
slgain *= 2,0 ;
clrlbghw() ;
break ;
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/* Too slow a nonfade display, but the logic is here

*/

case 'N':
clrscex() ;
lbox() ;

_Bmovtcabs (120,330) ;
_text("Now sampling at 2?7 sps”) ;
endpnt = db + 512 ;
ptr = dd ;
while(ipckchk()} {
1i=0;
while (1 <= 511) {
point (i, *ptr++, OFF) ;
ptr = (ptr >= endpnt) ? (db)
point (i++, *ptr, om) ;
}
point (511, *ptr++, OFF) ;
Ptr = (ptr >= endpnt) ? (db) : (ptr)
point (511, #ptr = adget2(), OW) ;
}
slgain = 1.0 ;
savit() ;
break ;

/* Bring original waveform back to display
*/
case '0':

slgain = 1.0 ;

orig() ;

break ;

/* Polarity inversion

*/

case 'P':
for (1L = 0; 1 <= 511; i+4) dbfi] = -db[i) ;
clrlbshw() ;
break ;

/* Replace original waveform with the one displayed
*/
case 'Q':

savit() ;

clrbbshw() ;

break ;

/* Resample at current rate
*/

(ptr)
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case 'R’
adin() ;
slgain = 1.0 ;
break ;

/* This makes the waveform smaller by a factor of two
*/
case 'S':
for (1 = 0; 1 <= 511; i++) db[i] = dbfl] / 2 ;
slgain *= 0.5 ;
clrlbshw() ;
break ;

/* View the original waveform together with the manipulated one
*/
case 'V':
clrscx() ;
lbox() :
for (L = 0; 1 <= 511; 1++) {
j = (sb[i]/2) + 60 ;
point(i, j, ON) ;
j = (dbfi]/2) - €0 ;
point(j., 3. oN) ;
}
while(!pckchk());
clrshw()
goto noradisplay ;

/* Lissajous pattern - plot of sb on x-axis
and db on y-axis
*/
case 'X":
clrscx()
1box() :
axes() ;
sweur() ;
for (1 = ix1; 1 <= 1x2; 1++4) (
x = sb[l] + 255 ;
y = dbli] ;
point(x, y. ON) ;
}
while(!pckchk()) ;
if (pckrc() == '!') break ;
clrshw() ;
goto normdisplay ;

default:
break ;
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} /* end of switch */
normdisplay: /* this takes us back */
/* to begin of while */
} /* end of while(1) */
} /* end of main ¥/

/* pcdatf.c - These are functions for use with pcdat.c
For the A/D board,
W. Tompkins - 1/9/86
*/
#include "c:stdio.h”
#include "b:pcdatdef.h"
#include "b:halodef.h”

/* 8253 timer ports

*/

#define CNTO 0x304 /* First counter register */
#define CNT1 0x305 /* Second counter register */
#define CNT2 0x306 /* Third counter register */

#define TCNTRL 0x307 /% Timer control register */

/* A/D ports

*/

#define STAT 0x309
#define CNTRL 0x30C
#define ADC 0x308

/* sb stores the original waveform */
/* db stores the manipulated waveform */
extern int sb[512],db[512] ;
/* cursor control variables */ \
extern int lcur = 150, rcur = 400, icur= 150, iinc =1 ;
extern int csel = 0 ;
/* dc shift variables */
extern int offset = 1, dc_shift = 0 ;
/* sampling frequency and miscellanecus variables */
extern int fs = 500, ix1, ix2, #*ptr, *endpnt ;
/* origin for text display under box */
extern int xtex = XTLOC, ytex = YTLOC, ytexl = YTLOC+20;
extern int ydel = 20 ;
/* digital filter variables */
extern int xnt,ynt, xml,xm2,xpl,xp2,yml,ypl,yp2 ;
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/* buffer for text strings */

/*

/*

/*

/*

/*

/*

/*

*/

axtern char sbuf([80] ;
variables to keep track of cursor voltages */
extern float gain = 1.0, sigain = 1,0, dgain, igain ;
variables to keep track of time base */
axtern float T,dV,.ms ;
disk I/0O variable */
axtern FILE *fp ;
graphics variables */
axtern int highres =1 ;
extern float wxl = 0.0, wyl = 347.0, wx2 = 719.0 ;
axtern float wy2 = 0.0 ;
window (box) definitions */
extern float 1bx[6], lby[€], bbx{4]), bby[d] ;
a/d fake variables */
axtern int *adptr, adbuf[SIZE) ;

burst sampling function to £ill buffer with data from

A/D converter --

needs the separate "for” loop to mmltiply by gain to preserve
fast sample rates

adin ()

{
int 1, yi1, y2, ims ;
float inter ;

inter = (float) 1000/fs ;

if(inter >= 1) {
img = inter ;
timer(ims, 'm') ;
}
else (
inter *= 1000 ;
img = inter ;
if(ims < 200) ims = 200 ;
timer(ims, 'u') ;
}
for (1 = 0; 1 <= 511; 1++) sb[i] = adget2() ;
/* necessary to permit fast sampling */
for (1 = 0; 1 <= 511; 1++) sb[i] = gain*sb[i] ;

orig() :
}
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adinit ()

{

outp (CNTRL, S5) ; /* Start conversion on */
/* timer tic and */
/* enable counters, */
/* interrupt on XOC. */
outp(ADC, 1) ; /* Select channel 1 */
}

adget2 ()
i
int adtemp ;

while(((inp(STAT) & 2)) == 0) ;
adtemp = inp(ADC) - 127 ;
return (adtemp) ;

}

/* Displays pretty axes in screen center
*/
axes ()
{
_movabs (XOFF+240, YOFF) ;
_lnabs (XOFF+270, YOFF) ;
_movabs (XOFF+255, YOFF-15) ;
_1nabs (XOFF+255, YOFF+15) ;
}

/*Plot baby box
*/
bbox ()
{
_movabs (BXOFF+128, BYOFF-33) ;
_Ppolyfabs (bbx,bby, 4,0FF) ;
}

