


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SERIES TERMINATION
Driving an open-ended line through a source resistance
equal to the line impedance is called series termination. It is
particularly useful when transmitting signals which originate
on a PC board and travel through the backplane to another
board, with the attendant discontinuities, since reflections
coming back to the source are absorbed and ringing thereby
controlled. Figure 7 shows a 930 line driven from a 1V gen-
erator through a source impedance of 93(2. The photograph
illustrates that the amplitude of the initial signal sent down
the line is only half of the generator voltage, while the volt-
age at the open end of the line is doubled to full amplitude
(1 + pL = 2). The reflected voltage arriving back at the
source raises V4 to the full amplitude of the generator sig-
nal. Since the reflection coefficient at the source is zero, no
further changes occur and the line voltage is equal to the
generator voltage. Because the initial signal on the line is
only half the normal signal swing, the loads must be con-
nected at or near the end of the line to avoid receiving a 2-
step input signal.
An ECL output driving a series terminated line requires a
pull-down resistor to Vg, as indicated in Figure 8. The re-
sistor Rg shown in Figure 8 symbolizes the output resist-
ance of the ECL gate. The relationships between Ry, Rs, R
and Z are discussed in Appendix B.

Rs=930 Z=930

—AAA

Vo VWA~

A7 Vr
1v

H 10 ns/div
V =0.4 Vidiv
TL/F/10790-25
FIGURE 7. Series Terminated Line and Waveforms

Rg Rs 2
i >c AAA g AAA
VWA VWV

Vee
TL/F/10790-26
FIGURE 8. ECL Element Driving
a Series Terminated Line

EXTRA DELAY WITH TERMINATION

CAPACITANCE

Designers should consider the effect of the load capaci-
tance at the end of the line when using series termination.
Figure 9 shows how the output waveform changes with in-
creasing load capacitance. Figure 9b shows the effect of
load capacitances of 0, 12, 24, 48 pF. With no load, the
delay between the 50% points of the input and output is just
the line delay T. A capacitive load at the end of the line
causes an extra delay AT due to the increase in rise time of
the output signal. The midpoint of the output is used as a
criterion because the propagation delay of an ECL circuit is
measured between the 50% points of the input and output
signals.

Rs=2p 2

A
\4

Vo CLT
TL/F/10790-27
a. Series Terminated Line with Load Capacitance

H=1ns/div
V=0.2 Vidiv

TL/F/10790-28
b. Output Rise Time Increase with
Increasing Load Capacitance

5
LINE
INPUT T

At

7/
/<— LOADED RISE

LINE
OUTPUT

TL/F/10790-29
c. Extra Delay AT Due to Rise Time Increase

FIGURE 9. Extra Delay with Termination Capacitance
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7=2' C=Zoc:[

TL/F/10790-30
a. Thevenin Equivalent for .
Series Terminated Case

=%
z'=3

':> VlN(l)—"Mj- Tvc

Zy
ViN (1)

TL/F/10790-31
b. Thevenin Equivalent for
Parallel Terminated Case

LINE
INPUT

v

tr=08a
a=1.25t

TL/F/10790-32

vin® = 2 [0 — (¢ — au (¢ - a)

utty = Ofort<O

1fort>0
_Ofort<a,
ut—a) = jiort> a

\']
VINE) = Qﬁ —e~a)

\i 1
Ve(S) = —

o— (1 —e—as
ar 32(s+1/r)( e7)

velt) = -g It — 71 — e~Y7)] u(y
—gm—m
-7(1 — e———’_g)] u(t—a)

c. Equations for Input and Output Voltages

FIGURE 10. Determining the Effect
of End-of-Line Capacitance

The increase in propagation delay can be calculated by us-
ing a ramp approximation for the incident voltage and char-
acterizing the circuit as a fixed impedance in series with the
load capacitance, as shown in Figure 10. One general solu-
tion serves both series and parallel termination cases by
using an impedance Z' and a time constant 7, defined in
Figure 10a and 70b. Calculated and observed increases in
delay time to the 50% point show close agreement when 7
is less than half the ramp time. At large ratios of 7/a (where
a = ramp time), measured delays exceed calculated values
by approximately 7%. Figure 11, based on measured val-
ues, shows the increase in delay to the 50% point as a
function of the Z'C time constant, both normalized to the
10% to 90% rise time of the input signal. As an example of
using the graph, consider a 100Q) series terminated line with
30 pF load capacitance at the end of the line and a no-load
rise time of 3 ns for the input signal. From Figure 10a, Z' is
equal to 100Q; the ratio Z'C/t; is 1. From the graph, the
ratio AT/t is 0.8. Thus the increase in the delay to the 50%
point of the output waveform is 0.8 t;, or 2.4 ns, which is
then added to the no-load line delay T to determine the total
delay.

Had the 1009 line in the foregoing example been parallel
rather than series terminated at the end of the line, Z' would
be 50Q. The added delay would be only 1.35 ns with the
same 30 pF loading at the end. The added delay would be
only 0.75 ns if the line were 5002 and parallel terminated.
The various trade-offs involving type of termination, line im-
pedance, and loading are important considerations for crit-
ical delay paths.

25

N
o

N\

N

e

DELAY INCREASE, NORMALIZED — AT/t,
o
n

/

[ 0.5 1.0 1.5 2.0 25
LINE-LOAD TIME CONSTANT, NORMALIZED—2Z'Clt,
TL/F/10790-33
FIGURE 11. Increase in 50% Point Delay Due
to Capacitive Loading at the End
of the Line, Normalized to T,
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DISTRIBUTED LOADING EFFECTS ON

LINE CHARACTERISTICS

When capacitive loads such as ECL inputs are connected
along a transmission line, each one causes a reflection with
a polarity opposite to that of the incident wave. Reflections
from two adjacent loads tend to overlap if the time required
for the incident wave to travel from one load to the next is
equal to or less than the signal rise time.5 Figure 12a illus-
trates an arrangement for observing the effects of capaci-
tive loading, while Figure 12b shows an incident wave fol-
lowed by reflections from two capacitive loads. The two ca-
pacitors causing the reflections are separated by a distance
requiring a travel time of 1 ns. The two reflections return to
the source 2 ns apart, since it takes 1 ns longer for the
incident wave to reach the second capacitor and an addi-
tional 1 ns for the second reflection to travel back to the
source. In the upper trace of Figure 12b, the input signal rise
time is 1 ns and there are two distinct reflections, although
the trailing edge of the first overlaps the leading edge of the
second. The input rise time is longer in the middle trace,
causing a greater overlap. In the lower trace, the 2 ns input
rise time causes the two reflections to merge and appear as
a single reflection which is relatively constant (at = —10%)
for half its duration. This is about the same reflection that
would occur if the 930 line had a middle section with an
impedance reduced to 75Q.

With a number of capacitors distributed all along the line of
Figure 12a, the combined reflections modify the observed
input waveform as shown in the top trace of Figure 12c. The
reflections persist for a time equal to the 2-way line delay
(15 ns), after which the line voltage attains its final value.
The waveform suggests a line terminated with a resistance
greater than its characteristic impedance (Rt > Zo).

Rs=930

This analogy is strengthened by observing the effect of re-
ducing Rt from 930 to 750, which leads to the middle
waveform of Figure 12c. Note that the final (steady state)
value of the line voltage is reduced by about the same
amount as that caused by the capacitive reflections. In the
lower trace of Figure 12c the source resistance Rg is re-
duced from 930 to 759, restoring both the initial and final
line voltage values to the same amplitude as the final value
in the upper trace. From the standpoint of providing a de-
sired signal voltage on the line and impedance matching at
either end, the effect of distributed capacitive loading can
be treated as a reduction in line impedance.

The reduced line impedance can be calculated by consider-
ing the load capacitance C as an increase in the intrinsic
line capacitance Cq along that portion of the line where the
loads are connected.6 Denoting this length of line as /, the
distributed value Cp of the load capacitance is as follows.

CL
Cp = ==
b=

Cp is then added to Cp in Equation 1 to determine the re-
duced line impedance Zg.

Z'—\/ L _ Lo
°~ Ve, + Gp \/oo( CD)

\ o
Vo

]
L
2v T c

H =2ns/div
V =0.25 Vidiv

TL/F/10790-35
b. Capacitive Reflections Merging
as Rise Time Increases

1+2
Go (eq. 13)
Lo
C Z
70 + o __ 2
Co Cp
1+2 1+
Co Co
20=930
T A4 T
| I |
T T :J[ RT=93Q
- = B - TL/F/10790-34
< Rs=R1=
93
Rg=93
“*“Rr=750
<« Rg=Rr=
750

H =5ns/div
V =0.25 Vidiv

TL/F/10790-36
c. Matching the Altered Impedance
of a Capacitively Loaded Line

FIGURE 12. Capacitive Reflections and Effects on Line Characteristics
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In the example of Figure 712c, the total load capacitance is
33 pF while the total intrinsic line capacitance /Cq is 60 pF.
(Note that the ratio Cp/Cp is the same as C //Cy.) The
calculated value of the reduced impedance is thus

. 93 _ 88 _
Z'g = 5 A5 750 (eq. 14)
1 +%

This correlates with the results observed in Figure 12c when
Rt and Rg are reduced to 75¢.

The distributed load capacitance also increases the line de-
lay, which can be calculated from Equation 2.

8’ =-"L0(Co+CD) =1,LQC()"1 +@
Co
—s.f1+00
=8 1+CO

The line used in the example of Figure 12c has an intrinsic
delay of 6 ns and a loaded delay of 7.5 ns which checks
with Equation 15.
/8" = /6155 =6y1.56 = 7.5ns (eq. 16)
Equation 15 can be used to predict the delay for a given line
and load. The ratio Cp/Cy (hence the loading effect) can be
minimized for a given loading by using a line with a high
intrinsic capacitance Cy.
A plot of Z' and &' for a 509 line as a function of Cp is
shown in Figure 13. This figure illustrates that relatively
modest amounts of load capacitance will add appreciably to
the propagation delay of a line. In addition, the characteris-
tic impedance is reduced significantly.

[

(eq. 15)

)
o

Fy)

@
8

@
-1
2y’ —CHARACTERISTIC IMPEDANCE—0

N

5" =1.776nslft
Cp=2.9 pFlin

8

yd

PROPAGATION DELAY — ns/ft
@

N
2| 20
| “
1 10
[ 0

10 20
Cp—DISTRIBUTED CAPACITANCE— pFlin

@
-3

TL/F/10790-37
FIGURE 13. Capacitive Loading

Effects on Line Delay and Impedance
Worst case reflections from a capacitively loaded section of
transmission line can be accurately predicted by using the
modified impedance of Equation 9.5 When a signal origi-
nates on an unloaded section of line, the effective reflection
coefficient is as follows.

Zo— 2

p= Zo + Zo (eq. 17)

MISMATCHED LINES

Reflections occur not only from mismatched load and
source impedances but also from changes in line imped-
ance. These changes could be caused by bends in coaxial
cable, unshielded twisted-pair in contact with metal, or mis-
match between PC board traces and backplane wiring. With
the coax or twisted-pair, line impedance changes run about
5% to 10% and reflections are usually no problem since the
percent reflection is roughly half the percent change in im-
pedance. However, between PC board and backplane wir-
ing, the mismatch can be 2 or 3 to 1. This is illustrated in
Figure 14 and analyzed in the lattice diagram of Figure 75.
Line 1 is driven in the series terminated mode so that reflec-
tions coming back to the source are absorbed.

The reflection and transmission at the point where imped-
ances differ are determined by treating the downstream line
as though it were a terminating resistor. For the example of
Figure 14, the reflection coefficient at the intersection of
lines 1 and 2 for a signal traveling to the right is as follows.
- (eq.18)
Thus the signal reflected back toward the source and the
signal continuing along line 2 are, respectively, as follows.
Vir = p12Vq = +0.3Vy (eq. 19a)
Vo= (1+ p12)Vq = +1.3Vy (eq. 19b)
At the intersection of lines 2 and 3, the reflection coefficient
for signals traveling to the right is determined by treating Z3
as a terminating resistor.

_Zg—Zp 39-93

—0.41 (eq. 20)

When V3 arrives at this point, the reflected and transmitted
signals are as follows.

Var = pag Vo= —0.41V;

= (—0.41) (1.3) V4 (eq. 21a)
= —0.53 V4

Vg = (1 + po3) Vo = 0.59 Vo
= (0.59) (1.3) V4 (eq. 21b)

= 0.77 V4
Voltage V3 is doubled in magnitude when it arrives at the
open-ended output, since p_is + 1. This effectively cancels
the voltage divider action between Rg and Z4.
Va=(1+p)Vz=(1+p)(+ p2g) V2
=@ +pJ)(+ p23)(1+ p12) V4

\/
=(1+pD (1 + p2) (1 + p12 )

Va=(1+ p23) (1 + p12) Vo

Thus, Equation 22 is the general expression for the initial
step of output voltage for three lines when the input is series
terminated and the output is open-ended.

(eq. 22)
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Note that the reflection coefficients at the intersections of
lines 1 and 2 and lines 2 and 3 in Figure 15 have reversed
signs for signals traveling to the left. Thus the voltage re-
flected from the open output and the signal reflecting back
and forth on line 2 both contribute additional increments of
output voltage in the same polarity as Vo. Lines 2 and 3
have the same delay time; therefore, the two aforemen-
tioned increments arrive at the output simultaneously at
time 5T on the lattice diagram (Figure 15).

In the general case of series lines with different delay times,
the vertical lines on the lattice diagram should be spaced
apart in the ratio of the respective delays. Figure 16 shows
this for a hypothetical case with delay ratios 1:2:3. For a
sequence of transmission lines with the highest imped-

ance line in the middle, at least three output voltage incre-
ments with the same polarity as Vo occur before one can

occur of opposite polarity. On the other hand, if the middle -

line has the lowest impedance, the polarity of the second
increment of output voltage is the opposite of Vo. The third
increment of output voltage has the opposite polarity, for
the time delay ratios of Figure 16.

When transmitting logic signals, it is important that the initial
step of line output voltage pass through the threshold region
of the receiving circuit, and that the next two increments of
output voltage augment the initial step. Thus in a series ter-
minated sequence of three mismatched lines, the middle
line should have the highest impedance.

Rs=500 Z1=509 Z2=930 23=390
A Ry= oo
Vo
TVi TV: T\'g t Vg
1V
Ps=0 P12=+0.3 P23=-0.41 PL=1
L P21=-03 P3z= +0.41
TL/F/10790-38
TL/F/10790-39
FIGURE 14. Reflections from Mismatched Lines
Vi V2 V3 Va
p=0 P12= +0.3 P23=-0.41 PL=1 (1+P)=+2
P21=-0.3 Pa2= +0.41
-
+0.50V }-
+0.15V
+0.65V
+0.77V
=0.19V
0.46V
+0.40V
+1.17V
+0.35V
+0.81V
T - + +
/ 210,
~
st o1 T e, T
" ot =
~
1 N 4 | =012V
T ‘% \\ 0-01 v ,0»6)) 105V
ETC. = - ETC. ETC.

FIGURE 15. Lattice Diagra

TL/F/10790-40
m for the Circuit of Figure 14
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P Va'''

TL/F/10790-41

FIGURE 16. Lattice Diagram for Three Lines with Delay Ratios 1:2:3

RISE TIME VERSUS LINE DELAY

When the 2-way line delay is less than the rise time of the
input wave, any reflections generated at the end of the line
are returned to the source before the input transition is com-
pleted. Assuming that the generator has a finite source re-
sistance, the reflected wave adds algebraically to the input
wave while it is still in transition, thereby changing the shape
of the input. This effect is illustrated in Figure 17, which
shows input and output voltages for several comparative
values of rise time and line delay.

In Figure 17b where the rise time is much shorter than the
line delay, V1 rises to an initial value of 1V. At time T later,
Vrrises to 0.5V, i.e., 1 + p_ = 0.5. The negative reflection
arrives back at the source at time 2T, causing a net change
of —0.4V,i.e, (1 + pg) (—0.5) = —0.4.

The negative coefficient at the source changes the polarity
of the other 0.1V of the reflection and returns it to the end of
the line, causing V1 to go positive by another 50 mV at time
3T. The remaining 50 mV is inverted and reflected back to
the source, where its effect is barely distinguishable as a
small negative change at time 4T.

In Figure 17c, the input rise time (0% to 100%) is increased
to such an extent that the input ramp ends just as the nega-
tive reflection arrives back at the source end. Thus the input
rise time is equal to 2T.

The input rise time is increased to 4T in Figure 17d, with the
negative reflection causing a noticeable change in input
slope at about its midpoint. This change in slope is more
visible in the double exposure photo of Figure 17e, which
shows V (t; still set for 4T) with and without the negative
reflection. The reflection was eliminated by terminating the
line in its characteristic impedance.

The net input voltage at any particular time is determined by
adding the reflection to the otherwise unaffected input. It
must be remembered that the reflection arriving back at the
input at a given time is proportional to the input voltage at a
time 2T earlier. The value of V4 in Figure 17d can be calcu-
lated by starting with the 1V input ramp.

1
Vi =t—.t for0 <t <4T (eq. 23)

T

=1V fort> 4T
The reflection from the end of the line is
t—2
Vr = pL(t—T); (eq. 24)
T

the portion of the reflection that appears at the input is
_(+pgpL(t—2m)

V' (eq. 25)
tr
the net value of the input voltage is the sum.
t 1+ + t— 2T
vy=t4 (1 +pg) +pu ) (eq. 26)

t tr

The peak value of the input voltage in Figure 17d is deter-
mined by substituting values and letting t equal 4T.
(0.8) (—0.5) (4T — 2T)

tr

=1-04(0.5) = 0.8V

After this peak point, the input ramp is no longer increasing
but the reflection is still arriving. Hence the net value of the
input voltage decreases. In this example, the later reflec-
tions are too small to be detected and the input voltage is
thus stable after time 6T. For the general case of repeated
reflections, the net voltage V() seen at the driven end of
the line can be expressed as follows, where the signal
caused by the generator is V).

