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PROJECT FOCUS

INTRODUCTION

The Woods Hole Oceanographic Institution in Woods Hole,
Massachusetts, is currently operating an Advanced Manuverable
Underwater Viewing System (AMUVS) which delivers real-time video
from underwater areas that are difficult to observe by other
viewing techniques, Deployed and controlied from a manned
submarine, the AMUVS and its tether system utilize manuverability
and small size for observation of submerged objects and confinéd
areas. The AMUVS is controlled by the manned vehicle ALVIN, and
can operate at a maximum depth of 6000 meters.

A launch and retrieval system is designed to allow an
operator in the manned sub to release the AMUVS and control both
the vehicle movement and the umbilical cable depioyment {(Figure
l). As the dperator manuvers the vehicle remotely, a black and
white video camera mounted in a titanium pressure housing relays

. . L
views of the surroundings to the manned submarine.

Having successfully demonstrated the AMUVS - ALVIN system,
the Deep Submergence Laboratory (DSL} of WHOTI proposed
improvements and alterations in the existing design. DSL desired
to have the real-time, black and white video display replaced
with a color signal. The umbilical cable of the AMUVS, however,
Creates -several problems prohibiting the direct installation of
such a system. The video signal, as well as other control data

and power, are sent across the metal conductors in the cable.
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Figure l: General Arrangement

These conductors have a maximum data rate capability, which the
current system is near approaching, By adding the color signal
(which has a substantial data rate increase over black and
white), the cable would have to be redesigned to accommodate the
added bandwidth.

The cable is also a very restrictive element of the tether
system: the length and mass of a metal conductor cable can be
extremely difficult to manage, since twisting and tensile forces
must be accounted for. The shear weight of such a cable itself
is a problem, adding stress to the launch and retrieval unit and
increasing the chances of a fouled tether.

The proposed solution that has been oftered by DSL to
support the color camera signal is to redesign the umbilical
cable as a fiber-optic system,

The optical waveguide is capable of carrying substantially



more data with less loss than a coaxial or paired-wire cable.
Figure 2 shows the attenuation versus frequency for three
transmission media. The loss in the optical fiber is virtually
constant, but the loss in the metallic transmission lines
increases with increasing transmission rates, thus creating an
upper limit of their use at high bit rates that is far below such

a limit for an optical waveguide (see Table 1).
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Figure 2: Attenuation Versus Frequency

Optical fibers also lack other troublesome properties
associated with metallic transmission media: they are
nonconductive, nonradiative, and noninductive. Ground loops and
radiative interferences that accompany coaxial cables do not

. . . s
cause similar setbacks in optical systems.
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Table 1: Growth Capability'

The small size and light weight of optical fibers are also
advantageous, since less stress will be put on the launch and
retrieval unit, and deployment of the cable will be substantially
easier, Optical fibers alsc have a small minimum bending radius,
adding to easler tether management.

Also very important in the redesign of the AMUVS umbilical
cable is the flexibility of system growth. As mentioned
previously,‘bit rates are restricted in metallic conductors. The
optical fiber not only allows for the added color camera bit
rate, but also allows for further growth should any more high-bit
capacity instruments or controls be introduced to the AMUVS.
Current plans ot DSL include the adaition ot yet another color
camera to provide stereo viewing. Also in the makings are
thoughts of building a small manipulator arm that would be
controlled remotely., The optical system would allow for these
expansions and restrict the necessity for design alterations to

the electronics at either end,



THE FOCUS DESIGN

The department of Ocean Engineering at the University of New
Hampshire ottered Woods Hole a team of engineering students to
design, construct, and test an optical system for the
ALVIN/AMUVS. The result was project FOCUS (Fiber Optic Camera
Underwater System).

In terms of general opération, the FOCUS system needed to be
low-cost, with ample protection and durability in order to
function in normal underwater missions. The optical link also
demanded facile maintainence and service, both on the surface
ship and in drydock.

Penetration of the ALVIN's pressure housing also introduced
a formidable design constraint. Because the submersible is a
manned vehicle operating at extreme ocean depths, any hull
penetration needs to undergo rigorous safety testing by the
United States Navy. These test procedures are tedious,
expensive, as well as time consuming (on the order of two to
three years), but nonetheless necessary to insure the well being
of the operators and passengers., Since the ALVIN's only existing
penetrators are electrical penetrators, FOCUS proposed using an
optical path through the ventral Plexiglas viewport {(the one
least used by the pilot in navigation). While by-passing the
safety hazards just mentioned, this technique alsoc created the
need for a sturdy and practical support mechanism for tne optical
equipment both inside and outside the submersible. Figure 3

shows the basic optical system.
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THE OPTICAL DESIGN

THE FIBER
Woods Hole provided Focus with the following characteristics

of the fiber that will be used in the design:

1

Multimode, with a graded index

Bandwidth of 650 MHz * km

Core diameter: 50 microns

Cladding diameter: 125 microns



- Losses:
<= 3.5 dB/km at a wavelength or 850 nm
<= 1.0 dB/km at a wavelength of 1300 nm

- Numerical Aperture {(NA): 0.2

(See Appendix A for discussion of these terms)

OPTICAL TRANSMISSION AND DETECTION

The optical transmitter/receiver package that FOCUS is using
is the AT&T ODL 200 Lightwave Data Link, a pair of chips that
satisfies the signal requirements.

Most importantly, the ODL 200 is designed for data rates
that range from 40 to 220 Mb/s, thereby providing sufficient
speed to handle the 160 Mb/s converted camera signal. Some of
the other characteristics of the ODL pair that apply to the FOCUS
design are:

- An integral lens-coupled optical connector that is
compatible with AT&T's ST ferrule lightguide cable connector,
Using these connectors on our optical cable, the fiber c¢an
readily be attached to the transmitter and receiver.

~ A long wavelength (1300-1350nm) that falls in the
range of maximum efficiency calculated for the system fiber,

- An operating temperature of 0 to 70 degrees C, and a
storage temperature of -40 degrees C.

~ A typical optical power of -15.5 dBm.

- A Pulse Width Distortion{PWD) of 0.5 ns

- Spectral Width of 170 nm.

It should be noted, however, that the test system



constructed at UNH uses an ODL pair that is compatible with fiber
having a 62.5 micron coré and a 125 micron cladding. Due to
time constraints and limited funding, this transmitter/receiver
pair was more readily available and less expensive than the pair
designed for 50/125 micron fiber. The optical and communications
principles being virtually the same in both systems, FOCUS used
the 62.5/125 system for proof of concept. A diagram of the

optical portion of the system is shown in Figure 4.
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Figure 4: Optical Link

The transmitter is driven by the communications electronics
(dicussed later) and couples the optical signal into the fiber by
means of the AT&T ST connector. The data propagates down the
fiber aﬁd is delivered to a specialized lens, which aids in the
delivery of the light to the viewport face. The signal is picked

up on the other side by a similar lens, and continues along the



fiber where another ST connector attaches it to the receiver,
completing the optical 1link. The complete transmitter and

receiver characteristics are summarized in Appendix E.

The crux of the optical design is the transmission of the
optical pulses through the viewport ot the ALVIN (Fig. 4). The
design of such a system involved cautious and careful analysis of
several optical principles, some of which are discussed here to
justify the FOCUS prototype;

Surface refraction is the bending of light as it travels
from one transmission medium to another. The change in direction
is due to the materials having different indices of refraction
(the refractive index is simply the ratio of the speed of light
in a vacuum to the speed of the light in the medium). Snell's

law describes the refraction concept, and is illustrated in

Figure 5.
nsing = n,sing, ,
where
n, = refractive index of incident medium,
n, = refractive index of refraction medium,
6, = angle of incidence,

8, = angle of refraction.

A wave moving from a lower index of refraction to a higher
index has an angle of incidence greater than its angle of
retraction. Likewise, a signal traveling from a larger to a
smaller refractive index will have an angle of refraction that is

greater than its angle of incidence. Figure 5 also shows a



reflected beam (dotted line). These reflections are called
Fresnel reflections and involve a power loss due to a difference

of refractive indices. Two materials that have the same indices
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REFLECTION

Ny

TRANSMISSION

6%.

Pigure 5: Snell's Law and Index of Refraction®

of refraction mathematically have no reflections, and
consequently zero power loss due to reflections? _

Figure 5 shows that the angle of incidence and the angle of
reflection are equal, but in general these are not equal to the
angle of retraction. The refracted beam is in line with the
incident beam when the angle of incidence is zero. This requires
that the light be introduced perpendicular to the viewport face.
Reflections still exist, however, because the light signal has to
travel across the air gap between tnhe fiber and the glass face.

To minimize these losses, index matching fluid is needed to

10



"smooth" the barrier crossing and prevent the optical signal trom
bending, 1In the FOCUS system, the glass fiber index and the
index of the Plexiglas viewport were not the same, so a fluidwas
used that represented the average of the two boundary indices.
While reflection losses were not totally eliminated, they were
reduced substantially from those that occurred when the light
crossed through air to get to the viewport. Table 2 shows the

refractive indices of the optical components.

1,570, viewport (determined experimentally; see

ny =
Appendix B),
ng = 1.515, Index Matching Fluid.

Table 2: System Indices of Refraction

Other important properties in optical analysis are
diffraction and numerical aperture (NA), Diffraction results in
random change of direction of the light, due to imperfections or
obstructions in the surface and volume of the viewport, and the
result is a loss in optical power.

Light data from an optical transmitter is composed of many
rays of light traveling down the fiber at different velocities.
The numerical aperture ot a fiber explains the angle at which the
light travels, and is defined as

NA = sin© |

10
where & = the angle of acceptance. (Figure 6)

11
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The fiber has a ¢ladding which keeps the light in its core.
{see Appendix A). This cladding is a glass of a lower index of
refraction than that of the core index, thereby forcing the light
to strike this cladding in a certain range of angles. The light
is then reflected back into the fiber core, and there is no loss
of 1light. The wviewport, however, does not have this
core/cladding interface; instead, it has a uniform refractive
index throughout. Therefore, without special attention, the
signal will not travel through the viewport as a concentrated
beam and will be difficult to recover.

The problems of numerical aperture and diffraction can be
solved by transmitting a collimated beam of light through the
viewport. A collimated signal provides a wide beam so that the
chances of 1losing the entire signal ( due to diffraction )} are
greatly reduced. A collimated beam alsc aligns all the light

rays so that they are incident normal to the viewport face,

12



forcing the light to travel straight through the Plexiglas.
Collimated beams are most easily achieved by using a device
called a SELFOC lens (SELf FOCusing; Patent under NSG America,
Inc.). A SELFOC lens is a glass rod with an index of refraction
that decreases from its axis to its periphery along the radius
(see Appendix C}. This varied refractive index causes a light
ray traveling outwards from the axis to be bent back towards the

1
center of the lens, as shown in Figure 7.

FIBER l
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Figure 7: Geometry of Light Rays in a SELFOC Lens

It is desired to have A & in order to obtain perfect
collimation. is given by

Qef—nomr‘f

1

where ne, = refractive index of axis of SELFOC lens,
'JA = guadratic gradient constant of the lens, and
Fg = diameter of the fiber.

As a rule of thumb, A© is decreased when
homro >= {NA)} of the fiber
when the working distance from the target is zero , I'y is the

radius ot the SELFOC lens, and

13



NA of the lens = NA of the fiber?

There are two SELFOC lenses in the FOCUS design. The first
is placed on the outside of the viewport, and functions to
collimate the beam. The second is used on the other side of the
viewport, inside the submarine. It recieves the collimated beam
and directs it back into the fiber, It is important that the twe
lenses are aligned properly, or else the focused spot in the
receiving lens will not align properly with the fiber. A typical

alignment error is illustrated in Figure 8.

|
o
_—
|

! |

| [—-S[GNAL :ll
|

T

!
TRANSMITTING l
LENS - | | RECEIVING

LENS

OPTICAL FIBER FOCUSED

SPOT

Figure 8: Misalignment of SELFOC Lenses'

The best lens for the FOCUS system was found to be NSG's
SLS-1.0 (Appendix C). This particular lens, however, could not
be obtained in time for the project deadline. Therefore, a SLW-
1.8 (from NSG) lens was used instead, and was suitable for proof
of concept.

The viewport/lens arrangement is shown in Figure 9. It

14
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Figure 9: Viewport and SELFOC Lens Arrangement

describes the position of the SELFOC lenses relative to the
fibers, the index matching fluid, and the viewport. Figure 9
also illustrates a device called a light block. A light block is
important in keeping external light from entering the viewport

and interfering with the transmission signal.

MOUNTING APPARATUS AND POSITIONING
The performance of the optical signal as it penetrates the
viewport relies upon a suitable mounting scheme which allows for

positioning (aligning), durability, and consistent placement of

15



the connector assembly on both sides of the viewport. There are
numerous design constraints which must be met to assure optimum
cperation.

The operating environment to which the system is exposed
varies from a highly corrosive, high pressure one with wide
temperature variations (i.e., the outside of the submersible), to
cne of a life-supporting environment existing within the ALVIN.
-Clearly, the major constraints occur with the exterior part of
the mounting system. The ocean environment dictates that the
mounting system be able to withstand hydrostatic pressuresiof up
to 10,000 psi, be non-corrosive, and function over a temperature
range of 0 to 100 degrees celcius,

The effects of hydrostatic pressure on the system is of
primary importance. The preferred high pressure c¢onnector,
manufactured by Giannini Petro-Marine, employs the use of a
SELFOC leng assemblyw(Figure 10}. The positioning of the
male/female "halves" of the connector against the viewport
creates voids or chambers which must contain index matching
fluid.,

On the exterior side of the viewport, the high pressures
incurred will have an adverse effect on the f£luid chamber due to
the large pressure differential between the chamber and the
exterior hydrostatic pressure. The system must therefore be
designed to minimize the pressure differential by means ot a
pressure compensation device, The SELFOC lens contained in the
high pressure connector has been designed and tested to withstand
pressure up to 10,000 psi, the fluid chamber pressure at maximum

operating depth. This pressure compensation device ( Figure 11)

16



Figure 10: Giannini Connector & Penetrator
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is essentially a flexible rubber bladder fitted at one end with
a coupler (to secure to the mounting assembly). The free end of
the bladder is fitted with a one-way check valve to allow for
filling and purging of the pressure compensation system. Index
matching fluid is introduced by means of a syringe, which, when
inserted into the check valve, will force the fluid into the
chamber and out the fluid ducts. The objective of this design is
to purge the air out of all volumes containing the index matching
fluid. The system is filled and inspected to insure that no air
is contained within, then attached to the protective cover plate
(Figure 12), sealing the connector against the viewport. At
this point, the syringe is removed and the check valve is capped
to protect it from contaminants that may enter the pressure
compensation device, This configuration allows for the small
amount of compression and expansion of the adjacent metals as
pressure changes. The considerations of size, ease of assembly,
and maintenance have been incorporated into the design of the
pressure compensation system.

The characteristics of the index matching fluid must include
only the desired refractive index, but it must also be stable at
high pressures and over large temperature variations. In
addition, the fluid must possess suitable viscosity at all times
during operation.

The pressure compensation device is attached to the face of
the retaining collar (Figure 12) which contains the high pressure
connector. The purpose of the retaining collar is to center the

connector and force the connector bushing against the viewport to

20



create the index matching fluid chamber. The colliar is composed
of two halves which are fastened together around the fiber optic
cable, thereby avoiding the need to manufacture the collar onte
the cable as the connector is being attached.

