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THE MECL LINE OF DIGITAL INTEGRATED CIRCUITS

INTRODUCTION

The MECL family of monolithic integrated circuits
consists of a wide selection of emitter coupled current
mode logic circuits. Since MECL employs transistors
in the non-saturating mode, it is inherently the fastest
type of logic available. MECL is produced in two tem-
perature ranges: the MC300 Series (-55°C to +125°C)
and the MC350 Series (0°C to +75°C). Supply voltage is
nominally -5.2 V + 10% which yields a power dissipation
between 35 and 40 mW per gate. Delay times range from
5 ns to 10 ns. The noise marginfor all possible noise in-
putsis 200 mV or better over the full temperature range
for at least 90% of the devices tested at a fan-out of one.
Noise margin at room temperature is typically 300 mV.

The MECL gate employs adifferential amplifier input,
resulting in high input impedance, and good rejection of
power supply variations. The very low output impedance
of the emitter followers results in high fan-out and fast
risetime for capacitive loads. Resistors and logic levels
are chosento prevent saturation of the input transistors,
thus eliminating storage time.The 1.24 k resistor as shown
in Figure 1stabilizes circuit operation for wide variations
of transistor 8. A logical "1" for MECL is -.75 V which
corresponds to one base-emitter voltage drop below
ground. Logical "0" is -1.55 V which yields a nominal
voltage swing of 800 mV.

Normal circuit operations is as follows: a fixed refer-
ence voltage of -1.15V is applied to the Vgp input as
shown in Figure 1. This voltage is chosen half way be-
tween the 0" and "'1" logic levels which establishes the
noise margins of the basic circuit. For example with no
input to the gate, Ay, Ay at a zero level or less, tran-
sistors Aj and Ay will be in a cutoff condition. Point E
willnowbe one Vg_g dropbelow Vgp or at -1.90 V. For
a logic "0" input A; and Ay are forward biased by only
.35 V which is insufficient to cause any current flow. If
alogic "1" is now applied to A; or A,, point E is one
Vg.g drop lower in potential or (-.75V) -.75V or
-1.50 V. Transistor B is now only forward biased by
.35 V which leaves it cutoff. The current that passed
through B has now been switched to the input transistor.
The current through B was -1.901"12;(1(5.2 V) - 2.66 mA
while the current for a '"1'"" input is -1.50 V -(-5.2 V) _

1.24k -
2.98 mA which yields a gate that draws almost constant
current.
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FIGURE 1 — OPERATION OF THE BASIC MECL GATE
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The voltage at the collector of B (when conducting) is
0 - (300Qx 2.66 mA) = -800 mV, while the voltage across
the 2702 resistor fora 1" inputis 0 - (2702x 2.98 mA)=
800 mV. Transistors C and D are emitter followers;
therefore the "NOR'" and "OR" output voltage will follow
the respective base voltage with a difference of -.75 V.
If inputs are all low (logic "0"), the base of C will be at
ground potential and the NOR output will be -.75 V (logic
"1"). If one or more of the inputs are high, the base of
C is at -.800 V and the NOR output drops to a logic "0".
Operation of the OR output is similar only with no logic
inversion.

The ratios of the collector resistorsto the emitter re-
sistor of the differential inputs determine the output "0"
levels. Since accurate ratios of resistors are easier to
obtain than absolute values of resistance, MECL output
levels exhibit good uniformity from device to device. The
absolute values of resistance are chosen as a compro-
mise between speed of operation and power dissipation.
As the power supply voltage is increased, the '"0" level
will move more negative while the ''1'" level remains con-
stant. If Vgp is obtained from a Bias Driver connected
to the same supply, the reference voltage will track with
supply voltage changes or temperature variations, thus
keeping Vgp in the center of the logic levels. At Vgg =
-6 V for example, the nominal logic swing is 1.0 V. Not
only is the logic swing increased and the noise margin
bettered by about 50 mV, but power dissipation is in-
creased as the square of the voltage. It is seen that the
choice of Vgg = -5.2 V is a compromise between noise
immunity and power dissipation. Nominal power dissipa-
tion for the basic gate is 37 mW while worst case should
be considered as 20% higher.

Since the "1'" level output is clamped to one Vg_g drop
below Ve, any noise appearing on the Vo bus will ap-
pear on the output with very little attenuation. While any
noise on the Vg line will be attenuated by a factor of 4
to 5 whichis primarily dueto the ratio of Ry to Rg or Ry
to Rg. In most systems the ground plane or bus is the
lowest impedance and therefore has the most constant
potential and least induced noise. For this reason, the
Ve supply for MECL is usually obtained from ground.
Another advantage of having Vo at ground potential is
that the gate outputs may be shorted to ground without
drawing excessive current. If an output is accidently
shorted to V- set at -5.2 V, the gate will draw exces-
sive current (about 200 mA) but permanent damage does
not occurruntil Vg isincreased to -8 V or -9 V and the
current exceeds ‘FO% mA.

Figure 2 shows the typical input characteristics of a
MECL gate (input current vs. input voltage). Figure 3
shows output voltage vs output current over the full tem-
perature range.

The input current is less than .1 mA and the output
voltage level does notdegrade for aload of 2.5 mA. D.C.
fan-outisthen 2.5 mA/.1 mA or 25. This isa D.C. fan-
out and does not hold for high frequency operation. In
fact, amaximum A.C. fan-out of 15 is recommended for
high-speed operation. This decrease infan-out is caused
by the input capacitance of a gate, about 5 pF, and the
wiring capacitance associated with a practical circuit.
For a fan-out of 15, rise time is increased by about 5 ns
while fall time will be increased by about 15 ns compared
to the nominal values at afan-out of one. The reason for
the increase is that when switching from a zero to a one
level, the low output impedance of the emitter follower
charges the shunt capacitance, while switching from a
one to a zero it is primarily the 2 k resistor that dis-
charges the capacitance to the zero level.
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FIGURE 2 — INPUT CHARACTERISTICS OF A MECL GATE

The output of twogates may be connected in a "wired-
OR'"' configuration, i.e. the gate outputs are wired to-
gether and whenever one or the other or both go high, the
output goes high. For wired-OR operation, the worst
case fan-out is 5 gate loads. Note that the pull down re-
sistor is now effectively 1k instead of 2 k and the fall
time will be corresponding shorter.