Vii=1+ (eq. 27)
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V' = Vi) The voltage at the output end of the line is expressed in a
foro<t<2T similar manner.
Vg = Vi + (1 + ps) pL Vi(t—21) VTt =? 0<t<T
for2T <t < 4T or0 <t<
Viag = Vi + (1 + ps) pL Vit—2m) Vip = (1 + pU Vig-1
+ (1 + ps) pspL2 V1(t-4T) (eq. 28) forT<t<3T
for4T <t <6T Vi = (1 + po) Vig-T) (eq. 29)
V'y@ = Vi + (1 + ps) pL Vit—27) +(1 + pU) pspL V1(t—3T)
+ (1 + ps) pspL? Vi(t—41) foraT <t < 5T
+ (1 + ps) ps2pL3 Vit-6m) Vi = (1 + p) Vig-1)
for 6T <t < 8T, etc. + (1 + pL) PSPLV1(t—3T)

+ (1 + pu) ps?pL2 Vit—5T)
for 5T <t < 7T, etc.

Rs=500 Zp=75Q

Vo T‘h VrT ggn

Pg=-0.2 PL==-05 =
TL/F/10790-42
a. Test Arrangement for Rise Time Analysis

By

H =10 ns/div H=10ns/div
V =0.5 Vidiv V=0.5 Vidiv
TL/F/10790-43 TL/F/10790-45
b. Line Voltages fort, < T d. Line Voltages for t; = 4T

- V1

PL=0
-V PL=
-0.5
H =10 ns/div H =10 ns/div
V=0.5 Vidiv V=0.5 Vidiv
TL/F/10790-44 TL/F/10790-46
c. Line Voltages for t, = 2T e. Input Voltage with and without Reflection

FIGURE 17. Line Voltages for Various Ratios of Rise Time to Line Delay
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RINGING

Multiple reflections occur on a transmission line when nei-
ther the signal source impedance nor the termination (load)
impedance matches the line impedance. When the source
reflection coefficient ps and the load reflection coefficient
pL are of opposite polarity, the reflections alternate in polari-
ty. This causes the signal voltage to oscillate about the final
steady state value, commonly recognized as ringing.

When the signal rise time is long compared to the line delay,
the signal shape is distorted because the individual reflec-
tions overlap in time. The basic relationships among rise
time, line delay, overshoot and undershoot are shown in a
simplified diagram, Figure 18. The incident wave is a ramp
of amplitude B and rise duration A. The reflection coefficient
at the open-ended line output is + 1 and the source reflec-
tion coefficient is assumed to be —0.8, i.e., Rg = Zp/9.

Figure 18b shows the individual reflections treated sepa-
rately. Rise time A is assumed to be three times the line
delay T. The time scale reference is the line output and the
first increment of output voltage Vg rises to 2B in the time
interval A. Simultaneously, a positive reflection (not shown)
of amplitude B is generated and travels to the source,
whereupon it is multiplied by —0.8 and returns toward the
end of the line. This negative-going ramp starts at time 2T
(twice the line delay) and doubles to —1.6B at time 2T + A.

The negative-going increment also generates a reflection of
amplitude —0.8B which makes the round trip to the source
and back, appearing at time 4T as a positive ramp rising to
+1.28B at time 4T + A. The process of reflection and re-
reflection continues, and each successive increment chang-
es in polarity and has an amplitude of 80% of the preceding
increment.

Po=

+

A A A v
Pg=—-0.8
Vg=1.118B

<.
o

||'<—

TL/F/10790-47

a. Ramp Generator Driving Open-Ended Line

+2B

+
@
1

Vor=(1+pg+ =20 .
Vo 01=(1+Pg) Ro+Zo Va
/ Vo3=/Ps? Voi
2T A -~

1 1 Il et

L} ) T L} T T T

T 3T 4T ST 8T 9T 12T 13T

Vos
Vosa=,g3V
A=3T A-E o
Vo2 = s Vo1

RAMP GENERATOR OPEN-ENDED LINE
o

TL/F/10790-48

b. Increments of Output Voltage Treated Individually

—-28
Vo
+2B /
\\)(/
N
7N Ve
/>\\
+B 4 Vg
\\Q/
20N

7T 8T 97 10T 1T

T ‘i ; T I T
127 13T
TL/F/10790-49

c. Net Output Signal Determined by Superposition
FIGURE 18. Basic Relationships Involved in Ringing
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In Figure 18c, the output increments are added algebraically
by superposition. The starting point of each increment is
shifted upward to a voltage value equal to the algebraic sum
of the quiescent levels of all the preceding increments (i.e.,
0, 2B, 0.4B, 1.68B, etc.). For time intervals when two ramps
occur simultaneously, the two linear functions add to pro-
duce a third ramp that prevails during the overlap time of the
two increments.

It is apparent from the geometric relationships, that if the
ramp time A is less than twice the line delay, the first output
increment has time to rise to the full 2B amplitude and the
second increment reduces the net output voltage to 0.4B.
Conversely, if the line delay is very short compared to the
ramp time, the excursions about the final value Vg are
small.

Figure 18c shows that the peak of each excursion is
reached when the earlier of the two constituent ramps
reaches its maximum value, with the result that the first
peak occurs at time A. This is because the earlier ramp has
a greater slope (absolute value) than the one that follows.

Actual waveforms such as produced by ECL or TTL do not
have a constant slope and do not start and stop as abruptly
as the ramp used in the example of Figure 18. Predicting the
time at which the peaks of overshoot and undershoot occur
is not as simple as with ramp excitation. A more rigorous
treatment is required, including an expression for the driving
waveform which closely simulates its actual shape. In the
general case, a peak occurs when the sum of the slopes of
the individual signal increment is zero.

SUMMARY

The foregoing discussions are by no means an exhaustive
treatment of transmission line characteristics. Rather, they

are intended to focus attention on the general methods
used to determine the interactions between high-speed log-
ic circuits and their interconnections. Considering an inter-
connection in terms of distributed rather than lumped induc-
tance and capacitance leads to the line impedance concept,
i.e., mismatch between this characteristic impedance and
the terminations causes reflections and ringing.

Series termination provides a means of absorbing reflec-
tions when it is likely that discontinuities and/or line imped-
ance changes will be encountered. A disadvantage is that
the incident wave is only one-half the signal swing, which
limits load placement to the end of the line. ECL input ca-
pacitance increases the rise time at the end of the line, thus
increasing the effective delay. With parallel termination, i.e.,
at the end of the line, loads can be distributed along the line.
ECL input capacitance modifies the line characteristics and
should be taken into account when determining line delay.
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APPENDIX B
ECL DESIGN GUIDE:
SYSTEM CONSIDERATIONS

INTRODUCTION

All of National’s ECL input and output impedances are de-
signed to accommodate various methods of driving and ter-
minating interconnections. Controlled wiring impedance
makes it possible to use simplified equivalent circuits to de-
termine limiting conditions. Specific guidelines and recom-
mendations are based on assumed worst-case combina-
tions. Many of the recommendations may seem conserva-
tive, compared to typical observations, but the intent is to
help the designer achieve a reliable system in a reasonable
length of time with a minimum amount of redesign.

PC BOARD TRANSMISSION LINES

Strictly speaking, transmission lines are not always required
for F100K ECL but, when used, they provide the advan-
tages of predictable interconnect delays as well as reflec-
tion and ringing control through impedance matching. Two
common types of PC board transmission lines are microstrip
and stripline, Figure 1. Stripline requires multilayer construc-
tion techniques; microstrip uses ordinary double-clad
boards. Other board construction techniques are wire wrap,
stitch weld and discrete wired.

Stripline, Figure 1b, is used where packing density is a high
priority because increasing the interconnect layers provides
short signal paths. Boards with as many as 14 layers have
been used in ECL systems.
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Microstrip offers easier fabrication and higher propagation
velocity than stripline, but the routing for a complex system
may require more design effort. In Figure 1a, the ground
plane can be a part of the Vgg distribution as long as ade-
quate bypassing from Vgg to Vg (ground) is provided. Also,
signal routing is simplified and an extra voltage plane is ob-
tained by bonding two microstrip structures back to back,
Figure 1c.

Microstrip

Equation 1 relates microstrip characteristic impedance to
the dielectric constant and dimensions.! Electric field fring-
ing requires that the ground extend beyond each edge of
the signal trace by a distance no less than the trace width.

0~ \\0475¢ + 067 067 (08w +1)/ (gq.1)

_( 87 )In( 5.98h)
Ve T 1.41 08w+t

where h = dielectric thickness, w = trace width, t = trace
thickness, ¢, = board material dielectric constant relative to
air.

==

AC GROUND —

TL/F/10790-51
b. Stripline
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c. Composite Microstrip

FIGURE 1. Transmission Lines on Circuit Boards




Equation 1 was developed from the impedance formula for
a wire over ground plane transmission line, Equation 2.

Zp = (%Or) In (%h) (eq.2)

where d = wire diameter, h = distance from ground to wire
center. .
Comparing Equation 1 and 2, the term 0.67 (0.8 w + t)
shows the equivalence between a round wire and a rectan-
gular conductor. The term 0.475 ¢, + 0.67 is the effective
dielectric constant for microstrip €g, considering that a mi-
crostrip line has a compound dielectric consisting of the
board material and air. The effective dielectric constant is
determined by measuring propagation delay per unit of line
length and using the following relationship.
5 = 1.016 ® Jeg ns/ft
where & = propagation delay, ns/ft.
Propagation delay is a property of the dielectric material
rather than line width or spacing. The coefficient 1.016 is
the reciprocal of the velocity of light in free space. Propaga-
tion delay for microstrip lines on glass-filled G-10 epoxy
boards is typically 1.77 ns/ft, yielding an effective dielectric
constant of 3.04.

T
EPOXY & =5.0
1=0.0014"

100 A

(eq.3)
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FIGURE 2. Microstrip Impedance
Versus Trace Width, G-10 Epoxy

Using ¢ = 5.0 in Equation 1, Figure 2 provides microstrip
line impedance as a function of width for several G-10
epoxy board thicknesses. Figure 3 shows the related Co
values, useful for determining capacitive loading effects on
line characteristics, (Equation 15).

System designers should ascertain tolerances on board di-
mensions, dielectric constant and trace width etching in or-
der to determine impedance variations. If conformal coating
is used the effective dielectric constant of microstrip is in-
creased, depending on the coating material and thickness.
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FIGURE 3. Microstrip Distributed Capacitance
Versus Impedance, G-10 Epoxy
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Stripline

Stripline conductors are totally embedded. As a result, the
board material determines the dielectric constant. G-10
epoxy boards have a typical propagation delay of 2.26 ns/ft.
Equation 4 is used to calculate stripline impedances.1,2

60 4b

%= (JT’,) In (0.67 708w+ t)) (ea-4)
where b = distance between ground planes, w = trace
width, t = trace thickness, w/(b-t) < 0.35 and t/b < 0.25.
Figure 4 shows stripline impedance as a function of trace
width, using Equation 4 and various ground plane separa-
tions for G-10 glass-filled epoxy boards. Related values of
Co are plotted in Figure 5.
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FIGURE 4. Stripline Impedance
Versus Trace Width, G-10 Epoxy
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FIGURE 5. Stripline Distributed Capacitance
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Wire Wrap

Wire-wrap boards are commercially available with three
voltage planes, positions for several 24-pin Dual-In-Line
Packages (DIP), terminating resistors, and decoupling ca-
pacitors. The devices are mounted on socket pins and inter-
connected with twisted pair wiring. One wire at each end of
the twisted pair is wrapped around a signal pin, the other
around a ground pin. The #30 insulated wire is uniformly
twisted to provide a nominal 93Q impedance line. Positions
for Single-In-Line Package (SIP) terminating resistors are
close to the inputs to provide good termination characteris-
tics.

Stitch Weld

Stitch-weld boards are commercially available with three
voltage planes and buried resistors between planes. The
devices are mounted on terminals and interconnected with
insulated wires that are welded to the backside of the termi-
nals. The insulated wires are placed on a controlled thick-
ness over the ground plane to provide a nominal impedance
of 509. The boards are available for both DIPs and flatpaks.
Use of flatpaks can increase package density and provide
higher system performance.

Discrete Wired

Custom Multiwire* boards are available with integral power
and ground planes. Wire is placed on a controlled thickness
above the ground plane to obtain a nominal impedance line
of 55Q. Then holes are drilled through the wire and board.
Copper is deposited in the drilled holes by an additive-elec-
trolysis process which bonds each wire to the wall of the
holes. Devices are soldered on the board to make connec-
tion to the wires.

*Multiwire is a registered trademark of the Multiwire Corporation.

Parallel Termination

Terminating a line at the receiving end with a resistance
equal to the characteristic line impedance is called parallel
termination, Figure 6a. F100K circuits do not have internal
pull-down resistors on outputs, so the terminating resistor
must be returned to a voltage more negative than Vg to
establish the LOW-state output voltage from the emitter fol-
lower. A —2V termination return supply is commonly used.
This minimizes power consumption and correlates with
standard test specifications for ECL circuits. A pair of resis-
tors connected in series between ground (Vcc) and the Veg

supply can provide the Thevenin equivalent of a single re-
sistor to —2V if a separate termination supply is not avail-
able, Figure 6b. The average power dissipation in the
Thevenin equivalent resistors is about 10 times the power
dissipation in the single resistor returned to —2V, as shown
in Figures 10 and 13. For either parallel termination method,
decoupling capacitors are required between the supply and
ground (Chapter 6).

- a.Parallel Termination
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b. Thevenin Equivalent of Ry and V11
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c. Equivalent Circuit for Determining
Approximate Vo and Vg Levels
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d. F100K Output Characteristic with Terminating
Resistor Rt Returned to Vi1 = —2.0V
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FIGURE 6. Parallel Termination




F100K output transistors are designed to drive low-imped-
ance loads and have a maximum output current rating of
50 mA. The circuits are specified and tested with a 500 load
returned to —2V. This gives nominal output levels of
—0.955V at 20.9 mA and —1.705V at 5.9 mA. Output levels
will be different with other load currents because of the tran-
sistor output resistance. This resistance is nonlinear with
load current since it is due, in part, to the base-emitter volt-
age of the emitter follower, which is logarithmic with output
current. With the standard 500 load, the effective source
resistance is approximately 6 in the HIGH state and 89 in
the LOW state.

The foregoing values of output voltage, output current, and
output resistance are used to estimate quiescent output lev-
els with different loads. An equivalent circuit is shown in
Figure 6c. The ECL circuit is assumed to contain two inter-
nal voltage sources Egy and Eg|_ with series resistances of
69 and 80 respectively. The values shown for Egy and
EoL are —0.85V and —1.67V respectively.

The linearized portion of the F100K output characteristic
can be represented by two equations:

For Von: Vout = —850 —6 out

For Vor: Vout = —1670 —8 loyt

where logyT is in mA, Voyrt is in mV.

If the range of loyT is confined between 8 mA to 40 mA for
VoH, and 2 mA to 16 mA for Vg, the output voltage can be
estimated within £10 mV (Figure 6d).

An ECL output can drive two or more lines in parallel, pro-
vided the maximum rated current is not exceeded. Another
consideration is the effect of various loads on noise mar-
gins. For example, two parallel 75Q terminations to —2V
(Figure 6d) give output levels of approximately —1.000V
and —1.716V. Noise margins are thus 35 mV less in the
HIGH state and 11 mV more in the LOW state, compared to
500 load conditions. Conversely, a single 75Q load to —2V
causes noise margins 38 mV greater in the HIGH state and
11 mV less in the Low state, compared to a 509 load.

The magnitude of reflections from the terminated end of the
line depends on how well the termination resistance Rt
matches the line impedance Zp. The ratio of the reflected
voltage to the incident voltage Vi; is the reflection coefficient
p.
Ve Rt — 2
T_p="_= eq. 5
vi PTRr+2 (ea-9)
The initial signal swing at the termination is the sum of the
incident and reflected voltages. The ratio of termination sig-
nal to incident signal is thus:
V1 2Rt
L= — (eq. 6)
Vi Rt + Zo
The degree of reflections which can be tolerated varies in
different situations, but to allow for worst-case circuits, a
good rule of thumb is to limit reflections to 15% to prevent
excursions into the threshold region of the ECL inputs con-
nected along the line. The range of permissible values of Rt
as a function of Zg and the reflection coefficient limitations
can be determined by rearranging Equation 5.

1+p=

Rr=12 EEr (eq.7)

Using 15% reflection limits as examples, the range of the
Rt/2g ratio is as follows.

115 _ Ry _ 0.85 Rt
225 522 135> -L> 074
085~ Zo Zo

115 (ea.8)
The permissible range of the Rt/Zg ratio determines the
tolerance ranges for Rt and Zp. For example, using the
foregoing ratio limits, Ry tolerances of +10% allow Zg toler-
ance limits of +22% and —19%; Rt tolerances of +5%
allow Zg tolerance limits of +28% and —23%.

An additional requirement on the maximum value of Ry is
related to the value of quiescent Ipy current needed to in-
sure sufficient negative-going signal swing when the ECL
driver switches from 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 trans-
mission line responds to the decrease in current by produc-
ing a negative-going change in voltage. The ratio of the volt-
age change to the current change is, of course, the charac-
teristic impedance Zy. Since the maximum decrease in cur-
rent that the line can experience is from lpy to zero, the
maximum negative-going transition which can be produced
is the product loH Zp.

If the lon Zp product is greater than the normal negative-go-
ing signal swing, the emitter follower responds by limiting
the current change, thereby controlling the signal swing. If,
however, the Igy Zg product is too small, the emitter follow-
er is momentarily turned off due to insufficient forward bias
of its base-emitter junctions, causing a discontinuous nega-
tive-going edge such as the one shown in Figure 14. In the
output-LOW state the emitter follower is essentially non-
conducting for Vo values more positive than about
—1.55V. Using this value as a criterion and expressing loH
and Vop in terms of the equivalent circuit of Figure 6c, an
upper limit on the value of Rt can be developed.