Due to the high gompressive pressures the viewport sustains,
inwvard movement of up to 1/8 of an inch, A mounting system must
be designed which allows for this movement and maintains the
connector's water-tight seal against the viewport. To accomplish
this function, the retaining collar, which secures the connector
assembly against the viewport, was designed to move with the
viewport. The mechanism allowing for the inward-outward motion
(Figurel3) is achieved by sliding the retaining collar over four
studs affixed to the cover plate., Compressive springs are then
secured against the retaining collar by means of locking nuts,
The locking nuts are positioned on the studs to develop the
necessary compressive force on the retaining collar to keep it
against the viewport. Binding between the retaining collar and
the studs is allieviated by a bushing between the two surfaces.
The springs are enclosed by a protective cover which prohibits
foreign particles from becoming lodged between the coils,

As was previously mentioned, the materials used in the
mounting as;embly are exposed to the corrosive sea-water
environment, This dictates the use of titanium metal parts and
rubber parts which retain their integrity throughout operation.
Titanium is the primary metal used for components exposed to sea
water due to its excellent corrosion resistance. Additional

beneficial properties include: a relatively low density, good

21
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strength, easy fabrication, and the ability to withstand
temperature extremes,

The exterior mounting assembly requires a durable design and
minimal protusion from the viewport. Although the ALVIN is
.protected by a cage, there may be instances ot objects passing
through this cage and impacting on the mounting assembly. To
reduce the possibility of such interference, the overall height
of the system was designed to be kept to a maximum of 8.7 cm.
This dimension is based on the distance that adjacent electrical
penetrators extend out from the hull. The cable will exhibit
negligible stress on the mounting assembly, as it is fastened to
the syntactic foam surrounding the hull. However, the
possibility of the cable becoming snagged is recognized and
incorporated in the design.

Coupled with the aforementioned pnysical design constraints,
the system is designed to keep installation, maintenance, and
service procedures as brief and as inexpensive as possible.
Installation experience and tools are kept to a minimum, and
replacement of components can be accomplished efficiently.

The interior mounting of the female half of the high
pressure connector experiences many of the same constraints as
the exterior assembly, with the excéption of the pressure
compensation system., The interior assembly must move with the
viewport while maintaining a seal against the viewport. To
accomplish this, a 1.0 inch thick plate, fitted with a large 2.0
inch diameter O-ring is inserted into the recessed area adjacent

to the viewport (Figqure 14). The plate is designed to mate with

23



the geometry of the recessed area and rest on the O-ring,
creating a seal. The O-ring dimensions are such as to allow for
the compression due to the movement of the viewport while the
plate is held stationary.

As with the exterior connector, a chamber is necessary to
contain the index matching fluid between the SELFOC lens and the
viewport. This reservoir chamber is created by the O-ring seal
against the viewport. Prior to inserting the connector into the
plate, the reservoir is filled with fluid to insure that only
index matching fluid exists between the SELFOC lens and the
viewport. A gasket is adhered to the 1,0 in. plate to interface
with the hull, The purpose of this gasket.is to allow for
shrinkage of the hull by alleviating the possibility of pinching
or binding. The gasket is 1/16 in, thick and is made of closed-
cell neoprene sponge. The O-ring used for the seal is made of
Buna-~N material and has 40 durometer specification. Neither
material decomposes due to the index matching fluid, and both
retain their integrity after cyclical loading is experienced.

An additional constraint requires that the interior mounting
assembly cannot be permanently affixed to the pressure hull.
Options for securing the connector assembly are very limited; it
was concluded that a suitable means for securing the system was
to use two existing studs (that are used to hold the submarine
floor down). A mounting plate was constructed to utilize these
studs, and allows for quick installation and removal of the
mounting system (Figure 14).

The mounting plate not only holds the 1.0 in. plate in

position, but is also fitted with a two-axis translational
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positioner. This positicner, supplied by Ealing Electro-Optics,
Inc., is necessary to adjust the position of the connector (and
SELFOC lens) to align with the incoming optical signal.
Additionally, the connector is secured by the positioner,
maintaining the appropriate distance between the SELFOC lens and
the viewport .

The overall height of the mounting system must be within
the 3.375 in. existing between the hull and the subfloor;’ this is
accomplished by the FOCUS design.

The material for the 1.0 in. plate and the mounting plate
need not be titanium, but does need to be specified to avoid
galvanic action and give the desired strength to secure the
system in position. Again, ease of installation and service are
objectives which are met with this design.

The AMUVS Remote Operation Vehicle (ROV) employs the use
of the same high pressure connector being used for the viewport
interface. The purpose of this connector is to allow for quick
disconnection of the fiber optic cable from the ROV, rather than
having the céble pérmanently fixed to the vessel, The connector
will be utilized in a conventional manner, that is, it will not
be separated by any distance. Provisions shall be made to secure
the connector to the syntactic foam hull to eliminate stresses
developed during operation.

The penetration of the fiber through the camera housing
is accomplished by employing a Conax-Buffalo Corp. fiber optic
bulkhead penetrator. The port existing on the housing requires

the thread diameter of this penetrator to be 0.25 in., so a
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standard FMK-A-50 model was specified. The purpose or this
penetrator is to allow a continuous fiber to pass through the
housing for uninterrupted operation. The Conax penetrator is
tested to 15,000 psi and has an operating temperature range of
-40 to 205 degrees C,

For laboratory testing of the entire electrical-optical-
mechanical system (and also for demonstrating purposes), a model
emulating the viewport arrangement was constructed. The
viewport, on loan from WHOI, is mounted in a frame constructed to
the specifications of the hull immediately surrounding the
viewport. A model of the interior mounting assembly has also
been constructed, with the exception of the Giannini high
pressurelconnector. Components include the 1.0 in, plate, the
mounting plate, and the positioner. Exterior modeling of the
mounting system will not be developed until the proof-of-concept
for the signal transmission is verified., For testing purposes,
the high pressure connector is replaced by two SELFOC lens
assemblies. The lenses will be positioned to allow for a chamber
to be filled with index matching f£luid. The exterior assembly
will be secured by sliding the SELFOC lens holder through the
protective cover plate, and retained by a collar fixed to the
cover plate. The interior assembly follows the same format,
except that the SELFOC lens holder is secured by a collar mounted
on the positioner, which allows for aligning the lenses. This
mounting system approximates the actual system without the major

constraint of high pressure.
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DIFFERENTIAL PULSE CODE MODULATION
There are many methods of transmitting analog information across
a digital channel. The most common is known as pulse code
modulation {PCM),. PCM is essentially an analog message that is
represented by a coded group of digital pulses. A variation of
PCM is delta modulation (DM).

Delta modulation (DM) is the simp;est method for converting
an analog signal to digital form but also requires a larger
transmission bandwidth than PCM. The theory behind DM is that
the message is compared to a stepwise approximation by
subtraction, the difference being passed through a hard limiter
whose output equals +delta or ~delta, depending on the polarity
of the difference.lS-Since there are only two possible outputs of
the limiter, the result is a binary waveform.

A step beyond delta modulation is differential pulse code
modulation (DPCM). Once again, a difference signal between the
message and a previbusly sampled portion of the message is
Created. With DPCM there is now a pulse coded representation of
a differential signal as opposed to a binary step. This allows
the system to better respond to large changes of amplitude in the
input signal. The advantages over delta modulation are balanced
by more complexity in the circuit--about the same as a PCHM
circuit!” when compared to PCM, DPCM has the advantage of using
fewer bits to transmit Ehe same amount of information. To
illustrate this, nine bits are used with PCM to give acceptable

color video-signal reproduction as opposed to three bits for
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DPCM!8 The FOCUS design incorporates six bits ot information in
its transmission for a higher degree of resolution in the
reconstructed color signal.

In summary, differential pulse code modulation was chosen
for wvarious reasons. Since only six bits of actual video
information are being transmitted instead of nine bits, circuit
.complexity was reduced. It was alsoc determined that it was less
likely to lose information with fewer bits transmitted. A third
reason is that since there are six bits of information, the
possibility of replacing part of the transmitted code.with
additional timing information, control signals or another color
camera could be considered more easily in future erforts.

Several factors were taken into consideration in the design
of the FOCUS electronics: size, speed and the fact that
information 1is to be sent across only & single fiber optic
cable. Restricting transmission to a single fiber optic cable
was a major design task for FOCUS. This required increasing the
transmission speed by a factor of however many bits were being
transmitted. In additicn to increased speed, more complex
paralliel-to~-serial conversion circuitry is required. The same is
true for serial-to-parallel conversion at the receiver. The
additional conversion and serial transmissions require very fast
operations if a color video signal is to be accurately
reproduced. A high speed logic family known as Emitter Coupled
Logic (ECL) was chosen to implement the FOCUS design.

ECL offers several advantages over other logic families.
These advantages include high switching rates, low propagation

delays with moderate edge rates, and the ability to drive low
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impedance transmission 1inesp Temperature compensation is also
available on most ECL components. Although ECL is extremely
static sensitive and requires great care in handling, it has the
performance characteristics that best suit the Idesign
requirements,

Although power c¢onsumption was not a major design
constraint, power dissipation in the form of heat must be taken
'into consideration. This poses no significant problem for the
receiver as that will be located on an equipment rack in the
submersible ALVIN where adegquate air flow can be obtained for
cooling. Power dissipation in the transmitter circuit poses no
problem in the desk-top model; adequéte air flow is available
here also., When the circuit is contained in the small titanium
pressure hull of the AMUVS where there is no air flow at all, an
alternate form of heat sink will have to be used. One proposed
solution is to use the hull as part of the heat sink since it is
approximately the same temperature as the surrounding environment
(three degrees Celcius at operating depth).

Another consideration is the environment in which FOCUS will
operate, The receiver, as stated earlier, will be in the ALVIN,
an environment which most electronics are capable of handling.
The transmitter, however, will be operating in temperatures
ranging from about three to over forty degrees Celcius, and both
will need.to be operable in all weather conditions on the deck of
the shfp. For these reasons, chips of military specifications

were used when available.
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THE ELECTRICAL SYSTEM
TRANSMITTER
Introduction
The transmitter takes the raw video signal and converts it
to a digital signal for optical transmission, The Qideo signal
is sampled using Differential Pulse Code Modulation (discussed in
a later section). The digital sample is then sent serially

across the optical fiber.

General Theory

The transmitter is designed tc sample the videc signal every
100 nanoseconds for a sampling frequency of 10 MHz. This is 2.4
times the highest frequency contained in a color video signal,
thereby satisfying the Nyquist sampling criterion. §Six bits of
data, including an overflow bit are used to represent the
amplitude of each sample. These six bits are then combined with
a nine bit flag code for transmission. The purpose of the flag

code is data and clock synchronization in the receiver,

Detail of the Transmitter
The following is a detailed discussion of the transmitter,.
It will be helpful to refer to the Transmitter Block Diagram
Schematic and Timing Diagrams in Appendix F,
The video signal enters the circuit through a buffer. This
buffer isolates the transmitter from the camera and provides the

proper impedance match to the incoming line. The buffer is made
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of a high frequency operational amplifier, with at least.a 5 MHz
bandwidth.

The buffered signal then goes to a summing junction, where
the reconstructed video signal from the Iast sample is subtracted
from the incoming video signal. The output of this summer is the
difference between the incoming video and what the video was at
the last sampling time. This difference is what is eventually
tranSQitted to the receiver., The summer is made up of another
high frequency operational amplifier.

The differential signal is converted to a six bit digital
code by the analog to digital converter (A/D). An Analog Devices
AD9000 flash converter was chosen for this apﬁlication, due to
its small size, ultra-fast conversion time (13 nanoseconds), and
compatibility with ECL logic.

The digital output of the converter goes to two places.
The first is a digital to analog converter (D/A). This ultra
high-speed converter recreates the analog differential signal
that was originally sent tc the A/D converter. A buffer is
between the outputs of the A/D converter and the inputs of the
D/A converter to insure the digital data is present for
conversion. The reconstructed differential signal is then
integrated. This integrated signal is the sum of all the
differential signals, and thus it is the reconstructed video
signal. It is this signal that is subtracted from the incoming
video to create the next differential signal.

The second place the data goes to is the parallel to serial
converter; this converter is a pair of eight~bit shift registers.

The registers parallel load the six bits of data plus the nine
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bit flag code, and then serially shift out all fifteen bits, one
at a time, This sixteen part cycle (one load and fifteen shifts)
must repeat every 100 nanoseconds. This results in a
transmission rate of 160 million bits per second,

The shift registers are clocked by a 160 MHz oscillator. A
very high speed crystal oscillator ﬁith ECL-logic levels will be
installed. Currently the clock is being driven by a variable
frequency oscillator for test purposes. The clock also drives a
"divide by 16" circuit.. This 10 MHz signal tells the shift
registers When to load (as opposed to shift), and tells the A/D
converter when to start converting.

The serial output of the shift registers goes to the AT&T
ODL 200 electrical to optical converter, which delivers the light

signal to the fiber,

Detail of the Receiver

The receiver is basically just the opposite of the
transmitter. The optical fiber connects to the AT&T ODL 200
optical to electrical receiver, The converted electrical output
connects t¢ the serial to parallel converter shift registers.

The flag code comes into play as the data is being shifted
into the registers. The format of the transmitted data is shown
in Figure 15,

The format is made up of the nine bit flag code, which is
sent first; the six bits of data are sent next. The last bit is
a "don't care" bit, which represents whatever appears at the

transmitter output when its shift registers are loading in the
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next data word to be sent out.

% 0 1 2 3 4 5 6 7 8 9 01 12 1314 1B 0 1

1 ]ofv]oli]o]1|o ofwfoijo2foajealos | 1|0
FLAG CODE DATA

Figure 15: Transmitted Data Format

As the incoming flag code and data are shifted into the
receiver shift registers, the flag code circuitry is checking to
see 1f the zeros in the code are lined up. When the four zeros
of the flag code line up, a signal is sent to the shift registers
telling them to hold. A signal is also sent to the holding
register telling it to load the new data word. After the data
have been transferred from the shift register to the holding
register, the shift registers are cleared by being loaded with
logic ones. This resets the flag code check circuitry and
prevents a data word that might look like the flag code from
activating the check circuitry.

The other purpose of the flag code is to provide clocking
information to the receiver. The flag code's pattern of zeros
and ones forms an B0 MHz square wave. This wave is presented to
a phase locked loop that locks onto this frequency and produces
a wave of double the frequency (160 MHz). The 160 MHz signal is

used for clocking the shift regqister,
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The holding register holds the data at the inputs. of the
digital to analog converter, The converter is an Analog Devices
AD9768 ultra high speed converter. It features ECL logic levels,
a 100 MHz update rate, and a 5 nanosecond settling time. This
converter is not clocked. It continually updates its analog
output according té.the current digital input. The output of the
D/A converter is then integrated to reproduce the original video
signal. This converter/integrator pair is the same pair used in
the transmitter feedback path. The cutput of the integrator is -
impedance matched to 75 ohms.

PHASE LOCKED LOCP

A phase locked loop (PLL) is basically aﬂ electronic servo
loop consisting of a phase detector, a low-pass filter and a
voltage controlled oscillator, The controlled oscillator phase
makes it capable of locking in or synchronizing with an incoming
signal in both fregquency and phase. If the phase changes,
indicating the incoming frequency is changing, the phase detector
output voltage increases or decreases enough to keep the
oscillator frequency the same as the incoming frequencyu“l? In
this manner, the PLL will receive a signal and track it in
frequency and phase?l The PLL designed for the FOCUS project is
basically the same as described above but with several unigue
modifications: frequency multiplication to generate clocking
signals for the rest of the receiver, very high speed operation
and a ﬁultiplexed input select.

