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SIMULATE MECL SYSTEM INTERCONNECTIONS
WITH A COMPUTER PROGRAM

Every digital logic family has design rules to define
proper use of the parts in a system. With high speed
logic, circuit interconnections become an important part
of the design rules. Since the propagation time of a
signal line may be a significant portion of system cycle
time, system performance is dependent on the inter-
connection paths. System accuracy is also affected because
signal distortion due to reflections can cause erroneous
circuit operation. A technique for determining signal
distortion during the design stage of system development
is therefore a powerful aid to good system operation.

The physics of a signal on a line have been well de-
fined. The termination techniques commonly used in
RF signal transmission may also be used to improve
digital system performance and insure waveform integrity
throughout a system. This application note develops a
technique for simulating system interconnections with a
computer program. An included plot routine allows the
user to observe a computer simulation of the waveform at
the receiving end of a signal line. The program also
enables the user to add parallel or series termination
resistors to the signal lines to determine the waveform
improvement due to using termination techniques. With a
program of this type it is possible to computer simulate
the performance of signal lines in a high speed digital
system prior to system construction.

TRANSMISSION LINE CONSIDERATIONS

The waveform of a signal at the end of a transmission
line can be determined by calculating the reflection
amplitudes. Figure 1 shows a test to measure reflections.
A pulse generator terminated in a 50 ohm load drives a
75 inch, 50 ohm, unterminated line. The line is driven
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FIGURE 1 — Signal Line Reflection Test

from a 10 ohm source impedance to simulate a MECL
circuit output. The pulse generator amplitude at point A
is set to give a 1 volt pulse amplitude at points B and C
after the reflections have settled.

The initial signal amplitude at point B is determined by
the driving source impedance and the line impedance. The
pulse generator used has a high impedance current source
output. The steady state, one-volt output across 10 ohms
requires a 100 mA generator output. The initial load at
point B is the parallel value of the 10 ohm resistor and the
50 ohm transmission line.
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A generator current of 100 mA and 8.33 ohms gives an
initial signal amplitude of 833 mV. This 833 mV signal
travels down the line and is seen at point C one propa-
gation time later (10 ns). If not properly terminated the
signal will reflect back down the line toward point B. The
amplitude of the reflection coefficient at the load end of
the line is calculated with the following equation. (For an
open line Rp is very large and the reflection coefficient
PL is approximately +1.0.)

8.33 ohms
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This reflection is seen at point B two line-propagation-
delay-times after the start of the initial signal. The re-
flected signal is then reflected toward point C as de-
termined by the sending and reflection coefficient pg.
For the circuit in Figure 1 with an output impedance R
of 10 ohms, pg = -0.67.
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—Ro-Zo_10-30_
Ro +Zo 10 +50

Figure 2 shows calculations to determine signal amplitudes
at points B and C as a function of time. Comparing the
calculated amplitudes in Figure 2 with the measured
signals in Figure 1 shows a good correlation between
measured and calculated signals.

The preceding calculations are accurate only with
certain line restrictions. The line propagation delay time
must be longer than the rise time of the signal. If this
condition is not met, the reflections will occur during the
rise time and will not reach full amplitude. The above
calculations also do not provide for capacitive loading.
Reactive loading complicates the reflection coefficient by
adding a time variable (Ref. 1, Chapt. 7). It is necessary
to use a more sophisticated model to completely simulate
MECL system interconnections. However, many systems
can be adequately simulated by the use of purely
resistive components.
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TIME VOLTAGE AT B TIME VOLTAGE AT C
T=0 B=V T="Tpp C=V+Vi(p)
T=2Tpp B=V+V(p)+ VipL) (ps) T =3Tpp C=V+V(p)+V (o) (ps)+V(pL)2 (ps)
T=0 B =833 mVv T=Tpp C =833 +833=1666 mV
T=2Tpp | B=833+833-555=1111mV | T=3Tpp | C =833 +833-555-5565=556mV

FIGURE 2 — Reflection Calculations

THE COMPUTER MODEL

The circuit shown in Figure 3 was selected as a
universal signal interconnection to be simulated on the
computer. CT is the total capacitive load due to wiring
capacitance and receiving circuit inputs. Although modeled
as a lumped load at the end of the line, this capacitance
can be used for the total load distributed along a line
with little difference in the final result (a lumped load at
the end is normally a worst case condition). R is used
in the circuit to provide for parallel termination and Rg
allows for series termination to improve waveforms. Rq is
the output impedance of the driving circuit and will be
7 to 10 ohms for MECL 10,000 or 5 to 8 ohms for
MECL III.