/* Initialire boundaries of windows (boxes)
*/
boxinit ()
{
/* baby box coordinates */
bbx[0] = BXOFF-1 ;
bbx{1l] = BXOFF-1 ;
bbx[2] = BXOFF+128 ;
bbx[3] = BXOFF+128 ;
bby[0] = BYOFF-33 ;
bby[1] = BYOFF+33 ;
bby[2] = BYOFF+33
bby([3] = BYOFF-33 ;

~
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/* large box coordinates */
1bx{0] = XOFF-1 ;

lbx[1] = XOFF+512 ;

1bx[2] = XOFFP+512 ;

lbx[3) = BXOFF-1i ;
lbx{4] = BXOFF-1 ;
1bx[5] = XOFF-1 ;
1by[0] = YOFT+129
1by[1] = YOFF+129
1by[2] = BYOFF+33
1lby[3] = BYOFF+33
1by(d4) = YOFF-129
1by[5] = YOFF-129
}

Ne we we we w4 W

/* Clear baby box and replot waveforsm
*/
clrbbshw()

{

int 1 ;

bbox() ;
for (1 = 0; 1 <= 511; i++) ppoint(i >> 2,sb[1]/4,00) ;
}

/* Clear large box and replot waveforam

*/

clrlbshw()
{
int 1 ;
1box() ;

for (1 = 0; 1 <= 511; i++) point(i,db[i],ON) ;
}

/* Clear screen

*/

clrscx ()
{
_setcolor (OFF) ;
_alr() :
_setcolor (ON) ;
}
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/* Clear screen and display new waveform

*/
clrshw()
{
int 1 ;
clrsex() ;
1box() :
for (1 = 0; 1 <= 511; i++) point(i,dbfi],ON) ;
bbox() :

for (1 = 0; 1 <= 511; i++) ppoint(i >> 2, sb[i]/4, ON) ;
}

/* Clear a line of displayed text
*/
clrtex()
{
_movtcabs (xtex, ytex) ;
__text(" L
}

/* Cursor
*/
curse{ic, col)
int ic,co0l ;
{
int Jy ;

for (Jy = 2; jy <= 22; jy++) point(ic, dblic]+jy, col) ;
}

/* Disk I/0 error message
*/
errmess()
{
fclose(£fp);
printf("\n\nDisk error - hit key C") ;
while (!pckchk()) ;
)

/* Hanning smoothing filter

y{(nT) = (x(nT) + 2*x(nT - T) + x(nT - 27) / 4
*/
hanning()

{

int 1 ;
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xm2 = dbf0]
xml = dbf1]
for (1 = 2; 1 <= 511; 1i++)
{
xnt = db[i] ;
db[i] = (xnt + (xml << 1) + xm2)/4 ;
xm2 = xml ;
xml = xnt ;
}
db[0] = dbf2]/3 ;
db[l] = (2*db[2])/3 ;

int x,y,c0l ;
(
if(y < 127 gc y > -127) {
if (x > -1 & x < 512) {
_setcolor(col) ;
_ptabs (x+XOFF, YOFF-y) ;
}

~ we

}
_setcolor (OW) ;
}

} /* Plot point in small box
*/
/* Plot large box ppoint(x,y, col)
*/ int x,y,col ;
1box () {
( wbe (xOFF-1 129) if(y < 31 e y > -31) (
_movabs -1, YOFF- ; setcolor(col) ;
_polyfabs(lbx, 1by, 6, OFF) ; E

_ptabs (x+BXOFF, BYOFF-y) ;
}

_setcolor (W) ;

}

}

/* Bring back original waveform sampled to display

*/
orig() /* Save current waveform in buffer for original waveform
{ */
int 1 ; savit()
{
for (1 = 0; 1 <= 511; 1++) db[i] = sb[i] ; int 1 ;

clrshw() ;

} for (1 = 0; 1 <= 511; 1++) sb[i] = db[i] ;

}
/* Set sample period

*/ /* Set up MultiHalo device handler
peri() */
{ setstring(ci)
clrscx() ; char ci ;
sprintf(sbuf, "Now sampling at %d sps”, fs) ; f
_movtcabs (120,330) ; ci = toupper(ci) ;
~text(sbuf) ; if ((ci 1= 'B') &6 (ci 1= 'I') &6 (ef 1= 'E')) {
adin() ; printf("\nNo graphics dev. handler present\n");
} exit() ;
}
/* Plot point in large box if (ci == 'H') strcpy(sbuf, "HALORERC.DEV") ;
*/ if (ci == '1') ltICPy(lbuf,”mm.DlV") H

polnt (x, y, col) if (ci == 'E') strcpy(sbuf, "BALOIEME.DEV") ;
}
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/* The following three functions deal with cursor manipulations

*/
shftr()

shftl ()

swcur ()

{

curse{icur, OFF) ;

icur += iinc ;

4f (icur > 511) icur = 511 ;
curse({icur, ON) ;

iinc =1 ;

}

{

curse(icur, OFF) ;

icur -= iinc ;

4f (dicur < 0) dicur = 0 ;
curse({icur, ON) ;

iine =1 ;

}

{

if (lcur >= rcur) { ix1 = rcur ; ix2 = lcur ; )
else { ix1 = lcur ; ix2 = recur ; }

}

/* Show the cursor time and amplitude values

*/

showvals ()
{
xtex = 0 ;
ytex = 60 ;

T = (float) 1.0/fs ;

ms = T*1000.0 ;

av = 5.0/(256.0*gain*slgain) ;
_movtcabs (xtex, ytex) ;
_text("dc shift:") ;

ytex += ydel ;

_movtcabs (xtex, ytex) ;
sprintf (sbuf, "85.02f V”,dc_shift*dvV) ;
_text (sbuf) ;

ytex 4= 2*ydel ;