Since only one line of serial data is available for use, no

continuous cloc¢k signal can be tracked to synchronize the

35



receiver. As discussed earlier, an eight bit flag code is in the
form of an 80 MHz square wave, and the following eight bits are
data and synchronization bits. The availability of the square
wave 1s every other eight bits. The problem of obtaining a
continuous clock signal was solved by using a multiplexed input
to the PLL. During the first half of the cycie, the multipléxer
feeds the eight bit'square wave from the input line into the PLL.
On the eighth shift of information into the register, the
multiplexer switches to bit nine of the shift register since the
square wave is now passing this point. In this manner, the PLL
sees a continuous, 80 MHz square wave to provide correct clocking
for the rest of the circuit.

The input circuit of the PLL is a phase-frequency detector,
The phase detector produces a positive or negative pulse whose
width is proportional to the amount of phase lead or lag between
the input frequency and the current PLL output frequency. Phase
error information is contained in the duty cycle of the phase
detector output, that is, in the ratio of output pulse width to
total period.

The next stage of the PLL is a filter. By low-pass
filtering or integrating the output of the detector, usable
analog information for the VCO can be recovered.

The VCO was designed to idle at the same frequency as the
clock on the transmitter, thereby allowing faster lock in times
for the PLL. The output of the oscillator is the 160 MHz clock
that 1s used to drive the receiver. In order to provide fqr this
doubling of frequency from the 80 MHz input to the PLL, a divide

by two circuit is used in the feedback path from the oscillator
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to the phase detector.

A D-type flip~flop is used to provide an 80 MHz signal whose
phase and frequency are proportional to the VCO oﬁtput. It is
this 80 MHz signal that is compared to the 80 MHz wave from the
incoming data stream.

| For the remaining discussion it will be assumed that the
loop is in lock. Since the PLL is being used for clocking, a
line driver is required to reduce the fan-out from five fo one.,
This is especially important in high speed circuitry since
increasing fan-out decreases circuit speed due to capacitive
loading. Three outputs from the driver are used to clock other
parts of the circuit, and the other two are retained for use in
the PLL.

TRANSMISSION LINE THEORY

As has been previocusly mentioned, the transmitter and
receiver were designed to operate at a 160 MHz clock rate. At
this frequency, it was suggested that the circuit board traces be
treated as transmission lines. With this method, reflections at
line-chip interfaces could be minimized.

The important information derived from transmission line
theory will be summarized here. The derivations themselves have
been placed in Appendix D,

A transmission line has associated with it the dynamic
parameter %5, the characteristic impedance. It is defined as the
ratio of transient voltage to transient current at a point in the
line. When a load is connected across the line, the resistance

(impedance} of this load must equal the characteristic impedance
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of the line or a reflectionwill occur.

With ECL circuits, one method of termination (loading)
requires a resistor to be connected from the end of the line to a
voltage Vqp. This voltage is usually -2 volts.

Two common types of PC board transmission laines are
microstrip and stripline, Figure 16, Stripline reguires
multilayer construction techniques; microstrip uses ordinary
double-clad boards. .

Microstrip offers easier fabrication and higher propagation
velocity than stripline, but the routing for a complex system may
require more design effort. Electric field fringing requires
that the ground extend beyond each edge of the signal trace by a
distance ¢f no less than the trace width, It was decided that
one side of the circuit board should be devoted entirely to
ground plane except for small areas devoted to Vip.

In order to determine the characteristic impedance for the
proposed trace widths of 0.062" and 0.031", the chart of figure
17 was used. The thickness of the boards used for the transmitter
and receiver was measured to be 0.06". The board composition
could not be determined and was assumed to be G-10 epoxy in order
to use figure 17. The following values were calculated:

68 ohms when W
90 ohms when W

0.062"

2
0 0.031"

Zg
The magnitude of reflections from the terminated end of the

It n

line depends on how well the termination resistance Ry matches
the line impedance Zp. The ratio of the reflected voltage to the
incident voltage is the reflection coefficient. The degree of

reflections which can be tolerated varies in different

38



llllllllll

SSSSSS

--------------------

;

AAAAAAAA

b, Striplin

AC GHOUND——-\\

: '




situations, but to allow for worst-case circuits, a gocd rule of

thumb is to limit reflections to 15% to prevent excursions into

the threshold region of the ECL inputs conected along the line.5
For the FOCUS design, the following constraints apply:

For ZO
For: ZD

68 ohms, 91.8 > Rq > 50.3 ohms
90 ohms, 121.5 > Rg > 66.6 ohms

For a line terminated at the receiving endwith a resistance to -~
2 volts, a rough rule of thumb is that the termination resistance
should not exceed line impedance by more than 5082%
CONSTRUCTION

In order to construct a prototype which would accurately
represent the final circuit to be placed in the AMUVS, several
constraints had to be met, First, the geometry'of the pfototype
had to lend itself to layout on four inch diameter circuit
boards. Second, space had to be left in the center of the design
layout to accomodate the mounting bolt used in the actual AMUVS,
Both Woods Hole and UNH had facilities to etch single layer,
double sided boards.

The construction sequence for all the printed circuit boards
followed roughly the same sequence.

1) Appropriate size boards were cut from large double sided
sheets using a Dremel tool equipped with an emery cutting wheel.

2) The boards were cleaned with a non~detergent cleanser and
then with ammonia to remove all surface contaminants.

3) The traces and bonding pads were layed out on the board
using etch resistant transfers and tapes from DATAK.

4) The boards were then heated to 120 degrees F and a coat

of photoresistive material was applied to the reverse side.
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This coat was allowed to dry and the cycle was repeated twe more
times. This was necessary to preserve the ground plane.

5} The boards were then placed in a ferric-chloride etchant
for approximately 45 minutes to remove the unwanted copper. What
remained was the ground plane, signal traces and solder pads.

6) The boards were washed to stop the action of the etching
process and then scrubbed to remove the tape and transfers as
well as to remove the pﬁoto—resist. At this point, the boards
were ready for components to be scldered on.

7Y All components were soldered to the board, which was
then moved to the grounded work surface for chip mounting and
testing.

TESTING

After all power supply connections were made and continuity
was checked, the system was powered up. The clock and analog
signals were supplied by external signal generators. The clock
speed was initially 100 KHz and the analog signal was a 5 KHz
sine wave. The power supply was sourcing 1.2 amps ot current to
the transmitter ( the receiver had not been constructed yet).
The initial results were that no portion of the circuit appeared
to be operational,

The first goal was to get the clock divider portion ot the
transmitter operational. The chips under consideration were the
up/down counter (F100136) and the S-input or/nor (F100101). The
output of the or/nor gate was fed back to the counter to serve as
load/count down control signal. Since it could not be insured
that the system would come up in a state which allows a count

down (high output from the or/nor), the feedback was broken and
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this input on the counter was tied to a logic high level. With
this correction, the counter was locked in the count-down mode
and it was operational.

All outputs of the or/nor chip were now found to be at
ground potential, It was decided that, since this voltage was
above logic high and the output did not change with changing
inputs, the chip was faulty. When this chip was replaced, the
desired output of a negative going pulse cccurring once every 16
clock cycles was observed.

At this point, a check was made of the other circuit
elements.

1) The A/D converter was functioning propefly.

2) The hold register for the D/A converter was not
operational.

3) The output of the D/A converter was at ground potential.

4) The parallel-to-serial converter was not operational. It
was observed that when the load/hold control line (the output of
the or/nor gate) was held low (corresponding to a 1load
condition), the output gf the A/D converter was partially ground
and partially a 5 KHz sine wave. '

5) The DPCM circuitry was not operational and was
disconected. '

The output of the A/D converter is not validwhen its encode
signal (clock divided by sixteen) is high. Since the hold
register is essentially transparent in the load mode, these
invalid'signals were converted to ground potential by the D/A

converter. Therefore, if the register could be made to hold

41



properly, then an accurate conversion could be made.

When_the lcad/hold signal and the clock were observed
simultaneously, it was clearly seen that the load/hold signal
went low on a rising edge of the clock and returned to high on
the next rising edge of the clock. According to the truth table
for the register, locad/hold had to be low while a rising clock
edge occurred. The original design had counted on propagation
delay to create this condition. Short line lengths and gate
delays made this method unreliable. The solution was to invert
the clock to all chips using this signal. (This was another
reason the feedback of this signal to the up/down counter was
broken: there was noway to invert the clock with respect to this
signal at this chip. Inverting the clock on the counter merely
shifted the pulse but did not change the phase relation between
the two). _

When this change was made, the output of the D/A converter
was again constant at ground potential. It seemed as if progress
had taken a step backwards, By looking at one of the A/D
converter outputs (which showed the encode pulse envelope) and
the load/hold signal simultaneously, it was observed that the
load pulse arrived when data was not valid and immediately before
the rising edge of the encode signal. (Recall that the encode
signal is one of the inputs to the or/nor gate which produces the
load/hold pulse). By using the complement of the encode signal
as the input to the or/nor gate, the occurrance of the load/hold
pulse was moved to the peoint where the converter data was valid
and just before it became invalid. This method is far better

than depending on delays in that it allows the converted data to
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settle out before it is loaded into the register.

A check of the system at this point showed that everything
except the DPCM circuit was operational. The next thing to
determine was the maximum speed of the circuit. The clock speed
was increased until the system was no longer functioning {(no
output from the D/A converter). The breakdown frequency was 15
MHz.

A check of the locad/hold signal and the clock signal
revealed that heavy capacitive loading due to the multiple inputs
being driven was the cause of breakdown. At 15MHz, the load/hold
signal could not reach a voltage low enough to be recognized as a
logic low. At 20 MHz, the same happened to' the clock. The

solution was to add a quad driver (F100112) to the circuit.

This addition will be implemented on the second version
{under construction as of 5/1/86) and is expected to make the 160
MHz rate attainable although accurate data conversion is still
guestionable,

The question of accuracy stems from continuing problems with
the DPCM scheme. The Eransmitter reconstructs the ihput signal
by integrating (low-pass filtering) the output of the D/A
converter. This reconstructed signal is then subtracted from the
current signal producing a difference signal which can be
accurately represented by six bits. If the integrator added only
a constant amount of phase shift to the signal, there would be no
problem., In reallit_y.r the phase shift is a function of frequency.
This causes signals at one frequency to subtract while those at

another add. The end result is distortion which cannot be
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allowed. One solution under consideration is the use of constant
phase shift networks to compensate the integrator phase shift.

The problems associated with the receiver have been minimal.
The receiving circuitry was divided into two sections: a serial-
to-parallel converter and the phase locked loop/timer. Each
Circuit was placed on a Separate board to aid in testing the
receiver.

Part of the construction plan was to have the receiver
construction lag behind that of the transmiter by about a week so
that problems encountered with the transmitter cduld be avoided
in the receiver. This proved to be quite helpful.

As of May 1, the phase locked loop board has not been
tested, but will be operational by the time the transmitter and
the serial-to-parallel converter are capable of operating at that
high a frequency. By using the trasmitter clock signal in the
serial-to-parallel converter circuit, audio information was
transmitted aéross a twisted pair transmission line.

Future cooperative efforts between WHOI and UNH include:

-- The transmission of a video signal at the clock freguency
of 160 MHz.

—— Modifications to the transmitter and receiver circuitry
to reduce the number of times clocking information is sent, from
once every 100 nano-seconds to once every 30 milli-seconds.
This would allow either the redﬁction of transmission rate or the
addition of a second camera signal.

- Tﬂe development of a complete bi-directional telemetry

system for the AMUVS.
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Appendix A

Graded Index Fiber Terms and Characteristics

1) Fiber Structure:

Optical fibers are designed to permit light energy to travel
through it in a region called the core. The light rays are
prohibited from escaping because the core is surrounded by
another layer of glass known as the ¢ladding. Figure A-1 shows
the geometry of the core/cladding interface. The design ot tnese
glass fibers is such that the core index of refraction is larger
than the cladding index. This causes light to reflect at the
boundary, and remain in the core. There are certain limitations
on the maximum angle that the light can strike the core/cladding

interface which must be observed to avoid losses of energy.

CLACDING
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Figure A-l: Core & Cladding of an Optical Fiber
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2) Transmission through an optical fiber.

Propagation of light energy in optical fibers is based on a
concept of "modes"™. A mode is an allowable field configquration
for a given geometry of a fiber. The number and type of modes
allowed in a fiber determine the degree to wich tnat fiber will
distort a signal. The fiber in the FOCUS system is a multimode
one, as opposed to a single mode fiber, Multimode fibers are
aavantageous in that they c¢an be coupled to an LED source,
whereas a sinlge mode fiber requires a laser source. Multimode
fibers are also easier to attach to connectors because they have
a larger core dimension.

The graded index fiber operates on the principle of
equalizing the group delays of the various propagating mode
groups. Light rays that are traveling straight through the fiber
will tend to arrive at the end faster than rays that are moving
at angles and bouncing off the boundary. The varying index of
refraction tends to "speed up®" light traveling near the cladding,
so that all the light rays arrive at the end of the fiber at the
samé time, Figure A-2 shows the refractive index profile of a
graded index fiber.

Efficiency of transmission is also dependent on the
wavelength of the light source. Fighre A~3 shows how the
attenuation of a typical multimode fiber varies with wavelength.

Other important terms dealing with fiber losses are:

Pulse Width Distortion (PWD):
This is the measure of the difference in amplitude between

the input signal and the output signal (at any time t) due to
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delays in the propagation modes (Figure A-4).
Spcetral Width({ ):
Spectral Width is the range of wavelengths in the fiber. As

shown in Figure A-3, broad variances in wavelength increase the

overall attenuation of the signal.

INPUT  SIGNAL * OUTPUT SIGNAL :

T — | O\

SLIGHTLY DISTORTED

VERY DISTORTED

Figure A-4: Pulse Distortion of an Optical Signal Due to Delays

in Propagation



Appendix B
Experimental Calculation of the Index of Refraction of the

Viewport

The index of refraction of the viewport had tc be determined
in order to specify some of the other optical components. A
laser beam was projected through the viewport, and the incidentr
and reracted angles were measured. After several trials, Snell's
law was used to calculate the index of refraction. The data for
this procedure appears in Tables B-~1 and B-2, and the geometry of
the rigure is shown in Figure B-1l.

Experiment 1 yielded an average n of 1.555, while
experiment 2 produced 1.589 for the refractive index. Standard
deviations were 0.0978 and 0.0867 rerspectively, Overall, the
average of experiments 1 and 2 gave a refractive index n of
1.573, with a standard deviation of 0.0905. Trimming the data
(i.e., disregarding the highest and lowest values) yielded n =
1.570, with a 0.0516 standard deviation. FOCUS accepted the

value of n = 1.570 as the index of refraction of the viewport.
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e ™
X | TRIAL INC%&NT REFRACZTED N
ANGLE ANGLE
cm degrees degrees VIEWPORT
J450 | 1.0 6.0994 . #4460
1328 2 \+.0 10. 981 1.528Y
2.350] 2 2F.5 |+ . 1887 [.5630
2.050] H 3.5 18.9360 |l.6l06
MO & 6.5 22.L666 [.§ 703
0ol 6 H40.0 24,4380 | 1. 554/
.820 .
630 7 &4.0 354094 [ 1-851% )
Table B-1: Refractive Index Data, Experiment 1
4 ™
X [ TRIAL fNC-%-éNT REFF;?C%I'ED N
ANGLE ANGLE
cm degrees degrees YIEWPORT
850 { 8.0 T. 460 1.4630
L4oO | 2 2.5 8.949 1. 3920
2.050| 3 21.0 12.985 \.595Y4
3.000| 4 30.§ 18. 647 |. 58RO
3.800 ) Hl.% 23,144 }. 6860
4135 6 H3.0 25.158 | 60SO
&soo 7 550 KAWL 1. 5570

Table B-~-2: Refractive Index

Data, Experiment 2
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Figure B-1: Geometry of Light Passing Through the Viewport
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APPENDIX C

SELFOC Lens Theory

The profile of the refactive index ( Figure C-~ 1 ) is
expressed as: n(r) = ﬁo(‘__ﬁ-ri) (1)
2

where n{r) = refractive index at any point r,
n0 = refractive index on the optical axis z,

A refractive index gradient constant,

r
h

radial distance from optical axis (mm).