Examination of the "OR'" characteristic (Figure 4)
shows that as the input voltage goes positive from a "0"
level, the OR outputmay start togo positive at about -1.3
volts and will have reached a ''1" level by about -1.0 V
input. It may be shown that the 10% to 90% transistion
width is approximately 115 mV at 25°C regardless of
circuit characteristics.* From Figure 1 it can be seen
that as the input goes‘more positive, transistor B remains
cut off andthe outputlevel remains constant. The "NOR"
characteristics showthat the width of the active region is
about 200 mV. As the input goes more positive than the
transition, the output continues to go more negative with
a slope of about 1:4. This slopeis due to the collector of
the particular input transistor going morenegative as the
input goes more positive (the transistor is approaching
saturation). As the input voltage approaches about -.4
volts at 25°C or -.6 V at 1250C, the input transistor
reaches saturation. Saturation occurrs with about .45
voltsforward bias on the base-collector junction at 250C
and about; .3 V forward bias at +125°C. Under satura-
tion, the collector voltage will start to follow the base
inputand hence the output will also start to follow the in-
put. The slope is about 0.8:1 since the voltage across the
base to collector junction increases with heavier satu-
ration. It should be noted that saturation does not start
until an input of -.6 V is reached at 125°C ambient. The
worst case ''1" level is -.525 V which allows very slight
saturation under absolute worst case conditions. The
saturationis minimal sothat the output rise and fall times
are only slightly affected. For high speed operation, in-
put levels should never go more positive than a most
positive ""1" level.

In consideration of maximum D.C. fan-out at maxi-
mum temperature, the input characteristics in Figure 2

*Characterization of Integrated Logic Circuits, J.A.
Narud and C.S. Meyer p 1551. Proceedings of the IEEE
Special issue on Integrated Electronics, Dec. 1964
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FIGURE 5 — TYPICAL “NOR" TRANSFER CHARACTERISTICS

show increasing current for -.6 to -.5 volts input, which
may occur at worst case at high temperature. Fan-out
does not actually decrease since if 25 inputs all drawing
high current were connected toa gate with V4 = -.525 V,
higher than normal current would be drawn from the emit-
ter follower and drop the output level to perhaps -.58 V.
The 25 loading gates now have a more negative input and
will draw less current. These two effects balance each
other and maximum fan-out need not be reduced at high
temperature. Worst case fan-out cannot occur at high
temperature for a most positive "1" level and actually
increased fan-out is available.

The following curves illustrate worst case noise mar-
gins of MECL IC'S. The curves include the variations of
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Vpp and assure that 90% of the devices tested will have
greater noise immunity than that shown:

Noise margins are slightly better for noise injected on
the V-~ supply to the MECL gate under test and about
four times better for noise injected on the Vpp supply.

Since the MECL gate has adifferential amplifier input,
it is of interest to note the common and differential mode
gains. To measure these gains, one input transistor and
the reference transistor are biased in the active region,
i.e. neither transistor is cut off or saturated. To mea-
sure the common mode gain, a gate input such as (Ag)
and the (VBB) input are commoned. (Refer to Figure 1.)
A nominal input of -1.15 V will center both transistorsin
the active region. An incremental voltage is now applied
to the input while the "NOR" or "OR'' output voltage with
respect to common is recorded. The "NOR'" common
mode gain is approximately 1/9 or -19 dB while the "OR"
common mode gain is about 1/7.5 or -17.5 dB. The dif-
ference arises due to the values of the collector resis-
tors being different (270 and 300 ohms). The differential
gain of the inputis measured by connecting the Vgp input
to -1.15 V and applying an incremental voltage centered
around -1.15V to an input transistor such as Ay, the
"NOR'" or "OR'" output voltage is then noted with respect
to ground. The differential "NOR' gain is about 5.6 or
14.5 dB while the differential "OR" gain is typically 6.0
application note AN-187. 100 foot twisted pair lines may
be driven without problems by using MECL. The "OR"
and "NOR" outputs of a gate drive one end of the line while
a logic input and the Vpp input of a gate act as a dif-
ferential receiver for the line. The line is terminated at
the receiver input with a resistor of about 1309.

A Dbetter understanding of MECL may also be obtained
from the typical curves (Figures 9, 10, and 11) that fol-
low. These curves will answer system questions, con-
cerning power dissipation vs temperature and supply
voltage, and change in transfer characteristics with
change in supply voltage.

GENERAL DESIGN RULES FOR MECL

1. The maximum recommended A.C. fan-out for
MECL is 15 unit input loads. D.C. fan-out is 25
unit loads. The A.C. fan-outislower thanthe D.C.
fan-out due to the increase in fall time and rise
time with high fan-out. Also, if high fan-outs and
long leads are used, overshoot due to lead induc-
tance becomes a problem.

2. The Bias Driver (MC304, MC354) will fan-out to 25
gate loads. A dual gate or Half Adder is equivalent
to two gate input loads for the Bias Driver.

3. Each J or K input to a flip flop is equivalent to one
and one-half loads. For example, a J and K input
tied together as a flip flop clock input would be a
load of three, allowing a gate todrive five flip flops.
All other inputs are a load of unity.

'S

The outputs of two gates may be tied together to
perform the "wired-OR'" function, in which case a
maximum fan-out of 5 is allowed. If only one pull
down resistor is utilized, each additional common
output is equivalent to one gate load. For example,
if 6 gates are wired together with only one pull-
down resistor connected, the fan-out would be (15)
-5 or a fan-out of 10 remaining.

5. All unused inputs must be tied to Vgg for reliable
operation. As seen from the gate input character-
istics, the input impedance of a gate is very high
when at a low level voltage. Any leakage to the in-
put and/or wiring capacity of the gate will grad-
ually build up a voltage on the input. This may ef-




POWER DISSIPATION
-

=

Yoyt (VOLTS)

—

0 v l I
= -8,
-8.0V cc ov
.5
\
7.0V
0
i
5 6.0V
1
*.5.2 V =
0 oy
-4.4V —
sl—1 3.6V
. T 1
3.0V
0 -50 -25°C  0°C 25°C 50°C 75°C 100°C 125°C

TEMPERATURE (°C)

*CURVES NORMALIZED AT vCC= 5.2V and 25°C

FIGURE 9 — NORMALIZED POWER DISSIPATION FOR A MECL
SYSTEM versus TEMPERATURE AND SUPPLY VOLTAGE

A I .
N [N
3V 17 177
L2 3.6 g
vl Laal L]
1.6 5.2 I/ //
6
1.8
2.0 -1 l./
2.2 -8. +
T 2.0 1 16 4 I o h o

V x (VOLTS)

FIGURE 10 — TYPICAL “‘OR" TRANSFER CHARACTERISTICS
versus SUPPLY VOLTAGE

10-6

Voyr (VOLTS)

[
o ==\ i - e
.0 \\ \-3.ov
Van T\
-1.2 -~ ~]
- \\\ -‘ \ l:/?\\\,
YN~
-1.6 ‘ \ = ~—y
\ — -6V
-1.8 \
v
N 7//
2.2 S -8|v
-1.8 -1.6 -1.4 -1.2 -1.0 -8 -6 -4 -2 0
Vo (VOLTS)

FIGURE 11 — TYPICAL “NOR"” TRANSFER CHARACTERISTICS
versus SUPPLY VOLTAGE

fect noise immunity of the gate or hinder switching
characteristics at low repetition rates. Returning
theunusedinputs to Vg insuresnobuildup of volt-
age on the input and a noise immunity dependent
only upon the inputs used.