_movtcabs (xtex, ytex)
_text("Cursors:") ;

ytex += ydel ;
_-ovtcabl(xtox,ytox) K
_text("left:") ;

ytex += ydel ;
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_movtcabs (xtex, ytex) ;

sprintf (sbuf, "§5.02f Vv ",dbflcur]*av) ;
_text(sbuf) ;

ytex += ydel ;

_movtcabs (xtex, ytex) ;

sprintf (sbuf, "s5.01f ms",lcur*ms) ;
_text (sbuf) ; c

ytex 4= ydel ;

_movtcabs (xtex, ytex) ;

_text("right:") ;

ytex 4= ydel ;

sprintf (sbuf, "85.02f V",dbfrcur]*dv) ;
_movtcabs (xtex, ytex) ;

_text(sbuf) ;

ytex 4= ydel ;

_movtcabs (xtex, ytex) ;

sprintf (sbuf, "$5.01f ms",rcur*ms) ;
_text (sbuf) ;

ytex 4= ydel ;

_movtcabs (xtex, ytex) ;

_text("delta:") ;

ytex += ydel ;

_movtcabs (xtex, ytex) ;

sprintf (sbuf, "$5.02f V", (dbfrcur]-db[lcur])*av) ;
_text(sbuf) ;

ytex += ydel ;

_movtcabs (xtex, ytex) ;

sprintf (sbuf, "$5,01f ms"”, (rocur-lcur) *as) ;

_text(sbuf) ;
_movtcabs (120,330) ;
sprintf(sbuf, "Gain: %4.01f »,gain) ;
_text(sbuf) ;
}
/* Display options
*/
menu ()

{
_closegraphics() ;
printf("Cursor commands:\n") ;
printf(" t - Enter cursor mode
¢ - Exit cursor mode\n") ;
printf(" 1 - Left cursor
2 - Right cursor\n") ;
printf(® Arrow keys move cursors left and right\n") ;
printf(” and wavefora up and down\n") ;
printf(” SHIFT key accelerates cursor motion\n") ;
printf(" m - Moves wave left to cursor location\n") ;
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if(unit == 'qr)

1f (unit

outp (TCNTRL, 0x34) ;

{

tic[5]
tic(4]
tic(3]
tic[2]
tiell]
tic[0]
}

== 'gt)

{

tic[S]
tic(4]
tic[3])
tic[2]
tic[l])
tic[0]
}

Digital Oscilloscope Program

/* Milligeconds */

= (period*2) / 256 ;
= (period*2) & 256 ;
-] ;
= 42 ;
=0 ;
-2

/* Seconds */

= (period#*2) / 256 ;
= (period*2) % 256 ;
= 0x17 ;

= 0x4B ;

=0 ;

= 100 ;

/* Counter 0, load LSB and */
/* MSB, mode 2 */

outp (TCNTRL, 0x74) ; /* Counter 1, load LSB and */

/* MSB, moda 2 */

outp (TCNTRL, OxB4) ; /* Counter 2, load LSB and */

/* MSB, moda 2 */

outp (CNT0, tic[0]) ;
outp (CNTO, tic[l]) ;
outp (CNT1, tic[2]) ;
outp(CNT1, tic[3]) ;

outp (CNT2, tic[d])

~

outp(CNT2,tic([5]) ;

}
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/* pcdatdef.h - Definitions for use with podat.c

W. Tompkins - 12/13/85

*/

#define
#define
#define
#define
#define
#define
#define
#define
#define

#define
#define
#define

#define
#define

#define

#define
#define

#define
#define

SPACE

OFF

XOFF

YOFF
BXOFF

BYOFF

SIZE

7
3
18
23
3
2
14
27
32

0
1
95

168
590

35

1
360

120
330

/* control character definition 1ist */

/*
/*

/%

/%

/*

/%

origin for large box (lbox) */
displayed */

origin for baby box (bbox) */
displayed */

File not found code */

Text display locations */

/* halodef.h - MultiHalo definitions for use with world
coordinates

*/
#define

f#define _initgraphics(x)
f#define _inithe(x,y,n)
inithcur(&a, &b, &c) ;)

_elx()

#define _startgraphics(x)

#define
#define

#define _setdev(strl)
_setipal(x,y)
_setcolor(x)
#define _movabs(x,y)

#define
#define

#define
#define
#define

_closegraphics ()
_setworld(xl, yl, x2,y2)

{clx():}
{int a=x; initgraphics(ca);)
{float a=x,b=y: int c=n;

{int a=x; startgraphics(&a);}
{closegraphics() ;)

{float al=xl,bl=yl, a2=x2,b2=y2;setworld(&al, sbl}

_lnabs(x,y)

_ptabs(x,y)
_flood(x)

{setdev(strl);}

{int a=x, b=y; setipal (za,&b);}
{int a=x; setcolor(sa);}

{float a=x, b=y; movabs(&a,&b);}
{float a=x, b=y; lnabs(ia,&b);)
{float a=x, b=y; ptabs(&a,tb);)
{int a=x; flood(za);}
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#define _polyfabs(x,y,n,c)
{int a=n, b=c; polyfabs(x,y,&a, &b);}
#define _movhcabs (X, Y)
{float a=x, b=y; movhcurabs(ta,é&b);)
#define _movhcrel (x,Y)
{float a=x, b=y; movhcurrel(&a,&b);)
f#define _movtcabs (x,Y¥)
{float a=x, b=y; movtcurabs(&a,&b);}
#define _movtcrel(x,y)
{float a=x, b=y; movtcurrel(Za, gb):;}
#define _setext(w, Xy, z)
{int a=w, b=x, c=y, d=z; settext(&a, &b, &c,&d);}
#define _setaxtclr(x,y)
{int a=x, b=y; settaextclr(sa, &b)’;)
#define _text(strl) {text(stxl);}
#define _ingclr(x,y, col)
{float a=x, b=y; int c=col; inqclr(&a, &b, é&c);}

#define _inqerr(x,y) {ingerr(&x,sy) ;)
#define GREEN /* palette 0 colors */
#define RED

#define BROWN

#define CYAN /* palette 1 colors */

#define MAGENTA
#define WHITE

$§define BLBLUE
#define BWHITE
$§define BBLACK
#define BGREEN
#define BRED

/* background coloxs */

_NO NNV WD WNRE

REFERENCES

BoRrLAND. 1987. Turbo C compiler. Scotts Valley, CA: Borland International.
CosTALES, B. 1985. C from A to Z. Englewood Cliffs, NJ: Prentice-Hall.
EXECUTIVE SYSTEMs. 1986. XTREE. Sherman Oaks, CA: Executive Systems, Inc.