N
Mo
nir«no(1-4-r2)
Nd
=To O fo ’r

Figure C- l: Refractive Index Profile of a SELFOC Lens

The ray matrix can be derived from equation 1l:



1 .
VA sinvA 2\ [r,
cos VA Z o/

ne VAsin/A 2z cosvA Z r

- “1

(¥} )

"‘—!-u-—-—l-""
It n

where

rl = distance between incident point and c¢ptical

axis (mm),

rl = incident angle (radians),

r2 = distance between emitting point and optical
axis {(mm),

ra = emitting angle (radians),

2 = length of lens (mm).

The ray matrix describes a ray passing through a lens, as

shown in Figure c-2,

24
/ﬂ(rJ 'no(l—-a—p?)

e <
N

Figure C-2: A Ray Passing through a Lens



The ray matrix yields
r2 = rl cos \X z,
when parallel light rays are incident on the lens. This results
in the ray moving sinusoidally within the medium, with a period
of P = 2T/fA. P is often referred to as the pitch of the lens.
For a collimating lens, P = 1/4.
Some important parameters of SELFOC lenses are:

1} Focal Length (f) (see Figure C-3)

z R i
f= N YA Sm(‘WZ}

“ﬁnxd,/”// P2 = princip%et
P ] poin
| .Pz/”/f’a\

Figure C-3: Focal Length of a SELFOC Lens

he focal length (f) is shortest for a 1/4 pitch lens.

2) Working Distance (8S)

_ t _
S=+=COT(Fz)
The working distance S is zero for a 1/4 pitch lens.

3) Numerical Aperture {NA) {see Fiqure C-4)

€-3



An_? r_2{1-R?) -
(NA)? = sin2p = —=m—— 2 where R=t.

ax
1—R2 sin? §

The numerical aperture decreases as an incident ray moves

away from the center axis, and is zero at the periphery.

There are two main types of SELFOC lenses: SLS and SLW. A
table of parameters for the two is given on the next page (Table

C-1) for a 1/4 pitch and a operating wavelength of 1300 nm.

* 2ro

Figure C-4: Numerical Aperture of a SELFOC Lens



" () ) )

Dia | VA Mo Mo NA

.0 | 464 | .5
SLS 1.5 ] .32 1 75 [T .36

20 | 235 1o

0 |s78| 5

spw | IS [ 388 | 75 | 595 | e
}.8 313 .9 ;

k__ 2.0 287 1.0 _#)

Table C~1: Parameters for SLS and SLW SELFOC Lenses
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APPENDIX D: TRANSMISSION LINE THEORY

The interactions between wiring and circuitry in high-speed
systems are more easily determined by treating the
interconnections as transmission lines. A brief review of basic
concepts 1s presented and simplified methods of analysis are used
to examine situations commonly encountered in digital systems.

For the great majority of interconnections in digital
systems, the resistance of the conductors is much less than the
input and output resistance of the circuits. Similarly, the
insulating materials have vefy good dielectric properties. These
circumstances allow such factors as attenuation, phase
distortion, and bandwidth limitations to be ignored. With these
simplifications, interconnections can be dealt with in terms of
the characteristic impedanced and propagation delay.

The two conductors that interconnect a pair of circuits have
distributed series inductance and distributed capacitance between
them, and thus constitute a transmission line. For any length in
which these distributed parameters are constant, the pair of
conductors have a characteristic impedance Z3. Whereas quiescent
conditions on the line are determined by the circuits and
terminations, 2, is the ratio of transient voltage to transient
current passing by a point on the line when a signal change or
other electrical disturbance occurs. The relationship between
transient voltage, transient current, characteristic impedance

and the distributed parameters is expressed as follows:

v /Lo
—_= 7. = —_
/ 0 Cy

where Ly = inductance per unit length, Cqp = capacitance per unit



length.. Zg is in ohms, Lo in henries, Cp in farads.

A transmission line with a terminating resistor is shown in
figure D-1. As indicated, a positive step function voltage
travels from left to right, To keep track of reflection
polarities, it is convenient to consider the lower conductor as
the voltage reference and to think in terms of current flow in
the top conductor only. The generator is assumed to have zero
internal impedance. The initial current I; is determined by Vi
and Zy. If the terminating resistor matches the line impedance,
the ratio of voltage to current traveling along_the line is
matched by the ratio of voltage to current which muét, by ohm's
law, always prevail at Rp. From the viewpoint of the voltage
step generator, no adjustment of output current is ever reguired;
the situation is as though the transmission line never existed
and Rq had been connected directly across the terminals of the
generator. From the Ry viewpoint; the only thing the line gdid
was delay thé arrival of the voltage step by the amount of.time

T.

5
Vit — |

lr

2o

1
L

Figure D-1: Assigned polarities and directions for

determining reflections
When Ry is not egqual to Zgr the initial current starting
down the line is still determined by V3 and Zg but the final

steaay state current, after all reflections have died out, is



determined by Vi and Ry (ohmic resistance of the line is assumed
to be negligible). The ratio of voltage to current in the
initial wave is not equal to the ratio of voltage to current
demanded by Ry. Therefore, at the instant the initial wave
arrives at Ry, another voltage and current wave must be generated
S0 that ohm's low is satisfied at the line-load interface. This
reflected wave starts to return toward the generator. Applying
Kirchoff's laws to the end of the line at the instant the initial
~wave arrives, results in the following:
Ii + Ig = Ip = current into Ryp
Since only one voltage can exist at the end of the line at this
instant of time, the following is true:
Vi + Vg = Vg
Combining these two equations results in:
L = (Rp - 29}/ (Rg + Zg) = reflection coefficient

With Ry ranging between zero (shorted line) and infinity (open
line), the Eoefficient ranges between -1 and +1 respectively.

When a reflected voltage arrives back at the source
(generator), the reflection coefficient at the source determines
the response to Vgpe The coefficient of reflection at the source
is governed by Zy and the source resistance Rg and can be
calculated by replacing Ry with Rg in the equation for the
reflection coefficient at the load. If the source impedance
matches the line impedance, a reflected voltage arriving at the
source is not reflected back toward the lcad end. If neither
source impedance nor terminating impedance matches the
characteristic impedance, multiple reflections occur; the voltage

at each end of the line comes closer to the final steady state

bD-3



value with each succeeding reflection.

Terminating a line at the receiving end with a resistance
equal to the characteristic impedance is called parallel
termination. Fl00K circuits do not have internal pull-down
resistors on outputs, s¢ the terminating resistor must be
returned to a voltage more negative than Vpp to establish the
low-state output voltage from the emitter follower., A -2 volt
termination return supply is commonly used. This minimizes power
consumption and correlates with standard test specifications for
ECL circuits. A pair of resistors connected in series between
ground (VCC) and the VEE supply can provide the Thevenin
equivalent of a single resistor to -2V if a separate termination
Supply is not available. The average power dissipation in the
Thevenin equivalent resistors in about 10 times the power
dissipation in the single resistor returned to -2 volts, For
either parallel termination method, decoupling capacitors are
required between the supply and ground.

An additional requirement on the maximum value of Rp is
related to the value of gquiescent Iny current needed to insure
suffecient negative-going signal swing when the ECL driver
swetches trom the high state to the low state. The NPN emitter-
follower output of the ECL circuit cannot act as a voltage source
driver for negative-going transitions. When the voltage at the
base of the emitter follower starts going negative as a result of
an internal state change, the output current of the emitter
follower starts to decrease. The transmission line responds to

the decrease in current by producing a negative-going change in



voltage. The ratio of the voltage change to the current change
is, of course, the characteristic impedance. Since the maximum
decrease in current that the line can experience is from Igy to
zero, the maximum negative-going transition which can be produced
iss the proauct Iou*Zg-

If this product is greater than the normal negative-going
signal swing, the emitter follower responds by limiting the
current change, thereby controlling the signal swing. If,
however, the Iog*Z%g product is too small, the emitter follower is
momentarily turned off due to insufficient forward bias of its
base-emitter junctions, causing a discontinuous negative-going
edge,

For this application:

Rp < 1.64*Z5 + 3.86 ohms.
For a line terminated at the receiving endwith a resistance to -
2 volts, a rough rule-of-thumb is that the termination resistance
should not exceed line impedance by more than 50%.

The length of a stub branching off the line to connect an
input should be limited to insure that the‘signal continuing
along the line past the stus has a continuous rise, as opposed to
rise {(or fall) with several partial steps. The point where a
stub branches off the line is a low impedance point. Thisg
creates a negative coefficient of reflection, which in turn
reduces the amplitude of the incident wave as it continues beyond
the branch point. If the stub length is short enough, however,
the first reflection returning from the end of the stub adds to
the attenuated incident wave and the first stub reflection

provides a step-free signal, although its rise time will be

P-5



longer than that of the ocriginal signal. Satisfactory signal
transitions can be assured by restricting stub lengths according
to the recommendations for unterminated lines (Table D-2). The
same considerations apply when the termination resistance is not
connected at the end of the line; a section on the line
continuing beyond the termination resistance should be treated as

an unterminated line and its length restricted accordingly.

Number of Fan-out Loads
Zo 1 2 4
50 1.37* 113 095
62 1.33 1.07 087
75 1.25 0.95 .75
a0 118 085 .52
100 115 0.82 0.49

“Length in Inches
Unit loag = 2 pF. § = 0 148 nafinch

Table D~1: F1l00k maximum worst-case line lengths for
unterminated Microstrip, distributed loading
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Appendix E

AT&T ODL200 Lightwave Transmitter and Receiver

‘Technical Information
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ODL 200 Lightwave Data Link

ELECTRICAL CHARACTERISTICS

ODL 200 Transmitter

(VCC ~ VEE = 4.2 10 4.8 V; Operating Temperature: 0 to 70°C
(Complementary Inputs?)

Parameter Symbol Min Max Unit
Input Data Voltage — Low?3 VIL -1810 -1.475 V.
Input Dara Voltage—High? ViH -1.165 -(.880 \'
Input Current — Low? liL 0.5 - A
Input Current — High® I1H - 0.350 mA
Reference Voltage® VBB -1.396 -1.244 v
Input Transition Time’-8 TN | - 1.0 ns
Power Supply Current Icc | -~ 260 mA
Data Rate [NRZ Encoding] DR 40 220 Mb/s
Peak Optical Power (Typical Conditions%) PoH J 28 (-15.5 - aW {dBm)
Optical Output!0 |
High PoH ‘ 12,5 (-=19) 88 (=10.5) uW (dBm)
Low PoL - POH/20 aW
{Pou -13) (dBm)
Outbut Rise Time’.8 tr - 1.8 ns
Output Fall Time’8 13 - 2.2 ns
Pulse Width Distortion8!! PWD - 0.5 ns
Optical Wavelength A 1300 1350 nm
Spectral Width [FWHM] Al - 170 nm
Power Dissipation!? Ppiss - 1.3 w
NOTES;
1. Refer 10 package thermal characteristics, p. 3.
<. These specifications assume the use of both inputs with complementary input data. Similar performance
can be achieved when driven single-ended.
3. Measured from Vce with a 50 © load to [Vcc ~2.0] V.
4. Measured with ViL min.
3. Measured with VIH max.
6. Measured from Vcc.
7. Between 10% and 90% points,
8. Specified at a 200 Mb/s data rate. At lower data rates the maximum value scales inversely with the
decrease in data rate.
9. Value given is typical, not minimum.

10. Measured peak power coupled into 0.29 NA, 62.5/125 micron fiber at +40°C. Includes power supply
and end-of-tife (EQL) variations.

1. The PWD as measured with an input signal having negligible PWD.

12. With 4.8 V power supply and 507 duty cycle.
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- ODL 200 Lightwave Data Link

ELECTRICAL CHARACTERISTICS

ODL 200 Receiver
(Vec (1352F) - VEE [1352C) = 4.2 1o 4.8 V; Operating Temperature: 0 to 70°CH)
t€omplementary Qurpuis?)

Parameter Symbol Min Max Unit
B Output Data Voitage — Low’ VoL -1.810 -1.620 Vv
Output Data Voltage —Low3 | Vou -1.830 ~1.605 1%
Output Data Voltage — High?+ _ . VoH -1.025 -0.880 v
Output Data Voltage — High? VOH -1.035 —-0.870 v
- Current Drain on V¢g Icc - 150 mA
Current Drain on Vepo s IPD - 75 ; _A
Current Drain on VCCAS Icca - 30 ] maA,
Data Rate [NRZ Encoding] DR 40 220 Mb/s
B Optical Sensitivity — Typical Operating Conditions® PIN 0.8 (-31) - uW (dBm)
Optical Sensitivity — Worst Case” PIN 1.1 (~29.5) - #W (dBm)
Maximum Input Power Pyax - 88 (-10.5) | uW (dBm)
_ Optical Wavelength for Rated Sensitivity A 1275 1375 nm
- Pulse Width Distortion®? PWD - 1.2 ns
Output Rise Time®10 tr - 1.4 ns
Output Fall Time®10 tF - 1.4 ns
Power Dissipation!! ) PDiss - 750 W
a Flag — Low!2 VFL -1.830 —1.605 v
Flag — High!2 VEH -1.035 -0.870 \%

NOTES:
I. Refer to thermal characteristics, p. 5.
-~ 2. Specifications assume the use of both outputs with complementary data. Similar performance can be achieved
using either output individually,
3. The 1352C is measured from ground with a 50  load to —2.0 V. The 1352F is measured from Vcca with
a 30 load to Vcca-2.0 V.
. With a 4.5 V power supply.
- With 50 Q loads on Data and Data to [Vcc 2.0} V (1352F), to -2.0 V (1352Q).
Value given is typical, not minimum,
Peak power coupled from a 0.29 NA, 62.5/125 micron fiber at 220 Mb/s for a bit error rate of 10-% at +40°C.
Includes EQOL.
The PWD as measured with a —18 dBm input signal having negligible PWD.
Specified at a 200 Mb/s data rate. At lower data rates the maximum value scales inversely with the decrease
in data rate,
- 10. Between 20% and 80% points with a 50 Q load to [Vcec-2.0] V.
1I. With 4.8 V power supply, 50% duty cycle and logic outputs terminated in 50 O to Voo -2 V.
12. Measured from Vcc with a S0 G load to [Ycc-2.0] V.
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Appendix F
Transmitter and Receiver

Block Diagrams, Schematics and Timing Diagrams
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Appendix G

Data Sheets
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MC1648/MC1648M

VOLTAGE-CONTROLLED
OSCILLATOR

-

Bias Pointio

Cutput
Tank R I

Input Capacitance = 6 pF typ

Maximum Series Resistance for L {External
Inductance) = 50 [} typ

Power Dissipation = 150 mW typ/pkg
(+5.0 Vde Supply) ’

Maximum Output Frequency = 2256 MHz typ

The MC1648 requires an external DaralleN
tank circuit consisting of the inductor {L}
and capacritor (C).