AV = IonZo > 1.55 — |Von|

EoH — VTr) ’V'I'I' Ro = EonRT
SOH = "TT) 74> 1.55 — |0 — —OHTT
( Ro+ Rt /°° Ro + Rt
EoH — V17) Zo — (1.55 — |V- R
|:h_<( oH — V1) Zo — ( IVrrl) Ro €q.9)

1.55 — |EoHl

For a V11 of —2V, Rg of 62 and Epy of —0.85V, Equation
4-9 reduces to

Ry < 1.64 Z; + 3.86Q

For Zp = 509, the emitter follower cuts off during a nega-
tive-going transition if Rt exceeds 86Q. Changing the volt-
age level criteria to —1.60V to insure continuous conduction
in the emitter follower gives an upper limit of 779 for a 50Q
line. For a line terminated at the receiving end with a resist-
ance to —2V, a rough rule-of-thumb is that termination re-
sistance should not exceed line impedance by more than
50%. This insures a satisfactory negative-going signal swing
to ECL inputs connected along the line. The quiescent Vo
level, after all reflections have damped out, is determined by
Rt and the ECL output characteristic.

INPUT IMPEDANCE

The input impedance of ECL circuits is predominately ca-
pacitive. A single-function input has an effective value of
about 1.5 pF for F100K flatpak, as determined by its effect
on reflected and transmitted signals on transmission lines.
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In practical calculations, a value of 2 pF should be used.
Approximately one third of this capacitance is attributed to
the internal circuitry and two thirds to the flatpak pin and
internal bonding.

For F100K flatpak circuits, multiple input lines may appear
to have up to 3 pF to 4 pF but never more. For example, in
the F100102, an input is connected internally to all five
gates, but because of the philosophy of buffering these
types of inputs in the F100K family this input appears as a
unit load with a capacitance of approximately 2 pF. For ap-
plications such as a data bus, with two or more outputs
connected to the same line, the capacitance of a passive-
LOW output can be taken as 2 pF.

Capacitive loads connected along a transmission line in-
crease the propagation delay of a signal along the line. The
modified delay can be determined by treating the load ca-
pacitance as an increase in the intrinsic distributed capaci-
tance of the line, discussed in Chapter 3. The intrinsic ca-
pacitance of any stubs which connect the inputs to the line
should be included in the load capacitance. The intrinsic
capacitance per unit length for G-10 epoxy boards is shown
in Figure 3 and & for microstrip and stripline respectively.
For other dielectric materials, the intrinsic capacitance Co
can be determined by dividing the intrinsic delay & (Equation
3) by the line impedance Zj.

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 stub has a continuous rise, as op-
posed to a rise (or fall) with several partial steps. The point
where a stub branches off the line is a low impedance point.
This creates a negative coefficient of reflection, which in
turn reduces the amplitude of the incident wave as it contin-
ues 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 while it is
still rising. The sum of the attenuated incident wave and the
first stub reflection provides a step-free signal, although its
rise time will be longer than that of the original signal. Satis-
factory signal transitions can be assured by restricting stub
lengths according to the recommendations for unterminated
lines (Figure 10). The same considerations apply when the
termination resistance is not connected at the end of the
line; a section of line continuing beyond the termination re-
sistance should be treated as an unterminated line and its
length restricted accordingly.

SERIES TERMINATION

Series termination requires a resistor between the driver
and transmission line, Figure 7. The receiving end of the line
has no termination resistance. The series resistor value
should be selected so that when added to the driver source
resistance, the total resistance equals the line impedance.
The voltage divider action between the net series resistance
and the line impedance causes an incident wave of half
amplitude to start down the line. When the signal arrives at
the unterminated end of the line, it doubles and is thus re-
stored to a full amplitude. Any reflections returning to the
source are absorbed without further reflection since the line
and source impedance match. This feature, source absorp-
tion, makes series termination attractive for interconnection
paths involving impedance discontinuities, such as occur in
backplane wiring.

A disadvantage of series termination is that driven inputs
must be near the end of the line to avoid receiving a 2-step

signal. The initial signal at the driver end is half amplitude,
rising to full amplitude only after the reflection returns from
the open end of the line. In Figure 7, one load is shown
connected at point D, aways from the line end. This input
receives a full amplitude signal with a continuous edge if the
distance | to the open end of the line is within recommended
lengths for unterminated line (Figure 10).

PN 4
T

Vee
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FIGURE 7. Series Termination

The signal at the end has a slower rise time that the incident
wave because of capacitive loading. The increase in rise
time to the 50% point effectively increases the line propaga-
tion delay, since the 50% point of the signal swing is the
input signal timing reference point. This added delay as a
function of the product line impedance and load capaci-
tance is discussed in Chapter 3.

Quiescent Vo and VoL levels are established by resistor
R (Figure 7), which also acts with Vgg to provide the nega-
tive-going drive into Rg and Zo when the driver output goes
to the LOW state. To determine the appropriate Rg value,
the driver output can be treated as a simple mechanical
switch which opens to initiate the negative-going swing. At
this instant, Zo acts as a linear resistor returned to Vop.
Thus the components form a simple circuit of Rg, Rg and Zg
in a series, connected between Vgg and Vop. The initial
current in this series circuit must be sufficient to introduce a
0.38V transient into the line, which then doubles at the load
end to give 0.75V swing.

g = VoH — VEe 0.38

RE ReE+Ps+ 2o 2o
Any oy current flowing in the line before the switch opens
helps to generate the negative swing. This current may be
quite small, however, and should be ignored when calculat-
ing Rg.

Increasing the minimum signal swing into the line by 30% to
0.49V insures sufficient pull-down current to handle reflec-
tion currents caused by impedance discontinuities and load
capacitance. The appropriate Rg value is determined from
the following relationship.

VoH — V| 0.49

_VOH — VEE > — (eq. 11)

Re+Rs+ 29 Zg
For the Rg range normally used, quiescent Vo averages
approximately 0.955V and Vgg = —4.5V. The value of Rg
is equal to Zg minus Rg (Ro averages 7Q). Inserting these
values and rearranging Equation 11 gives the following.

Re < 5.23Z¢ + 7Q (eq. 12)
Power dissipation in Rg is listed in Figure 14. The power
dissipation in Rg is greater than in Rt of a parallel termina-
tion to —2V, but still less than the two resistors of the
Thevenin equivalent parallel termination, see Figure 10, 13
and 74.

The number of driven inputs on a series terminated line is

(eq. 10)

———limited by the voltage drop across Rg in the quiescent HIGH

state, caused by the finite input currents of the ECL loads.
liy values are specified on data sheets for various types of
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inputs, with a worst-case value of 265 pA for simple gate
inputs. The voltage drop subtracts from the HIGH-state
noise margin as outlined in Figure 8a.

However, there is more HIGH-state noise margin initially,
because there is less lpy with the Rg load than with the
standard 509 load to —2V. This makes Vo more positive;
the increase ranges from 43 mV for a 5012 line to 82 mV for
a 1000 line. Using this VpH increase as a limit on the volt-
age drop across Rg assures that the HIGH-state noise mar-
gin is as good as in the parallel terminated case. Dividing
the Vop increase by Rg + Rg (=2g) gives the allowed load
input current (Ix in Figure 8a). This works out to 0.86 mA for
a 500 line, 0.92 mA for a 75 line and 0.82 mA for a 100Q
line. Load input current greater than these values can be
tolerated at some sacrifice in noise margin. If, for example,
an additional 50 mV loss is feasible, the maximum values of
current become 1.86 mA, 1.59 mA and 1.32 mA for 509,
750 and 100 lines respectively.

An ECL output can drive more than one series terminated
line, as suggested in Figure 8b, if the maximum rated output
current of 50 mA is not exceeded. Also, driving two or more
lines requires a lower Rg value. This makes the quiescent
lon higher and consequently Vo lower, due to the voltage
drop across Rp. This voltage drop decreases the HIGH-
state noise margin, which may become the limiting factor
(rather than the maximum rated current), depending on the
particular application.

The appropriate Rg value can be determined using Equation
13 for Vgg = — 4.5V.

1 1 1 1
—= +
R 6.23Zy1 —Rgy 6.23Zp —Rgp 6.23Z3 — Tg3
(eq. 13)
Circuits with multiple outputs (such as the F100112) provide
an alternate means of driving several lines simultaneous
(Figure 8c). Note, each output should be treated individually
when assiging load distribution, line impedance, and Rg val-
ue.

UNTERMINATED LINES

Lines can be used without series or parallel termination if
the line delay is short compared to the signal rise time. Ring-
ing occurs because the reflection coefficient at the open
(receiving) end of the line is positive (nominally + 1) while
the reflection coefficient at the driving end is negative (ap-
proximately —0.8). These opposite polarity reflection coeffi-
cients cause any change in signal voltage to be reflected
back and forth, with a polarity change each time the signal is
reflected from the driver. Net voltage change on the line is
thus a succession of increments with alternating polarity
and decreasing magnitude. The algebraic sum of these in-
crements if the observed ringing. The general relationships
among rise time, line delay, overshoot and undershoot are
discussed in Chapter 3, using simple waveforms for clarity.

Excessive overshoot on the positive-going edge of the sig-
nal drives input transistors into saturation. Although this
does not damage an ECL input, it does cause excessive
recovery times and makes propagation delays unpredict-

TOTAL=Ix

VNH LOSS = Ix (Rs + Ro)
=Ix2

VEe
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a. Noise Margin Loss Due to Load Input Current
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Vee
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b. Driving Several Lines from one Output
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c. Using Multiple Output Element for Load Sharing

FIGURE 8. Loading Considerations
for Series Termination

able. Undershoot (following the overshoot) must also be lim-
ited to prevent signal excursions into the threshold region of
the loads. Such excursions could cause exaggerated tran-
sition times at the driven circuit outputs, and could also
cause multiple triggering of sequential circuits. Signal swing,
exclusive of ringing, is slightly greater on unterminated lines
that on parallel terminated lines; lon is less and lgy_is great-
er with the Rg load, (Figure 9a) making Von higher and Vo
lower.

For worst case combinations of driver output and load input
characteristics, a 35% overshoot limit insures that system
speed is not compromised either by saturating an input on
overshoot or extending into the threshold region on the fol-
lowing undershoot.

For distributed loading, ringing is satisfactorily controlled if
the 2-way modified line delay does not exceed the 20% to
80% rise time of the driver output. This relationship can be
expressed as follows, using the symbols from Chapter 3 and
incorporating the effects of load capacitance on line delay.

- o7 = CL
t=2T"=2/8 2/6,[1+100

Solving this expression for the line length (£ ):

1 C|_)2 (lr)z CL
E -_— + —_
‘max =3 (co D

2Cq (eq. 14)
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a. Unterminated Line
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b. Line Voltages Showing Stair-step Trailing Edges
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c. Load Gate Output Showing Net
Propagation Increase for Increasing
Values of Rg: 33002, 510Q, 1 kQ

FIGURE 9. Effect on Rg Value

on Trailing-Edge Propagation
The shorter the rise time, the shorter the premissible line
length. For F100K ECL, the minimum rise time from 20% to
80% is specified as 0.5 ns. Using this rise time and 2 pF per
fan-out load, calculated maximum line lengths for G-10
epoxy microstrip are listed in Figure 710a. The length (£) in
the table is the distance from the terminating resistor to the
input of the device(s). For F100K ECL the case described in
Figure 10a is the only one calculated, since all other combi-
nations are approximately the same. For other combinations
of rise time, impedance, fan-out or line characteristics

(8 and Cgp), maximum lengths are calculated using Equation
14. For the convenience of those who are also using 10K
ECL, maximum recommended lengths of unterminated lines
are listed in Figure 10b to 10e.

2 Number of Fan-Out Loads
1 2 3 4
50 1.37* 1.13 0.95 0.81
62 1.33 1.07 0.87 0.70
75 1.25 0.95 0.75 0.61
920 1.18 0.85 0.66 0.53
100 1.15 0.82 0.61 0.49

*Length in inches.
Unit load = 2 pF, § = 0.148 ns/inch

FIGURE 10a. F100K Maximum Worst-Case
Line Lengths for Unterminated
Microstrip, Distributed Loading

2 Number of Fan-Out Loads
2 3 4 6 8
50 4.15* 3.75 3.45 2.85 2.45
62 3.95 3.50 3.15 2.55 2.10
75 3.75 3.25 2.85 2.25 1.85
920 3.55 3.00 2.60 2.00 1.60
100 3.45 2.85 2.45 1.85 1.45
*Length in inches.
Unit load = 3 pF, 8 = 0.148 ns/in.
FIGURE 10b. 10K Maximum Worst-Case
Line Lengths for Unterminated
Microstrip, Distributed Loading
2 Number of Fan-Out Loads
1 2 4 6 8
50 4.40* 3.65 2.60 1.90 1.40
62 4.30 3.45 2.30 1.60 1.15
75 4.20 3.20 2.05 1.40 0.95
90 4.05 2.95 1.75 1.05 0.65
100 3.90 2.80 1.60 0.90 0.50
*Length in inches. '
Unit load = 3 pF, & = 0.148 ns/in.
FIGURE 10c. 10K Maximum Worst-Case
Line Lengths for Unterminated
Microstrip, Concentrated Loading
Z Number of Fan-Out Loads
2 3 4 6 8
50 3.30* 3.00 2.70 2.25 2.90
62 3.15 2.80 2.50 2.00 1.65
75 3.00 2.60 2.25 1.80 1.45
90 2.80 2.40 2.05 1.55 1.25

*Length in inches.
Unit load = 3 pF, § = 0.188 ns/in.
FIGURE 10d. 10K Maximum Worst-Case
Line Lengths for Unterminated
Stripline, Distributed Loading
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2 Number of Fan-Out Loads
1 2 4 6 8
50 3.45* 2.85 2.00 1.50 1.10
62 3.40 2.70 1.80 1.30 0.90
75 3.30 2.55 1.60 1.10 0.75
90 3.15 2.35 1.40 0.85 0.50
100 3.10 2.20 1.25 0.70 0.40

*Length in inches.
Unit load = 3 pF, 8 = 0.188 ns/in.
FIGURE 10e. 10K Maximum Worst-
Case Line Lengths for Unterminated
Stripline, Concentrated Loading

A load capacitance concentrated at the end of the line re-
stricts line length more than a distributed load does. Maxi-
mum recommended lengths for fiberglass epoxy dielectric
and a 0.5 ns rise time are listed in Figure 70 for microstrip.
For line impedances not listed, linear interpolation can be
used to determine appropriate line lengths. Appropriate line
lengths for dielectric materials with a different propagation
constant & can be determined by multiplying the listed val-
ues by the fiberglass epoxy & and then dividing by the & of
the other material. For example, a line length for a material
which has a microstrip & of 0.1 ns/inch is determined by
multiplying the length given in the microstrip table (for a
desired impedance and load) by 0.148 and dividing by 0.1.
Resistor Re must provide the current for the negative-going
signal at the driver output. Line input and output waveforms
are noticeably affected if Rg is too large, as shown in Figure
9b. The negative-going edge of the signal falls in stair-step
fashion, with three distinct steps visible at point A. The
waveform at point B shows a step in the middle of the nega-
tive-going swing. The effect of different Rg values on the
net propagation time through the line and the driven loads is
evident in Figure 9c which shows the output signal of one
driven gate in a multiple exposure photograph. The horizon-
tal sweep (time axis) was held constant with respect to the
input signal of the driver. The earliest of the three output
signals occurs with an Rg value of 330Q. Changing Rg to
5100 increases the net propagation delay by 0.3 ns, the
horizontal offset between the first and second signals.
Changing Rg to 1 kQ produces a much greater increase in
net propagation delay, indicating that the negative-going
signal at B contains several steps. In practice, a satisfactory
negative-going signal results when the Rg value is chosen
to give an initial negative-going step of 0.6V at the driving
end of the line. This gives an upper limit on the value of R,
as shown in Equation 15.

(Von — VEg) Zo

> 0.6
Re +2Zo

initial step = A/ e Zg =

Rg = <6.25Z (eq. 15)

An ECL output can drive two or more unterminated lines,

provided each line length and loading combination is within

the recommended constraints. The appropriate Rg value is

determined from Equation 15, using the parallel impedance
of the two or more lines for Zg.

An ECL output can simultaneously drive terminated and un-
terminated lines, although the negative-going edge of the
signal shows two or more distinct steps when the stubs are
long uniess some extra pull-down current is provided. Figure
77a shows an ECL circuit driving a parallel terminated line,
with provision for connecting two worst-case unterminated

lines to the driver output. Waveforms at the termination re-
sistor (point A) are shown in the multiple exposure photo-
graph of Figure 11b. The upper trace shows a normal signal
without stubs connectzd to the driver. The middle trace
shows the effect of connecting one stub to the driver. The
step in the negative-going edge indicates that the quiescent
lon current through Rt is not sufficient to cause a full signal
for both lines. The relationship between the quiescent loy
current through Rt and the negative-going signal swing was
discussed earlier in connection with parallel termination.