HercuLEes. 1984. Hercules graphics card owner’s manual. Berkeley, CA: Hercules Computer
Technology.

KERNIGHAN, B. W., and RitcHiE, D. M. 1978. The C programming language. Englewood
Cliffs, NJ: Prentice-Hall.

LATTICE. 1983. The C-food smorgasbord. Glen Ellyn, IL: Lattice, Inc.

LATTICE. 1984, 8086/8088 C compiler functional description, revision 2. Glen Ellyn, IL:
Lattice, Inc.

Liresoat. 1985. New York: Lifeboat Associates.
MEDIA CYBERNETICS. 1985. HALO graphics C library. New York: Lifeboat Associates.

Appendix C Digital Oscilloscope Program 433

METAGRAPHICS. 1986. MetaWINDOW C reference manual. Scotts Valley, CA: Metagraphics
Software Corporation.

MicrosorT. 1986. Bellevue, WA: Microsoft Corporation.

PINE, C. 1985. C: A programming workshop—integrated book and software. Santa Cruz,
CA: Mitchell Publishing.

TRAISTER, R. J. 1985. Programming Halo graphics in C. Englewood Cliffs, NJ: Prentice-
Hall, 1985.



Index

A
AO0-A19 (definition), 60
Accelerometer, 293-98
calibration of, 295
piezoelectric, 291, 293
compression mode, 293
illus., 291
shear (or bender) mode, 294
ADC (see Analog-to-digital converter)
Adder (see Analog circuits)
Address:
decoding of, 68
generation of, 82
tllus., 83
port, 65
Address bus (see Bus)
AEN (definition), 60
Airspeed measurement, 304
ALE (definition), 60
Alias of a signal, 119
illus., 120
Alphanumeric code (see ASCII code)

Altimeter, 215
American Standard Code for Information

Interchange (see ASCII code)

Amplifier, 1-33

buffer, 5

charge, 289

differential, 5, 47, 52, 267

electrocardiogram (ECG), 7
illus., 6

flux-coupled llus.), 48

gain of, 2

impedance converter, §

instrumentation, 7, 264

illus., 6
inverting, 3, 8, 20
illus., 3, 21

isolation, 47
noise rejection of (see Common mode)
noninverting, 5, 20
illus., 5, 21
open loop, 2, 10, 12



436

Amplifier (cont.)
operational (op amp), 1-18
bias current of, 16
bipolar input, 18
CA3130 (RCA), 218

characteristics of commercial (table),

18
compensation of, 12, 16
definition, 1
FET input, 12, 18
gain-bandwidth product of, 16
ideal, 2, 16
illus., 2
LM101 A (National), 12
LM301, 157
LM1458, 189
LU356, 12
offset voltage of, 16, 18
programmable, 18
741, 8, 16, 17, 18, 45
single power supply, 17
illus., 17
slew rate of, 12, 17
UC4250, 18
unity gain, 5, 20
illus., S
voltage swing of, 4, 15
(see also Analog circuits)
Amplitude measurement accuracy (see
Resolution)
Amplitude-mode (A-mode) ultrasound,
324
Analog circuits:
adder (summing amplifier), 8
illus., 9
comparator, 12, 30

ilus., 13
differentiator, 11
illus., 11

instability of, 11
integrator, 9, 30
illus., 9, 10
inverter, 3, 8, 26
illus., 3
limiter, 15
illus., 15
multiplier, 273
MC1595 (Motorola), 276

Index

rectifier, 14
illus., 14, 15
scale changer, 8
(see also Phase-locked loop; Voltage-
controlled oscillator)

Analog multiplexer (see Data conversion

systems)

Analog-to-digital converter (ADC), 30,

128-61
accuracy of, 131, 154
example, 159
ADCO0816 (National), 131, 156, 336
illus., 158, 338
amplitude resolution of, 131, 135
BASIC program for, 160
bipolar input, 133
illus., 133
block diagram (illus.), 129, 134
C language functions for, 420-21
C language program for, 161
clock for, 135
commercial:
illus., 151
table, 152, 153
conversion time, 131, 154
counter, 135
illus., 136
design of (example), 156
dual-slope integrating, 138
illus., 139
dynamic range of, 133
end of conversion (EOC) signal, 135
errors, 130
illus., 130
flash (or parallel) (illus.), 141
guidelines for use of, 155
hybrid, 151
ideal characteristics of (illus.), 129
input characteristics of, 133
impedance, 5
offset, 133
scaling, 133
voltage range, 133
modular, 151
monolithic, 150
selection of, 150
successive-approximation, 137
illus., 137

Index

throughput rate of, 131
example of, 157
tracking (or servo), 136
illus., 136
voltage reference for, 133
voltage-to-frequency, 139
ifllus., 140
(see also Data conversion systems;
Prototype board)
Angle measurement, 111, 141
Answer mode, 376
Antialias filter (see Filters, analog)
Aperture time, 146
ASCII code, 166, 374
Assembly language program listing, 76,
89, 91, 92, 93, 329-30
Asynchronous communications adapter,
57, 176, 396
(same as RS-232C serial interface)
Asynchronous communication, 164
illus., 165