No emitter pulldown resistor is used in the model for
unterminated lines or series terminated lines. This re-
sistor would be much larger than the output impedance of
the driving circuit and would have little effect on pg in the
calculations. When a pulldown resistor is required for
circuit operation, it is assumed that the resistor will be
sufficiently small to prevent the output transistor from
turning off during a falling edge. Pulldown resistor con-
siderations are discussed in Chapter 3 of the MECL System
Design Handbook (Ref. 1).

Using Figure 3, the signal waveforms at the end of the
line are derived in the following manner. eg is an internal
ramp function voltage source in the driving device. The
ramp slope is E1/T1 where E] is the open circuit steady
state output and T1 is the total slope rise time. Since logic
circuits are commonly defined with 10 to 90% rise time
Tt = 1.2 t;. When calculating the slope of the signal at the
transmission line input it is necessary to consider the line
impedance, Zg; the output impedance, Rp; and the termi-
nation resistors, Rg and RJ..

Input J AV =

FIGURE 3 — Transmission Line Model

ZoEq
(Ro +Rg+Zg) Tq

Finally it is necessary to define the steady state voltage at
the input to the line.

Slope at Input =m =

E1RL
Egg= ot

The incident ramp signal on the line can be mathe-
matically expressed during the ramp interval as:

ei(t) = ZoE 1t
M7 Ro +Rg + Zo)T

and during the dc level after the ramp edge as:

ei(t)= ZoE1
! (Ro +Rg +Zp)

fort<Ty

fort>Ty

or
ej(t)= mtU (t)-m(t-T)U(t-T1)
Z()El
(Ro +Rs+Zo) T

Since the program determines the waveform at the load
end of the line, t = time zero when the incident ramp
signal reaches the load. The mathematical expression for
the first reflection of a parallel loaded line has been
derived in the MECL System Design Handbook, page 140,
equation 29, [Ref. 1] and is:

where m = slope =
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Since the amplitude at the end of the line after the first
reflection is the sum of the initial signal on the line plus
the first reflection, the output signal after the first
reflection, eqyut(t), is:

eoutl(t) = ej(t) + erefl(t)
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By solving the necessary equations it is possible to de-
termine the output waveform for any required number of
reflections. The equations get increasingly complex because
of the reflection coefficients which must be considered.
The following computer program uses the first nine re-
flections at the end of the line to determine the output
signal. Nine reflections normally give sufficient time for
the voltage to settle at approximately final amplitude. The
appendix at the end of this application note shows the
derivation of the equations used in the program to give
the first nine reflections.

USING THE COMPUTER PROGRAM

The program was written in BASIC on a time share
terminal. After initializing the program, the following
information is listed as being required. The title line
identifies the program as a method of determining MECL
system transmission line overshoot and undershoot.

MECL T-LINE OS AND US FOR OPEN AND PARALLEL TERMINATED LINES
RO= GATE GUTPUT IMPEDANCE IN OHMS

RS= SERIES DAMPING RESISTANCE IN OHMS

Z0O= CHARACTERISTIC IMPEDANCE OF T-LINE IN OHMS

RL= LGAD RESISTOR AT END OF LINE IN OHMS

CT= TOTAL LUMPED CAPACITANCE IN PICGFARADS

TD= PROP DELAY OF LINE IN NANGSECOUNDS/INCH

TR= RISE TIME GOF GATE IN NANOSECONDS

L = LINE LENGTH IN INCHES

The following example uses a MECL 10,000 gate with
10 ohm output impedance and 3.5 ns rise time. MECL
10,000 circuits are specified with 2 ns 20 to 80% rise
time, but the 3.5 ns is representative of the 10 to 90%
edge speed required by the program. The circuit is
driving an eight-inch, 50 ohm, unterminated microstrip
line. No series damping resistor is used and the line is
driving a test fixture having four MECL gate loads, an
oscilloscope probe, and a probe holder. The total load
capacitance is about 25 pF. Since no load or termination
resistor is used, a large value of Rp is inserted. 10,000
ohms is used to represent four MECL gate inputs. Propa-
gation delay time of the line depends on the type of line

used. 0.148 ns per inch is used for a microstrip line on a
G-10 epoxy circuit board. The program will not operate
with zero load capacitance. This causes a divide by zero
calculation. Therefore, a very small CT, for example
0.001 pF, should be used to simulate no capacitive load,
if required.

The program then asks for the data inputs to be
inserted after the question mark.