. A recommended maximum of three input expanders

should be used. For example, the MC306/MC307,
MC356/MC357 gates would then have a fan-in of 18
available. If more than three input expanders are
used, the NOR output rise and fall times suffer no-
ticeablybecause of the increased capacitance at the
collector node of the input transistors. For low
frequencies, higher fan-ins may be employed if
rise and fall times are of no significance.

. Each gate package must have external bias sup-

plied (Vgp) except for gates with internal reference
suchas MC312, MC313, MC362A, MC363, MC369,
and the flip flops.



MECL IC's -55°C to +125°C MECL IC's 0° to +75°C
MC301  5-input OR, NOR MC351 5-input OR, NOR
MC302 DC R-S Flip Flop, Outputs buffered, MC352 DC R-S Flip Flop, No output buffers,
Reset input expandable Reset input expandable
MC352A Same as MC302
MC303  Half Adder--Sum, Carry, NOR MC353  Half Adder--Sum, Carry, NOR
MC304  Bias Driver : . ?
: MC354 Bias Driver
MC305  5-input Expander MC355 5-input Expander
MC306 Expandable 3-input OR, NOR P panc
MC307  Expandable 3-input OR, NOR, Nopull- | MC356  Expandable 3-input OR, NOR
: ’ » NOP MC357 Expandable 3-input OR, NOR, No pull-
down resistors .
down resistors
MC308 J-K Flip Flop, DC R-S, Buffered MC358A  J-K Flip Flop, DC R-S, Buffered
outputs outputs
MC309  Dual 2-input NOR, Both pull-down MC359 D“ileﬁfs‘?é’:‘é NOR, Both pull-down
resistors MC360 Dual 2-input NOR, One pull-down
MC310 Dual 2-input NOR, One pull-down resistor, One optional
resistor, One optional MC361 Dual 2-input NOR, One optional
i : pull-down resistor
MC311  Dual 2-input NOR, One optional MC362 Dual 3-input NOR
pull-down resistor N . . .
. MC362A  Dual 3-input NOR with Bias Driver
MC312  Dual 3-input NOR - . N - .
. . . . MC363F Quad 2-input NOR with Bias Driver
MC312A Dual 3-input NOR with Bias Driver MC364 J-K Flip Flop, DC R-S. High speed
MC313F Quad 2-input NOR with Bias Driver Buffored motouts o opeets
MC314 J-K Flip Flop, DC R-S, High speed, MC365 Line Dri P
Buffered outputs ine Driver
MC366 Lamp Driver
MC315 Line Driver MC367 Level Translator MECL to DTL
MC316  Lamp Driver MC368 Level Translator DTL to MECL
MC317  Lever Translator MECL to DTL *MC369G  Dual-2 OR, NOR Clock Driver and High speed gate
MC318 Level Translator DTL to MECL *MC369F Dual-4 OR, NOR Clock Driver and High speed gate

*F indicates a 14 lead flat package
*G indicates a TO-5 type package

TABLE 1 — MECL LOGIC ELEMENTS

THE MECL FAMILY OF IC LOGIC ELEMENTS

The following section includes a complete explanation
of eachlogic element. Schematics, logic diagrams, logic

equations, and truth tables,where applicable,are included
along with a detailed description of each circuit.

5 INPUT OR, NOR: MC301, MC351

"39Vcc
P ]
27003 3000
< w K
OR
I—K 5 p—O04
05
6 7 bs b9 oOw L | NOR
1.24kQ 2k 2k
1‘ ‘D
lévBB ZOVEE

POSITIVE LOGIC
SINGLE GATE

"NOR" = 6+7+8+9+10
= "OR" = 6+7+8+9+10

NEGATIVE LOGIC
SINGLE GATE

5="NAND" =67 ¢8+9+10
4="AND" =69T¢8e9 10

The 5-input gate obtains the maximum num-
ber of inputs for a standard TO-5 10-pin can. A
pair of the gates maybe wire-OR'd toforma 10-
input gate. If desired, both NOR's and OR's may
be wired together giving a gate that has the prop-
erties of a single gate with a fan-out of 5, fast
fall time, and 10 inputs. Nominal power dissi-
pation of the gate is 37 mW over the temperature
range. Typical propagation delay is 8 ns with
rise and fall times of 8 ns. As fan-outincreases
above 5, the fall time increases more rapidly
than the rise time.
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DC R-S FLIP-FLOP: MC352

When Vg is defined as a logical 1" and Vy,
as a logical ""0", the function is as follows:

3000 S Ry R, $ 3000
< b4 1 SO— —0Q
-0
[N rd McC352
6 N S—(“ |) 9 RO—] Q
SET Q Q
—O04 50— 10
o— 1 R s Qn+1
7 < R3 RESET
> 1059 oj 1]t
—0
(= R L S 1 0 0
o4 S5 6 0 0 P
"2k €1.135kq 2k
1 1 |N.D.
VEE 02

The D.C. R-S flip flop is most useful as a

storage element. Dual inputs allowthe OR func-
tion to be performed at the Set or Reset inputs.
As may be noted from the schematic the Reset

input is expandable.

A maximum of 2 or 3 ex-

panders is recommended for high speed opera-
tion since the additional collector node capaci-

tance increases rise and fall times.

The Set

input may also be expanded by redefining inputs

and switching the wiring of Q and Q.

The Set

and Reset inputs should be standard MECL levels
for optimun operation. Input rise and fall time
isunimportant unless high speed operation is de-
sired. Typically, the maximum speed of Set-
Reset operation is 65 MHz, propagation delay
6.5 ns, rise and fall times 8 ns, and power dis-
sipation 42 mW. The maximum Set-Reset speed
is obtained for inputs with about 6 ns rise and fall
times and a pulse widths of about 9 ns.

DC R-S FLIP-FLOP, OUTPUTS BUFFERED, RESET INPUT:

MC302, MC352A

Vecos ?1 When V__ is defined as a logical
"1" and V. as a logical "0" ,
the functionis as follows:
<R R, <
2109 4: 1 2.: 2109
P
SO— —O
4 A [N 5 Q
30— ——00Q MC302
6 ~N | 0 MC352A _
R O— —O
o— ] 2 Q
SET
e :
o n+
7 R 3 RESET R S Q
49 :p 3 $6
2.4k ¢ > 758 2.4k 8 0 1 1
0
$® 3% Ry s oo
> 9 . €850 2k<¢ 0 0 Q”
NOTE: Any unused inputs should 1 1 N.D.
be comected to VEE' VEE 02

This flip flop is essentially the same as the
MC352 withthe exception that the outputs are iso-
lated. The MC352 is sensitive to noise on the
output lines because they feed back directly into
the bases of the bistable transistors. The out-
put emitter followers on the MC302, MC352A
isolate each output from the respective base of
each bistable transistor; giving about 800 mV
noise margin for noise coupled into the output.