B
Ballistic measurement, 299
Band-gap reference, 134
BASIC program listing, 103, 160, 177,
187, 220-21, 246-48, 328, 338, 340,
355-56
Baud (definition), 378
BCD (see Binary codes)
Bernoulli’s equation, 310
Bias current, 16
Binary-coded decimal (see Binary codes)
Binary codes, 108-14
binary-coded decimal (BCD), 110, 135
bipolar, 112
conversion, 113
flow chart, 114, 115
fractional, 109
table, 110
Gray code, 111, 141
encoding wheel (illus.), 142
table, 112
offset binary, 113
table, 113
one’s complement, 113
table, 113
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ordinary (or natural), 109, 135
table, 110
sign magnitude, 113
table, 113
two’s complement, 112
table, 113
unipolar, 109
Binary point, 109
BIOS (Basic Input/Output System), 82,
85, 86, 89, 91, 355
Blood analysis, 32
Blood flow measurement, 304, 317, 321
Bolometer, 243
Boltzmann's constant, 184, 222
Borland Turbo C compiler, 406
Bridge (see Wheatstone bridge)
Buffer, 134, 156
Bus:
address:
decoding of, 68
illus., 70
bidirectional, 72
buffering of, 68
illus., 69
GPIB (same as Bus, IEEE standard 488)
IEEE standard 488, 361-73
basic circuit design, 371
illus., 372
commands, 365-69
table, 366
controller, 362
example, 369
handshaking, 364
illus., 365
listener, 362
manufacturers of, 398
signals (definition), 363-64
structure of (illus.), 362
talker, 362
PC system, 60
driving capability of, 63
illus., 61
loading of, 63

C

Callendar-Van Dusen equation, 205

Camera, digital (MicronEye), 357-60
illus., 358
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Catheter, Swan-Ganz, 213
Cathode Ray Tube (CRT) (see Monitor)
Checksum, 167
Chemical analysis, 32
Chromatography, 32
C language:
compiler, 404
function listening, 104
library, 404
for data acquisition, 407
for graphics, 404, 406-407
program listing, 127, 161, 188, 407-32
(see also Compiler)
CLOCK (definition), 60
Clock/calendar, 86
Code (see ASCII code; Binary codes;
Gray code)
Code conversions, binary (flow charts),
114, 115
COM]1, 86, 89, 176
Common mode, 5, 18, 23
gain (CMG), 6
noise rejection, S, 6, 7, 156
rejection ratio (CMRR), 6
voltage (CMV), 6, 21
Comparator:
analog (see Analog circuits)
digital, 68
Compiler, 404
Borland Turbo C, 406
Lattice C, 404
Microsoft C, 406
Continuous Fourier transform (see Four-
ier transform)
Control bus (see Bus)
Conversion methods (see Binary codes)
Conversion time, 131
Converter (see Analog-to-digital con-
verter; Digital-to-analog converter)
Counters, 94
BCD, 95
binary, 95
illus., 95
cascading of, 95
illus., 95
for dividing clock frequency, 96
illus., 96

Index

in an ADC, 135, 139
(see also Programmable counter/timer)
CTS, 163, 174, 177
Current loop, 174
Cursor manipulation, C language func-
tion, 411-12, 426
Cyclic redundancy check (CRC), 167-69,
383, 391
illus., 168

D
DO-D7 (definition), 60
DAA (Data Access Arrangement), 375
DACKO0-DACKS3 (definition), 62
Damping ratio, 25
Data conversion systems, 145-61
analog multiplexer, 147, 156
for the IBM PC, 154
Lab Master (Tecmar), 189, 219, 399_
403
port assignments (table), 403
prototype board, 399
port assignments (table), 402
schematic diagram, 400401
illus., 149
manufacturers of, 396-98
multichannel, 147
sample-and-hold circuit, 146-47
illus., 147
single-channel, 145
using serial interface (illus.), 181
(see Analog-to-digital converter; Digital-
to-analog converter; Prototype
board; Sample-and-hold circuit)
DCE, 177, 178, 375
definition, 173
illus., 164
Decimal, binary coded (see Binary codes)
Decimal equivalents of 2" and 27" (table),
110-11
Decoder, 68
illus., 70
Demodulation, 31
in linear variable differential trans-
former, 270
Demodulator, 48
Derivative (see Filters)

Index

D flip-flop, 94
illus., 94
Differential phase-shift keying (DPSK),
378
Differential transformer (see Linear vari-
able differential transformer)
Differentiator (see Analog circuits; Fil-
ters, digital)
Digital camera (see Camera)
Digital multiplexer, 150
Digital oscilloscope, 140, 404
C program listing for, 407-32
Digital-to-analog converter (DAC), 122
in an ADC, 135, 137
ADSS58 (Analog Devices), 125
illus., 125, 126
block diagram (illus.), 122, 123
C language program for, 161
loading for, §
monolithic (single-chip) (illus.), 125
output reconstruction of, 121
R-2R ladder network circuit (illus.), 124
scaling output of, 8
weighted resistor ladder network circuit
(illus.), 123
(see also Data conversion systems)
Digitizer (see x-y digitizer)
Diode:
light-emitting (LED), 181, 229, 245, 346
zener, 15, 134, 190
Direct memory access (DMA), 62, 63, 68,
144
Discrete Fourier transform (see Fourier
transform)
Diskette drive, 57, 86
Disk operating system (DOS):
CP/M, 383
MS/DOS, 344
multitasking, 390
PC/DOS, 176, 344, 390
Unix, 390
Disk read/write, C language functions,
413
Displacement transducer, 250
linear variable differential transformer
(LVDT), 268
piezoelectric, 299
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potentiometric resistive, 250
resistive strain gage, 252
(see also Strain gage)
Doppler flowmeter, 319
DRQI-DRQ3 (definition), 62
DTE, 177, 375
definition, 173
illus., 164, 177-79
Dual-slope A/D conversion (see Analog-
to-digital converter)