A varactor diode may be incorporated into
the tank circuit to provide a voltage variable
input for the ascillator (VCO), Tha MC1648
was designed for useé in the Matorola Phase-
Locked Loop shown in Figure 8. This device
may also be used in many other applications
requiring a fixed or variable freguency clock
source of high spectral purity. {See Figure 2.)

The MC1648 may be operatecd from a +5.0
Vdc supply or 8 -5,2 Vdc supply, depending
Upon system raquirements,

Supply Voltage Gnd Pins Supply Pins
+5.0 Vdc 7.8 1. 14
-5.2 Vdc 1,14 7.8

‘ L SUFFIX P SUFFIX F SUFFIX
CERAMIC PACKAGE PLASTIC PACKAGE CERAMIC PACKAGE
\_ CASE 632 CASE 646 CASE 607 /
FIGURE 1 — CIRCUIT SCHEMATIC
Vees vee
I'I;I l;}
. [
: ' -+ a1 o0z .
E M’_}“ i *
' F—0 Outour
p—m {zﬁ‘
an o::{
o~
as
¥Yo: %
h A s
7 AL RED TR
VEE Bias Pt Tank Vg 3 AGC .
Numbery 1n parantheac genats prh number Tor F pechage (Case 6071 L packege (Casa $32), ana P oackage (Cawa BAS),
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FIGURE 3 — TEST CIACUIT AND WAVEFORMS
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OPERATING CHARACTERISTICS

Figure 1 iliustrates the circuit schematic for the
MC1648. The ascillater incorporates positive feed-
Rack. by coupling the base of transistor Q6 to the
collector of Q7. An automatic gain contral tAGC)
15 incorperated to limit the current through the
amirtar-coupled pair of transistors (Q7 ang Q&) ang
allow optimum frequency response of the oscillator,

fn order to maintain the high Q of the oscillator
and provide high spectral purity at the outpur,
transistor Q4 is used to translate the gscillator 51g-
nal to the output differential pair Q2 and Q3.
Q2 and Q3 in conjunction with output transistor
Q1. provides a highly buffered output which pro-
duces a square wave, Transistors Q9 and Q11 pro.
vide the bias drive for the oscillator and output
buffar. Figura 2 indicates the high spectral purity
of the oscillator cutput {pin 2},

When operating the gsciillator in the voliage
controlled mode [Figurad), it shouid be noted that

FIGUHE 4 — THE MC1648 OPERATING IN THE VOLTAGE
. CONTAOLLED MOGE

| e |

the cathode of the varactor Qiode (D) should be

Diased at least 2 Vg above Vpp (1.4 V for pos

itive supply oparation).

When the MC1648 15 used with a constant dc voltage
to the varactor diode. the output frequency will vary
shghtly because af internal mowse. This variation is plotied
versus operating frequency n Figure 5

' FIGURE 5 - NOISE DEVIATION TEST CIRCUIT AND WAVEEQRM
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TRANSFER CHARACTERISTICS IN THE VOLTAGE CONTROLLED MODE
USING EXTERNAL VARACTOR DIODE AND COIL. Ta =259
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Typical transfer characteristics for the
oscillator in the voltage controlled mode are
shown in Figures 8, 7, and 8, Figures 6 and 8
show transfar characteristics employing anly
the capacitance of the varactor diode {plus the
input capacitance of tha oscillator, & pF typi-
cat). Figure 7 illustrates the oscillator operating
in a voltage controligg mode with the output
fraqueney range limited. This is achieved by
a_dding 2 capacitar in parallel with ths tank
CircuUit as shown, The T k§2 resistor in Figuress
and 7 is used to protect the varactor diode
during testing, It is not necessary as long
as tha de input voltage does not cause the diode
10 become forward biased. Tha larger.valued
resistor (51 kfl) in Figure 8 is required tg
provide  isolation  for  the high-impedance
junctions of the two varactor digces,

The tuning range of the oscillator in the
voltage controlled mods may ba caleulated as:

frnax . VCpimax) + Cg
frmin VCpiminl « Cg

1
2N\,’L(CD(max} + CS,

where f . =

Cg = shunt capacitance (input plus extarnal
capacitance].

Cp = varactor capacitance as a function
of bias voitage.

Good RF ang low -frequency bypassing is
necessafy on the power supply pins, [See
Figure 2.)

Capacitors (C1 and C2 of Figure 4} should
be used to bypass the AGC point and the VCO
nput  fvaractor diode}, guaranteeing oniy
dc levels at these points.

For outpurt frequency operation betweaean
1 MHz and 50 MHz 3 0.1 uF capacitor is suffi-
cient for Ct ana C2, At higher fraquencies,
smaller values aof capacitance shouid ba used;
at iower frequencies, larger values of capaci-
tance. At high frequencies the value of bypass
capacitors depends directly upon the physical
layout of the system. Al bypassing should be
as close to the package pins as possible 10
minimize unwanted lead inductance,

The peak-to-peak swing of the tank circuit
is set internaily by the AGC eirguitry. Sipce
voitage swing of the tank circuit provides tha
drive for the output bufier, the AGC potential
directly affects the output waveform. (f it is
desired to have 3 sine wave at tha output of
the MC1648, a series resistor |s tied from the
AGC point to the most negative power poten.
tial {ground if +5.0 volt supply is used -52
volts if a negative suppiy is used) as shown in

" Figure 10,

At frequencies above 100 MHz typ, 1t rmay
be desirable to increase the tank circuit peak.
10-peak voltage in grder to shape the signal
at the outpur of .the MC1648. This is accam-
plished by rving a series resistor (1 k2 mini-
mum] troem the AGC to the most positive
Rower potentigl (+5.0 volts if a +5.0 volt sup-
Ply is used, ground if a -5.2 volt supply s
used}). Figure 17 illustrates this principle.

APPLICATIONS INFORMATION

The phase locked loop shown in Figure 9
ittustrates the use of the MC1648 as a viitage
controlled  oscillatgr, The figure Jilustrates
3 frequency synthesizer usefui in tuners for
FM broadcast, general aviation, maritime and
landmobile communications, amateur and
CB receivers, The systern pperates from asingia
+5.0 Vdc supply, and reguires no internal trans-
latiens, since ai) COMponents are compatible,

Freguancy generation of this type offers
the advantages of single  crystal operation,
simple channe! selection, and elimination of
special circuitry to prevent harmonic lockug.
Additional features include dc digital switching

(preferabie over RF switehing with a multipie
¢rysial system), and a broad range of tuming {up
to¢ 150 MRz, the range being set by the varactor
diode), )

The output fregquency of the synthesizer
loop is deterrnined by the reference fraquency
and the number programmed at the program.
mable counter; f, ., = Nfcet. The channal
sPacing is equal to frequency (f4¢).

For agditianal infarmation on applications
and designs for phase lacked.loops and digital
frequency synthesizers. see Mororola Applica-
tion Nates AN-532A, AN.535, AN-553, AN.
564 or ANEQ4,
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FIGURE 9 — TYPICAL FREQUENCY SYNTHESIZER APPLICATION
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Figure 10 shows the MC16848 in the variable trequency
mode operating from a +5.0 Vdc supply. To obtain a sine
wave at the autput, a resistor 1s added from the AGC
crecuit (pin 5) to VEE.

Figure 11 shows the MC1648 in the vanable trequency
mode operating from a +5.0 Vdc supply. To extend the
useful range of the device {maintain a square wave cutput
above 175 MHz), 5 resistor is added to the AGC circuit at
pin 541 k.ohm minimum).

FIGURE 10 - METHOOD OF O8TAINING A SINE-WAVE QUTPUT

*5.0 vac

0

B
1
M

10 Ap—=0 Output

)

= 12 5

ERC A

Figure 12 shows the MC1648 operating from +5.0 Vdc
and +9.0 Vde power supplies. This permits a higher voltage
swing and higher output power than is possible from the
MECL output (pin 3}._Plots of output power versus total
collector load resistance at pin 1 are given in Figures 13
and 14 for 100 MHz and 10 MHz operation. The total
collector load includes R in parasllel with Rp of L1 ang
C) at resonance. The optimum value for B at 100 MHz is
approximately 850 ohms,

FIGURE It - METHOD QF EXTENDING THE USEFUL RANGE
OF THE MC 1648 ISQUARE WAVE QUTPUT]

+5 0 Vde
o .
Y
Curput
1k mimn

1 ;12 5
—1
I

.

!

FAEY -1
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FIGURE 12 ~ CIRCUIT USED FOR
COLLECTOR OUTPUT QPERATION

FIGURE 13 - POWER OUTPUT varwus COLLECTOR OAD

Cutput

+50 v

FIGURE 14 — POWER QUTPUT versus COLLECTOR LOAD

POWER QUTPUT {mvw AMS)

Sen a3 cirewnt, Figure 12,1 = 100 Mz
C3-30-35orF
Coltegtor Tank
LT =022 uH Cl10-700pF
A 5002 -10k{}
Apol L1andCt = 11 k@ 100 MMz Resanance
Qsculator Tank
L2 2 4 turng 220 AWG 316 10
C2«10-200pF

10 wo 1000

TOTAL COLLECTOR LOAD fohms}

10.600

S test gircui, Figure 12t % 10 MK,
£33 470 pF
Collector Tank

Lt

Rep

=27 uH C1= 24 - 200 pF
=504 - 10kl
ot L1 3ng C1  §8ki! ® 10 MHz Resanance

Dsciitator Tank
L2 27 uH
C2: 16 - 150 oF

mW AMS )
a

POWER QUTPUT

Ll

100 1000

TOTAL COLLECTOR LOAD (ohms)

10.000
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MC1690

UHF PRESCALER
TYPE D FLIP-FLOP

T Ch
e C2

11 09
12 02

f

L SUFFIX
CERAMIC PACKAGE
CASE 620
TRUTH TABLE
c o Qne1 Vegr = Pin
L ® an Vgez = Pin 16
H ) a, Veg =Ping
7 U T
— H H
CsC1e2 @ = Don't Cara Fo = 200 mW tvp/pkg (No Load)
D=D1+ D2 'Tog=500 MHz min
Numper at end of terminat denotes pin number far L package
-30°C +25°¢ +85°C
Characteristic Symbol | Min | Max Min Max Min | Max Unit
Power Supply Drain Current Ie -~ - - 59 - - mAdc
Input Current linH uAde
Pins 7,9 - - - 250 - —
Pins 11,12 - - — 270 - -
Switching Times Min | Typ ] Max ns *
Propagation Delay pd - - - 1.5 - - -
Rise Time, Fall Time t+,t— - - - 1.3 - - - ns
{10% 10 90%)
Setup Time tsetup — - - 03 - — - ng
Hold Time thald - - — c3 — - -
Toggle Frequency fTog 500 - 500 | 540 - 500 - MHz
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FIGURE 1 — TOGGLE FREQUENCY TEST CIRCUIT
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@ MOTOROLA

MC10H158

Advance Information

MECL 10KH HIGH-SPEED EMITTER-COUPLED LOGIC

The MC10H158 s a member of Motorela’s new MECL family. The
MC10H158 1s a quad two channel multiplexer with commeon input
select. A "high” level select enables input DOO, D10, D20 and D30
and a “low' level selectenablesinput D01, 011, 021 and D31. This
MECL 10KH partis a functional/pinout duplication of the standard
MECL 10K family part, with 100% improvement in propagatnon
delay and no increase in power-supply curfent,

® Propagation Delay, 1.5 ns Typical
@ Power Dissipation, 197 mW Typical

® Improved Noise Margin 150 mV {over aperanng veitage and
temperature range}

& Voltage Compensated
® MECL tOK-Compatible

P SUFFIX
o PLASTIC PACKAGE
Bli CASE 648
A 4
L SUFFIX
CERAMIC PACKAGE
CASE 620

MAXIMUM RATINGS

Quad 2-Input Muitiplexar

Satect

I
—_ . )

poy 5 S ’_\‘LIQO
—

poo s———!—;d-'
Pl
.
. —
pr1 3 T
2 Qi
T e
oY 4—-——n —— 4
—
D21 12— oL —.
, . 18 Q2
..___.-"H}_g-—{.._/
D0 13-— —=— e
P
P i—
031 10 ——— B R
L e t4
i ¥ _/F Ql
B0 ) e —
Viee = Pin 16
Vegg = Pin8

Characieristic svmboi_ Rating Unit
Power Supply (Vee = 0 _——VIEE -B G100 " vee
Inpwt Vohage Na:.: o] Vi T ow VEE Voc
Output Current — Conunuous igut 50 ma
— Surge 100
bc—};eraleng Temperature Range - Ta 0-7% i
Storage Ten';o;ralure Range — Plastic o -.‘T:,g -5% 10150 oC
— Leramw -55 10 168 C
ELECTRICAL CHARACTERISTICS iVgp = -5.2 V 5%}
Charactaristic Symbol i 9° Max Minz ;CMan Minjs‘:Maa Unit
Power _S_?_:)giy Current Ig ~ 53 - 48 - 53 mA,
Inpul Currer:lmHug; . Lk R - i
Pin 9 — | a7 - 295 — | 295
Pins 3-6 and 10-12 — 515 - 320 - 320
Input Currem‘l.a‘w Ll Gs - 05 — jake ] — luA
High Qutput Vo.-rlage Vo |[-102)| 084 .098 | -081]-092 -0—?35 Wde
Low Quipat Voltage Yoo 195 | -1 631 -195] -163 -l_;5 =160 | Vdo
High Ingut Voitage Vg | -117 -53_4 '_-I 13 E)EI_ -1Q71-0.735| wvdc
Low Input Voltage Vi <195 r':1 48 | -195 ] -148 | -1.96 -145 v?
AC PARAMETERS '
Propagalien Delay pd ng
Data 10 19 10 \R-] 10 0
Select L G 29 1 0__ ) 2.7 1_2_1 29
Rise Time Iy az? 22 a7 20 0.7 22 ns
jll Time 1 o 22 o7 20 0.7 2.2 ng
NQTE: 7 o

Each MECL 1GKH series crewt has been designed 1o mael the & specilicatans shown i the 1asi
table, atter thermal equibbrium has been established The crduit 150 a tasl socket or mounied on a
printed circun board and transverse air flow grearer then 500 iinear fpm 15 mamiained Dutputs are
tatminated through a 50-ohm resistor 10 -2 0 volts

Thig dogument containg information on a new product. Specifications and information herain are

subject to change without notice.