It should be noted that if both the set and re-
set inputs are high, both outputs will be low.
Bringing both inputs to 0" simultaneously leaves
the outputinan undefined state, i.e. either a "0"
or a "1". Typical parameters: rise time 11.5
ns fall time 12.5 ns, propagation delay time 11
ns, power dissipation 45 mW. The flip flop may
be set and reset at a maximum rate of about 50
MHz. Optimum input pulses for 50 MHz opera-
tion should have rise and fall times of 6 ns or
less with pulse widths of about 14 ns.
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HALF ADDER, SUM, CARRY, NOR: MC303, MC353
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The Half Adder is averyusefulelement of the
MECL family. It can beused as a digitally con-
trolled inverter, a digital comparator, or to
provide SUM, CARRY, and NOR, or SUM and
SUM if desired. Normally two bits and their
compliments are applied to the Half Adder so
that two of the inputs are always high as shown
in the schematic. If all four of the inputs are
low, the Vg transistor will be sinking twice
the normal current at 25°C and the SUM output
will drop to -2.3 V. This does no harm but to
saturate the Vgp transistor. The graph shown
above illustrates the recovery time at 25°C for
saturation of the Vgp transistor. At higher
temperatures it would take longer to recover.

The Half Adder gatingfunctions are the same
asthe general MECL gate shownin Figure 1with
the exception that the bias transistor performs
the AND function, in that when both emitters are
high, the SUM output is also high. With refer-

HALF ADDER Truth Table
A B A B |OUT

Pin #| 10 9 8 7 4
Lo| Lo| .Hi | Hi | Lo
Lo Hi Hi Lo Hi
Hi Lo| Lo | Hi | Hi
Hi Hi Lo| Lo | Lo

encetothe schematic and the lettersrepresenting
the inputs, it is seenthat the collector of the Vgg
transistor is high when A and B arehighor A and
B are high. This represents the exclusive OR
function or the sum of A and B. The Carry and
NOR outputs may be wiredtogether to form AB +
AB which may be recognized as SUM. By the
rules of Boolean Algebra: SUM = AB + AB then

SUM = AB + AB = (AB) * (AB) = (A +B)(A+B) =
AB + AB which is the wired output.

A digitally controlled inverter is one unique
application of the MECL Half Adder. The inputs
are connected inthe same manner as for the SUM
function. If A is considered as the digital infor-
mation input and B as the control level (inversion
or not inversion), then A appears at the S output
if B is highand A _appears at the S output if B is
high. Thus A or A is obtained on the same wire
according to the level of B.

The propagation delay of the circuit is typi-
cally 8 ns for the SUM output and 6 ns for the
Carry and NOR outputs at room temperature at
a fan-out of one gate. Rise times are typically
6.5 ns for all outputs while falltimes are 8.5 ns
for SUM and 8.0 nsfor NOR and CARRY. Typi-
cal power dissipation is 65 mW.

The Half Adder is shown inadigital compara-
tor circuit and a five bit asynchronous adder in
the last section of the paper.
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BIAS DRIVER: MC304, MC354

3T Vee
S 3000
40 Q
1
$2.55K
< vBB
REGULATED
D, OUTPUT
2K
Dy
2l VEE

The Bias Driver provides a temperature and
voltage compensated reference for MECL logic.
Any of the three MECL voltages may be ground-
ed, but the common voltage of the Bias Driver
must correspond tothat of the logic system. The
device has a unique application when coupling a
signal through a capacitor to pin 4. First the
gate acts as a level translator from any voltage
to MECL levels. If the input is 800 mV p-p,the
standard MECL levels will appear at pin 1. For
low level A.C. and R. F. inputs, the output will
be centeredin the active region of a MECL gate
which may then be used as an amplifier. A low
quality, high bandwidth differential amplifier may
be obtained by using two bias drivers, one con-
nected toa normal gate input and the other con-
nected to the Vg input of a MECL gate. The
"OR'" and "NOR'" outputs thenprovide averylow
impedance differential output. The A.C. input
impedance of the Bias Driver is 2502 in parallel
with about 5 pF which will terminate a low im-
pedance line fairly well. If Voo contains ex-
cessive noise the output on pin 1 may be filtered
by connecting a capacitor between pin 4 and 2.
Typical power dissipation is 17 mW. The Bias
Driver will fan-out to 25 unit input loads.

5 INPUT EXPANDER: MC305, MC355

?5

7 X

v
N

—

6 Jn $s [-X] o10

9

The Gate Expander acts as a 5-input NOR
gate when referring to the collectors or as a 5-
input OR gate when referring to the emitters.
This infers a resistor connected from the col-
lector to a high level voltage while the emitter
node is connected to a low voltage through
another resistor.

The maximum number of recommended ex-
panders to be used with a gate is three for high
speed operation. If more than three expanders
are used, the output rise and fall times will be-
come excessive for high speed operation. When
used with a MECL gate, power dissipation is
negligible.

EXPANDABLE 3 INPUT OR, NOR: MC306, MC356

39Vee
27022  $3008
‘P ‘P
90— ]\ 23
EAEAnY S
100
5
66 67 68 > >
124K 2x 3 2k VR
1875 20Vgg

This gate may be expanded to 18 inputs by
use of the MC305 or MC355, otherwise operation
is the same as the basic MECL gate shown in
Figure 1.

POSITIVE LOGIC
When Vy is defined as a logical "1" and Vp, as
a logical "0" the ""OR"/''"NOR" function is performed:

Single Gate

‘;E:ZZ 5-"NOR"=§3778

8 4="OR"=6+T7+8
NEGATIVE LOGIC

Inversely, when Vy is defined as a logical '"0"

and Vi, as a logica}il"l" the "TAND"/"NAND" function
is performed:

Single Gate
s 5= "NAND" =6 7- 8
s 4="AND"=6-7-8

Propagation delay time is typically 6.5 ns with
a rise and fall time of 7 ns. Typical power
dissipation is 37 mW.
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30 Vee
< 1‘
2008 3000
90 OR
'-KL_:
100
&G 6 7 63 5
1, 24K NOR
2 1
Vee © VBB

This gate is the same as MC306, MC356 ex-
cept that the output pull-down resistors have
been removed lowering the power dissipation.
Propagation delay time is nominally 6.5 ns with
rise and fall times of 7 ns with a normal load.
The output of this gate may be wire-OR'd with
other MC307, MC357 gates and one gate that has
a pull-down resistor to -5.2 V. This willresult
in alarge power savings since the gate only dis-
sipates 16 mW at V. -5.2 V. The maximum
recommended number of gates connected in this

EXPANDABLE 3 INPUT OR, NOR, NO PULL-DOWN RESISTORS:
MC307, MC357
POSITIVE LOGIC
When Vy is defined as a logical "1" and Vy as
a logical "0'"" the ""OR"/"NOR" function is performed:
Single Gate
7

=

NEGATIVE LOGIC
Inversely, when VH
V7, as a logical ""1

M 5="NOR" =8+ T+ 8

4="OR"=6+7+8

is defined as a logical "0" and
the "AND"/"NAND" function is

performed:
Single Gate
; 5="NAND" =878
8 4="AND"=6-17-8

manner is: 1 gate with a pull-downresistor, 14
gates with nopull-down resistor and the input of
another MECL gate. In other words, the gate
with the pull-down resistor, such as the MC301
or MC306, has a recommended maximum fan-out
of 15. Each of the other wire-OR'd gates is the
equivalent of one load, resultingin a fan-out of 1
to the input of another MECL gate.