YOUR YALUEZ OF RUOsREaC TR HAFE
T 1050505100002

WHAT 1% TD ANMD L

7 .148.2

TURN ON = .21

RIZE TIME = 2.45

OVERZHOOT (%> TIMECHE

45.2 5.4

UNDERZHOOTC%»  TIMECMZ:

28.2 S92l

LAST TIME «HZ»

20,56

TO RECOMFUTE TWFE “17s IF NOT TYFE “0° T0

After receiving the data, calculations are made for turn-on
time which is the 0 to 10% time in nanoseconds of the
signal at the end of the line. The computed rise time of
2.45 ns is the 10 to 90% signal rise time. It is faster than
the initial signal because of the large overshoot.

Overshoot is calculated as 45.2% of the final signal
amplitude and occurs 5.4 ns after the start of the signal
at the end of the line. The following undershoot is 28.2%
and occurs at 9.81 ns after the start of the signal at the
end of the line. One additional piece of information, LAST
TIME, is given. Remembering that the program was de-
veloped using the first 9 reflections, there is a maximum
time for which the calculated signal is valid. In this
example it is 30.56 ns.

Following the computations, the program asks if another
computation is to be performed or not. A zero (0) was
typed after the question mark to allow the program to
proceed to the plot routine. If a (1) were typed, the
program would ask for a new set of variables.

The plot routine is started by typing a 1 following the
question mark. To establish a waveform it is necessary to
set the vertical and horizontal coordinates. The amplitude
is set by VMIN which is the starting point and VMAX
which is the upper limit. The amplitude is broken into
60 divisions and VMAX defines the last one in terms of
the final signal value. The voltage plot is normalized for a
steady state voltage of 1.0. For the example with 45.2%
overshoot VMAX should be at least 1.452 to keep the
waveform on scale. The time base is defined by XMIN, the
starting point, XMAX the maximum time of the plot and
DELX the increment of time per plotted point in
nanoseconds. XMAX should be less than LAST TIME to
insure the plot remains within the maximum computer
time. To plot the preceding calculations, the waveform is
started at zero volts and zero time. The maximum
amplitude is 1.5 which allows 50% overshoot and puts the
final amplitude at the fourth major division. Time is
plotted for 20 nanoseconds of 1 ns increments.



70 PLOT TYPE “1°s TO END FROGRAM TYPE 707 T 1

WHAT ARE YMINsVMAX sXMINsHMANsDELK T 0:1.5:0s20s1

FOR x: TOP = O BOTTOM = 20 INCREMENT = 1
FOR V¥: LEFT= 0 RIGHT = 1.5 INCREMENT = .023
) G ) R ) ) R | L ) S I

TYPE -0° TO STOP OR <17 TO RECOMPUTE. WHICH 7 1

A test fixture was constructed to compare computed
results with test results. Figure 4 shows the circuit under
test and resulting waveforms. The correlation between the
test oscilloscope waveform and the computer plot routine

waveform is quite good.

8"

Zo, =50 ohms
510

VEE

o]

Scale: Horizontal = 5 ns/div., Vertical = 200 mV/div.

FIGURE 4 — MECL Test Circuit and Waveform

Following the computer plot routine, the question is
asked if a new computation will be performed of if the
program s ended. Following a 1, new values are requested.

A second example uses the same line and loading as the
previous example, but adds a 15 ohm series damping
resistor to improve overshoot and undershoot.

YOUR VYALUES OF ROSRSsZ0sRLSCTs AND TR ARE
7 10515:50510000525:3.5
WHAT IS TD AND L

T .148s8
TURN ON = 1.05
RISE TIME = 2.94
OVERSHOOT (%> TIMECNS)

19.2 6.03
UNDERSHODT (%> TIME(NS)

2 10.44

LAST TIME (NS>

30.56
TO RECOMPUTE TYPE “1°» IF NOT TYPFE “0° T

The computed information shows overshoot is im-
proved from 45.2% to 19.2% and undershoot from
28.2% to 5.2% by adding the 15 ohm resistor. A badly
distorted signal is improved to a very usable one by the
small damping resistor.

A third example illustrates the value of parallel
termination. The termination resistor R is added to the
test circuit used in the first example.