&G-22
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MC12040/

@ MOTOROLA MC12540

PHASE-FREQUENCY

DETECTOR
The MC12040 is 3 phase-frequency detector intended for use PHASE'FREQUENCY
in Systems requiring zero phase and frequency difference at lock. DETECTOR

In combination with 2 veltage controfted oscillator (such as the
MC1648), it is useful in a broad range of phase-locked loop ap-
plications. Operation of this devige is identical to that of Phase
Detector #1 ofthe MC4044. A discussion af the theory of operation
and applications information is given on the MC4344/4044 data

sheet,
P SUFFIX

PLASTIC PACKAGE

Operating Frequency = 80 MHz typical

CASE 648

LOGIC DIAGRAM E'
L SUFFIX
CERAMIC PACKAGE
y_— 3 U {fg>fy) CASE 632.02
3U fR>hy)
PIN ASSIGNMENT
120 (R/=TRi
11D (fy>fg)
o] =
INPUT | ouTPUT Veer O 1417 Veez
R [v|u|p|U|D NC ] 2 137 NC
Vcc1 =Pin 1
Vegg =Pin 14 O 1ofx|xix) X U3 1217 6
VEE =Pin 7 0 [ vixixX]|x{x .
T IX x| x|x u]a4 "Ml
0 1TIX X[ X[Xx
NN NC s 1017 Ne
[+ 111]alai R : & 9 3 v
TRUTH TABLE Poritfogols
. . 1 Jel1|ojal vee [ 7 8] Ne
This is not strictly a functional ] ]
truthtable;i.e..itdoesnotcoveralr 1 g 0111
possiblernodesofoperalion. How. ) ? ojTy
ever it gives a sufficient aumber of 0r1jtrio
tests 10 ensure that the device will 1 jofolrj1joe
function properly in | modes of 1 1Halti1lo .
operation. - i} 1laefl1 0 NC — No Connectlon
LT 1ioiol1j0
X = Don't Care

-2



MC12040

ELECTRICAL CHARACTERISTYICS

The MC12040 has been designed to meet the dc specifications shown in the
test table after thermal equilibrium has been established. Qutputs are ter-
minated through a 50 ohm resistor to +3.0 V for +5.0 V tests and through
4 50 ohm resistor o - 2.0 V far - 5.2 V tests.

TEST YOLTAGE VALUES

Livaityl
@ Tumt
Temperaturs YiH man | Yiumin | Yiwa mon | YiLa max | VEE
9%g -0 840 -1 870 -1 145 -143Q 572
% -0810 -1 850 .1 M5 -1 478 52
Supply Voltage = 6.2V 149 -8 720 -1 BI0 1 pa% 1450 EE
Pin MC 12040 TEST VOLTAGE APPLIED TO PINS LISYED BELOW
Under 0% s «159% Wegh
Charactarnin Symbol | Tasr Main Man Mun Miga M Man Lan Vikman | ViU min | VIHA mve VIR A may YEE Gra
Power Syogly Dran Currgnl FE 1 . . =120 =60 - mage - - - 4 114
Irul Cutrent MK [ - - 50 - wAGE & ? 14
-] - B - 384 - N 2 - r g
Loge T Vowd}] 3 .| -1000 | 0840 | -n9s0] -cmio| 0900 | a70| wva - - 7 1
Cuizut Yoliage 4 ' - |
Y | : : b
12 t - - - Ct
Lege 0 voull| 1 (im0 | emy raso| 1620 1030 e8| wee - S 7 114
Quiput Yoitage a - | .
17 - '
12 l l l l l l - - ) ¥
togie 10 voua®| 3 -1.024 - -0980 - -1930 - vk - 6.9 1 114
Threshoid Voitage a4 - - J - - l |
1 . - - — -
12 l - 1 - 1 - l t '
Loge "0 voLald)| 3 - | -1e1s -1 600 878 [ v - 9 € ’ 1
Threshod Yaitege 4 - - - 6 9
. : 11 l - l - - - 9 ]
12 - - - 0 - - & El
TEST VOLTAGE VALUES
IVerinik
P Tesr I i
Tempersturs ViH man YiLmin | YrHa ming YiLama | Yoo
o%c *4 160 +3 130 3 BSS BEIL 50
255¢ +4 190 3150 -1 895 ~1 5% 50 |
Supply Voltage = +5.0V 50¢C -4, 780 =3y ~3 955 ~]1 550 *5Q
1
P - v:c 2049 TEST VOLFAGE APPLIED TO MINS LISTED BELOW
Undar [ 289¢ +789¢ IVEES
Charscisnstic Symbal | Ten Whn Max Min Max Min May et VIH mau ViL mia | ViH& min | YILA maa veo God
Poret: Supiy Drasn Cuerent 13 } -t1E 50 ma T 7
Input Currem T [} 150 FEY. o -] 114 ?
] 150 whe a 114 T
Logs 1 vou(D)| 3 | 4000 | 4160 | aca0 | arg0 | 4100 | azmo | vec ! T
Duiput voitege . ] l B i H
1" : ' .
HRERER. 2NN il
Logic O voLlDl 2 | 1res | 3430 2210 | resn | 3230 | 3470 | ves 14 7
Quipuf voltage 4 i | |
1 i
N RN 4
Loge 1 Vora@X 1 | 1980 4020 | « 080 Ve 6.5 119 !
Thegsnola Vol tage & - H
s t
12 :
Loge D voraZ| 3 B 3450 1 460 1450 | wvae q 8 1,04 i
F - & E]
d
Thrashold voltage " _ l l l 9 6 l 1
- - [ s




MC12040

AC TESTS
To Scope Channel A Voo = + 20V
5.0 uFf f 0.1 uF
| = 1 149 =
)
[ 4
Pulse oHr U)o
uls e o ]

1 UpF—o— _ »y—o
PRE = 5.0 mHz Gen u

Outy Cycle = 50% To Scope Channel 8

t+ =t- = 15ns = 0.2 ns oul _1.1_0._03__{,
ulse o g -
ooz § Y g

7
Q0.1 uF i Veg = -32o0r =30V

NOTES:

1. All input and output cables to the scope are
equal lengths of 50 £ coaxial cable.

<. Unused input and outputs are connected to a Puise R : 90% I | I v
50 0} resistor to ground. Gen. 2 50% ' 10%
3 ! - +03V

. The device under test must be preconditioned
before performing the ac tests. Preconditioning

may be accomplished by appiying pulse Output 80%
generator 1 for a minimum of two pulses prior Waveform A
to pulse generator 2. The device must be 20%
preconditioned again when inputs to pins 6 Thoe = = =g
and 9 are interchanged. The same technique Output ! 80%
applies. Waveform B 0% -
20%
TEST VOLTAGES/WAVEFORMS
o MC 12040 MC12540 APPLIED TD PINS LISTED BELOW:
Under| Gutpat | 0°C ] +285¢ | +75%C | 8% ] +259C | +735%C Pue | Pulee vee Voo
Characteristic Symbot| Test |Wavatorm | Max Max Max Max Max Max Urnia | Gen. 1 Gen. 2 -30or-32V|+20V
Propagation Oetay | tg.q, | 6.4 B 48 48 56 46 46 S0 ns 6 9 7 114
G404 | 612 Iy 60 &0 72 69 60 66 9 6
g3 | 6.3 A 4.5 45 55 asg as 49 6 E]
11| 6.1 B 64 54 7.7 64 64 70 Y &
_ 19471+ 311 8 45 45 56 46 46 50 4 ]
: 9.3+ | 9.3 A 6.0 6.0 72 60 60 6.6 6 E]
19419 9.12 A 45 as 55 a8 a5 493 9 & 4
L taeq. | 9.4 8 64 64 77 §.4 5.4 10 6 9
Output Rite Time t3s 3 A 3.4 4 iz la 34 38 ns 6 9 ? 1,14
tas 4 2 5 ]
Trre | 0t a l l 1 t 9 6
tyoe | 12 A r 9 6
Qutout Fait Timg 1. 3 Y 34 34 38 3a 14 3.8 ns 6 ] 7 1,14
ta 4 -] ] 9
wlnl 2 PP P ]
t1o. 12 A b:] 6




MC12040

APPLICATIONS INFORMATION

The MC12040 is a logic network designed for use as
a phase comparator for MECL-compatible input signals.
It determines the "lead” or “lag” phase relationship and
the time difference between the leading edges of the
waveforms. Since these edges occur anly once per cycle,
the detector has a range of =2+ radians.

Operation of the device may be illustrated by assuming
two waveforms, R and V [Figure 1), of the same frequency
but differing in phase. If the logic had established by past
history that R was leading V, the U output of the detector
{pin 4) would produce a positive puise width equai 10 the
phase difference and the D output {pin 11) would simply
remain low.

On the other hand, it is also possible that V was leading
R (Figure 1}, giving rise to a pasitive pulse on the D output
and a constant iow level on the U output pin. Both outputs
. forthe sample condition are valid since the determination
of lead or lag is dependent on past edge crossing and
initial conditions at start-up. A stable phase-locked loop
will result from either condition.

Phase error information is contained in the output duty
cycle —that is, the ratio of the output pulse width to total
period. By integrating or low-pass filtering the outputs
of the detector and shifting the level to accornmodate
ECL swings, usable anaiog information for the voltage-
controlled oscillator can be developed. A circuit useful
for this function is shown in Figure 2,

Proper level shifting is accomplished by differentially

FIGURE 1 — TIMING DIAGRAM
o I S B N
e R R I IS

-l-f I‘-"— Lead

R Leads V
(D Output = Q")
1

V Leads R
(U Output =

M
ool |

driving the operational amplifier from the normally high
outputs of the phase detector (U and D). Using this tech-
nique the quiescent differential voltage to the operational
ampiitier is zero {assuming matched 1" levels from the
phase detector). The U and D outputs are then used to
pass along phase information to the operational ampli-
fier. Phase error summing is accomplished through re-
sistors R1 connected to the inputs of the operationat am-
plifier. Some R-C filtering imbedded within the input
network (Figure 2) may be very beneficial since the very
narrow carrectional pulses of the MC12040 would not
normaliy be integrated by the amplifier. General design
guides for calculating R1, R2, and C are included in the
MCA4044 data sheet. Phase detector gain for this config-
uration is approximately 0.16 voltsiradian.

System phase error stems from input offset voltage in
the operational amplifier, mismatching of nominaily
equat resistors, and mismatching of phase detector
“high” states between the outputs used for threshold
setting and phase measuring. All these effects are re-
flected in the gain constant. For example, a 16 mY offset
voltage in the amplifier would cause an error: of 0.016/
0.16 = 0.1 radian or 5.7 degrees of error. Phase error can
be trimmed to zerainitially by trimming eitherinput offset

" or one of the threshold resistors {R1 in Figure 2). Phase

error over temperature depends on how much the of-
fending parameters drift.

FIGURE 2 — TYPICAL FILTER AND SUMMING NETWORK
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FEATURES

8-Bit, 75MHz Minimum Word Rates
No T/H Required

—55°C to +125°C Temperature
Overflow Bit for Cascading Units

APPLICATIONS
Image Processing
Video Digitizing
Radar Digitizing
Military Systems

GENERAL DESCRIPTION

The AD9000 A/D Converter is another addition to the expanding
line of monolithic high-speed data converters available from
Analog Devices. As model number AD9000SD, this 6-bit, 7SMHz
A/D can be operated over a temperature range extending from
—55%°C to + 125°C, making it useful for a variety of applications
in a wide diversity of environments. For applications requiring
operation from 0 to +70°C, the AD9000]D is the recommended
choice.

The AD9000 is a *“flash’ converier which uses 64 paralle! com-
parators to digitize fast-moving analog input signals without the
need for external track-and-hold (T/H) circuits. An overflow bit
can be used for connecting multiple units in a cascade arrangement
0 obtain up to eight bits of digital data at MHz word rates.

Ultra High-Speed
6-Bit Monolithic ADC

Two cascaded devices can be used to ghrain seven bits, and four
units will provide eight bits of ECL-compatible output data.

Careful design rechniques asstire temperature coefficients which
allow the unit 1o be operated over extended temperature ranges.
The flexibility and usefulness of the AD9000 are also enhanced
by its ability to operate with maximum positive 2nd negative
reference voltages applied simuitaneously, as conirasted with
other flash converters which often limit the user to a small
range of voltage within the extremes.

All models of the AD9000 are packaged in standard ceramic
DIP 16-pin configurations. Units processed to the requirements
of MIL-STD-883, Method 5004, are also available for applications
which require them.
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SPEC I FI CATI ONS {typical @ +25°C and nominal power supplies unless umerwist;: noted)

Model
Parameter
RESOLUTION FS = Fuil Scale:
LSBWEIGHT
Ve T = Vg = 0512V
= Vigpr = = Vi = 1024V
=N = — Vg =1 048V
DCACCURACY

Sonlirearity vi. Temperature
" Differenuat Linearity®

Vg = = Vg = 0,312V
~Vaer = - Vapn = 1024V
~Wrer = =~ Vg = 2. MBY

Integral Linearuy”
Ve = — Y= 9512V
= Ve = - Ve = LO24Y
= Wapr= = Ve = 2048V

Monotomcuy

DYNAMICCHARACTERISTICS
In-Band Harmonivs*

de o | MHx
= - Vg =512V
- Ve = 1024V
= Vigpr = = Ve = 048V
L IMHzwo 5¥MHz
Vg = = VR = 00812V

b Vm.':.‘ = - VRI-'F =1.02+V
+ Vg =~ Vg = 2.048V
1 SMHz e 8MHz:
+Verpr= ~ V= 0,512V
+¥apF = = Yaee = 1LO24Y
+Vaur = ~ Va = 2048V
Conversion Time
Conversion Rate?
Aperturs Uncertainty ( Jitter)
Aperture Time ( Delay1 {Tp)
Setup Time iy
Hold Time{1,,®
Signal Transition Time’
[nput to Output Low (t, —)
inputto Quipur High ity + )
Signal to Noise Ratio (SNR)®
~Vepr= ~ Veer=0.512Y
~Vaur= — Vepr=1.024V
= Vepr= — Vipr = 2.048V
Signal 1o Neise Ratio (SNR?
“Vapp = ~ Vi =0.512V
~Vrpr = - Ve = 1,024V
+Vape= - Vagr = LOWBY
Noise Power Ratioi NPR)'®
+Varr= - Yrer = 33212V
+Vppp= = Veep = 1024V
- Vgl"‘p?—‘ - VREF = 2.048Y
Transient Response'!
Overvoltage Recovery™!

ANALOGINPUT (Aw)
Voltage Range, Rated Pecformance
Toput Type
[nput Current
Hold (Latch; Mode
Track(Sample) Mode'?
[nput Capacitance'*
tmpedance'*
Frequency Response'”
{75MHz Encode Rate}
+ Vpgr = = Veep = 0.512V
+ Vg = — Vagr = 1.024V
+Vpge = —Varr= 2.048V

REFERENCE INPUT
Positive Reference { + Vrgr)
Megative Referencei - Vper)
Resistance
Bandwidth

Small Signal, 3dB
Large Signal, 3dB

Units
Bits

my

mb’

my

*FS = 1 JLEB
*yol F§ €

L.5B
LSB
LsB

1.5B
L5SB
LSBE

4B below F§
JB below F$
dB below F§

dB below FS
JB below FS
JdB below F3

dB below FS
dB below FS
dBbelow FS
ns

MH2

ps

ns

ns

ns

wA
wi
pF
kit

MHz
MHz
MHz

f=i i

MHz
MHz

Min

Guaranteed - S5 Co =123 C

75

27

27

-1.5

80

ADS000S D!’
Typ Max Min
6

16

1

B

.4

U003

0.7% 10
.25 [T
[ 04
1.25 1.5
07 1
1] [

AD9000)D
Typ Max
B

L]

0.4

Gusranteed Dty ~ 70 C

+ ++
+7 +7
+7 47
0 40
40 0
41 4
30 10
10 30
kY n
13 13
100 50
25 25
2 z
2
2

13 14 " 13 14
i 12 i 19 12
36 36
¥ En
36 36
+5 43
46 6
45 45
9 9
9 19
29 7 9

10 10
S S

=2

Umipolar ; positive o negative) or Hipolar

.10 - 19 + 10
$50 800 5§50 200
30 30
16 36
24 24
20 20
13 15

+2.0 -5 +«2.0

+1.5 -0 +1.3
100 200 30 100 200
2% 25
20 0

F7
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Model
Parameter Units
ENCODECOMMANDINTUT
Logic Companbility
Digital 1" (Hold/Latch: v
Digital “0" { Track Sampie? v
Digital 17 Current wA
Dhgital “0"" Current wA
Required Termirationi o - 2V {1
Pulse Width
Hold/ Latch [towt HY ns
Track Sample [t T1] ns
Frequency? MHz
DHGITALOUTPUT
Format Bits
Logic Compacibility
Digital =17 v
Drigiral =0 v
Reyuired Termination: o ~ 2V il
Time Skew ns
Coding
POWERREQUIREMEN'TS
A LR ma
~ 82V oMo -V ma
Power Dissipation
Ce Ve = o~ Y =0V mW
e Vpr = ~ Vg = 1¥) mW
Ee Vg = — Vg = 2V mW
TEMPERATURE RANGE
QOperating | Case) C
Storage C
THERMAL RESISTANCE'®
Jurction to Air, #ja{Free Air) TwW
Junction to Case, Bie CwW

NOTES

I$peifivations for ADSMKISD 583B same a5 ADN00SD.