J-K FLIP-FLOP, DC R-S, BUFFERED OUTPUTS: MC308, MC358A

3TVCC
T ,008 g%
2102 2100
B o} tr
ﬂ’{ R > g I'\
183 SFu
650 Q9 <
5 - —~ 650 2
J
P RE-
SET Rgg 3$F33F4 SET Q
o——G 5 < H
o —‘K 24K 175 9y2.4x }[—*;’ °
> QT.5K e T.5K$ 2Ke
3 3K, B3 3875 R,3 RS
20 Vgg
NOTE: Any unused inputs should be connected to VEE'
When Vy is defined as a logical ""1" and V; as a Operation of the MC308, MC358A
logical ""0", the function is as follows:
Transistors A and B form the '"heart" or
$ T T & n+1 bistable pair of the flip flop. The collector of
State J K G Q B is coupled back to the base of A through C,
To loq 1 g | g |0 |Q likewise D couples A back to B forming the bi -
— 2 0 0 1 " stable element. The output of A is buffered
J0 MC3°2/ through E to give the Q output, while F buffers
-EZ: MC358A 3 o |1 ]1 1 B to give the Q output. When the Set input (pin
'ED © =X 4 1 0 1 0 6) goes to a high level (-0.75 V), the collector
K of G goes low pulling A and D low. The col-
Clocked JK Operation 5 1 1 1 | lector of B then goes high which holds the col-

The T and X inputs refer tologic levels while
g'le Glinput refers to dynamic logic swings. The
JandK inputs should be changed toa logical''l"’
only while theCpinput is in a logic ''1'" state.

Set-Reset operation is the same as
MC302.

lector of A low through C. The flip flop is now
Set to the "1'" state, i.e. Q high and Q low.
Likewise a high level in or a positive pulse on
pin 1 resets the flip flop to the "0'" state. Since
the base of either A or Bis at a one level (-0,75V),
the emitters will be one Vpg drop lower or at
-1.50 V. The potential at the node between Rg3
and Rg is then -1.8 V which corresponds to a

continued
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AMPLITUDE TO INSURE TOGGLE (mV)

nominal 400 mV noise immunity for a Set or Re- to a static level of either high or low. For state

set input normally at -1.55 V (logic "'0'"). The 1 in the truth table, the flip flop output, Q, will
Set, Reset input transistors may be considered be the same level at time t =n + 1 as it was at
to be in the active region at 0.65 VBE' t =n for a dynamic "0" transition of the clock

The emitter of I also follows the collector of betweent =nandt=n + 1. For state 2 neither
A and willyield standard MECL levels. The volt- J or K are inhibited, and a dynamic clock will
age at point J will then be approximately -1.1 or toggle the flip flop, i.e. at t = n + 1 the flip flop
-1.85 due to the divider action of Ry3 and Ryg. will be in the opposite state that it was in at
The J inputs on pins 7 and 8 act as emitter fol- t =n. For state 3, the K input is inhibited and

a ""1" will be shifted into the flip flop. Like-
wise a "0" will be shifted in for state 4. In
state 5, both inputs are inhibited and the flip flop
will not change state unless a Set or Reset input
is received. Set - Reset inputs take priority
over the J-K inputs as may be seen from the
schematic. If an uninhibited clock input is re-
ceived while the Set or Resetlevel is true (high),
a 20 ns pulse of about 400 mV level may appear
on the output of the flip flop.

lowers so that point K will be either -1.5 or
-2.3 V. C differentiatesthe input as it appears
at point K. Whenever point K swings negative,
nothing will happen, but when point K goes posi-
tive, a positive pulse will be coupled to the base
of the transistor in parallel with A. If the col-
lectors of the pair werehigh, they will be brought
to a low level as if the flip flop had received a
Set pulse. Likewise a positive going level at Cy
will reset the flip flop.
It should be notec_lt_hat the input rise time must MC308, MC358A Characteristics

be lessthan a specified value to transfer enough K -

chiarge through the capacitor to switch the flip As inevery J K flip flop the MC308, MC358A
flop. Also the maximum toggle speed of the flip requires a minimum down time of the clock to
flop islimited by the internal time constants as- ensure toggle. Minimum down time of the clock
sociated with Cy and Cy. If one of the J inputs waveform is determined primarily by the dis-
is high it willinhibit a positive going level on the charge time constant of Rg and Cy whichisnomi-
other J input andno pulse will be coupled into the nally 60 ns. After a high level input appears at
flip flop, unless excessive amplitude, perhaps ppmt K, at least 29 ns under worst case condi-
caused by ringing on the input line, is applied. tions must be allowed for the voltage at point K

If differencesin the logic levels and ringing both to decay sufficiently so that the next positive
addup to 250 mV for 10 ns or more, it ispossi- going input will transfer enough charge through
ble totrigger a flip flop falsely. For worst case Cj toreliably toggle the flip flop. The maximum
design over temperature extremes overshoot guaranteed toggle frequency of the flip flop is 15
should be a maximum of 100 mV. Note the dis- MHz with rise and fall times of 9 ns, down time
cussion on overshoot for the MC369. of 29 ns, and 800 mV amplitude. The typical

The classical J-Kflip flop has its inputs label- toggle frequency is above 20 MHz when driven
ed J, K, and C and operates on negative levels. from a gate with sharp rise and fall times. Maxi-
The MECL J-K flipflop is opposite, in that high mum toggle frequency is very dependent upon
levels inhibit and positive going clock transitions clock rise time and clock amplitude. This de-

actually clock the flip flop. The MECL levels pendencg is cau.seq by the variable sensitivity
generally are preferrable since positive logic is of the flip flop with input rise time changes. Re-
more common than negative logic. fer tothe following section on descriptive curves
As may be seen from the truth table and the for MECL flip flops for data showing this rela-
logicdiagram for clocked J-K operation, adyna- tionship. . L .
mic "0" or negative gping clock does not affect T‘yplca} propagatlo_n delay time is 7 ns while
the flip flop when the other J and K inputsare at nominal rise and falltimesare 7 ns and 8 ns re-
a static level. If Cp and K are low and J goes spectively. Power dissipation is about 85 mW
high, the flip flop will be set toa "1" on the Q at Vgg = -5.2V
output. Likewise if CD and J are low while K
goes high, the flip flop will be reset to zero.
For normal clocked operation, J and K are static
levels changed only when Cpy is high (flip flop in-

hibited). The symbol inthe truthtable, ¢, refers DESCRIPTIVE CURVES FOR MECL FLIP-FLOPS

The following data is most helpful to the de-
signer in understanding the characteristics of