The bottom trace in Figure 11 shows the effect of connect-
ing two stubs to the driver output. The steps in trailing edge
are smaller and more pronounced. The deteriorated trailing
edge of either the middle or lower waveform increas-

a. Multiple Lines

p >

22 Zy
< ! ===¢

Ml%ns Rr

vrr
TL/F/10790-68

b. Waveforms at Termination Point A

H =5 ns/div
V =0.5 Vidiv

TL/F/10790-69

c. Equivalent Circuit for Determining Initial -
Negative Voltage Step at the Driver Output -

<— g7
Zy
AAA
Yvv¥
Vox —4 22 [ X
AA
A A
Re
AAA
VWA~
Vee

TL/F/10790-70
FIGURE 11. Driving Terminated
and Unterminated Lines in Parallel
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es the switching time of the cirucit connected to point A. If
this extra delay cannot be tolerated, additional pull-down
current must be provided. One method uses a resistor to
Veg as suggested in Figure 11a. The initial negative-going
step at point A should be about 0.7V to insure a good fall
rate through the threshold region of the driven gate. The
initial step at the driver output should also be 0.7V. If the
driver output is treated as a switch that opens to initiate the
negative-going signal, the equivalent circuit of Figure 11¢
can be used to determine the initial voltage step at the driv-
er output (point X). The value of the current source IgT is the
quiescent oy current through Ry. Using Z' to denote the
parallel impedance of the transmission lines and AV for the
desired voltage step at X, the appropriate value of Rg can
be determined from the following equation, using absolute
values to avoid polarity confusion.

z'
Rg = (v — [Voul| = AV ). (__,)
E | EE| | OHI I |AV| — “RT'Z

For a sample calculation, assume that Rt and the line im-
pedances are each 1002, Vo is —0.955V, AV is 0.750V,
Vegis —4.5V and Vyris —2V. IgT is thus 10.45 mA and the
calculated value of Rg is 2329. In practice, this value is on
the conservative side and can be increased to the next larg-
er (10%) standard value with no appreciable sacrifice in
propagation through the gate at point A.

Again, the foregoing example is based on worst-case stub
lengths (the longest permissible). With shorter stubs, the
effects are less pronounced and a point is reached where
extra pull-down current is not required because the reflec-
tion from the end of the stub arrives back at the driver while
the original signal is still falling. Since the reflection is also
negative going, it combines with and reinforces the falling
signal at the driver, eliminating the steps. The net result is a
smoothly falling signal but with increased fall time compared
to the stubless condition. ’

The many combinations of line impedance and load make it
practically impossible to define just with stub length begins
to cause noticeable steps in the falling signal. A rough rule-
of-thumb would be to limit the stub length to one-third of the
values given in Figure 10.

DATA BUSSING

Data bussing involves connecting two or more outputs and
one or more inputs to the same signal line, (Figure 12). Any
one of the several drivers can be enabled and can apply
data to the line. Load inputs connected to the line thus re-
ceive data from the selected source. This method of steer-
ing data from place to place simplifies wiring and tends to
minimize package count. Only one of the drivers can be
enabled at a given time; all other driver outputs must be in
the LOW state. Termination resistors matching the line im-
pedance are connected to both ends of the line to prevent
reflections. For calculating the modified delay of the line
(Chapter 3) the capacitance of a LOW (unselected) driver
output should be taken as 2 pF.

An output driving the line sees an impedance equal to half
the line impedance. Similarly, the quiescent Ioy current is
higher than with a single termination. For line impedance
less than 1000, the Ipy current is greater than the data
sheet test value, with a consequent reduction of HIGH-state
noise margin. This loss can be eliminated if necessary by

[(ATEIN
P56 8]

TL/F/10790-71
FIGURE 12. Data Bus or Party Line

using multiple output gates (F100112) and paralleling two
outputs for each driver. In the quiescent LOW state, termi-
nation current is shared among all the output transistors on
the line. This sharing makes Vo more positive than if only
one output were conducting all of the current. For example,
a 100Q line terminated at both ends represents a net 509
DC load, which is the same as the data sheet condition for
VoL. If one worst-case output were conducting all the cur-
rent, the Vo would be —1.705V. If another output with
identical DC characteristics shares the load current equally,
the Vo level shifts upward by about 25 mV. Gonnecting two
additional outputs for a total of four with the same charac-
teristics shifts Vo upward another 22 mV. Connecting four
more identical outputs shifts Vo upward another 20 mV.
Thus the Vo shift for eight outputs having identical worst-
case Vo characteristics is approximately 67 mV. In prac-
tice, the probability of having eight circuits with worst-case
VoL characteristics is quite low. The output with the highest
VoL tends to conduct most of the current. This limits the
upward shift to much less than the theoretical worst-case
value. In addition, the LOW-state noise margin is specified
greater than the HIGH-state margin to allow for Vo shift
when outputs are paralleled.

In some instances a single termination is satisfactory for a
data bus, provided certain conditions are fulfilled. The single
termination is connected in the middle of the line. This re-
quires that for each half of the line, from the termination to
the end, the line length and loading must comply with the
same restrictions as unterminated lines to limit overshoot
and undershoot to acceptable levels. The termination
should be connected as near as possible to the electrical
mid-point of the line, in terms of the modified line delay from
the termination to either end. Another restriction is that the
time between successive transitions, i.e., the nominal bit
time, should not be less than 15 ns. This allows time for the
major reflections to damp out and limits additive reflections
to a minor level.

WIRED-OR

In general-purpose wired-OR logic connections, where two
or more driver outputs are expected to be in the HIGH state
simultaneously, it is important to minimize the line length
between the participating driver outputs, and to place the
termination as close as possible to the mid-point between
the two most widely separated sources. This minimizes the
negative-going disturbances which occur when one HIGH
output turns off while other outputs remain HIGH. The driver
output going off represents a sudden decrease in line cur-
rent, which in turn generates a negative-going voltage on
the line. A finite time is required for the other driver outputs
(quiescently HIGH) to supply the extra current. The net re-

4-138




sult is a “V"” shaped negative glitch whose amplitude and
duration depend on three factors: current that the off-going
output was conducting, the line impedance, and the line
length between outputs. If the separation between outputs
is kept within about one inch, the transient will not propa-
gate through the driven load circuits.

If a wired-OR connection cannot be short, it may be neces-
sary to design the logic so that the signal on the line is not
sampled for some time after the normal propagation delay
(output going negative) of the element being switched. Nor-
mal propagation delay is defined as the case where the ele-
ment being switched is the only one on the line in the HIGH
state, resulting in the line going LOW when the element
switches. In this case, the propagation delay is measured
from the 50% point on the input signal of the off-going ele-
ment to the 50% point of the signal at the input farthest
away from the output being switched. The extra wiring time
required in the case of a severe negative glitch is, in a
worst-case physical arrangement, twice the line delay be-
tween the off-going output and the nearest quiescently
HIGH output, plus 2 ns.

An idea of how the extra waiting time varies with physical
arrangement can be obtained by qualitatively comparing the
signal paths in Figure 13. With the outputs at A and B quies-
cently HIGH, the duration of the transient observed at C is
longer if B is the off-going output than if A is the off-going
element. This is because the negative-going voltage gener-
ated at B must travel to A, whereupon the corrective signal
is generated, which subsequently propagates back toward
C. Thus the corrective signal lags behind the initial transient,
as observed at C, by twice the line delay between A and B.
On the other hand, if the output at A generates the negative-
going transient, the corrective response starts when the

transient reaches point B. Consequently, the transient dura-
tion observed at C is shorter by twice the line delay from A

to B.
'cD_

Rr

A B

Vi
TL/F/10790-72
FIGURE 13. Relative to Wired-OR Propagation

BACKPLANE INTERCONNECTIONS

Several types of interconnections can be used to transmit a
signal between logic boards. The factors to be considered
when selecting a particular interconnection for a given appli-
cation are cost, impedance discontinuities, predictability of
propagation delay, noise environment, and bandwidth. Sin-
gle-ended transmission over an ordinary wire is the most
economical but has the least predictable impedance and
propagation delay. At the opposite end of the scale, coaxial
cable is the most costly but has the best electrical charac-
teristics. Twisted pair and similar parallel wire interconnec-
tion cost and quality fall in between.

For single-wire transmission through the backplane, a
ground plane or ground screen (Chapter 5) should be pro-
vided to establish a controlled impedance. A wire over a
ground plane or screen has a typical impedance of 1500
with variations on the order of +33%, depending primarily
on the distance from ground and the configuration of the
ground. Figure 14 illustrates the effects of impedance varia-
tions with a 15-inch wire parallel terminated with 150Q to
—2V. Figure 14b shows source and receiver waveforms
when the wire is in contact with a continuous ground plane.

—DC A 1 =15"
WIRE OVER GND PLANE OR SCREEN

150 @

-20V

TL/F/10790-73

a. Wire over Ground Plane or Screen

nsldiv
V = 0.4 ns/div

TL/F/10790-74
b. Wire in Contact with Ground Plane

H =5 ns/div
V=0.4 Vidiv

TL/F/10790-75
c. Wire Spaced 4" from Ground Screen

FIGURE 14. Parallel Terminated Backplane Wire
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The negative-going signal at the source shows an initial step
of only 80% of a full signal swing. This occurs because the
quiescent HIGH-state current oy (about 7 mA) multiplied by
the impedance of the wire (approximately 909) is less than
the normal signal swing, and this condition allows the driver
emitter follower to turn off. The negative-going signal at the
receiving end is greater by 25% (1 + p = 1.25). The receiv-
ing end mismatch causes a negative-going reflection which
returns to the source and establishes the Vg level. The
positive-going signal at the source shows a normal signal
swing, with the receiving end exhibiting approximately 25%
overshoot.

Figure 14c shows waveforms for a similar arrangement, but
with the wire about 14 inch from a ground screen. The im-
pedance of the wire is greater than 1500 termination, but
small variations in impedance along the wire cause interme-
diate reflections which tend to lengthen the rise and fall
times of the signal. As a result, the received signal does not
exhibit pronounced changes in slope as would be expected
if a 2009 constant impedance line were terminated with
150Q.

Series source resistance can also be used with single wire
interconnections to absorb reflection. Figure 15a shows a
16-inch wire with a ground screen driven through a source
resistance of 100Q. The waveforms (Figure 15b) show that
although reflections are generated, they are largely ab-
sorbed by the series resistor, and the signal received at the
load exhibits only slight changes and overshoot. Series ter-
mination techniques can also be used when the signal into
the wire comes from the PC board transmission line. Figure
716a illustrates a 12-inch wire over a ground screen, with 12-
inch microstrip lines at either end of the wire. The output is
heavily loaded (fan-out of 8) and the combination of imped-
ances produces a variety of reflections at the input to the
first microstrip line, shown in the upper trace of Figure 16b.
The lower trace shows the final output; a comparison be-
tween the two traces shows the effectiveness of damping in
maintaining an acceptable signal at the output. Figure 16c
shows the signals at the input to the driving gate and at the
output of the load gate, with a net through-put time of 8.5
ns. The circuit in Figure 16a is a case of mismatched trans-
mission lines, discussed in Appendix A.

Signal propagation along a single wire tends to be fast be-
cause the dielectric medium is mostly air. However, imped-
ance variations along a wire cause intermediate reflections
which tend to increase rise and fall times, effectively in-
creasing propagation delay. Effective propagation delays
are in the range of 1.5 to 2.0 ns per foot of wire. Load
capacitance at the receiving end also increases rise and fall
time (Appendix A), further increasing the effective propaga-
tion delay.

1000 A
16" WIRE OVER GROUND SCREEN]

1o

Vee

TL/F/10790-76
a. Wire over Ground Screen

H =10 ns/div
V=0.3 Vidiv

TL/F/10790-77

b. Series Terminated Waveform
FIGURE 15. Series Terminated Backplane Wire
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12" MICROSTRIPS
12" WIRE OVER
GROUND SCREEN
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]
A 2y =150 Q B "'
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Vee

TL/F/10790-78
a. Backplane Wire Interconnecting PC Board Lines

H =10 ns/div
V=0.4 Vidiv

TL/F/10790-79
b. Signals into the First Microstrip and at the Loads

+—QUTPUT

"H =10 ns/div
v =0.4 Vidiv

TL/F/10790-80
c. Input to Driving Gate and Output of Load Gate

FIGURE 4-16. Signal Path with Sequence
of Microstrip, Wire, Microstrip

Better control of line impedance and faster propagation can
be achieved with a twisted pair. A twisted pair of AWG 26
Teflon* insulated wires, two twists per inch, exhibits a prop-
agation delay of 1.33 ns/ft and an impedance of 115Q.
Twisted pair lines are available in a variety of sizes, imped-
ances and multiple-pair cables. Figure 4-17a illustrates sin-
*Teflon is a registered trademark of E.I. du Pont de Nemours Conpany.
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c. Backplane Data Bus

FIGURE 4-17. Twisted Pair Connections

gle-ended driving and receiving. In addition to improved
propagation velocity, the magnetic fields of the two conduc-
tors tend to cancel, minimizing noise coupled into adjacent
wiring.

Differential line driving and receiving complementary gates
as the driver and an F100114 line receiver is illustrated in
Figure 4-17b. Differential operation provides high noise im-
munity, since common mode input voltages between
—0.55V and —3.0V are rejected. The differential mode is
recommended for communication between different parts of
a system, because it effectively nullifies ground voltage dif-
ferences. For long runs between cabinets or near high pow-
er transients, interconnections using shielded twisted pair
are recommended.

Twisted pair lines can be used to implement party line type
data transfer in the backplane, as indicated in Figure 4-17c.
Only one driver should be enabled at a given time; the other
outputs must be in the Vg state. The Vgg reference volt-
age is available on pin 22 of the flatpak and pin 19 of the
dual-in-line package for the F100114.

In the differential mode, a twisted pair can send high-fre-
quency symmetrical signals, such as clock pulses, of
100 MHz over distances of 50 to 100 feet. For random data,
however, bit rate capability is reduced by a factor of four or
five due to line rise effects on time jitter.3
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Coaxial cable offers the highest frequency capability. In ad-
dition, the outer conductor acts as a shield against noise,
while the uniformity of characteristics simplifies the task of
matching time delays between different parts of the system.
In the single-ended mode, Figure 4-18a, 50 MHz signals can
be transferred over distances of 100 feet. For 100 MHz op-
eration, lengths should be 50 feet or less. In the differential
mode, Figures 4-18b, ¢, the line receiver can recover small-
er signals, allowing 100 MHz signals to be transferred up to
100 feet. The dual cable arrangement of Figure 4-18c pro-
vides maximum noise immunity. The delay of coaxial cables
depends on the type of dielectric material, with typical de-
lays of 1.52 ns/ft for polyethylene and 1.36 ns/ft for cellular

polyethylene.
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a. Single-Ended Coaxial Transmission
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c. Differential Transmission with Grounded Shields
FIGURE 4-18. Coaxial Cable Connections
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APPENDIX C
ECL DESIGN GUIDE:

POWER DISTRIBUTION AND THERMAL CONSIDERATIONS

INTRODUCTION

High-speed circuits generally consume more power than
similar low-speed circuits. At the system level, this means
that the power supply distribution system must handle the
larger current flow; the larger power dissipation places a
greater demand on the cooling system. The direct current
(DC) voltage drop along ground busses affects noise mar-
gins for all types of ECL circuits. Voltage drops along Vgg
busses have only a slight effect on F100K circuits, but they
require consideration to obtain the performance available
from the family.

LOGIC CIRCUIT GROUND, V¢

The positive potential Vog and Vgca in ECL circuits is the
reference voltage for output voltages and input thresholds
and should therefore be the ground potential. When two
circuits are connected in a single-ended mode, any differ-
ence in ground potentials decreases the noise margins, as
discussed in Chapter 1. This effect for TTL/DTL circuits, as
well as for ECL circuits, is illustrated in Figure 7. The follow-
ing analysis assumes some average value of current flowing
through the distributed resistance along the ground path be-
tween two circuits. For the indicated direction of Ig, the shift
in ground potential decreases the LOW-state noise margin
of the TTL/DTL circuits and the HIGH-state noise margin of
the ECL circuits. If Ig is flowing in the opposite direction, it
increases these noise margins, but decreases the noise
margins when the drivers are in the opposite state. For tabu-
lation of ground currents in ECL, the designs must include
termination currents as well as |gg operating currents. ECL
logic boards which use microstrip or stripline techniques
generally have large areas of ground metal. This causes the
ground resistance to be quite low and thus minimizes noise
margin loss between pairs of circuits on the same board.

—~C] .

,
TTIUDTL f"ﬂ - la Vo t

TOTAL RESISTANCE = Rg

< la
ECL

chm

von l
TL/F/10790-87

TTL/DTL ECL
V'oL=VoL= *lgRg V'oH=VoH+IaRa
IaRg=(V'oL— Vo) =Noise Margin Decrease=IgRg=(V'oH—VoH)

FIGURE 1. Effect of Ground Resistance

on Noise Margins

In practice, two communicating circuits might be located on
widely separated PC cards with other PC cards in between.
The net resistance then includes the incremental resistance
of the ground distribution bus from card to card, while the
ground current is successively increased by the contribution
from each card. Figure 2 illustrates a distribution bus for a
row of cards with incremental resistances along the bus.

GND
INPUT

T I\‘ INI IN' T I\ |\| I\|

CARD 1 2 3—— - ——— =k —— n

POSITION
TL/F/10790-88

r=1Ir | Bus Resi e b

i = Average Ground Current per Card

FIGURE 2. Ground Shift Along a Row of PC Cards

The ground shift can be estimated by first determining an
average value of current per card based on the number of
packages, the mix of SSI and MSI, and the number and
types of terminations. With n cards in the row, an average
ground current (i) per card, and an incremental bus resist-
ance (r) between card positions, the bus voltage drops be-
tween the various positions can be determined as follows:

Positions

between positions 1 and 2: vi_3 = (n — 1)ir
between positions 1 and 3: vi_g = (n — 1)ir +

(n—2)ir
between positions 1 and 4: vy_4 = (n — 1)ir +

(n — 2)ir +

(n —3)ir
between 1 and n: Vi—p=ir{(n —1) +

(n—2)+ (n—23)

+...+In—-(m -1

=ir1+2+3

+...+ (=1

n—1
Vi—p =ir n

1
For a row of 15 cards, for example, the total ground shift
between positions 1 and 15 is expressed as in Equation 1.
14

n=ir(1+2+3+...+ 13+ 14)
T (eq. 1)

105 ir

Vi-15 = ir
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The ground shift between any two card positions j and k can
be determined as follows for the general case.
Viik=@O—)ir+In—G+ )i+

[n— @G+ 2)1ir

+ ...+ In=1[+ (kij-D1} ir

=k—-jnr—ir{j+G{i+N+G+2
+ .o+ [+ kDD
k—1 k—1

vj_k=(k—j)nir—irz n=ir[(k—i)n—z n]

i i
In a row of 15 cards, the ground shift between positions four
and nine, for example, is determined as follows.
Vik=ir[(@—4)15—-(4+5+6+7+8)
=ir(756 — 30) = 45ir

The ground shift between the same number of positions
further down the row is less because of the decreasing cur-
rent along the row. Consider the ground shift between card
positions 10 and 15.
Vip-15 = ir [(156 — 10)15 —

(10 + 11 + 12 + 13 + 14)]

=ir(75 — 60) = 15ir |

These examples illustrate several principles the designer
should consider regarding the ground distribution bus and
assignment of card positions. The bus resistance should be
kept as low as possible by making the cross-sectional areas
as large as practical. Logic cards which represent the heavi-
est current drain should be located nearest the end where
ground comes into the row of cards. Cards with single-end-
ed logic wiring between them should be assigned to posi-
tions as close together as possible. Conversely, if the
ground shift between two card positions represents an un-
acceptable loss of noise margin, then the differential trans-
mission and reception method i.e., twisted pair, should be
used for logic wiring between them, thereby eliminating
ground shift as a noise margin factor.