E
Echocardiography, 324
Echo-plex, 376
8086 microprocessor (see Intel)
8088 microprocessor (see Intel)
Electrocardiography, 6
Encoder:
in an ADC, 140
shaft, 141
illus., 142
Endoscope, 234
EPROM (see Read-only memory)
Errors, amplitude accuracy (see
Resolution)
Error detection (see Cyclic redundancy
check)
Ethernet, 390
Expansion slots, 57

F
Faraday’s law, 313
Fast Fourier transform (FFT) (see Fourier
transform)
FCC (Federal Communications Commis-
sion), 375
FDM (Frequency division multiplexing),
376
Ferroelectric, 283
FFT (see Fourier transform)
Fiber optic, 234
communication, 181, 245
illus., 182
Filters, analog:
active, 26
anti-alias, 119
bandpass, 27
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Filters (cont.)
band-reject (notch), 27
Bessel, 28
table for, 28
Butterworth, 27
example, 29
table for, 28
cascading of, 25, 27
Chebyshev, 28
table for, 28
damping ratio of, 25
design tables for, 28
differentiator (see Analog circuits)
first-order, 24, 26, 30
high-order, 27, 30
high-pass, 24, 25, 26, 27
illus., 25, 26
integrator (see Analog circuits)
low-pass, 24, 25, 26, 118
illus., 24, 25, 26, 27, 30, 119
passive, 24
resonance of, 25
second-order, 25
switched capacitor, 30
illus., 30
Filters, digital:
adaptive, 375
differentiator, C language function, 415
Hanning, C language function, 415,
423-24
integrator, C language function, 416
low-pass, C language function, 415,
423-24
Fixed disk drive, 57, 86
Flag, 65, 166
Floppy disk (see Diskette drive)
Flow sensor (flowmeter), 302
based upon heat infusion, 305
differential pressure, 309
Doppler, 317, 319
Assembly language program for, 329-
30
BASIC program for, 328
block diagram of, 323
interface to IBM PC, 326
illus., 327
drag force, 308
electromagnetic, 312

Index

interface to the IBM PC (illus.), 305
mechanical, 306
obstruction, 311
Pitot tube, 310
illus., 310
* thermal, 302
theory of, 303
types of probes, 304
thermodilution, 213
Force transducer:
calibration of, 297
piezoelectric, 295
strain gage, 252
Fourier transform, 117, 406
illus., 118
Framing error, 167
FSK (Frequency-shift keying), 377
Full-duplex, 376

G
Gain:
differential (DG), 6
open loop, 2, 11
voltage, 2
Gain-bandwidth product, 16
Game port:
bit assignments for (table), 335
circuit of (illus.), 334
connector pin assignments for, 335
Gas chromatography, 32
GEM program (Digital Research), 344,
407
General Purpose Interface Bus (GPIB)
(see Bus, IEEE standard 488)
Graphics:
card, 404
library, 399, 406407
Gray code (see Binary codes)
Ground:
definition, 35
loop, 156
Grounded source, 21
Grounding, 35
Guarding:
definition, 18
for thermocouple, 201
rules of, 23

Index

H

Half-duplex, 376

HALO C graphics library, 404

Handshaking (see Input/output)

Hard disk drive (same as Fixed disk
drive)

High-pass filter (see Filters)

Histogram, C language function, 416

Hooke’s law, 256

HPIB (same as Bus, IEEE standard 488)

Hypsometer, 215

Hysteresis of comparator, 12

I
IC temperature sensor, 189-93
ADS90 (Analog Devices), 191, 198
circuit for, 190, 193
LM134, LM234 (National), 192
LM135, LM235, LM335 (National), 190
LX5700 (National), 189
IEEE 488 bus (see Bus, IEEE standard
488)
IN instruction, 64, 68, 335
Input/output:
address map for IBM PC, 65
table, 66
basic, 63, 72
illus., 64
control and timing, 66
illus., 67
example of, 74
illus., 75
program, 76, 77
handshaking, 65, 163, 361
definition, 65, 163
illus., 65, 164
input port, 64
I/O-mapped, 64, 144
memory-mapped, 64, 143
output port, 64
polling of, 65, 76, 157
port chip (Intel 8255), 68
control register of (illus.), 73
tllus., 71
modes of operation of, 72
program-controlled, 64
serial (see RS-232C, RS-422, RS-423)
strobed, 72
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INTA (definition), 62
Integrator (see Analog circuits; Filters,
digital)
Intel:
80287 math coprocessor, 406
8085 microprocessor, 60, 81
8087 math coprocessor, 406
8088/8086 microprocessor, 60, 61, 62,
64, 68, 77, 82, 85, 91, 112
8253 counter/timer, 86, 98
(see also Programmable
counter/timer)
8255 programmable peripheral interface
(PPI), 68-76, 154
illus., 71
8259A programmable interrupt control-
ler, 8693, 89, 143
illus., 87
programming of, 89, 91, 92, 93
Interfacing, parallel (see Input/output)
Interfacing, serial (see Input/output)
Interference, 34
caused by:
electric fields, 38
interconnecting analog and digital cir-
cuits, 37, 155
magnetic fields, 49
radio frequencies (RFI), 51
resistive coupling, 35
(see also Common mode)
Interpolation (illus.), 121
Interrupt, 76-93
definition, 76
external, 83
illus., 87
hardware, 80, 86
illus., 82
of an IBM PC by an ADC, 157
internal, 85
latency, 80, 86
maskable, 79, 80, 91
nested, 79
illus., 19
nonmaskable, 80, 81
priority, 80, 85
processing (illus.), 84, 85
service routine, 63, 78
for servicing an ADC, 143
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Interrupt (cont.)
software, 81, 89
time of day, 100
vector, 88
table, 78, 82, 87
Inverter (see Analog circuits)
10 CH CHK (definition), 62
I0 CH RDY (definition), 62
Ionization chamber, 19
illus., 20
IOR (definition), 60
IOW (definition), 60
IRQO-IRQI, 86
illus., 87
IRQ2-IRQ7 (definition), 61, 86
Isolation, 47, 282
optical, 49
illus., 49
transformer, 48
illus., 48