900
[ MC358A T
MC314 MC308 | b s MC314
800} 384 / s (TYPICAL) _ 40 ——
(WORST CASE) / L.~ INPUT: t_=t. = 6ns —t—_
y -7 |
700 . AL ) |
\ s A4 i g AMPLITUDE = 800 mV 50% DUTY CYCLE
/ P \ - 30
-1 MC314 )
600 ,A z Z
L P MC364 d
/ e Q@
. (TYPICAL) g
o MC308
500 7 7 & 20 ;
7 INPUT: t =t =8ns T~
1003
N MC358A, MC308 AMPLITUDE = 800 mV 50% DUTY CYCLE
(WORST CASE) 10 A S W i bl
300 P — L — -50°C -25°C 0°C 25°C 50°C 75°C 100°C 125°C

TEMPERATURE (°C)
RISE TIME (ns)

FIGURE | — AMPLITUDE versus RISE TIME TO FIGURE Il — TYPICAL TOGGLE FREQUENCY
INSURE TOGGLE . versus TEMPERATURE continued
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MECL flip flops. As maybe seenfrom the data,
typical characteristics can be much better than
those specified for worst case. In fact, typical
data usually runs about 30% better than worst
case. For example, the distribution of charac-

teristics is wide enough that for fast rise and
fall times some of the MC314 flip flops will
toggle reliablyat 50 MHz. The curves are self-
explanatory and include the test conditions for
data shown in Figures I, II, I, IV, and V.

t!_ = MAXIMUM RISE TIME

STILL TOGGLE

[ 90%
10%

C INPUT h = 800 mV

t_o-
r

AT WHICH FLIP FLOP WILL

N

UNUSED INPUTS CONNECTED TO Vgg

90% OF THE DEVICES WILL TOGGLE AT RISE
TIMES EQUAL TO OR LESS THAN THAT SHOWN

FLIP FLOP|-55°C| 0°C | 25°C|75°C | 125°C
MC314 60ns T0ns 90ns
MC364 60ns | 70ns | 85ns
MC308 40ns 45ns TOns
MC358A
MC358 40ns | 45ns | 50ns

NOTE: FOR WORST CASE DESIGN tr SHOULD BE:

MC314

t_< 50ns @ 800mV
MC364 r
MC308

t_< 35ns @ 800mV
MC358A, *

FIGURE Hll — MAXIMUM RISE TIME TO TOGGLE TEST

DID NOT RESET

Q [ 50%
| RESET
|
|
R [50% h
]
| | JINPUT t_ =10ns h=800mV

R INPUT W =20ns tr=tf=10ns
h =800 mV

vl
|

"t = TIME TO RESET
UNUSED INPUTS CONNECTED TO VEE

L

THE MAXIMUM VALUES ARE GIVEN BELOW
WITH A 90% CONFIDENCE LEVEL

FLIP FLOP|-55°C| 0°C |25°C |75°C |125°C
MC314 2ns Ins Ins
MC364 6ns 3ns | Tns
MC308 22ns 13ns 33ns
MC358A 18ns | 9ns | 22ns

FIGURE IV — MAXIMUM TIME TO RESET TEST

FLIP-FLOP HAS TOGGLED
——— ——— —————— ———
Q I -
I K HAS DOMINATED

J INPUT

K INPUT
UNUSED INPUTS CONNECTED TO V.

"t" = TIME TO DOMINATE

tr=10ns
h =800 mV

—
!

THE MAXIMUM VALUES ARE GIVEN BELOW
WITH A 90% CONFIDENCE LEVEL

FLIP

FLOP -55°C 0°C |25°C | 75°C | 125°C
MC314 | 20 ns 21ns 16 ns
MC364 30ns |32 ns | 35ns
MC308 | 30 ns 33 ns 41 ns
MC358A 20 ns | 21 ns | 26 ns

FIGURE V — MAXIMUM TIME TO DOMINATE TEST
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DUAL 2 INPUT NOR, BOTH PULL-DOWN RESISTORS: MC309, MC359 DUAL 2 INPUT NOR, ONE PULL-DOWN RESISTOR, ONE OPTIONAL:
MC310, MC360
Vv 3
cc Ve 93
< < 3 < 2
2270 Q 2150 @ 2270 Q 22702 150 @ 227089
1’ l) 1) V (’ 1,
5
I\\ 5 '\_o
| —o e .
LN o Ny
7 9 7 9
—C | ; ~HC B e
g ol 10 8 10
[0 —0 O~ Te]
N 1 1
O -0
—L Vo 1 VBB
< 4 < < < 4 <
1.24K > > > 1.24K 22K
S ::1.24!( $2K Q2K < :: Lo4K < .
MNA—O
2K
VEEO2 VEE Q2

POSITIVE LOGIC
When Vy is defined as a logical "1" and Vy as

NEGATIVE LOGIC
Inversely, when Vi is defined as a logical "'0"

a logical 0" the "NOR' function is performed: and V7 as a logical "'1" the "NAND" function
is performed:
DUAL GATE DUAL GATE
r———1 s r——=—/1
1 J— 7 —_
6="NOR"=7+8 6="NAND"=7- 8
8 | 8 I
9 | . 9 I -
5="NOR" =9 + 10 5="NAND" =9 . 10
10 10
| | | I—

Use of the Dual 2-input NOR gate will usually This gate is identical to the MC309, MC359,

resultinalower "can count" i.e. the total num-
ber of integrated circuits used in a given system.
Note that pin 1 the biasdriver inputisequivalent

except thatpin 4 allows the option of a pull-down
resistor or power savings for the output on pin
5. Typical power dissipation with pin 5 connec-

to two standard loads due to the double emitter tedto 4 is 55 mW, whileitisonly 43 mW at Vgg
output. Typical propagation delay is 7 ns, with = -5.2 V without the pull down resistor. Typical
a rise time of 6 ns and fall time of 7.5 ns at propagation delay is 7 ns. Nominal rise and fall
25°C. Nominal power dissipation is 55 mW. times are 6 ns and 7.5 ns respectively at room
temperature.

3 DUAL 2 INPUT NOR, ONE OPTIONAL PULL-DOWN RESISTOR:
cc MC311, MC361

delay is typically 7 ns with 6 ns rise and 7.5 ns
fall times at room temperature.