CONDUCTOR RESISTANCES

Conductors with large cross-sectional areas are required to
maintain low voltage drops along power busses. For conve-
nience, Figure 3 lists the resistance per foot and the cross-
sectional area for more common sizes of annealed copper
wire. Other characteristics and a complete list of sizes can
be found in standard wire tables. A useful rule-of-thumb re-
garding resistances and, hence, areas is: as gauge numbers
increase, resistance doubles with every third gauge number;
e.g., the resistance per foot of #10 wire is 1 mQ, for #13
wire it is 2 mQ. Similarly, the resistance per foot of #0 wire
is 0.078 m{, which is half that of #2 wire.

For calculations involving conductors having rectangular
cross sections, it is often convenient to work with sheet
resistance, particularly for power distribution on PC cards.
Copper resistivity is usually given in ohm-centimeters, indi-
cating the resistance between opposing faces of a 1 cm
cube. The sheet resistance of a conductor is obtained by
dividing the resistivity by the conductor thickness. These
relationships follow.

(eq.2)

(eq. 3)

(eq. 4)

AWG Resistance Cross-Sectional

B&S mQ Per Foot Area

Gauge Square Inches -
#2 0.156 5213 X 10—2
#6 0.395 2,062 X 10—2
#10 0.999 8.155 X 10—3
#12 1.588 5129 X 10—3
#18 6.385 1.276 X 10—3
#22 16.14 5.046 X 10—4
#26 40.81 1.996 X 10—4
#30 103.2 7.894 X 105

FIGURE 3. Resistance and Cross-Sectional Area
of Several Sizes of Annealed Copper Wire
Copper resistivity = p = 1.724 X 10-6 Qcm @ 20°C
|
w
w = width

|
Resistance of a conductor = p AP

t = thickness

|
Sheet resistance pg = % Q perW

where: | = length

The length/width ratio (I/w) is dimensionless; therefore, the
resistance of a length of conductor of uniform thickness can
be calculated by first determining the number of ““squares,”
then multiplying by the sheet resistance. For example, a
conductor one-eighth inch wide and three inches long has
24 squares; its resistance is 24 times the sheet resistance.
Since many thickness dimensions are given in inches, it is
convenient to express the resistivity in ohm-inch, as follows.
p(Qin) = p(Qcm) + 2.54 = 6.788 X 10~7 Qin.

The use of sheet resistance and the “squares” concept is
illustrated by calculating the resistance of the conductor
shown in Figure 4. Assume the conductor is a 1 oz. copper
cladding with a 0.0012 inch minimum thickness on a PC
card.

y l=2" Ip=1" a4
w1 =1/4"[«——R1—> <—R2—>]

7 -~ ! R3I—>lwp=1/2"

R TOTAL { '

13=15"

TL/F/10790-89
FIGURE 4. Conductor of Uniform Thickness
but Non-Uniform Cross Section

Sheet resistance = pg = Et)-

= 5.657 X 10—4 Q per square
The number of squares S for the rectangular sections are as
follows.

1 [
St=-1=8 g3=2=3
W1 w2

The middle average segment of the conductor has a trapez-
iodal shape. The average of wy and wa can be used as the
effective width, within 1% accuracy, if the wa/wj ratio is 1.5
or less. Otherwise, a more exact result is obtained as fol-
lows.

__ (Wz) _ -
Ss o In w5 4In2 = 2.77 squares  (eq. 5)
TotalR = Ry + Ry + R3 = pg(S1 + Sp + Sj)
= 7.51 mQ
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As another example, assume that a 1 oz. trace must carry a
200 mA current six inches with a voltage drop less than
10 mV.

Rmax = - - _6? = 0.05Q

|
0.05 = psW (eq. 6)
¥ =20ps

w = 120 ps = (120) 5.657 X 10—4 = 67.9 X 10~3
.. minimum trace width, w = 68 mils
At a higher current level, consider the voltage drop in a
conductor 20 mils thick, 1.25 inches wide and 3 feet long
carrying a 50A current.

_6.788 X 10-7

Ps= 510z 3.364 X 10—5 Q per square

V = IR — (50) (3.364 X 10'5)% (eq.7)

= 0.0484 = 48.4mV
Sheet resistances for various copper thicknesses are listed
in Figure 5. Standard thicknesses and tolerances for copper
cladding are tabulated in Figure 6 and resistance per foot as
a function of width is shown in Figure 7.

Weight Sheet Sheet
Resistance
or Q per Thickness | Resistance
Thickness P Q per Square
Square

20z 2715 X 10—4| 0.02in. | 3.364 X 10-5
30z 1.886 X 10—4| 0.05in. | 1.358 X 10—5
50z 1.077 X 10—4 Yiein. 1.086 X 10—5
0.01in. |6.788 X 10—5 1, in. 2,715 X 106

FIGURE 5. Sheet Resistance for Various
Thicknesses of Copper

. Nominal Tolerances
Nominal Thickness Weight By
in. mm oz/ft2 | Weight, % in.
0.0007 0.0178 Y2 +10 +0.0002
0.0014 0.0355 1 +10 +0.0004
—0.0002
0.0028 0.0715 2 +10 +0.0007
—0.0003
0.0042 0.1065 3 +10 +0.0006
0.0056 0.1432 4 +10 +0.0006
0.0070 0.1780 5 +10 +0.0007
0.0084 0.2130 6 +10 +0.0008
0.0098 0.2460 7 +10 +0.001
0.014 0.3530 10 +10 +0.0014
0.0196 0.4920 14 +10 +0.002
FIGURE 6. Thickness and Tolerances for
Copper Cladding
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TL/F/10790-80
FIGURE 7. Conductor Resistance vs
Thickness and Width

TEMPERATURE COEFFICIENT

The resistances in Figures 3, 5, and 7, as well as those used
in the sample calculations, are 20°C values. Since copper
resistivity has a temperature coefficient of approximately
0.4%/°C, the resistance at a temperature (T) can be deter-
mined as follows.

Rt = Rogeg [1 + 0.004 (T + 20°C)]

At 55°C:

R = Rogeg [1 + 0.004 (55°C — 20°C)] = 1.14 Rggec
When specifying power bus dimensions for PC cards con-
taining many IC packages, designers should bear in mind
that excessive current densities can cause the copper tem-
perature to rise appreciably. Figure 8 illustrates the ohmic
heating effect of various current densities.!

(eq. 8)

10
B0°c Y
8.0
<
] 20°C
z 4
g &0 / /
o
3
/ /1o°c
a0l va
2.0
50 100 150 200 250 300

CROSS-SECTIONAL AREA — mii2
TL/F/10790-91
FIGURE 8. Temperature Rise with Current
Density in PC Board Traces

4-145

v29-NV




AN-674

DISTRIBUTION IMPEDANCE

Power busses should have low AC impedance, as well as
low DC resistance, to prevent propagation of extraneous
disturbances along the distribution system. As far as current
or voltage changes are concerned, power and ground bus-
ses appear as transmission lines; thus their impedances can
be affected by shape, spacing and dielectric. The effect of
geometry on impedance is illustrated in the two arrange-
ments of Figure 9. The same cross-sectional area of copper
is used, but the two round wires have an impedance of
about 75Q while the flat conductors have an impedance
determined as follows.

877d for d <0.1

VYe h h

With a Mylar®* or Teflon®* dielectric (¢ = 2.3) two mils
thick, impedance of the flat conductor pair is only 0.5Q.
Power line impedance can be reduced by periodically con-
necting RF-type capacitors across the line.

Zy =

AREA=0.02SQIN.

Zo=75Q

d =0.002" —B>| |<—

2y~ 0.75Q
(AIR DIELECTRIC)
TL/F/10790-92
FIGURE 9. Effect of Geometry
on Power Bus Impedance

*Mylar and Teflon are registered trademarks of E.l. du Pont de Nemours
Company.

GROUND ON PC CARDS

It is essential to assign one layer of copper cladding almost
exclusively to ground. This provides low-impedance, non-in-
terfering return paths for the current changes which travel
along signal traces when the IC outputs change state.
These currents flow from the Vgga pins of the IC packages,
through the output transistors, then into the loads and the
stray capacitances. These stray capacitances exist from an
output to Vg, output to ground, and to other signal lines.
Thus, displacement currents through stray capacitances
flow in many paths, but must ultimately return through
ground to the output transistor where they originated. To
reduce the length and impedance of the return path, the
ground metal should cover as large an area as possible and
one decoupling capacitor should be provided for every one
to two IC packages. Additional capacitors may be needed
for multiple output devices. These capacitors should be ce-
ramic, monolithic or other RF types in the 0.01 pF to 0.1 pF
range.

The load current returning to an IC package through ground
metal is predictable, both in magnitude and in the return
path. Since the magnetic and capacitive coupling between a
signal trace and the underlying ground provides the trans-
mission line characteristic, it follows that the load current
flowing through the signal trace is accompanied by a ground
return current equal in magnitude but opposite in direction.
For example, in a 50Q terminator lop is 5.9 mA, lpoy is
20.9 mA. Then signal change will cause about 15 mA cur-
rent change and, as this current change propagates along
the signal trace, a current of —15 mA advances along the

ground directly underneath the signal trace. Therefore, if
there is an interruption in the ground, the return current is
forced to go around it. The 15 mA current change can be
reduced by terminating the complementary output of the
signal. Then a signal change will direct the current from true
output to the complement output reducing the A currents in
the ground plane. When it is necessary to interrupt the
ground plane, the interruptions should be kept as short as
possible; every effort should be made to locate them away
from overlying signal lines. When the ground plane is inter-
rupted for short signal lines between packages, these lines
should be at right angles to signal lines on the other side to
minimize coupling. Vgg and V7 distribution lines can also
act as the return side of transmission lines, as long as de-
coupling capacitors to ground are placed in the immediate
areas where the signal return current must continue through
ground.

Several connections along the edge of a PC card should be
assigned to ground to accommodate backplane signal
ground. These should be spaced at one-half to one inch
intervals to minimize the average path length for signal re-
turn currents and to simulate a distributed connection to the
backplane signal ground.

Not enough emphasis can be placed on the requirement for
a good ground. All input signals are referenced to internal
Vpgg and the Vgg is referenced to Vgc (ground). Any varia-
tion from one side of the board to the other affects the noise
margins. To help eliminate some of the variations a sepa-
rate Vgoa is provided on F100K ECL circuits to power the
output drivers and leave the Vg going to internal circuitry
unaffected.

BACKPLANE CONSTRUCTION

In order to take complete advantage of the speeds inherent
in F100K ECL it is desirable to construct the backplane as a
multilayer printed circuit board. Generally, two internal lay-
ers are devoted to ground and Vg and the signals occupy
the outside layers. Where power densities are very high, it
may be necessary to supplement the power layers with ex-
ternal busses (see Backplane Interconnections, Chapter 4)).

If it is necessary to use wires to augment the interconnec-
tion provided by the traces, less critical signals should use
the wires. The wires will exhibit an impedance which can be
calculated with the wire-over-ground formula

138 4h

Zo = T Log1o " (eq.9)

where d is diameter, h is distance to ground, and e is di-
electric constant.

Bear in mind that if the ground plane is buried inside the
board, then both h and e are made up of multiple compo-
nents.

TERMINATION SUPPLY, Vi1

A separate return voltage for the termination resistors offers
a way to minimize power dissipation in systems extensively
using parallel termination techniques. A-2V V1 value rep-
resents an optimum speed/power trade-off, allowing suffi-
cient termination current to discharge load capacitances
while minimizing the average power consumption. Figure 10
shows the average values of current, IC power dissipation
and resistor power dissipation for various values of the ter-
mination resistor Ry returned to —2V. Average values are
determined by calculating the output HIGH and output LOW
values, then taking the average. These 50% duty cycle
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values are useful in determining the current drain on the
—2V supply and the contribution to dissipation on the logic
boards. Peak values of termination current are approximate-
ly 60% greater than the average values listed.

DC regulation of the —2V supply is not critical; a variation of
+5% causes a change in output levels of +12 mV for 50Q
terminations or =7 mV for 1008 terminations.

The high frequency characteristics of the VT distribution
are extremely important. Ideally, a solid voltage plane
should be devoted to V. If this is not feasible, the Vi1
distribution should form a grid using orthogonal traces. In
any case, decoupling capacitors to ground should be used
to reduce the high frequency impedance.

2y
-

Rt
Vrr=-20V
TL/F/10790-93
Rt lavg Pp (avg) MW
Q mA IC Output Resistor
50 14 14 13
62 1 12 1
75 9.3 9.5 9.1
90 8.1 8.2 7.9
100 7.3 7.3 71
150 5.0 4.9 5.0

FIGURE 10. Average Current and Power Dissipation
for Parallel Termination to —2V

If the terminators used are in Single In-line Packages (SIP)
or Dual-In-line Packages (DIP) as opposed to discrete resis-
tors, particular attention must be given to decoupling in or-
der to maintain a solid VT voltage inside the package. This
is necessary to avoid crosstalk due to mutual inductance to
V171. SIPs have been developed which have multiple V1
connections and on-board decoupling capacitors.

Veg SUPPLY

The value of Vgg is not critical for F100K since all circuits in
the family operate over the range of —4.2V to —5.7V. De-
coupling capacitors to ground should be used on each card,
as previously discussed in connection with the ground on
PC cards. In addition, each card should used 1 pF to 10 uF
decoupling capacitors near the points where Vgg enters the
card.

The current drain for the Vgg supply for each circuit type
can be determined from the data sheet specifications. For
Vg values other than —4.5V, the current drain varies as
shown in Figure 71 and 72 for SSI and MSI elements re-
spectively. These graphs are made from data from the
F100101 and F100179.
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TL/F/10790-94
FIGURE 11. Supply Current vs
Supply Voltage for F100101
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FIGURE 12. Supply Current vs
Supply Voltage for F100179
Series dividers used to obtain Thevenin equivalent parallel
terminations increase the current load on the Vgg supply, as
do the pull-down resistors to Vgg used with series termina-
tion. Average Vg current and resistor dissipation for Theve-
nin equivalent terminations are listed in Figure 13 for several
representative values of equivalent resistance. The average
values apply for 50% duty cycle. Peak current values are
approximately 11% greater. Dissipation in the IC output
transistor is the same as in Figure 70. Average dissipation
and Igg current for several values of pull-down resistance to
VEE are listed in Figure 14. The Rg values are appropriate
for series termination of transmission lines with impedances
listed in the Zg column, determined from Equation 12. Peak
current values are approximately 12% greater than average
values.

Figures 10, 13 and 74 show that the Thevenin equivalent
parallel termination method leads to ten times as much dis-
sipation in the resistors as in the single resistor returned to
—2V. Similarly, the dissipation in Rg for series termination is
three times the dissipation in the parallel termination resistor
to —2V.
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Vee=GND
R1
R2 Rt
VEg=-45V Vir==2V
TL/F/10790-96
Rt Rig R20 IEE (avg) | Pp (avg) MW
Q | =180RT | = 2.25RT mA Resistors
50 90 113 28.2 109
62 112 140 22.7 87.9
75 135 169 18.8 72.7
82 148 185 17.2 66.5
90 162 203 156.7 60.5
100 180 225 141 54.5
120 216 270 1.7 45.4
150 270 338 9.4 36.3
FIGURE 13. Series Divider for Thevenin
Equivalent Terminations
Rs 2z,
IRe Re
Vegg= -45V
TL/F/10790-97
P
Z Re | IEE(avg) D (avg) mW
Q0 [} mA IC Output Re
50 269 9.8 12.9 25.8
62 331 ,7'9 10.4 20.6
75 399 65 8.6 16.8
90 477 5.4 741 13.9
100 530 4.9 6.5 12.7
120 634 4.1 54 10.6
150 791 3.2 4.2 8.1

FIGURE 14. Average Current and Power Dissipation
Using Pull-Down Resistor to Vgg

THERMAL CONSIDERATIONS

System cooling requirements for ECL circuits are based on
three considerations: (1) the need to minimize temperature
gradients between circuits communicating in the single-end-
ed mode, (2) the need to control the temperature environ-
ment of each circuit to assure that the parameters stay with-
in guaranteed limits, and (3) the need to insure that the
maximum rated junction temperature is not exceeded.

Temperature gradients are of no practical concern with
F100K circuits since they are temperature compensated;

their output voltage levels and input thresholds change very
little with temperature, as discussed in Chapter 1. With un-
compensated ECL circuits, output voltage levels and input
thresholds vary with temperature. This causes a loss of
noise margin when driving and receiving circuits are operat-
ing at different temperatures. Loss of HIGH-state noise mar-
gin occurs when the receiving circuit is at the higher temper-
ature, amounting to approximately 1 mV/°C of temperature
gradient. When the driving circuit is at the higher tempera-
ture, the LOW-state margin decreases by approximately
0.5 mV/°C of gradient. The system designer must consider
noise margin loss, due to temperature gradients.