J
Johnson, noise, 222
Joystick, 333-41
example interface to IBM PC (illus.),
337-38
manufacturers of (table), 341
potentiometer-type, 333
BASIC program for, 338
illus., 334
switch-type, 336
BASIC program for, 340
illus., 339

K
Keyboard, 86
King’s law, 303

L
LAN (Local area network), 386-95
baseband, 387
broadband, 387
bus topology, 389
collision, 388
contention, 388
CSMA/CD, 391
Ethernet, 390

Index

FDM (Frequency-division multiplexed),
387
file server, 390
IEEE standards, 394
10S/0SI standards, 393
layers of, 393
loop topology, 389
MAP, 393
Omninet, 392
PC Net, 392
ring topology, 389
StarLAN, 392
star topology, 388
TDM (Time-division multiplexed), 387
token-passing, 389
token ring, 392
TOP, 394
Z-LAN, 392
Laser, 229
Laser diode, 245
Lattice C compiler, 404
Leakage currents, 19
Lenz’s law, 49
LIFO (see Stack)
Light meter, 246
Light pen, 349-56
BASIC program for, 355-56
example circuit for (illus.) 353
used with 6845 (Motorola) CRT con-
troller chip, 352
Limiter (see Analog circuits)
Linear variable differential transformer
(LVDT), 268-82
example circuit, 278-81
features of, 281
Line driver/receiver, 170
illus., 171
Liquid level measurement, 214
Lisa computer (Apple), 343
Listener (see Bus, IEEE standard 488)
Longitudinal redundancy check (LRC), 167
Low-pass filter (see Filters)
LPT1, 176
LSB (Least-significant bit), 109, 129

M
Macintosh computer (Apple), 343
MacPaint program, 343

Index

Mark, 164
Memory (see Random-access memory;
Read-only memory)
MEMR (definition), 60
MEMW (definition), 60
MetaWINDOW C graphics library, 406—
407
Microprocessor (see Intel)
Microsoft C compiler, 406
Modem, 173, 374-85
103/113 (AT&T), 377
212A (AT&T), 378, 381
300 bps, 377
1200 bps, 378
2400 bps, 379
acoustic-coupled, 375
AT command set, 381
communication direction of, 376
connection to IBM PC, 177
definition, 173
frequency band allocations for (illus.),
378
Hayes-compatible, 381
manufacturers of (table), 379
null (illus.), 179
voice-grade, 377
XMODEM protocol, 383-85
flow diagram, 384
MODE program, 176
example, 176
Modulation, 31, 117
Modulator, 48
Modulus of elasticity, 256
Monitor, 349
cathode-ray tube (illus.), 349
raster scan, 350
interlace mode (illus.), 350
Monitoring of hospital patients (example),
369-71
Mouse, 343-46, 407
illus., 344
MSB (Most-significant bit), 109
Multivibrator, 96
illus., 97

N
Nephelometer, 244
Noise rejection:

of an integrating ADC, 138
using feed-through capacitor, 24
of a V-f ADC, 140
{(see also Common mode)
Nonfade display, C language function,
417
Nonmaskable interrupt (see Interrupt)
Notch filter (see Filters)
Null modem (illus.), 179
Number processing hardware (see Intel
80287, Intel 8087)
Number representations (see Codes)

(0]
Offset binary code (see Binary codes)
One’s complement code (see Binary
codes)
Op amp (see Amplifier)
Optical isolation, 32, 182
Optical sensors, 225-49
apertures, 234
baffles, 234
characteristics of:
illus., 228
table, 227
choppers, 235
detector noise, 239
example interface to IBM PC, 246
BASIC program, 246-48
tllus., 246
fiber optics, 234
filters, 231-32
lenses, 233
light sources, 226-30
arc discharge, 230
laser, 229
light-emitting diode (LED), 229
table, 230
tungsten filament, 226
mirrors, 234
monochromators, 232
table, 237, 238
thermal detector, 243
windows, 234
Originate mode, 376
OSC (definition), 60
OUT instruction, 64, 68, 335
Overrun error, 166
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P
Parading display, C language function,
414
Parallel printer port, 86
Parity:
bit, 165, 166
check, 81
error, 166
Patient monitoring system (example),
369-71
Peak detection, C language function, 411
Phase-locked loop, 31
CD4046B, 31
illus., 32
Phonograph cartridge, 298, 299
Photoconductive detector, 239
Photodiode, 241
Photometry, 226
Photomultiplier tube (illus.), 242
Photon detector, 239
Phototransistor, 242, 351
Photovoltaic detector, 240
Piezoelectric transducer, 282-93
bimorph, 297
charge amplification for, 289
deformation modes of, 285
equivalent circuits for, 286
frequency response of (illus.), 287
materials for, 283
table, 284
poling of materials for, 284
used as accelerometer, 293
used as force transducer, 295
voltage amplification for, 289
Pitot tube, 310
Planck’s constant, 222
Plethysmography, 259
Pneumography, 211
p-n junction thermometer, 183-89
BASIC program for, 187
calibration of, 185
C program for, 188
equation for, 184
example interface to IBM PC (illus.),
187
MTS105 (Motorola), 185
Polling (see Input/output)
Port (see Input/output)

Index

Potentiometric resistive transducer, 250
Power decoupling, 62
Power distribution, 35
example of, 43
Power-fail detection circuit, 81
Power measurement, 214
Power supply:
dc-to-dc converter, 54
illus., 54
of IBM PC, 31, 56, 62
regulated, 52
illus., 52
switching, 53
illus., 53
table, 57
terminology, 53
PPI (Programmable Peripheral Interface),
68-76
Pressure transducer, 298
interface to IBM PC (illus.), 267
strain gage, 255
illus., 258
Printer, Diablo 630 (example, illus.), 179
Programmable counter/timer (Intel 8253),
98, 100-105, 156
assembly language program for, 329-30
BASIC program for, 103, 105
C function for, 104
control word (illus.), 99
modes of, 98
illus., 101
port assignments of, 102
(see also Prototype board)
Prototype board, 59, 96, 100, 126, 156,
189, 246, 327, 336, 399
illus., 69, 70, 75, 96, 101, 126, 156, 158,
159, 338, 400—401
port assignments (table), 402
power for, 57, 62
Pyroelectric sensor, 244, 283