‘Encide Rawe

TSMH>; Anulug [npul = 1kHz.

"Spuriig in-hand ugnils generated oo A5 He cocmle rate at analog

AD%000SD’ AD9000D
Min Typ Max Min Typ Max
ECL ECL
-1 - 09 ~ 0.6 -1 -0.9 -6
=20 1.7 ~1.5 -2 - 1.7 ~ 1.3
5 1% 35 bl 15 15
bl 15 3% 5 15 13
50 30
5 7 5 7
+ 6 4 fa
75 100 S0
6 Parallcl. RZ plus Overflow | NRZ:
ECL
-1.1 -4.9 -6 =11 ~-09 ~0.6
-1.0 -1.7 -1.3 =20 -1.7 - 1.5
104 100
0.4 0.4
Binary | BIN
Mifset Binary QBN
o Data Ready Output Pulse
80 s 80 i
a7 45 67 33
B0 650
690 LU
810 sLU
- 5% - 125 0 s 70
-5 + |50 - 5% + 150
95 95
) 20

“Peakero-peak sgnal W ems Aoise ratw with (0kH:2 analeg inpur,
"DC 1o 8.7 MH? white noise bandwidih with sier Trequency ot 3.586MHz.
and enuode rare of 20MH-

INPLTy shuwn n

omy pee JeRradiin May gur 30 woend rares eiviske oL
abweve mummunt shown, See Figure 4 lor typaal reatonshup between
analug Iput requenaes s enooede rates.

“Thyy is internal ime set by dewgn and 15 the miumuam Time heluce puosiive
Jeading edge uf Envode Commend that @ larch sutpur must be at 1 tor
Jigifal vutput e be generated By the lirch.

“They ix internal ime set by design and ts the mummum bme sitee positive
Teading edge o Encode Cumand That a fatch outpur must remain at A
far figital sutpur 1o be generaied by the larch.

“Spealications with Jigial surpurs terminated in 1D0L) connedted T - FAY
"RMS agnal to i nuise rano wich S0k Hr analwg mput

MECHANICAL DIMENSIONS

Dimensions shown i inches and imm).

[y

T —_
I _r
: 0294 0230 0110
.10 = 0.0¢ 820 (717 <0 2841
7876 za 2841 .
b L& =t

¥nr tulloscale wLep mpul. I ac uracy attaned i ospeaticd ome.

VR prwers, 3 baBIr aocfdey i spedstied nme ater 150°5 FS mput
e vl e

Aeasured on track sample mude with Age
Measured wirh Al Y

ERC

“Ypeetivd trequensies fe MIIMUMs with nu mssng awdes.
"Recummended Maximum wneimn remperaiure s ¢ LS80 G When using
= MW peterences. this temperatuee muy be exceedod wnless seme Jommm of
heat sinking and of coolng aer 1y ased. Nuote @ spealivation.

Speciinations aubiedt e Jhange wichout pofe.
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ABSOLUTE MAXIMUM RATINGS

Lower Upper '
Parameter Units Limit Limit
Supply Voltages
+Vy Volts -0.3 +6.0
-V Volis -5.0 +0.3
Analog Input(Apy) Yolis -30 +3.0
Encode Command Input ~ Voits -6.0 0.0
Reference Inpurs
- \'rgﬁl: VO[IS - 30 + 30
hd VREF Volts -3.0 +3.0
Hysteresis Control
Input Volts 0 +3.0
Temperature
Operating
ADS000SD C =35 + 125
AD%000JD C 0 +70
Storage C -35 -~ 150
Lead Soldering *C + 300
t10seconds)

PIN SYMBOL  FUNCTION
1 -Ve - 5.2V NEGATIVE SUPPLY VOLTAGE
2 Bane ANALOG GROUND
3 Vi HYSTERESIS CONTROL
4 ENCODE  ENCODE COMMAND INPUT
5 -Vae NEGATIVE VOLTAGE REFERENCE
6 By ANALOG INPUT
7 +¥g +5V POSITIVE SUPPLY VOLTAGE
8 + Vs POSITIVE VOLTAGE REFERENCE
9 BIT6 LEAST SIGNIFICANT BIT{LSB) QUTPUT
10 BITS BITS OUTPUT
1 BIT 4 BIT 4 OUTPUT
12 BIT3 BIT3OUTPUT
13 BIT2 BIT 2 OUTPUT
" BIT? MOCST SIGNIFICANT 81T (MSB) QUTPUT
15 OVERFLOW OVERELOWBIT OUTPUT
15 Dono DIGITAL GROUND

NOTE: Agup (PIN 2) and Ocwo (PIN 16) SHOULD BE CONNECTED
TOGETHER AS CLOSE TO CASE AS POSSIBLE.

THEORY OF OPERATION
Refer to the Block Diagram of the AD9000,

Reference voltages (+ Vrer and — VREF) applied across an array
of identical resistors establish the analog operating span of the
unit {+ Vger) ~ (— Vrer). The 64 resistors in the array divide
the range into quantization levels equal to intervals of one least
significant bit (LSB) between ecach resistor.

Each tap of the resistor array is connected [o its associated voltage
comparator input; the other inpur of each comparator is connected
1o the analog input (Apy) signal. In this way, the comparator
stages simultancously compare the analog input with gach one of
the 64 (including OVERFLOW) quantization levels within the
analog span set by the reference voltages.

Any comparator whose reference level is less than the analog
input voltage will change irs output state to a digital *1”. Com-
parators whose reference levels are greater than the analog input
will remain at digital <07,

Depending on the value of Apn, anywhere from none to 64
comparators might have digital *“1” at their outputs; the remaining
comparators will be at digital “0”. Obviously, processing that
many bits of digital information is impractical if the data rernain
in this type of unwieldy format.

Wired-or logic circuits within the AD9000 re-encode the com-
paraior oulputs into a manageable, binary format of six bits of
paraliel data; along with an overflow bit which allows cascading
units to obtain higher resolution.

The outputs of the comparators are applied to latches controlled
by the ENCODE input. When the encode command is low
(digital “0”"), the latches are transparent; this is the track (sample)
mode of the AD9000,

When the ENCODE input changeé to high (digital “1’"), the
latches go inta a “hold”™ {latch) condition, “freezing” the most
recent digital outputs of the comparators and applying them to
the encoding circuits.

The signal held in the latches is converted to binary form by the
encoders and applied to the outpur stages as a six-bit digiral
representation of the analog signai which was present at the
comparator inputs at the instant the ENCODE command made
the change 1o the “hold” mode.

After 5-7 nanoseconds in the “hold” mode, the ENCODE
input again transitions to a “track” condition; and the six bits
of parallel data (but not the OVERFLOW output) return to
zero (RZ). The “track” portion of the ENCODE command

is 4-6 nanoseconds and during this interval the laiches respond
to the new state of the comparator outputs. The ENCODE
signal then transitions again to the hold/latch {digital “1’") mode
and the cycle repeats. Track mode and hold mode intervals are
dependent on duty cycle; times cited here are approximations
for an encode frequency of 7SMHz.

Time relationships of the hold/latch mode and track/sample
mode of the ENCODE command are often influenced by the
word rate selected by the user. At higher rates, it may be desirable
10 shorten the “*hoid” portion and lengthen the “track” portion;
this technique can often enhance overall performance of the
unit.

There is no need for an external track-and-hoid circuit becayse
the latches are performing the track/hold function. The aperture
uncertainty (jitter) and aperture time (delay) specifications shown
on the Specifications Table are “‘worst case” specs for the individual
comparator cells, but are valid for the AD9G00 because they
manifest themselves as converter characteristics.

The good linearity tempco of the ADS000 is the result of using
matched diffused resistors in the input network. Linearity in
this type of converter is dependent primarily on the tracking of
resistors; expressed in another way, resistance ratios are more
important than absolute resistance values. Comparator thresholds
in the AD9000 remain constant within a small fraction of IL.SB
over the complete operating temperature range because of the
close tracking of the resistors within the network. The termmperature
coefficients of comparator input bias currents and initial offset
voltages which contribute to nonlinearity are kept smal! in the
design of the AD90O( to minimize their effects.
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Low offset voltages in the comparators are critically important
for establishing the lower limit of the analog span set by the
voltage references. When the reference voltage across the resistor
¢hain decreases (the difference between + Vrer and — Vggp
becomes less), the smaller value of the LSB approaches the
value of the “worst case'" comparator offset voltage. As the two
get closer to one another, increasing linearity errors can restrict
the lower limit of the analog span if comparator offset is relatively
large.

The upper limit of the analog span is established by the common-
meode range of the comparatars because this range sets the
maximum differential between + Vpgr and ~Vgrer- In this
characteristic, 100, the design of the ADS000 suggests its use
instead of some competing devices.

Unlike some units, the AD9000 allows maximums of positive
and negative reference voltages to be applied simultaneously. In
some “flash™ A/D’s, the analog span is limited to some small
range within the range of references, as opposed to being equal
1o the extremes. The ability of the AD9000 to operate with full-
scale references improves irs usefulness to the designer by imposing
fewer constraints on operating conditions.

Like all flash converters, the input resistance of the AD90)
varies as a function of analog inpur voltage. This is because the
individual comparators draw no current until the input voleage
exceeds the reference voltage of the comparator; after that, the
comparator’s input current remains essentially constant. Con-
sequently, the converter’s input current and inpur resistance
increase in a series of small steps as suc¢cessive comparators are
operated by an increasing analog inpur.

The inpur capacitance of the unit is the sum of the junction
capacitances of the individual comparators. For many flash
converters, this total is sometime sufficiently high to require a
low-impedance driving source for the analog input. In the AD%000,
however, input capacitance is typically 30pF, which is considerably
lower than many competing devices and imposes fewer restrictions
on the driving source,

AD9000 TIMING DIAGRAM
Refer w0 Figure 1, AD9000 Timing Diagram.
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Figure 1. ADSOOO Timing Diagram

The comparater input shown on the top of the diagram is the
analeg input applied to one of the 63 comparators used to establish
the digital value of the output word. The latch output is the
latch associated with that comparator.

Each time the analog input applied 1o the comparator exceeds
the reference level of the comparator, the corresponding latch
output transitions to a digital *“1" level.

Vo W)

LB

When the encode command is ar — 0.9V (digital “1"") and the
latch outut is art digital “17, a bit outpur associated with the
comparatorilatch combination will appear at the cutput. This
statement is true only if:

A. The latch output is ar digital “1" for a minimum of wo
nanoseconds before the positive-going leading edge of the
encode signal {t,).

B. The latch output rernains at digital “‘1” for 2 minimum
of two nanoscconds after the positive-going leading edge
of the encode signal (t,).

In Figure 1, there is no bit outpur associated with encode command
#1 because the latch output was at the digital “1” levet for less
than the required two nanoseconds before the encode command
changed. Encode command #2 however, combines with the
same latch output 1o cause a bit output to appear.

At fiest glance, it might appear encode command #5 should

" combine with the second larch ourput [o cause a bir output. It

does not, however, because the latch output did not remain at a
digital “1” jevel for a minimum two nanoseconds after the positve-
going leading edge of the encode command.

Like 1, and 1, the latch delay interval shown in Figure { is
based on internal timing and is approximately one nanosecond
long, but has only academic interest for the user. The important
time intervals for proper use of the ADS000 are conversion Lime
(typically 13ns); and signaf transition time from the input o a
positive output (t,q +), and a negative output (tpa—). Both
signal transition times are typically 10ns.

In Figure 1, the widths of the digital “1” laich signals vary
because of interaction with the hold cornmands. The first one is
longer than normal because of encode pulse #2 causing the
latch 1o continue to hold the “1” level, The second latch output
15 the expected width; while the third is shorter than normal
because of encode pulse #6, which delays its transition by keeping
it latched at digital “0”.

APPLYING THE AD9000 _
The wired-or logic used in the ADY000 causes the data bits to
go low (logic “0”") whenever the OVERFLOW bit goes high.

-This characteristic allows two or more AD9000’s to be operated

in a cascaded arrangement when more than six bits of resolution
are required.

When operating as a single 6-bit A/D, however, that feature of
the AD3000 might be undesirable. This is because analog inputs
greater than the positive reference voltage will appear as digizal
outputs of all “0", the same digital output expected of maximum
negative inputs. The OVERFLOW bit can serve as a “flag” by
going to digital “1” when the positive reference is exceeded.

For some applications, it may be preferable to have the logic
output bits “lock up" at digiral *‘1” for positive overvoltages,
and digital “0" for negative overvoltages.

This can be accomplished with external logic, as shown in Figure
2, a typical connection for 6-bit operation of the ADS(00.

A hex AND gate is used 1o bring the digital outpurs high any
time the OVERFLOW bit indicates the positive reference has
been excecded; this gate is wire-ored with the outputs of the
ADSC00.

Figure 2 contains other details on the preferred method for
connecting the AD9000 into circuit applications. The suggested
buffer ampiifier for the anaiog input is the Analog Devices’
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Figure 2. ADS000 6-Bit Operation

ADLHO0033 or HOS-100; for the two reference voltages, AD74]
devices are recommended. These high performance amplifiers
are available in various models, making it easy for the user to
setect the unit best suited for his application.

The outputs of the reference buffer amplifiers are capacitively
bypassed 1o help prevent noise from interfering with the per-

formance of the AD9000. The ENCODE input is terminated in -

500 connected to —2V; the CLOCK and digital outputs shown
in Figure 2 are terminated in 10002, also to —2V.

If preferred, the hysteresis input (V) can be left floating, but
experience indicates operation of the ADY000 may be improved
with a variable voltage applied; this is particularly true at higher
word rafes.

Refer to Figure 3, which shows the effect of varying hysteresis
control voliages.
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Figure 3. Comparator Output vs. Hysteresis Voitage

In this illustration of a rypical comparator’s output versus changes
in hysteresis voltage, the combination of the two results in 2
“family" of classic hysteresis curves. The analog iaput (Amy)
voltage is measured in millivolts at the input of the comparator;
the other comparator input, of course, is the voltage established
by the tap on the resistor array discussed earlier. The comparator
output shown on the vertical scale is internal to the AD9000

and appears at the output as an ECL-level signal.