POSITIVE LOGIC

When Vy is defined as a logical ""1" and V7, as

v a logical ""0"" the "NOR" function is performed:
DUAL GATE

r———/1

> e e
3270 Q 31508 3270 @
< <

AAA,

[

6="NOR"=T7+8

9

| LT

5="NOR" =9 + 10

/y

$i24k $1.24k . NEGATIVE LOGIC ,
3 ARA o Inversely, when Vy is defined as a logical 0"
v b and Vy, as a logical ""1" the "NAND" function is
EEO2 performed:
This gate is useful where wire-OR'd outputs rDH.A I_“_GEE.!
are a savings. Both outputs are normally with-

out pull-down resistors which reduces the nomi-
nal power dissipationto 31 mW. If the pull-down
resistor onpin 4 is used, the nominal dissipation
increases to 43 mW. Note the rules governing
the wired-OR outputs under General Rules for 10
MECL shown on a previous page. Propagation L—— 1

6="NAND"=17- 8

©

g

5="NAND"=9. 10
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DUAL 3 INPUT NOR: MC312, MC362

MC312F, MC362F

T4

MC312G, MC362G

T3

2100 109 2700 200 1500 Q2708
‘) ‘b ‘P ‘)
6 5 6 5
—0 o—4 —O
8 12 7 10
HC = H
9 13 8 1
[ 0 o -0
10 14 9 12
[ o —o0
e < < < < b4 P4
g2k 1.24k 31.24k 32k 32k 1.24k < 31.24k T’Zk
<
20 l 3 10 l 2
Positive Logic Negative Logic
r———/1 r———1
8 — 7 —
9 6 = "NOR" = 8+9+10 8 6 = "NAND" = 7-8:9
10 | 9
12 | 10 | S
13 5 = "NOR" = 12+13+14 1 5="NAND" = 10-11-12
14 12
L——_1 L1
These circuits are preferred wherever three-
input gates provide a savings. The F model is
available in a 14-pin flat package while the G
model number indicates a 12-pin TO-5 package.
The typical power dissipation is 55 mW. Nomi-
nal delay time is 7 ns with output rise and fall
times of about 7 ns.
DUAL 3 INPUT NOR WITH BIAS DRIVER: MC312A, MC362A
Vo 93
cc Positive Logic
r———/1
6
> > 1" - Y
Jeroe Q3000 1502 2109 8@-’— 5 = "NOR" B+7+8
< < < ‘
N V 9 | —
oA LN 10 4 = "NOR" 9+10+1
5 S 4
o—d 8255k o | |
6 v 1
o— —o . .
7 K y BB ]—I . Negative Logic
o r———/1
8 y 10 6
° ) 7 5 = "NAND" 6-7-8
8 |
> e > > > 9
32K 1.24kQ 32k Zr.24x 32k 10 l 4 = "NAND" §-10-1
L———d
Vgg 02

The MC312A, MC362A is essentially the same
as the MC312, MC362 except that a bias driver
is included on the same monolithic chip, allow-
ing the circuit to be mounted in a 10-pin TO-5
can. Typical characteristics are: power dissi-
pation 72 mW, propagation delay time 8.5 ns and
rise and fall times of 9 ns.
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QUAD 2 INPUT NOR WITH BIAS DRIVER: MC313F, MC363F

POSITIVE LOGIC
Vy is defined as logical "1", VL as logical 0"

cc 9t g
< (’ 1) 6 j " " Bl
2703 300 3005 2300 2270 7 5 = "NOR" = 6+7
S b
9 I S
13 8 ~ "NOR" =
13 - 10:I|:D°|'_8 = "NOR" = §+10
12 4 11 | —
O o pos 13 = "NOR" = 11+12
11 i 4 10 |
o ©g © 14 -
«~ | 1 2 = "NOR" = 14+1
3
3;2k 1.24 kS 23 1.24% 32k —
NEGATIVE LOGIC
Vy is defined as logical "o, VL as logical ""1".
r———
g:[:D-—l—s = "NAND" =6-7
1 |
9 8 = "NAND" = 9-10
10 I I - -
2703 300 300 270 11 13 - "NAND" < TiT3
1 12 = "NAND" =
5 2, |
o [: 1:][1{:::)—#——2 = "NAND" = T4-1
6 14
o L ==
7 1
o O The MC313F is.available only inthe 14-pin flat
L package due to pin-out limitations of the TO-5
:; 2k 1.24%$ 1.24 k 32k configuration. This multiple function gate may
be used toadvantage inreducing the can count in
v 3 a system. Typical power dissipation is 125 mW.
EE O3 Nominal propagation delay time is 7 ns, with a
rise time of 6 ns and a fall time of 7.5 ns. The
built-in bias driver not only saves a pin but ef-
fectively adds to the noise immunity because it
sees a fixed load.
J-K FLIP-FLOP, DC R-S; HIGH SPEED, BUFFERED QUTPUTS:
MC314, MC364
Vee = OVTS
21003 S2100
E < <
1.66 o D
mA KK GDc -8V ps
G
4_ -1V SET
> —oQ l/J
>
1,4259 .55V KWL M A
v 7 ~ -5V *E]
—e X 1 J
-1V 7 ,_A Pg : 1.5V 2
-1.5V < 750 <
$ 5000 1.8V
31.8k
)
30 pF 2k
-1.9 V4 0 (1.3 mA
y L -2.65v L L L
< <
32k 1k 315k 32k Sems0 1.5k 1k 2k
VEE =-5.2V¢Q 2
Continued

DC Levels are shown for ''1" state of the Flip Flop
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The MC314, MC364 utilizes 20 transistors
and two junction capacitors in a high-speed de-
sign thatguarantees a minimum toggle frequency
of 30 MHz at room temperature while typical tog-
gle frequency is 40 MHz at room temperature.
Typical characteristics are: power dissipation
115 mW, propagation delay time 12 ns, risetime
13 ns, and fall time 12 ns.

The adjacent schematic shows the nominal
D.C. levels for the flip flop in the "1'" state,
i.e. Q = -0.75 V. Transistors AthroughH func-
tion the same way as in the MC308, MC358A. A
and B form the bi-stable element with feedback
through D and C. Transistor G sets the flipflop
toa "1'" while H resets to ""0"". Transistors E
and F buffer the outputs and prevent noise from
feeding back into the flip flop from external

sources. Transistor I is turned on ensuring
that point P, is at -1.5 volts. This inhibits a
normal ME J input from affecting the state of

the flip flop. A high J input would have no effect
since Py is already at -1.5 V.

The K inputs are enabled anda positive going
MECL level will couple charge through the 30 pF
capacitor and raise the emitter of L to about
-0.9 V at which point it is clamped by N which
is forward biased and causes the flip flop to
change state. As soon as the flip flop changes
state, P4 is raised from -1.55V to -0.75V
which switches the constant current (1.3 mA)

from transistor O to transistor P. This con-
stant current discharges the 30 pF capacitor in
about 10 ns. It is seen that the flip flop may be
set or reset very soon after a J or K input has
been received due to the rapid discharge of the
capacitor. The 30 pF capacitor and the 1 k re-
sistor alsoform a time constant that requires a
minimum down time on a clocking waveform. The
30 ns time constant requires about 8 ns to decay
from -1.5 V to -2.3 V with nominal values of R
and C. This requires a down time of at least 10
ns at the 10% levels of the clocking waveform.
The voltage Vy is internally generated to track
with MECL levels over temperature and power
supply variations. Transistors Kand L arevery
lightly turned on. One of them, depending upon
the state of the flip flop, supplies current for the
constant current source employing transistors
O and P and the 2 k resistor to Vgg. The 2k
resistor between collectors provides a 50 pa
pull-down current for either K or L depending
upon whichisnot providing the 1.3 mA discharge
current.