Each DC parameter limit on the F100K data sheets applies
over the entire 0°C to +85°C case temperature. For uncom-
pensated ECL circuits, parameter limits have different val-
ues for different ambient temperatures. Further, ambient
temperature specifications are based on a minimum air flow
rate of 400 linear feet per minute. Thermal equilibrium must
be established for incoming test results of uncompensated
ECL circuits to be valid. The time required to attain equilibri-
um can vary considerably, depending on the internal dissi-
pation of the particular IC type and details of the thermal
arrangement. Normally, an adequate waiting time is three to
five minutes after power is applied.

The maximum rated junction temperature of F100K circuits
is +150°C. An individual IC junction temperature can be
determined by multiplying power dissipation by the junction-
to-air thermal resistance 6,5 and adding the result to the
ambient air temperature. The power dissipation is Vgg times
Igg, from the data sheet, plus the dissipation in the output
transistors from Figure 10 or 74. Thermal resistance is
shown in Figure 15 as a function of cooling air flow rate.
This figure applies when the IC is mounted on a board with
the air flowing in a plane parallel to the board and perpen-
dicular to the long axis of the IC package. When air temper-
ature, flow rate and package power dissipation are known,
junction temperature is determined as follows.

Ty =Ta + Ppya (eq. 10)
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FIGURE 15. Junction-to-Air Thermal
Resistance vs Air Flow Rate
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Conversely, when the maximum rate junction temperature
(+150°C), the package power dissipation, and the air tem-
perature are known, the minimum flow rate can be deter-
mined by first determining the maximum thermal resistance.

150° — T,
=(_.ED_A) (eq. 11)

For this value of 85 the minimum flow rate is determined
from Figure 15.

When the system designer plans to depend on natural con-
vection for cooling, it is recommended that thermal tests be
conducted to determine actual conditions. The effective-
ness of natural convection for cooling varies greatly. For

Maximum 6,4

instance, on a densely packed logic board in a horizontal
attitude in still air, the effective ambient temperature for an
IC varies with its position. An IC in the middle of the board is
subjected to air that is partially heated by surrounding ICs.
Additionally, the temperature of the board rises due to heat
flow through the component leads. These effects can cause
a much higher junction temperature than might be expect-
ed.
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Fiber Optic Links
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INTRODUCTION

A station using the ANSI X3T9.5 (FDDI) physical layer stan-
dard can transmit and receive data at 100 Mbits/sec
through a fiber optic cable. However, with several physical
layers connected together in parallel, each with its own fiber
optic cables for transmission and reception, the station can
transmit and receive data at much higher speeds. National
Semiconductor’s physical (PHY) layer devices can be con-
nected together in parallel to achieve such high bandwidth
point-to-point links. The National devices required to imple-
ment a PHY layer are the DP83231 Clock Recovery Device
(CRD™ device), the DP83241 Clock Distribution Device
(CDD™ device), and the DP83251/55 Physical Layer Con-
troller Device (PLAYER™ device). The bandwidth of the
system depends on the number of PHY layers used—each
set of PHY layer devices contributes 100 Mbits/sec to the
system.

1.0 POINT-TO-POINT APPLICATIONS

The use of parallel FDDI PHY layers is a cost effective
method to increasing the data throughput in multiples of 100
Mb/s. This task can be accomplished utilizing an existing
FDDI fiber plant.

National Semiconductor
Application Note 679
Filipe Sanna

Louise Yeung

FDDI PHY layers in parallel require only one pair of fiber
optic cables, one pair of transceivers, and one set of PHY
layer chips per channel, while yielding a typical data
throughput of 800 Mbits/sec (for a system with eight chan-
nels).

Any application where data throughput is the limiting factor
to system performance is a candidate for a high-speed
point-to-point link. For example, a point-to-point link can be
installed between a CPU and a disk controller to speed up
information storage and retrieval times. Another application
area could be in the display capabilities of a graphics work-
station which can be combined with the data processing
power of a supercomputer to achieve visualization for data
intensive simulations (Figure 1). As a third example, a high-
speed networking backbone using a point-to-point link is de-
picted in Figure 2. Here, separate FDDI rings are connected
together with a high speed link which provides bridging be-
tween rings without loss of performance.

Fiber optics afford a greater physical separation between
stations than electrical signals. Hence, a fiber point-to-point
link can be used to extend SCSI or IP| transmissions up to
one kilometer.

Super |
Computer |~

Graphics
Workstation

A 4

Visualization/ Real=time
Video

TL/F/10797-1
FIGURE 1. Point-To-Point Link between a
Supercomputer and a Graphics Workstation

TL/F/10797-2
FIGURE 2. High Speed Networking Backbone
Using a Fiber Optic Point-To-Point Link

High Speed

Bridge j—omk |

Bridge
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2.0 SYSTEM OVERVIEW

A system using four PHY layers in parallel is shown in Figure
3. The diagram demonstrates conceptually how data is
passed from Station | to Station Il at 400 Mbits/sec. Each of
the four PHY layers in Station | is connected to a PHY layer
in Station Il with fiber optic cables. Since National Semicon-
ductor PHY layers are full duplex, each pair of PHY layers is
linked by two fibers, one for transmission in each direction.
The system interface shown contains two parts.
SYS_REQ, which handles data transmission, and
SYS__IND, which handles data reception.

Suppose that Station | wants to transmit a 32-bit word of
data to Station Il. SYS_REQ in Station | takes the data and
splits it into four bytes, one for each PHY channel. Each
PHY layer reads its byte from the PHYn_REQ ports of
SYS__REQ (at 12.5 MHz) and sends the data out across
the fiber as an 8-bit serial stream at 100 Mbits/sec. (Note
that due to the 4B/5B encoding scheme used by the PLAY-
ER devices the data actually passes through the fiber as a
10-bit serial stream at 125 MHz.)

30047FA1

SYS_REQ

S S

PHY1_REQ I PHY2_REQ I PHY3_REQ I PHY4_REQ

ber] [mie3] [ed]

7F Al

byte 1
30

After travelling through the fibers, the data arrives at Station
Il. Each PHY layer on the receiving end reads data from the
fiber and presents its byte to the corresponding PHYn__IND
port (at 12.5 MHz) in Station Il. SYS__IND then rejoins the
bytes back into the 32-bit word sent by Station | and can
present the data to the host (at 12.5 MHz). This demon-
strates how Station | can send 32 bits to Station Il in 80 ns,
giving an effective data throughput of 400 Mbits/sec.

Even though this is a non-FDDI! application, the general
rules for FDDI framing must be followed. In particular, each
frame must start with a JK symbol and end with valid FDDI
ending delimiter (Figure 4). Furthermore, the frame size
must be between three and 4500 bytes long (see PLAYER
device datasheet for more detail). At least four pairs of idle
symbols should be inserted between the frames to allow for
readjustment of the PLAYER device's elasticity buffer. How-
ever, to guarantee at least one opportunity to recenter the
elasticity buffer between frames in the event of clock drift or
a single line hit in the interframe gap, the user is advised to
insert eight idle symbol pairs.

SYS_IND

T 1t 1 1

phvi_np | prv2_ino | prys_no | puva_no

'y Y Z Y K

A 4 | A 4 I A A 4
amo | areo Ao | aree Ao | areo Ao | Ake
N
T PHY1 l T PHY2 l PHYS T PHY4 l
A 4
Pu_ND | Pu_REQ PUIND | PU_REQ pu_o | Pu_REQ o | eurea | station |
- R, — e S o S i
Fiber Optic Links
R R | Y ¥ | o [N
PM_REQ | PH_IND PN_REQ | PMIND PU_REQ | PUIND pu_Rea | punp | Station I
y
T PHYI l I PHY2 1 T PHY3 PHYA
y A 4
AREQ | Ao ARea | Ao ARea | AmD akea | A
r - b -
 byte 1] [byte2] [byte 3| : [bred]
30 D4 7 ]

phy1_REq | PHv2_Req | phv_Rea | phva_rea

I 1 1T 1

SYS_REQ

A 4 A 4 A 4 y
phv1_np | puv2_ o | pHrs_o | phva_no

S S A

SYS_IND

30047FA1

TL/F/10797-3

FIGURE 3. System Using Four PHY Layers in Parallel
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3-4500 Bytes

I Frame | I Frame 1
[oefok]  pata  Jwx]oe fok|  oata ] |
8 (4) Byt Endin
(4) Bytes Dellme(ger Starting Delimeter

TL/F/10797-4
FIGURE 4. Valid Frame Format

The FDDI standard specifies the maximum clock drift be-
tween two stations to be 100 parts per million (ppm) peak-
to-peak and the maximum frame size to be 4500 bytes.
However, it is possible to transmit more than 4500 bytes per
packet if tighter clock tolerances are observed. The equa-
tion to determine the maximum allowable frame size is given
below:

1

Framemax = 4018 & Brift por Bt

The clock drift per bit is calculated by taking the maximum
difference in the CDD device frequencies between the
transmitting station and the receiving station multiplied by
8 ns. For example, if the 12.5 MHz crystal used by the CDD
device in the transmitting station had a +25 ppm accuracy
error and the 12.5 MHz crystal used by the CDD device in
the receiving station had a —30 ppm accuracy error, then
the clock drift per bit would be 565 ppm (peak-to-peak) x 8 ns
or 4.4 ps. The maximum frame size that could be transmit-
ted using these crystals is thus 40 ns/4.4 ps or 9090 bytes,
significantly more than the 4500 specified.

3.0 CHANNEL SYNCHRONIZATION

Since the data traveling from Station | to Station Il passes
through different devices and different fibers, it may not ar-
rive at each of the PHY channels on the receiving end at
exactly the same time. Hence there must be some method
of aligning the incoming bit streams so that data is passed
to the PHYn__IND ports in the correct sequence. The JK
symbol serves as the reference point for synchronizing the
bit streams among channels. National Semiconductor
PLAYER devices have an open drain output called Cascade
Ready (CR-pin 48) which is released when a JK is received
on that channel. ANDing the Cascade Ready (CR) pins of all
the PLAYER devices creates a signal (called Cascade Start)
which indicates that all of the channels have received a JK
symbol. This signal is tied to the Cascade Start (CS-pin 47)
input of each PLAYER device and indicates when all of the
devices achieve synchronization.

The first PLAYER device that receives a JK symbol pair will
present that pair to the host (through the A Indicate Port).
Meanwhile, it will activate the open drain CR output. If need-
ed, it will output a second JK to the host as it waits for
synchronization from the other PLAYER devices. During this
time, the incoming data can be temporarily stored in the
elasticity buffer. The ability of the PLAYER devices to output
two consecutive JK symbols yields an 80 ns synchronization
window. Each PLAYER device that receives a JK symbol
will present a JK symbol to the host and release its CR line.

Once all of the PLAYER devices have released their CR
lines, the CS signal feeding each PLAYER device will go
high. At this point the read pointers of all the PLAYER de-
vice’s elasticity buffers will be aligned and all of them will
output JK symbols to the host. Simultaneous reception of
JK symbols on every channel informs the host that synchro-
nization has occurred, and that the subsequent data bytes
will be properly aligned.

The synchronization process is repeated with each new
frame received, and may not always proceed exactly as de-
scribed above. Depending on the skew between the fastest
and slowest channels, the PLAYER devices will either syn-
chronize the bit streams or generate an error. Figure 5§
shows four different scenarios for the synchronization of
several PHY channels. Each is described in the following
section.

3.1 Synchronization Timing Examples

Figure 5a presents the timing waveforms for a single PLAY-
ER device which was the first device to receive a JK at the
Elasticity Buffer (EB) in a situation where the last JK re-
ceived by another PLAYER device is 60 ns behind it.
PMD__IND shows a simplified version of the data coming
into the PLAYER device from the CRD device. The Local
Byte Clock (LBC) is a 12.5 MHz TTL signal from the CDD
device which is used by the PLAYER device. After a propa-
gation delay, data appears at the A Indicate Port of the
PLAYER device on each rising edge of LBC. The CR line is
pulled high on the first falling edge of LBC after the PLAYER
device completely receives the JK symbol. The delay in this
signal (t1) is due primarily to the external propagation delay
of the CR line pullup structure and some delay time within
the PLAYER device itself.

The important point to note in this scenario is that the CS
signal does not go high for some time (tp) after the CR sig-
nal goes high. This indicates that this PLAYER device was
one of the first PLAYER devices in the system to receive its
JK symbol, since CS = 1 only when all of the PLAYER
devices have received a JK symbol. Since the CS signal
failed to go high before the first falling edge of LBC after the
CR line is released, this PLAYER device outputs a second
JK symbol to the host through the A Indicate Port. By the
next falling edge of LBC, the CS signal has gone high and
all of the PLAYER devices outputting the first byte of data
after the JK symbol to the host.

Figure 5b depicts the timing waveforms for a single PLAYER
device which was the first device to receive a JK symbolin a
situation where the last JK symbol received from another
PLAYER device is less than 20 ns after the first JK symbol.
Again, PMD__IND shows the beginning of a frame coming
from the CRD device. The PLAYER device releases the CR
line upon reception of the JK symbol and after a short delay
(t3), the CR signal goes high. In this scenario, however, the
CS signal goes high within one LBC period, so that the
PLAYER device shown only has to report one JK symbol to
the host before outputting data. This indicates that all of the
symbols are coming in with a skew of less than 40 ns be-
tween the slowest and fastest channels. The delay between
the release of CR and the assertion of CS (t4) depends on
skews in LBC between the channels, the reaction time of
the wired-AND structure used to create the CS signal, and
the skew between the data coming in on the different chan-
nels.

Figure 5c demonstrates the timing waveforms for a channel
which receives the JK symbol pair last. Here, the CS signal
goes high immediately after the PLAYER device releases
the CR line. The only delay (tg) is due to skews in LBC
between the channels and the reaction time of the external
wired-AND structure. Since this PLAYER device senses the
CS signal within the first falling edge of LBC, it only needs to
output one JK symbol to the host before outputting the data
stream.

Figure 5d shows an error situation where one or more of
the channels never receives a JK symbol. In this case, the
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PLAYER device shown recognizes its JK symbol and re-
leases the CR line. Since one of the PLAYER devices never
gets a JK symbol and hence never releases the CR pin, the
CS signal fails to go high. The PLAYER device shown in this
diagram attempts to compensate for skew by outputting two

JK symbols to the host, but when the CS signal fails to rise
the device is forced to output the incoming data and report a
Cascade Sync Error (CSE) in the Receive Condition Regis-
ter B (RCRB).

PMD_IND

( JK X nn1 X nn2

X nn3 X nn4 )

w [ ]

g
Cascade Ready l \I
p—t2 ———+|
Cascada Start | l
A_ind Port X I X xX K X K X nnt

TL/F/10797-5

FIGURE 5a. First PLAYER device to receive a JK symbol in a large skew scenario. The CS
signal goes high about 60 ns after the CR line is asserted. This indicates that some of the
channels received JK symbols more than one LBC period after the channel shown.
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FIGURE 5b. First PLAYER device to receive a JK symbol in a small skew scenario. The CS signal goes
high shortly after assertion of the CR signal, indicating that all of the channels received JK symbols within t4.
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FIGURE 5c. Last PLAYER device to receive JK symbol (in any scenario). Since this device
was the last to assert its CR line, tg is due only to the delay of the wired-AND structure.
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FIGURE 5d. PLAYER device which receives JK symbol in scenario
where one or more channels never receive JK symbols.
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4.0 PHY LAYER COMPONENTS

4.1 System Block Diagram

The number of PHY layers connected together in parallel is
limited only by the timing budget of the CS line (explained in
Section 5.2) and the timing skews between channels. As an
example, a system level block diagram using four PHY lay-
ers connected together in parallel is presented in Figure 6.
All of the PHY layers within a given station are driven with a
single set of clock signals, and all are controlled and moni-
tored by the host system through the Control Bus interface.
Each channel has two dedicated fibers, one for transmis-
sion and one for reception. The full duplex architecture elim-
inates the need for complex handshaking between the two
stations. The four channels communicate through the CR
and CS signals. For simplicity, the CR lines are shown con-
nected to a pullup resistor—a more detailed look at the con-
nection of these pins is given in Section 6.

The global clock scheme should be arranged to minimize
the skews in the clock signals between PHY layers. Smaller
clock skews between channels will leave more tolerance for
device skews and fiber optic variations. For further recom-
mendations concerning the CDD device in a multiple PLAY-
ER device environment, see the CDD device datasheet
(CDD Device Driving Multiple PLAYER Devices).

Figure 7 illustrates the source of timing deviations between
the channels and demonstrates the need to minimize timing
skews between the channels wherever possible. In Station
1, we are concerned with TXC and TBC while in Station Il we
examine LBC, since Station | is transmitting to Station Il
The time parameters shown in the figure represent the max-
imum deviations in propagation delay between channels.
For example, if ty were 10 ns, this would mean that TXC/
TBC could arrive at PHY1 up to 10 ns before arriving at
PHY2.

t1 represents the skews in TXC/TBC between the channels,
to encompasses the skews in the PHY layer’s transmitting
path, t3 represents the differential skews amongst the fi-
bers, t4 includes all of the skews inherent in the PHY layer’s
receiving path, and ts represents the skews in LBC between
the channels in the receiving station. All of the skews to-
gether must not exceed 80 ns in order to prevent synchroni-
zation errors, and smaller total skews will provide greater
stability across temperature and power fluctuations.

In a worst case scenario where all devices were badly
skewed, to together with t4 yields a base 30 ns of skew
between the channels. This leaves 50 ns available for differ-
ential skews in the clock signals and the fiber. It is recom-
mended that t1 be held to 4 ns and t5 kept under 8 ns to
prevent misclocking of the data. Hence, the maximum skew
among fibers should be less than 38 ns.
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FIGURE 6. PHY Layer Block Diagram for an Example System Using Four PHY Layers in Parallel
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The following equation summarizes the tradeoff between
cable length and variance:

Ii+v) 1(1-v
s(1—w) s(1+w
where: s is the speed of the signal in the cable
1 is the average length of the fiber in meters
v is the variance in the length of the cable
w is the variance in the speed of the signal through

< 38ns

the fiber
Station | ' * Station Il
™*C ! ! LBC
I ]
Yooofar by ety e Yy e b5

For example, for a typical FDDI fiber optic cable, s = 1.9 X
108 m/s, v = 0.005, and w =0.001. Solving for | with
these parameters results in a length of 667 meters.