For purposes of discussion of this particular comparator,
+Vppr= - Yres =0V. Under these circumstances, the threshold
of the iliustrated comparator is close to 0mV_ The threshoids of
adjacent comparators would be at slightly different values, but
the Vy hysteresis voltage would have the same general effect on
the comparators’ outputs.

Basically, the variations in hysteresis voltages change the gains
of the comparators and slightly aler their cutputs, as shown in
Figure 3. In many applications, Vi could be left floating, which
establishes a hysteresis voltage of approximately +1.3V. In
other applications, however, the ability to introduce a small,
predictable amount of hysteresis can enhance the AD9000's
performance.

The hysteresis control input veltage can vary over a range of OV
to + 3.0V, with voltages on the lower end of this span having
only negligible effect. Variations between 0V and approximately
+ 0.3V cannot generally be detected as having an impact on the
comparator gain,

The interaction between analog input frequencies and the encoding
word rate is shown in Figure 4.
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Figure 4. Analog Input vs. Encode Rate

The “Nyquist rate” is shown as a dotted line extending diagonally
from dc to an anatog input of SOMHz, and a word rate of l00MHz.
As illustrated, the range of the analog input reference has a
major effect on how closely the AD9000 approaches the Nyquist
Criteria.

In this figure, the analog inpur frequencies which are shown are
the tvpical frequencies a user can expect Lo digitize without
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mussing codes. Note thar as the “spread” of the reference voltages
becames larger, the expected analog inpur frequency becomes
lower,

CASCADING AD9060's FOR MORE BITS

Earlier, there was an allusion to the capability for connecting
multiple AD9S000 units in a cascade arrangement to obtain more
than six bits of digital information. Two cascaded devices would
be used to obtain seven birs; and four cascaded devices used for

eight bits of output. Although it is theorerically possible to
generate multiple bits by employing this method, the practical
limitations involved in doubling the number of AD90GY’s for
each additicral bit tend to restrict the technique to a maximum
of eight bits of digital data.

A possible arrangement for achieving a 7-bit A/D converter is
shown in Figure 5.
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Figure 5. Cascaded AD90G0OD's

When cascading units, the reference-resistor strings are connected
in series and driven at the high, low, and mid-scale points. The
6-bit outputs of the two AD9000’s are wired together and perform
an or function; the Most Significant Bit (MSB) is provided by
the OVERFLOW output of ADC #1.

If the analog inpur 1o the cascaded arrangement is below half-scale,
the overflow bit of ADC #2 is low, and so are its output bits.
This means the outputs of ADC #1 drive the output lines in_
response to the analog input.

When the analog input is above half-scale, the OVERFLOW bit
of ADC #1 (the MSB) is high and acts as a carry; all the digital
output bits of ADC #1 go low. ADC #2 converts the residual
upper half-range, and its outputs drive the output lines. The
conversions are occurring in parallel, so there is no loss of speed,

o, % N

regardless of whether or not one or both of the cascaded A/D’s
are operating. The OVERFLOW bit of ADC #2 is wire-ored
with external logic in a fashion similar 1o the method used when
operating the AD9000 as a six-bit converter,

If this same technique is expanded to eighr bits with four cascaded
ADS000 devices, the analog reference span is divided into four
equal parts; and a small amount of external logic is used to
establish Bir 2 and minimize time skew. The need to double the
divisions of the reference span with each succeeding bit is a
major deterrent in extending this method beyond eight bits of
resolution,

The loads used in cascade are the same as those with a single
AD9000, i.e., the ENCODE input is terminated in 500} and the
CLOCK and digital outputs are terminated in 100€, with all
loads connected 10 -2V,



AD9000 EVAULUATION/TEST BOARD

Evaluating and/or testing the AD9000 A/D converter is made
¢asicr with the use of a printed circuit board which contains an
A/D and the necessary test and raconstruction circuits.

A block diagram of this circuit is shown in Figure 6.

The AD9000 being evaluated or tested is connected in 2 back-to-
back arcangement with a high-speed, high-resolution D/A con-
verter. This combination allows the user to select a reconstructed
version of the digitized analog input; or to examine the error
signal when checking linearity. All necessary circui components
are contained on the 8.5" X 6.3” printed circuir board; the user
needs to provide only power supply voliages.

Two models of boards are available, but the only difference
between them is the model number of the A/D which is instailed
at the time of shipment. The ADS000]D/PCB includes a model
ADS000]JD unit; the ADI000SD/PCB has a model ADSO00SD.

In both boards, the A/D converter is installed in 2 socket; and
all other circuits are soldered into place. This technique allows

the evaluation board to be used as a test circuir for incoming
AD9000 devices when production quantities are required. Com-

plete operating instructions and a schematic are included with
each board.

The test/evaluation board allows the user to check the performance
of converters by providing a method for adjusting + Vgpp,

- Vaer, Vy, encode command pulse width, encode rate, and
latch strobe defay. This kind of flexibility in assessing the unit's
performance can supply valuable insight on how to obtain optimum
performance from the AD9000 and get maximum benefit from
its characreristics.

ORDERING INFORMATION

All versions of the AD900O A/D converter are housed in 16-pin
ceramic monolithic packages. Units operating over the standard
temperature range of 0 to +70°C are designated ADS000]D; for
operation over an extended temperature range of — 55°C to
+125°C, order model number ADY000SD. Devices which have

beer processed per MIL-$TD-$83, Method 5004, are available
as AD90Q0SD/883B.
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FEATURES
Sns Settling Time
100MHz Update Rate
20mA Qutput Current
ECL-Compatibie

40MHz Multiplying Mode

APPLICATIONS

Raster Scan & Vector Graphi¢ Displays
High-Speed Waveform Generation
Digital VCOs

Uitra-Fast Digital Attenuators

GENERAL DESCRIPTION

The Analog Devices AD37685D D/A converter is a monolithic
current-output converter which can accept 8 bits of ECL-level
digital input voltages and convert them into analog signals at
update rates as high as 100MHz. [n addition to its use as a
standard LA converter, it can zlso be utilized as a two-quadrant
multiplying D/A at multiplying bandwidths as high as 40MHz.

" Ad inherently low glitch design is used, and the complementary

current outputs are suitable for driving transmission lines directly.
Nominal full-scale output is 20mA, which corresponds to a 1-
volt drop across a 5002 load, or-= 1 volr across 1000 returned to
+ 1 volt. The actual cutput current is determined by the on-chip
reference voltage (Vppp = — 1.26V) and an external current
sctting resistor, Rgper.

Full-scale output current [g- with digital 1" at all inputs is
calculared with the equation:

v -V :
Ty =4 x “RET REF
RsgT

The setting resistor Rgyr and the output load resistor should
both have low temperature coefficients. A complementary
IouT is also provided.

The reference voltage source is 2 modified bandgap tvpe and is
nominaily — 1.26 volts. This reterence supply requires no external
regulation. To reduce the possibility of noise generation and/or
instability, pin 153 (REFERENCE OUT) can be decoupled using
a high-quality cerarnic chip capacitor. Siabilization of the internai
loop amplifier is by a single capacitor connected from pin 17
{COMPENSATION) to ground. The minimum value for this
capacitor is 3900pF, although a 9.010F ceramic chip capacitor
is recommended.

Intormation furnished by Analog Devices is believed tg be accurate
and reliable. However, no responsibility is assumed by Analog Devices
for it use; nar for any infringement of patents or other rights of third
parties which may result from i1s use. Na license is granted by imelica-
tion or otherwise under any patent or patent rights of Anaiog Oevices,

G-45

Ultra High-Speed IC

The incredible speed characteristics of the AD97685D Dv/A
converter make it attractive for 2 wide range of high-speed
applications. The ability of the unit to operate as a two-quadrant
multiptying D/A converter adds another dimension to its usefulness
and makes the AD9768SD a truly versatile device.
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AD9768 Block Diagram (Conventional Operan‘on).
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ADS768S0 D/A Schematic

THEORY OF OPERATION
Refer to the AD97685D) schematic.

The transistors pictured on the bottom of the diagram, sonngcted
to paired transistors in the middle of the schematic, are current
sources which are alwavs “on"". The paired ransistors are dit-
ferential current switches, designed to steer curzent (rom the
current sources (o either pin 13 (1) or pin 14 (Iq).

Digital inpuss applied o pins 1-8 determine which transistors
will be operaring in each pair and establish what current will
flow at pins 13 and 14.

The transistor on the extreme left of the schematic is a base
referenice for the paired current switches and is used 10 assuze
the switches will be centered around an ECL voltage swing.
The diodes connected to the base of this transistor are temperature
compensation devices for the base-reference circuit.

There are three different current sources in the AD9768 D/A.
The eight transistors shown on the bottom of the schemaric are
structured as two identical groups of four current sources, each
of which is binarily weighted. The MSB group, comprised of
the four on the right, is connected to the LSB group through a
13:1 current divider made up of two 500 and two 75012 resistor
networks., The geometry of the AD9768 guarantecs the binary
weighing ratios among the 100, 200, $00 and 800 resistors in
each emitter cireuit are correct.

The resistor values which are shown indicate the ratios among
the resistors, and rot their nominal values.

The third current source is a single transistor, pretured in the
lower left portion of the schematic with its collecior connected
to pin 18 Rgpr. Its function is to help establish the basc voltage
on the eight current sources; it works in conjunction with the
external Rger resistor selected by the user of the AD9768, and
the reference amplifier. Current flowing through this transistor
is referred to as Iy, in the figures and test.

When the AD9768 is operating as a conventional current-output
DrA converter, Iy, develops a voltage across Rggr which is one
of the inputs to the on-board reference amplifier shown in the
schematic. The other input to this amplifier is the on-chip reference
volrage of — 1.26 volts.

The output of the reference amplifier adjusts the current-source
base reference voltage ac pin 17; this, in turn, adjusts the value
of Im in the singie-transistor current source and causes it 10
develop a voltage across Rgpr which mainiains pin 18 at the
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— 1.26 volts of the on-chip reference supply.

To maintain good stability in the internal toop reference amplificr,
a ceramic chip capacitor with a neminal value of G.01pF should
be connected 1o pin 17 COMPENSATION; minimum recom-
mended value for this capacitor is 3900pF.

The temperature coe{ficient of the load resistor (R ! can affect
the performance of the AD9768 D/A converter, as it can with
any current-output converter. The design and use of the AD9768
and irs dependence on an external Rser resistor, however, make
it sensitive also to the tempeo of Rggy. The user is cautioned 1o
select Ry and Rgpr resistors which have low temperature
coefficients.

DIGITAL GROUND (pin 11} and ANALOG RETURN (pin
12) are normally connected together; this connection should be
made as close as possible to the device case to minimize possible
noise prublems. The AD9768 D/A is similar to any other high-
speed. high performance device; optimum use requires careful
attention 1o all design details, including the lavout of the circuit
in which the converter is used.

CONVENTIONAL AD9768
Refer o Figure 1, Convenuonal AD97688D.
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Figure 1. Conventional AD376850

The cutput current of the AD9768 appears at pin 13 (1) and
develops a voltage across the load resistor Ry, which is based
oh:

A. Iy (the current flowing through the single-transistor
source discussed above}
B. Value of Ry,

I is a function of the return voltage (Vrer), the reference
voltage (Vrpr), and the value of Rspr; all of these are selected
by the user for his application. The necessary equations for
calculating precise values for each are part of Figure 1, As indicated,
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" the voltage drop across R, is added to the return voltage; the
resulting voltage is the total Vour of the converter.

VOLTAGE MULTIPLYING MODE

ﬁp addition to its use as an ultra-high spced current output D/A
-converter, the ADD9768 can also be used as a two-quadrant
multiplving D/A in either a volrage mode or a current mode.

Refer to Figure 2, Multiplying AD9768 (Voltage Mode).

MULTIFUER
WPUT 1V}

Vaar
18V 13 - 3Y1

ADPIRISD

CHGITAL iy TS

Figure 2. Multiplying AD9768 {Vaoitage Mode)

When operating in this mode, the analog output of the ADY768
s influenced by the digital inputs and an external multipiving
voltage (V) applied to pin 16 REFERENCE IN, which takes
the place of the internal reference used when the D/A s operating
in a conventional manner.

The value of I flowing through Rger is set by the voltage of
VreT minus the multiplying voltage (Vy), divided by Rqyr; the
amount of this current is part of the equation which establishes
the analog output (Vo) of the AD9768 and is chosen by the
user for his application. As it is when operating the D/A in a
conventional fashion, Vet can be anv value between 0 volts
“nd +3 voits. ¥y (for pusrposes of discussion here) is some
.legative voitage and can be varied over 3 range which is approx-
imately 1 volt peak-to-peak.

If the load resistor (R ) has a value of 50 ohms, if Rggt has a
value of 220 ohms, and if Vet is OV, the center of the Vum
voitage will be —0.6V; and it can vary from — 0.1V 10 - 1.1V,
Typically, the frequency of these variations has an upper limit
of 250kHz when operating in the voltage multiplying mode; that
frequency is the 3dB poing of the bandwidth of the internal
reference amplifier.
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Figure 3. Ioyr vs. Multiplying Voltage

The combined effects of variations in ¥y and changes in digital
inpur values are shown in Figure 3, Ioyt vs. Multiplying Voltage.
In this illustration, the ordinate of the graph is expressed in

. erms of milliamps of Igyr current at pin 13. Vi, of course,
6’}-?-41'11 be a function of the value of Ry, chosen by the user.

The negative value of V on the horizontal axis is shown starting
at approximately — 0.1V, rather than 0V, because the AD9768
must have some smail value of voltage applied to perform a
multiplying function. For the conditions shown in the figure,
Qutpur current starts to become nonlinear at approximately

20mA becauase of the maximum 30mA output drive capabilities
of the device. Different values for R and R, would alter the
point where limiting first appears.

CURRENT MULTIPLYING MODE

The AD9768 D/A converter can be operated at markedly higher
multiplying rates when operated in a current-multiplving mode,

as contrasted with the voltage-multiplying mode. Reter 1o Figure
4, Muluplving AD97685D (Current Mode?.
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Figure 4. Muttiplying AD97688D (Current Mode)

In this mode, the internal reference amplifier and its inherent
frequency limitations are replaced by a current source comprised
of Ul and associated circuits. These ciccuits supply a unipolar
current Iy which is one-fourth the full-scale output current
{with digital 1" applied to all inpuis) and set current flow
through the load resistor.

Vi Is some voltage chosen by the user for his particular application;
the value of this voltage is based in part on the size of the load
resistor and the OmA to SmA range of Iy, V. can have frequency
components as hugh as 40MHz. Vyp; and Ry, provide an

offset adjustment 10 compensate for the de component of Vi 1o
assure [y is always a unipalar current between OmaA and SmA.
The values of the required voltages and resistors can be caleulated
using the equations which are part of Figure 4.

Refer o Figure 5, Lo vs. Multiplying Current.
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Figure 8. louy vs. Multiplying Current

As shown, Iy can vary over the range of OmA o SmA; a value
of approximately 0.3mA may be the practical lower limit because
of nonlinearities at extremely small current levels. These changes
in Iy are combined with variations in digital inputs, producing
complex changes in the output current (ar pin 13) and in VouT-
The “rounding” of the current curve in the graph is the result
of louT approaching the 30mA maximum drive capabilities of
the AD9768 and needs 1o be taken into account to assure opumum
performance in the selected application.

L, e

o
X
o
a
~
I
™
-

€

<
“
=
=
ja]
W
-
=
=
a.




Appendix H

End Notes and References
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