YOUR VALUES OF ROSRZsZ0sRLsCTs AND TR ARE
T 10s0:50:50:25:3.5
WHAT I3 TD AND L

T .142.8

TURN ON = .91
RISE TIME = 3.22
OVERSHOOT (%2 TIMECNZ
6.51

UNDERSHDOT <>  TIMECNEX

1.7 10.58
LRST TIME “HI»

30.56
TO RECOMPUTE TYFE -1+ IF NOT TWFE “0° T0

TO FLOT T¥PE “1°s TO END PROGRAM TYFE “0° Tl

WHAT RARE- WMINsYMAX s XMINsHMAXSDELY T Ds1.5s0+151

FOR 3 TOP = 0 EOTTOM = 15  IMCREMENT = 1
FOR V: LEFT= 0 RIGHT = 1.5 IMCREMENT = .0&%5
| R ) I ) G ) ) G Tiveannnns I

TYPE 07 TO STOP DR “1° TO RECOMPUTE. WHICH 7 O

The 50 ohm termination resistor reduced overshoot to
11% and undershoot to 1.7%. The small overshoot is due
to the impedance mismatch caused by the capacitive
load. The plot shows the waveform improvement over the
unterminated line in the first example.

The zero after the question mark ends the program.

CONCLUSION

This program has been written for a high degree of
flexibility. It can be used with a large variety of line
types and driving sources. However, it is possible to
modify the program to provide more specialized in-
formation. For example, tables can be written for a pre-
determined overshoot or undershoot and specified line
types. Tables of this type are found in Chapter 3 of the
MECL System Design Handbook for 35% overshoot or
12% undershoot. Tables can be generated to develop
system wiring rules for a selected amount of signal dis-
tortion. Other possible modifications to the program



include plotting actual voltage output instead of normal-
ized voltage and calculations of line delays to help
determine system delay times.

The program was designed to be used for a MECL
system. MECL circuits have low output impedance in
both logic states, the ability to drive terminated trans-
mission lines, high input impedance, and nearly sym-
metrical noise margins for both high and low logic levels.
However, the program is adaptable to other logic types if
the input and output impedances are known. For example,
the program was used to determine the waveform of a
MOS memory clock driver required to drive a high
capacitive load.

The relatively slow rise and fall times of MECL 10,000
circuits, typically 3.5 ns 10-90%, do not require a strict
transmission line environment or completely modeled
interconnections for every line in the system. It is
expected this technique of using a computer program to
determine waveshapes will be most useful in deciding if a
marginally long line should be terminated or to help
establish proper termination for a heavily loaded line.
Testing has shown a very good correlation between com-
puted results and test results in the laboratory. The
designer building a MECL system will find that many of
the system layout considerations can be solved with the aid
of computer terminal.
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APPENDIX

The following is a derivation of the equations used
to write the computer program in the preceding section.
Figure 3 illustrates the transmission line model used for
the equations.

The load at the end of the line, expressed in LaPlace
notation is:

1
i RL(S_C’f _Rp
ZL= 1 SRLCT+]1

SCT

The reflection coefficient at the load end of the line is:

S RL-Z, )
Z1.-Z, R1ZoCT
ZLIJ'+ ;Z()

S+

PL(S) =
l{lﬂ *'250
}{Iﬂzﬁo(:j‘

and
2

ZCt
I{Iﬂ +’2!0
R1ZoCT

1+p1(5)=

where m = slope =

The incident signal on the line is

ej(t) = mtU(t) - m(t-T1) U (t-Tq)

ZoEq
(Ro +Rg +Zg) Ty

Taking the LaPlace transform of ei(t) results in

E1(S)=§’§ (1 -¢-T18)

The signal at the load end of the line due to the incident
voltage is:

Eo1(S) = Ei(S) + EREF 1(5) = Ei(S) [1 + pL(S)]

Eo1(S) = =

I{Iﬂ +‘250

S2(S+——"2
® R1ZoCT

)



The second reflected voltage -waveform at the load occurs
at a time 2 line delays later, 2Tp, and can be written as:

Eo2(S) = Ei(S) pspL(S) [1 + p1(S)] e —2TDS

RL -7, )
- 72mes RLZCT () _¢-TiS)e-2TpS
+
ZoCT | o2 S+ RL +Zo )2
R1ZoCT

The third reflected voltage waveform at the load is:

Eo3(S) = Ei(S) ps2p1(S)? [1 + p1(S)] ¢~4TDS

_RL-Zo )
_ 2mps? RLZoCT ™ () _-T1S) (-4TpS
RLZoC

Beyond the third reflection the LaPlace equations become
more difficult to solve and it is desirable to have a
general equation which may be used for any number, n,
reflections.