Where:

ty = Worst case clock skew between two PHYs

to = Worst case skew between PLAYER device propagation delays
t3 = Worst case skew between Fibers

t4 = Worst case skew between PLAYER device propagation delays
ts = Worst case clock skew between two PHYs

Totalskew = t; + to + 13 + t3 + t5

——1 PHY1 PHY1 =t

Note: Total skew must not exceed 80 ns in order to prevent synchronization errors.

FIGURE 7. Origin of skew between channels. Adding all of the skews
(t1 through ts) gives the total possible skew for the system.

4.2 Channel Block Diagram

Figure 8 shows the components which constitute a single
PHY channel (the CDD device is common to all channels so
it is not shown here). The fiber optic transceivers are stan-
dard FDDI devices which translate electric signals to light
pulses and vice versa. The fiber optic receiver accepts data
from the fiber and sends two pairs of differential ECL signals
to the CRD device, namely signal detect and data. The CRD
device extracts a clock signal from the incoming data and
passes a resynchronized equivalent of this data and a re-
covered clock signal to the PLAYER device, as well as sig-
nal detect and clock detect signals.

Within the PLAYER device, the incoming data stream is de-
coded (from 5B to 4B) and placed in the elasticity buffer.
When in cascade mode, the elasticity buffer is used not only
to absorb variations between the received clock and the
local clock, but also to smooth out skews between incoming
data presented to the different PHY channels. If all of the
PLAYER devices receive JK symbols within 80 ns of each
other and release their CR pins, then the CS pin will go high
and all of the PLAYER devices will read from the first data
location of the elasticity buffer. This cell contains the first
byte of data received after the JK symbol. Hence, the elas-
ticity buffers facilitate the coordination of data output be-
tween the different PHY channels. If the last PLAYER de-
vice receiving a JK does so more than 80 ns after the first

TL/F/10797-10

PLAYER device, then the Cascade Sync Error (CSE) bit will
be set in the Control Bus register RCRB by the first PLAYER
device to have recognized a JK symbol.

5.0 HOST INTERFACE CONSIDERATIONS

5.1 Data Interface

The system interface should consist of a transmit holding
register and buffer for transmission and a buffer and receive
register for incoming data. A state machine is required to
decode the symbols coming from the PLAYER device so
that only data is stored. Furthermore, a controller will be
required to monitor and manage the PLAYER device
through the Control Bus interface. This controller must han-
dle the initialization of the PLAYER device and report error
conditions to the host.

Each PLAYER device takes ten bits of data at the A Re-
quest Port, a pair of 4-bit data symbols plus a parity and
control bit. (See the PLAYER device datasheet for the
PHY_MAC byte wide interface table.) The system interface
can thus generate parity and control for each PLAYER de-
vice separately and check control and parity coming from
each channel. To simplify the system interface, however,
the parity pins can be tied to ground and parity checking can
be disabled in the Current Transmit State Register (CTSR).
Parity information coming from the PLAYER device can sim-
ilarly be ignored.
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FIGURE 8. Block diagram of one PHY channel. The components shown here are repeated for each separate channel in the system.
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In error situations, one or more PLAYER devices may report
a Cascade Sync Error, but they may not do so simuita-
neously depending on when they receive JK symbols. The
Cascade Sync Error (CSE) bit of the Receive Condition
Register B (RCRB) will be set by each PLAYER device
which receives a JK but does not sense the CS pin go high
before the second falling edge of LBC from when CR was
released. CS has to be set approximately within 80 ns of CR
release. If a JK symbol is completely corrupted from a line
hit or bad connection, the PLAYER device on that channel
will not report a CSE. Only the data on the channel(s) which
did not report a CSE will be corrupt, however, these are the
channels which were unable to synchronize with the rest of
the group. All of the PLAYER devices which receive a JK
symbol (and release the CR pin) will read data from the first
cell of the Elasticity Buffer. Therefore, a line hit on a single
fiber will not wipe out the entire frame. The rest of the chan-
nels may still output synchronized data. This is particularly
important in applications where partial data reception is still
useful. For example, during screen updates in high resolu-
tion graphics systems, only one line of pixels would be lost
instead of an entire block of the screen blanking out.

5.2 Control Bus Interface

If no JK symbols are corrupted, but they arrive with more
than 80 ns of skew, all of the PLAYER devices will eventual-
ly report a CSE error. Hence the control microprocessor has
the ability to pin point the corrupted channel or determine if
the problem is due to excessive skew between the chan-
nels. Note that the Control Bus registers can be pro-
grammed to assert the interrupt (INT) pin upon detection of
the CSE flag.

To place the PLAYER devices in Cascade Mode, the Mode
Register (MR) must have the Cascade Mode (CM) bit set to
one. The Cascade Synchronization Error (CSE) of the Re-
ceive Condition Register B (RCRB) is set to one if the CS
signal fails to go high within 80 ns of recognizing the JK
symbol. The RCRB also reports Elasticity Buffer errors

through the EBOU bit, signaling a loss of data from the fiber. -

These bits must be cleared by the Control Bus controller.

When the number of PLAYER devices and the total capaci-
tance is small, it may be possible to tie all CR pins and CS
pins together and use a single pullup resistor. The lower
limit of the pullup resistor is calculated as follows. The CR
pins typically sink a 13 mA maximum, so the equation for
the smallest resistor which should be used is:
RmMIN = Vcc/0.0130
Hence for a voltage supply of 5V, the resistor value is
5/0.013 = 385Q. The upper limit of the pullup resistor de-
pends on the capacitance of the system and the number of
PLAYER devices used. Restricting the timing budget (1) to
20 ns (worst case) for the AND function, we arrive at the
following equation:
Rmax = tp/(mxn) O

where: m is the capacitance associated with each PLAYER

device's CR line (including the IC capacitance (4

pF), the socket capacitance, and the trace capaci-

tance) measured in pF

n is the number of PHY channels (number of cas-

caded PLAYER devices).

Thus if m is 20 pF and n is 2, the maximum pullup resistor is
50090, which meets the specification for the minimum resis-
tor size. However, it is apparent that for many PLAYER de-
vices a passive pullup resistor is too slow.

6.2 GAL Scheme

As a result, we recommend using external logic devices for
any system with three or more cascaded PLAYER devices.
The choice of devices is limited by the propagation delay as
well as fan in or fan out. Each CR pin should be pulled up
with a 400Q resistor and fed into the AND gate. A recom-
mended device to perform the AND function is the
GAL16V8A chip, which offers 8 inputs and supplies 8 out-
puts with a propagation delay of 10 ns. This chip will allow
up to eight PLAYER devices to be cascaded together while
still maintaining the necessary delay, fan in and fan out
characteristics. The device should be place in the electrical
center of the cascaded devices to prevent excessive timing
skews among the chips. Figure 9 depicts an eight channel
system using the GAL16V8A to AND the CR signals togeth-
er.
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PHY1 cs
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4000
CR p—=e
PHY2 cs
— /
° :
. : :
N
[ )
° GAL 16V8A
v
R cc
4000
CR
PHY8 cs

TL/F/10797-12
FIGURE 9. Example of an eight channel system
using a GAL16V8A chip to perform the AND
function on the CR lines. The resulting signal (CS)
is fed back into each of the PLAYER devices.
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SYSTEM DESCRIPTION

Point-to-Point links are needed in any application where
data throughput is the limiting factor to system performance.
They can be installed between a CPU and disk controller to
speed up information storage and retrieval times or the dis-
play capabilities of a graphics workstation can be combined
with a supercomputer to achieve visualization for data inten-
sive simulation. Point-to-Point links can also be used in a
high-speed networking backbone where separate FDDI
rings are connected with a fiber link to provide bridging with-

out loss of performance. Fiber optics can be used to extend
SCSI or IPI transmissions. High bandwidth, greater than
100 Mb/s, point-to-point applications can use parallel FDDI
PHY layers. High bandwidth point-to-point solutions prove
parallel FDDI PHY layers to be cost effective, simple sys-
tems with minimal logic, and requiring only standard FDDI
fiber optic transceivers (which operating at 125 MHz, are
less expensive than a GHz laser).

System Block Diagram: Two Parallel PHY Layer in Cascade Mode
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DESIGN CHALLENGES 2. Physical Layer Controller Device (PLAYERTM) performs E
1. Need for high bandwidth, high throughput, and high reli- the encoding and serialization of transmitted data, and | &
ability. deserialization and decoding of received data. It is com- | ~

patible with 4B/5B and NRZI transmission code, and

2. Need to interface with a variety of system applications supports both single and dual attach station configura-

and maintain security and reliability.

tions.
KEY COMPONENTS 3. Clock Recovery Device (CRD™) extracts the clock sig-
1. Clock Distribution Device (CDDTM) provides the clocks nal from incoming data and passes a resynchronized
needed for the PLAYERT device and the host if need- equivalent and a recovered clock signal to the PLAYER
ed. It provides 125 MHz differential ECL signals from an Device.
inexpensive 12.5 MHz crystal. 4. Transceiver provides electrical to light conversions.
BILL OF MATERIAL
Function Description NSC Other Mfg. Qty
Decoding PLAYER DP83251/55 2
Clock Recovery CRD DP83231 2
Clock Distribution CDD DP83241 1
Transceiver FOTX 2
FORX v 2
AND Function GAL GAL16V8A 1-8
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SYSTEM DESCRIPTION

The Concentrator plays an important role in the Fiber Dis-
tributed Data Interface (FDDI) architecture. FDDI offers a
whole range of network topology alternatives. The concen-
trator simplifies the wiring of networks and allows logical
ring topologies to be created from the typical star wiring
configuration. The concentrator provides a very reliable and
economic method of obtaining fault tolerance. The concen-
trator provides drops to individual nodes in order to include
them in the network. When the concentrator senses a fail-
ure on one of the drops, it ‘heals’ the ring by electronically
bypassing that station. Properly designed concentrators can
bypass any number of drops with no degradation in perform-
ance.

The concentrator is an extremely chip intensive system. The
small footprint, low power consumption, and special bridg-
ing features provide the ideal solution for concentrator appli-
cations. Concentrators are ideal for the needs of intercon-
nectivity as addressed through high performance FDDI net-
works.

TL/F/11005-1

KEY DESIGN CHALLENGES

Management Software

Developing the Network Management software to manage
all aspects of the concentrator and participate in the net-
work management protocols is not a trivial task. The con-
centrator is also the best location for network diagnostic
support including network monitors.

Modular Design

Keeping the design modular, while maintaining its managea-
bility and flexibility, can save design time and manufacturing
costs. Key to the architecture is to provide high throughput
and flexibility to interface to a variety of system configura-
tions.

In a multiboard design several other design challenges are
present including other clock distribution, multi-processor
communication, and backplane design issues.

Clock Distribution

Each port within a concentrator requires 125 MHz and
12.5 MHz clocks; the distribution of these clocks is not a
simple task; the CDD device provides an elegant solution.
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KEY COMPONENTS
PLAYER™™ (Physical Layer Controller) device converts the

BMAC device Mbyte stream into an encoded bit
stream as specified in the FDDI PHY standard.
It synchronizes the received bit stream to the
local clock and decodes the 4B/5B data into
internal code. The PLAYER device also con-
tains a configuration switch for use in dual at-

CDD™ (Clock Distribution Device) device generates
the clocks required by the PLAYER and BMAC
devices, one per board.

CRD™ (Clock Recovery Device) device extracts specif-
ic incoming clock data from the upstream sta-
tion. Its features include on-chip loopback con-
trol, crystal control, the ability to lock to a mas-
ter line state in less than 100 us, and a single

tachment stations and concentrators. +5V supply.
BMAC™  (Basic Media Access Controller) device imple- NS32GX32
ments the functions defined by the ANSI or HPC
X379.5 FDDI Media Access Control (MAC) Performs the control interface with fast and flex-
standard. The device consists of the transmit ible 1/0 control, efficient data manipulation, and
and receive state machines, an address magni- high speed computation.
tude compare unit, a CRC generator and check-
er, protocol timers, and diagnostic counters.
BILL OF MATERIAL
Function Description Part No. Quantity
Controller BMAC DP83261 1/2
Controller PLAYER DP83251/55 4
Clock Distribution CDD DP83241 1(4)
Clock Recovery CRD DP83231 4
Controller or HPC or HPC16400 1
Processor GX NS32GX32 1
Logic PAL 1
RAM 8k DRAM or 1
16k SRAM 1
Power + 5V Supply 1
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FIGURE 1. A Router Configuration in a Typical Network

SYSTEM DESCRIPTION

A router connects multiple networks and routes packets be-
tween them. Figure 1 illustrates a typical router configura-
tion. Here, a dual attach FDDI node and four Ethernet ports
enable the router to interconnect an FDDI ring and up to
four Ethernet LANs. The FDDI and Ethernet interfaces are
implemented using high performance peripherals: the
DP83200 FDDI chip set and the DP83932 Systems Oriented
Network Interface Controller (SONICTM).

TCP/IP is an industry standard for networking and many
routers implement the IP protocol. The router presented
here implements TCP/IP in full, providing reliable routing of
packets across multiple networks. In doing so it offers such
services as confirmation of packet delivery, packet routing

and fragmentation, error reporting, address filtering and so
on. Such a software intensive application requires a highly
integrated, high performance embedded processor and
therefore the NS32G X320 was chosen.

Figure 2 illustrates the router architecture. It consists of two
32-bit wide buses that separate network traffic from the
processor bus activity. Each contains a 4/16 Mbyte bank of
DRAM: one for the GX320 to run it's application software
and the second for buffering received packets and queuing
new ones to be transmitted.

In addition, there is a third “bus” for accessing the FDDI
chip set registers and all the 8-bit system devices, such as
EPROMSs, an EEPROM, a UART and a SCSI controller.
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FIGURE 2. The Router Block Diagram

DESIGN CHALLENGES
Throughput and Bandwidth Considerations

A router must be able to process frames arriving at a peak
rate of 100 Mbits/sec over the FDDI ring and 10 Mbits/sec
on each of the four Ethernet LANs and then route them
back onto the network with minimum latency. This is
achieved using the above architecture and National Semi-
conductor’s advanced chips.

Application Software

The application software plays a dominant role in a router.
The software design consists of a router program and TCP/
IP protocol (compatible with BSD UNIX 4.3 implementations
of Routed and TCP/IP, respectively), buffer management
and device drivers. Also included is FDDI SMT (Station
Management) software. All these modules must run coher-
ently to produce high performance and throughput.

Future Expansion

The router's design accommodates future enhancement
and expansion. It may also serve as a hardware platform for
other applications such as a multiple network file server or a
network printer interface.

KEY COMPONENTS

a.

o

DP83200 FDDI Product.

Includes: BSIl, BMAC, PLAYER, CRD, CDD Devices and
SMT software. The FDDI chip set fully implements a 32-
bit wide system interface, all MAC (Media Access Con-
trol) functions and the physical layer interface to the fiber
optic ring. The FDDI Product also includes FDDI SMT
software.

. DP83932 SONIC

The Systems Oriented Network Interface Controller pro-
vides a 32-bit wide system interface, implements all MAC
functions and includes an ENDEC (Encoder-Decoder) for
the serial interface to an Ethernet transceiver.
NS32GX320

The GX320 is a highly integrated, high performance em-
bedded system processor designed for computation in-
tensive applications. It incorporates a four stage instruc-
tion pipeline, on chip instruction and data caches and a
hardware multiplier unit. The internal organization allows
for a high degree of parallelism in instruction execution.
Integrated on the same chip with the CPU are also a two
channel DMA controller, a fifteen level Interrupt Control-
ler Unit and three 16-bit timers.

BILL OF MATERIALS
Function Description Part No. Quantity
System Processor Embedded Controller NS32GX320 1
Controller BSI™ DP83265 1
Controller BMAC™™ DP83261 1
Controller PLAYER™ DP83255 2
Clock Recovery CRD™ DP83231 2
Clock Distribution CDD™ DP83241 1
Controller SONIC DP83932 1
Memory 4/16 Mbyte Bank of DRAM 2
Logic PAL®s/GAL®s 17
Octels 12
Optical Transceivers 2
Power +5V, +12V, —12V 1
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FIGURE 1. System Diagram of Adapter Cards Found in WS/PCs and the Concentrator

SYSTEM DESCRIPTION

Computer vendors have unique system architectures like
countries of the world have different languages. The goal of
an FDDI adapter card is to bridge the “language barrier”
between the host and an FDDI network in a speedy and
efficient manner. Choosing the interface that best fits the
application is the key to achieving this goal.

The National Semiconductor FDDI chipset provides a sim-
ple but powerful interface that can deliver the potential
bandwidth of an FDDI network to a wide variety of system
architectures. This interface gives the designer the flexibility
to define systems which require high network bandwidth
with minimal latency or systems in which footprint size and
system cost are the most important constraints.

An example of the need for a high bandwidth network can
be found in a factory environment. Such a network would be
responsible for tying together time critical tasks in a highly
reliable manner. An FDD! network, which is fiber based and
inherently reliable, is ideally suited for this application. The
interface from the FDDI network to the system host must
provide low latency and high throughput. With the National
Semiconductor FDDI chipset, it is possible to connect di-

rectly to the system bus as a bus master with a peak band-
width of 96 megabytes per second. In this configuration, the
constraints of the design are met with a solution that is effi-
cient and requires little or no external logic.