Q

QAM (Quadrature amplitude modulation),
379

R

Radiometry, 226
Random access memory (RAM):

Index

dynamic (DRAM), 57
refresh of, 62, 100
optic, 358
parity-checked, 81
Raster scan, 349
Read-only memory (ROM), 82
Rectifier (see Analog circuits)
Register, successive-approximation, 137
Remote sensing, 140
RESET DRV (definition), 62
Resistive temperature sensor, 202
Resolution, amplitude, 109, 131, 135, 140
table, 111
Resonance, 25
Respiratory flow measurement, 312, 317
RS-232C serial interface, 171-180, 344,
346, 357, 375, 381, 392, 396
electrical standard for (illus.), 175
illus., 171
mechanical standard for (illus.), 173
program for, 89
RS-422 serial interface, 172, 392
illus., 171
RS-423 serial interface, 173
illus., 171
RTD (Resistance temperature detector)
(definition), 204
RTS, 163, 174, 177

S
Sample-and-hold (S/H) circuit, 132, 136,
146
based on unity gain amplifier, 5
commercial (table), 148
illus., 147, 149
LF398, 157
Sampling:
frequency, 117
theorem, 115
Scale changer (see Analog circuits)
Seebeck effect, 195
Semiconductor temperature sensor (see
IC temperature sensor; p-n junction
thermometer)
Sensor:
definition, 1
displacement (see Displacement
transducer)
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flow (see Flow sensor)
liquid level, 214
motion (see Accelerometer)
pressure (see Pressure transducer)
temperature (see IC temperature sen-
sor; p-n junction thermometer;
Thermistor; Thermocouple; Ther-
mometer; Thermopile)
velocity (see Velocity)
(see also Optical sensors)
Serial interface (see RS-232C, RS-422,
RS-423)
Settling time, 146
Shaft:
angle measurement of, 111
encoder (illus.), 142
Shielding, 38
illus., 38
rules of, 39
of transformers, 50
illus., 51
Signal-to-noise ratio, 236, 381
Sign-magnitude code (see Binary -codes)
Simplex, 376
Slew rate, 17
Smoke density monitor, 244
Software (see Assembly language;
BASIC; C language)
Space, 164
Stack, 78
Start bit, 164
Steinhart-Hart equation, 209, 219
Steradian (definition), 226
Stop bit, 165
Strain gage, 252-68
bonded, 253
illus., 255
bridge circuits, 261
illus., 26263, 265-68
commercial (table), 260
elastic-resistance, 259
example interface to IBM PC (illus.),
263
in a flowmeter, 309
force transducer, 252
materials (table), 254
pressure transducer, 257
illus., 258
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Strain gage (cont.)
resistive, 252
semiconductor, 255
sensitivity of (equation), 253
unbonded, 253
illus., 254
Summing amplifier (see Analog circuits)
Switch:
analog, 10
semiconductor, 10, 122
System bus, PC (see Bus)

T
Talker (see Bus, IEEE standard 488)
T/C (definition), 62
Television, 350
Thermistor, 206-21
applications of, 211
BASIC program for, 220-21
characteristics of (table), 212
circuit for temperature-to-frequency
conversion for, 218
equation for, 209
example interface to IBM PC, 218
for a flow sensor, 304
linearization of, 215
resistance-vs.-temperature (equation
Jfor), 209
terminology of, 210
YSI 44018 (Yellow Springs Instrument),
218
YSI series 400 (Yellow Springs Instru-
ment), 218
Thermocouple, 193-200
AD595 (Analog Devices) circuit for, 199
cold junction compensation for, 198
example interface for, 43
Seebeck effect, 195
time constant of, 201
2B50 (Analog Devices) circuit for, 202
unwanted, 34
Thermodilution, 213
Thermoelectric laws, 196-~97
Thermometers, 189, 204, 213
calibration of, 201
eddy current, 222
electronic (illus.), 184
Johnson noise, 222

Index

nuclear quadrupole resonance, 222
optical radiation (illus.), 235
quartz crystal, 222
ultrasonic, 222
(see also p-n junction thermometer)
Thermopile, 243
Three-state (Tristate) buffer, 68, 144
Timer, 96
555, 96
illus., 97
558, 334
(see also Programmable counter/timer)
Timing, input/output (illus.), 67
Tone generator, 100
Touch screen, 346-48
capacitive, 348
illus., 348
optical, 348
resistive, 346
tllus., 346
ultrasonic, 347
Trackball, 341-43
illus., 342
Transceiver, 68
Transducer (definition), 1
(see Sensor)
Transformer (see Linear variable differen-
tial transformer)
Transmission of data, 30, 140, 162, 169
asynchronous, 164
synchronous, 164
Turbo C compiler, 406
Two’s complement code (see Binary
codes)

V)

UART (Universal Asynchronous Re-
ceiver/Transmitter), 145, 165, 176

Ultrasonic flowmeter, 316

\"/

Velocity:
measurement, 141
transducer, 213

Vibration measurement, 293

Voltage-controlled oscillator, 30
illus., 31

Index

interfacing (illus.), 32

LM331, 31
Voltmeter, 21, 30, 32, 135
w

Weight detector, 298
Wheatstone bridge, 22, 254, 261
Windows program (Microsoft), 344, 407

X
XMODEM protocol {see Modem)
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x-y:
digitizer, 356
Bit Pad One (Summagraphics), 356
display, C language function, 418

Y
Young’s modulus, 256

Zz
Zener diode, 15, 134, 190
LM329B, 157