Eon(S) = Ei(S)os™ 1 op (S [1 +p1(S)] e=2(n-1)TDS

RL -Zo

_ n-1
_ (- 12mpgn-1 RLZoCT)
+
ZoCt s2(s+ Rp Zo)n
R1LZoCT

[(1 -e~T18)e=2(-)TpS ]

RL -2 Rp+Z
Letting—L—0=a and LT%

R1Z,CT R1ZoCt
The LaPlace transform of Eq(S) is of the form:

F1(8)= S5+ b)

Solving the inverse LaPlace transform gives:
1
~bt
= -1+bt+
Fi1(t) b2( 1+bt+e™h)
The equation for the voltage at the end of the line due to

the incident signal can then be written:

=_ ~2m -bt
ep1() = ZoCTo? (-1 +bt +e PHYU(p)

-2m

o [-1 +b(t-T1) + e 2T} U(t-T})
ol T .

The LaPlace transform of egp(t) has the form:

(S -a)- 1 (’l)n_ al= 1(1 )n—
s2(s+b)n

Fn(S) = (1a)

bnS2(1 + B)n

The binomial expansion can be used in the numerator
to obtain:

_1yn-14n-1 n-1 : o
TS coicthdis awy
bns2(1 +§)n i=0 a

Fn(S) =

X!

X\ =
where (¥)= m

Equation (1b) can be expanded by separating and re-
arranging the first two terms of the summation to obtain.

-1)n-1 gn-1 -
Fn(S)=(1)n all 1 - _ (n-1) IS
S2(1 M S+
ot CThois
+ -1 ——— @
i=zz ¢! +Es)n

the inverse LaPlace transform of the last two terms in the
above equation can be found in Reference 4 which can
be written

. -1 n-1 :
b OF=F ——=1-ebt S (b't)l -
S(l +B$)n i=0 1.
-l ) .
¥ F35)=¥4 *Sls— = bi-1 bt
(1 +5 ul
i-2 o
iy i) (bt) j-
j=zo DG G )

The first sterm of equation (2) can be solved by using the
general property

-1 1 t
2 §Fn(S)= L f(t)dt %)
Therefore
-1 -1 . -1 .
¥ F1S)=¥% —“S— =¥ §F2(3)=
S2(1 ton
gt bt n-1 (bt)l) dt =
oo 2T
n-1 t ]
t- bl S 11, Soe-bt (bt)l bdt (6)
i=0



The integral of equation (6) has been evaluated in
Reference 4. Therefore equation (6) can be written

-1 n-1 i i
4 F1(S)=t—% > [1 et S (_l?'tl} ™
0 i=0 J:

Using equations 2, 3, 4 and 7 the inverse transform of
equation la can be written

1

- _1yn-1 ,n-1 § _(p-1 n-1
¥ Fn(s)=(l)bna { e )[ S

i=0

G;t)i]+ Z -1y (“‘1)()‘b“ N .iiz
! ) i=0
[l_e-bt jzio (:;f)l]} (®)

This equation can be rearranged to

-1 _
¥ Fn(S)=(-1)n-la%l3 {—n (%) -n+1 +at+[n (%)

b (—l)n_l -b a\yn-2
+n-1]e't oy e t[(g) (n-1)

-1
nz (bt) + @ an-1

i=1 i=1 j=

n-1 i-2 , -1
An-1-i_ v (01 (172 (bt)" }
122 jgo GITEETED G gy

The voltage waveform due to the nth reflection can now
be written as:

2mpsn-1 ( a2 [ -na
eon(t) = [

—— -nt+l+at-2(n-1)T
ZoCT on 5 [t-2(n-1)TD]

&-b[t-2(n-1)Tp)]

# (2 n-nerd [t—z(n-l)Tnl] T

n-1 i
|:(_ta) )n-2 (n-1) z b [t_z(?,_l )TD]
i=1 :
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&) q
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T §

ek
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S>> @D
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+ (22 4n- 1)e-b[t-T1-2(n- l)TD]]
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@D G2 %b[t—T1-2(n—l)TD]}n'j'1‘l!
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The output voltage at the end of the line is the sum of the
incident signal and the reflections.

n

cout®= > eon(t)

n=1



The following is a list of the equations for F(t) as used in the computer program.

1
Fl0=5 [e -bt +pt _1)

-1 -2 2a
Fz(t)—— {{—l+at+ [T)— +1+(a+b)t] e'bt}

b
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- 4
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1 a [-3a 5 bat+ 3a £242@+b)1] -bt:‘
F3(t)"t")-2 T- at [? (a €
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b 2b 2
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a a 1 a 1 5
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