Workstations that pack supercomputer power, fit into a foot-
print that fits on a desktop, and cost under $10,000 are
leading edge example of the evolutionary growth of comput-
er technology. This ability to process information at break
neck speeds has increased the need for high bandwidth,
cost effective networking solutions that can effectively con-
nect these systems. Features of the National Semiconduc-
tor chipset allow the designer to tailor the network interface
to satisfy constraints imposed by the host architecture. For
example, the chipset may be connected directly as a bus
master on the system bus or through shared memory which
may use low-cost DRAMs or faster SRAMs. Bit ordering and
high-speed protocol processing are also handled by the Na-
tional Semiconductor FDDI implementation. Additionally,
the chipset can easily be used to implement an FDDI con-
centrator which delivers the power of FDDI at a lower cost
by reducing the number of networking ICs built into each
end station.
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FIGURE 2. Example of AT Based FDDI Adaptor Card

MAJOR CHALLENGES
1. Choice of an FDDI implementation

A successful adapter card design must first start with the
' best FDDI solution. The National Semiconductor FDDI
chipset offers a full-featured and complete solution.

2. Design of the network/host interface

The design of an FDDI interface must eliminate data bot-
tle necks without demanding excessive design complexi-
ty or component count. The National Semiconductor
FDDI chipset provides full FDDI bandwidth through a sim-
ple but powerful system interface. This interface can be
tailored to create an optimal interface to a variety of sys-
tem architectures. ‘
3. Future integration

In order to maintain a leadership position in FDDI net-
working, an FDDI vendor must follow the same evolution-
ary path on the performance/value curve that has been
defined by the computer industry. National Semiconduc-
tor has developed an aggressive strategy to provide the
user with a consistent interface to work with while driving
toward a one chip FDDI solution.

KEY COMPONENTS

DP83261 Basic Media Access Controller (BMACTM Device)
DP83255/51 Physical Layer Controller (PLAYER™ Device)
DP83231 Clock Recovery Device (CRD™ Device)
DP83241 Clock Distribution Device (CDD™ Device)

The four devices listed above compose an FDDI-compliant,
full-featured networking solution. The solution offers a full-
duplex data pipe that delivers maximum FDDI bandwidth.
Additional features include a thorough SMT interface and
provisions for the straight forward design of bridges, routers,
and concentrators.

DP83265 BMAC System Interface (BSIT™ Device)

The BSI provides a simple but powerful system interface.
The architecture can be connected directly to the host bus
as a bus master or connected to the host through a shared
memory ‘architecture which uses low-cost DRAMs or faster
SRAMSs.
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BILL OF MATERIAL

Function Description Part No. Quantity
System I/F BSI DP83265 1
Controller BMAC DP83261 1
Controller PLAYER DP83251/55 1
Clock Recovery CRD DP83231 1
Clock Distribution CDD DP83241 1
SMT Node Processor Embedded Controller HPC46003 1
SMT Timer Real Time Clock DP8570A 1
Memory DRAM/SRAM (if necessary)

PROM 1
Logic PALS/GALS (if necessary)

Octels (if necessary)
Fiber Optic Transceivers 125 MHz RX/TX 2
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FDDI and Networking Acronyms

Acronym Description Acronym Description
ALS Active Line State LSU Line State Unknown
ANSI American National Standards Institute MAC Media Access Control Layer
BMAC Basic Media Access Controller— MIB Management Information Base
Part of National’s Solution
MIC Media interface Connector
BSI BMAC System Interface— -
Part of National’s Solution MLS Master Line State
CCE Configuration Control Element MPM MAGC Placement Management
CDD Clock Distribution Device— NFS Network File System
Part of National’s Solution NIF Neighborhood Information Frame
CFM Configuration Management NLS Noise Line State
CMT Connection Management NRZ Non-Return to Zero
CRC Cyclic Redundancy Check NR2ZI Non-Return to Zero Invert on Ones
CRD Clock Recovery Device— osl Open Syst Int i
Part of National’s Solution pen Systems 'nterconnection
CSMA/CD | Carrier-Sense Multiple PCM Physical Connection Management
Access with Collision Detection PDU Protocol Data Unit
DA Destination Address PHY Physical Layer
DAC Dual Attach Concentrator PLAYER Physical Layer Controller—
DAS Dual Attach Station Part of National’s Solution
DLL Data Link Layer PMD Physical Medium Dependent Layer
ECM Entity Coordination Management QLs Quiet Line State
FC Frame Control RMT Ring Management
FCS Frame Check Sequence SA Source Address
FDDI Fiber Distributed Data Interface SAS Single Attach Station
FTP File Transfer Protocol SDU Service Data Unit
HLS Halt Line State SMT Station Management
IEEE Institute of Electrical and Electronic Engineers SNMP Simple Network Management Protocol
ILS Idie Line State TCP/IP Transmission Control
1ISO International Standards Organization Protocol/Internet Protocol
LAN Local Area Network THT Token Holding Time
LCT Link Confidence Test TNE Noise Events Timer
LED Light Emitting Diode TRT Token Rotation Timer
LEM Link Error Monitor TVX Valid Transmission Timer
LLC Logical Link Control WAN Wide Area Network
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Glossary of Terms for FDDI

Semiconductor

@ National

Glossary of Terms for FDDI
(listed alphabetically)

4B/5B: The symbol coding method specified by the FDDI
standard where each set of four bits is encoded as five bits
as compared with the Manchester coding method which re-
quires eight bits of coding for each four bit set.

ANSI: The American National Standards Institute. They are
responsible for setting many standards, including FDDI.
Asynchronous: A class of data transmission service
whereby all requests for service contend for a pool of dy-
namically allocated ring bandwidth and response time.
Attenuation: Level of optical power loss expressed in units
of dB.

Average Power: The optical power measured using an av-
erage reading power meter when the FDDI station is re-
transmitting a stream of Halt symbols.

Backbone Network: A network which interconnects net-
works via gateways, bridges, and concentrators.

Back End Network: A network which interconnects main-
frame computers to high performance mass storage devic-
es, high speed controllers and file servers.

Bandwidth: The level of communication capability of a
transmission link. The greater the bandwidth, the greater
the volume of information the link can carry in a given time.
BEACON Frame: Frame sent during the BEACON process
to indicate and recover from a break in the ring.

Bit: A single character of a language having just two charac-
ters, as either of the binary digits 0 or 1.

Bypass: The ability of a station to be optically isolated from
the network while maintaining the integrity of the ring.
Cable Plant: This term refers to the installed cabling, con-
nectors, splices and patch panels within a given plant.
Carrier Source: The component of a fiber optic system
which generates the light wave, or carrier, on which informa-
tion is transmitted. e.g., LEDs or LDs.

Capture: The act of removing a Token from the ring for the
purpose of Frame transmission. :
Center Wavelength: The average of the two wavelengths
measured at the half amplitude points of the power spec-
trum.

CLAIM Frame: Frame sent during the CLAIM process
whereby one or more stations bid for the right to initialize
the ring.

Code-Bit: The smallest signaling element used by the Phys-
ical Layer for transmission on the medium.

Code Group: The specific sequence of five code bits repre-
senting an FDDI symbol.

Concentrator: A Node on the FDDI ring, which in turn pro-
vides connections for multiple FDDI stations so that they
may communicate with other attachments to the FDDI ring.
A concentrator has at least two Physical Layer entities and
may or may not have one or more Data Link Layer entities. It
provides a logical star topology while stations are physically
connected as a ring. The concentrator (or center of the star
topology) can actively bypass a station connected to it.
Connection Management (CMT): That portion of the Sta-
tion Management (SMT) function that controls network in-
sertion, removal, and connection of PHY and MAC entities
within a station.
Connector Plug: A device used to terminate an optical con-
ductor(s) cable.
Connector Receptacle: The fixed or stationary half of a
connection that is mounted on a panel/bulkhead. Recepta-
cles mate with plugs.
Dual Attachment Concentrator (DAC): A concentrator
that offers two attachments to the FDDI network which are
capable of accommodating a dual (counter-rotating) ring.
Dual Station (or dual attachment station): A station that
offers two attchments to the FDDI network which are capa-
ble of accommodating a dual (counter-rotating) ring. It may
offer additional attachments (see concentrator).
Entity: An active element, or functional agent, within an
Open System Interconnection (OSI) layer, or sublayer, or
SMT, in a specific station, including both operational and
management functions.
Extinction Ratio: The ratio of the low, or off optical power
level, (PL) to the high, or on optical power level, (PH) when
the station is transmitting a stream of Halt symbols.
Extinction Ratio (%) = (PL/PH) * 100
FDDI: Fiber Distributed Data Interface.
Fiber: Dielectric material that guides light; waveguide.
Fiber Optic Cable: A jacketed fiber(s).
Fiber Optics: A technology whereby signals are transmitted
over an optical waveguide medium through the use of light-
generating transmitters and light-detecting receivers. -
Frame: A Protocol Data Unit (PDU) transmitted between co-
operating MAC entities on a ring, consisting of a variable
number of octets.
Front End Network: A network which interconnects work-
stations, word processors, personal computers, facsimiles,
terminals, and printers.
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Hub: An active fiber optic device which allows multiple con-
nections. Signals are transmitted on all connections or
ports. Signals are not retimed.

IEEE: The Institute of Electrical and Electronic Engineers
(American). They are active in setting LAN standards. It has
established a number of technical committees, prefixed by
|EEE 802 (e.g., 802.3, 802.5, 802.6).

Interchannel Isolation: The ability to prevent undesired op-
tical energy from appearing in one signal path as a result of
coupling from another signal path: cross talk.

Jitter, Data Dependent (DDJ): Jitter that is related to the
transmitted symbol sequence. DDJ is caused by the limited
bandwidth characteristics and imperfections in the optical
channel components. DDJ results from non-ideal individual
pulse responses and from variation in the average value of
the encoded pulse sequence which may cause base-line
wander and may change the sampling threshold level in the
receiver.

Jitter, Duty Cycle Distortion (DCD): Distortion usually
caused by propagation delay differences between low-to-
high and high-to-low transitions. DCD is manifested as a
pulse width distortion of the nominal baud time.

Jitter, Random (RJ): RJ is due to thermal noise and may
be modeled as a Gaussian process. The peak-peak value of
RJ is of a probabilistic nature and thus any specific value
requires an associated probability.

LAN: A Local Area Network is a communications network
that provides interconnection of a variety of data communi-
cating devices within a small area (e.g., a single site or
group of buildings).

LED: A Light Emitting Diode is an electrical component
which produces light when stimulated by electricity. It is
commonly used as a method for transmitting infra-red light
along an optical fiber.

LLC: Logical Link Control (IEEE 802.2) is the part of the ISO
7 layer model which is responsible for controlling the flow of
information over the link between stations.

Logical Ring: A network which is treated logically as a ring
even though it may be cabled as a physical star topology.
Media Access Control (MAC): The Data Link Layer (DLL)
responsible for scheduling and routing data transmissions
on a shared medium Local Area Network (LAN) (e.g., an
FDDI ring).

Media Interface Connector (MIC): An optical fiber connec-
tor which connects the fiber media to the FDDI attachment.
The MIC consists of two halves. The MIC plug is the male
half used to terminate an optical fiber signal transmission
cable. The MIC receptacle is the female half which is asso-
ciated with the FDDI attachment.

MIC Plug: The male half of the MIC which terminates an
optical signal transmission cable.

MIC Receptacle: The fixed or stationary female half of the
MIC which is part of an FDDI station.

Modulator: The component of a fiber optic system which
converts the electrical message into the proper format.

Multimode: An optical fiber which allows the signal carrying
light to travel along more than one path.

Network: A set of communication channels interconnecting
several or many locations.

Node: A generic term applying to any FDDI network attach-
ment (station, concentrator, or repeater).

Nonrestricted Token: A Token denoting the normal mode
of asynchronous bandwidth allocation, wherein the avail-
able bandwidth is time-sliced among all requesters.

Nonreturn to Zero (NRZ): A technique in which a polarity
level high, or low, represents a logical “1” (one), or “0”
(zero).

Nonreturn to Zero Invert on Ones (NRZI): A technique in
which a polarity transition represents a logical “1” (one).
The absence of a polarity transition denotes a logical *‘0”
(zero).

Numerical Aperture (NA): The sine of the radiation or ac-
ceptance half-angle of an optical fiber, multiplied by the re-
fractive index of the material in contact with the exit or en-
trance face.

Octet: A data unit composed of eight ordered bits (a pair of
data symbols).

Optical Fall Time: The time interval for the falling edge of
an optical pulse to transition from 90% to 10% of the pulse
amplitude.

Optical Reference Plane: The plane that defines the opti-
cal boundary between the MIC Plug and the MIC Recepta-
cle.

Optical Rise Time: The time interval for the rising edge of
an optical pulse to transition from 10% to 90% of the pulse
amplitude. :

OSI: The Open Systems Interconnect is an objective de-
signed to obtain the most effective internetworking. Namely,
it allows different devices to communicate without regard to
the manufacturer. It is obtained by adhering to appropriate
international standards throughout the system.

Physical (PHY): The Physical Layer responsible for deliver-
ing a symbol stream produced by an upstream MAC Trans-
mitter to the logically adjacent downstream MAC Receiver
in an FDDI ring. )

Physical Connection: The full-duplex physical layer associ-
ation between adjacent PHY entities (in concentrators, re-
peaters, or stations) in an FDDI ring, i.e., a pair of Physical
Links.

Physical Link: The simplex path (via PMD and attached
medium) from the transmit function of one PHY entity to the
receive function on an adjacent PHY entity (in concentra-
tors, repeaters, or stations) in an FDDI ring.

Physical Medium Independent (PMD): The portion of the
FDDI protocol which provides the digital baseband point to
point communication between stations in the FDDI network.
It specifies the point of interconnection requirements for
conforming station and cable plants (i.e., optical power bud-
get, MIC receptacle mating, optic cable specifications, and
services provided to the PHY and SMT layers).
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Glossary of Terms for FDDI

Primitive: An element of the services provided by one entity
to another. ’

Protocol Data Unit (PDU): Information delivered as a unit
between peer entities that may contain control information,
address information, and data (e.g., a Service Data Unit
(SDU) from a higher layer) or any combination of the three.
The FDDI MAC PDUs are Tokens and Frames.

Receive: The action of a station of accepting a frame, to-
ken, or control sequence from the medium.

Receiver: An optoelectronic circuit that converts an optical
signal to an electrical logic signal.

Repeat: The action of a station in receiving a code-bit
stream (e.g., frame or token) from an upstream station and
placing it on the medium to the next station. The station
repeating the code-bit stream examines it and may copy it
into a buffer and modify control indicators as appropriate.

Repeater: An FDDI node that minimally comprises the func-
tionality of two PMDs and provides only a repeat function. A
repeater does not have any MACs or concentrator function-
ality.

Restricted Token: A Token denoting a special mode of
asynchronous bandwidth allocation, wherein the bandwidth
available for the asynchronous class of service is dedicated
to a single extended dialogue between specific requesters.

Ring: Two or more stations connected by a physical medi-
um wherein information is passed sequentially between ac-
tive stations, each station in turn examining or copying the
information, finally returning it to the originating station.
Ring Management: The part of SMT which ensures the
integrity of unique addresses on the FDDI ring.

Service Data Unit (SDU): The unit of data transfer between
a service user and a service provider.

Services: A set of functions, or services, provided by one
OSl.layer or sublayer entity, for use by a higher layer or
sublayer entity or by management entities.

Singlemode: An optical fiber which allows the signal carry-
ing light to travel along only one path. It is also called mono-
mode. _— ' o

Single Attachment ‘Concentrator (SAC): A concentrator
that offers one attachment to the FDDI network.

Single Station (or Single Attachment Station): A station
that offers one attachment to the FDDI network.

Spectral Width, Full Width Half Maximum (FWHM): The
absolute difference between the wavelengths at which the
spectral radiant intensity is 50.0 percent of the maximum
power. o

ST: One type of connector used for terminating optical fi-
bers. )

Star: A network configuration where all the nodes are con-
nected to one common central point via individual cables.

Station: An addressble logical and physical node on an
FDDI ring capable of transmitting, repeating and receiving
information. ’

Station Management (SMT): The supervisory entity within
an FDDI station that monitors station activity and exercises
overall appropriate control of station activity.

Symbol: The smallest signaling element used by the Data
Link Layer (DLL). The symbol set consists of 16 data sym-
bols and 8 control symbols. Each symbol corresponds to a
specific sequence of code bits (code group) to be transmit-
ter by the Physical Layer.

Synchronous: A class of data transmission service where-
by each requester is preallocated a maximum bandwidth
and guaranteed a response time not to exceed a specific
delay.

TCP/IP: A widely used de facto standard transport/network
protocol. It requires a Type Field when carried over Ethernet
V2 networks.

Token: An explicit indication of the right to transmit on a
shared medium. On a Token Ring, the Token circulates se-
quentially through the stations in the ring. At any time, it may
be held by zero or one station. FDDI uses two classes of
Tokens: restricted and non-restricted.

Topology: The layout or configuration of a network. The
principal network topologies are star, bus, and ring.
Transmit: The action of a station that consists of generating
a frame, token, or control sequence, and placing it on the
medium to the next station.

Transmitter: An optoelectronic circuit that converts an
electrical logic signal to an optical signal.

TTRT: The Target Token Rotation Time is the target time
for the token to pass every FDDI node in the token path.
WAN: A Wide Area Network is a network that uses links
provide by the postal, telegraph, and telephone (PT&T) ad-
ministrations and usually connects disperse locations (e.g.,
greater than 50 miles).

Wavelength: A measurement of the length of any electro-
magnetic wave. The shorter the wavelength, the higher the
frequency.

Workstation: An end user device typically comprised of
high resolution screens, local graphics processing, key-
board, pointing device, and network connection.

X3T9.5: The ANSI committee responsible for specifying the
FDDI standard.

Sources

1. ANSI X3T9.5 Protocol Documents for PMD, PHY, MAC
and SMT Layers.

2. BICC Booklet “FDDI, Business Communications for the
1990’s".

3. Handbook of Computer Communications Standards, V2
(W. Stallings).
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Physical Dimensions
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