Logically, the MC314, MC364 designis iden-
tical with that of the MC308, MC358A. The elec-
trical characteristics have some variations be-
sides maximum toggle frequency. These are
illustrated in the section containing MECL flip
flop curves.

LINE DRIVER AND CAPACITANCE DRIVER: MC315, MC365

o
300 ;: R4

3
270 i,

Q4

The MC315, MC365 is most useful whenever
high speed digital information with little allowed
degradation is to be transmitted over long dis-
tances without noise pickup. This circuit will
drive coax of 5082 impedance or higher with de-
gradation dependent only upon line losses. Also
high values of capacitance may be driven with
good rise and fall times.

POSITIVE LOGIC - Simultaneous "OR"/"NOR"; VH is
defined as logical "1", VL as logical ""0"".

6 5 =

K

3 4 =
9,10

NEGATIVE LOGIC - Simultaneous ""AND"/"NAND"; VH is
defined as logical "0", VL is logical "1"".

"NOR" = 6+7+8 =

"OR" = 6+7+8 =

6 5 = "NAND" = 6-7-8 = 6+7+8

1 —

8 4 = "AND" = 6:7-8 = 6+7+8
9,10

The gate is a 3-input OR, NOR with bias
voltage normally applied to pin 1. Unused in-
puts must be returnedto -5.2 V. The outputs,
pins 4 and 5, have active devices to both pull-up
and pull-down the load as necessary. For a ""1"
level output (-0.75 V), the NPN output transistor
is turned on giving the low output impedance of
an emitter follower to charge any line capaci-
tance. Very low impedance is also provided by
the PNP emitter follower to discharge any line

capacitance.
Continued
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PROPAGATION DELAY TIME (ns)

PROPAGATION DELAY TIME (ns)

100

Maximum power dissipation with both outputs
loaded to ground with 50Ris 240 mW, which for
maximum reliability requires a case tempera-
ture of 125°C maximum rather than 125°C am-
bient. With only one output loaded, 5082 to
ground, maximum power dissipation is 170 mW.
Reducing the single load to 1002 further de-
creases dissipation to 110 mW.

For a load of 502 and .001uF to ground, the
propagationdelayistypically 16 ns at room tem-
perature while rise and fall times are about 20
ns. With 502 coax terminated in a 502 resis-
tor, rise time istypically 15 ns and fall time 20
ns with propagation through the device of about
14 ns.

If the deviceis used as a capacitance driver,
output rise and fall times and propagation delay

T T 1T
1T 1T Tri
LA
[ Ta = 25°C
50 Vgg = -5.2V
20 —T |
/‘
- ="
10
5
10 50 100 500 1000 5000 10000
CAPACITANCE (pF)
FIGURE A — OR: TYPICAL PROPAGATION DELAY td
(negative to negative)
100 T T T TTI1T
T 1T T
T T
[ Ta= 25°%
80— vgg- -52v
T
et
”——
20 _LL "]
10
5
10 50 100 500 1000 5000 10000

CAPACITANCE (pF)

FIGURE C — OR: TYPICAL PROPAGATION DELAY td;
(positive to positive)

PROPAGATION DELAY

SAYVER

"OR" "NOR"

\ JL -
tar—=l ke =] o tgo tay—=

FIGURE E — RISE, FALL AND DELAY INTERVALS

RISE TIME (ns)

FALL TIME (ns)

times depend upon the value of capacitance. Typ-
ical curves showing this dependence are drawn
below in figures A, B, C, and D. A 10Qresis-
tor was put in series with the load capacitor to
prevent overshoot and ringing on the output wave-
form. The 10Qresistor damps the series L-C
circuit formed by lead inductance and the lumped
capacitance. Without the resistor, overshoot
may be about 300 mV depending upon the size of
the capacitor. Moreinformation ondriving lines
from MECL outputs may be found in application
note AN-187.

Figure E illustrates graphically definitions
for rise, fall, and delay times.

For gate loaded 50Q2to ground with variable

capacitance inparallel, figures F and G show out-
put rise, fall, and delay times.

100

T 1T T1TT1TH
1 BN EEEi
T T T L LLAALI
T, =25C =
OfF—vy _-5.2V 4
| Ve //
"
'f
20
//
10
7
.4
V
5 =2
10 50 100 500 1000 5000 10000
CAPACITANCE (oF)
FIGURE B — TYPICAL RISE TIME versus CAPACITANCE
100 T T 117110
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Vo =-5.2V F
| VeE »
20 4 o
1
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=
5
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FIGURE D — TYPICAL FALL TIME versus CAPACITANCE
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"OR" OUTPUT "NOR" OUTPUT
30 30
t A
B3
P
2 == 2 / /
= 20 Lstm" = £ 20 - ==
E t =" | — o] £ -~
£ ! == g ! 2=
2 tag = ~ o / / - — ta2
g //"f// : / -7 ta1
E 10 e S =2 =
/’y to
g d2
t
r
0 0
0 250 500 750 1000 0 250 500 750 1000
C.. CAPACITANCE LOADING (pF) Cp CAPACITANCE LOADING (pF)
FIGURE F — SWITCHING CHARACTERISTICS OF MC315, MC365
“OR" OUTPUT (502 to VCc in parallel with the load indicated) “NOR" OUTPUT
30 30
B 3 ¢
t
g E a2 ‘\ f —\
Q20 8 20
2 &
[} ————— = o / e ]
Z — = —-— Z — -
E m=§f‘1=f;_ =g B == — 1 —_/
= C - =} /
—_ o e = t t
d1
H tr_/ t dz_f g r
0 0
1 10 25 1 10 25
FAN-OUT FAN-OUT
FIGURE G — TYPICAL SWITCHING CHARACTERISTICS OF MC315, MC365
LAMP DRIVER: MC316, MC366
When Vppg is applied to PINS When Vgpg is applied to PINS
V. =+6.0V 7 or 8 and PINS 4, 5 and 6 are 4, 5or 6, and PINS 7 and 8 are
OUTPUT C‘io used as inputs; the resultant used as inputs; the resultant
9 pales) .
logic is: OR logic is: NOR
=l =) >
4009 5 9 9
6 8
Q4 X 9 = 4+5+6 9=T+8=T3
Q3 33k
4 1 The Lamp Driver operation is the same as
10091; that of a regular gate except for the output cir-
P o cuitry which presents saturated logic levels. The
Q1 current through the 3k resistor is either switched
Q2 throughthe base of Qg or transistors Q; and Qy.
Q4, the output transistor, may then be used to
turn an indicator light on or off. The diode be-
7509 comes useful if the gate is to be used as a high
speed switch by preventing saturation of Q; and
4 5 6 O3 2 1 8 Q.
GND=0V Vg =-52V Vep= 2
-115V Qg will sink a maximum of 100 mA at 25°C
and 50 mA at 1250C. The maximum Vg, is
1.0V at 100 mA. Typical Vgu¢ is 0.75 % at
100 mA with a V, C of 4V to 6 V. Maximum
power dissipation is 235 mW at 6 V and 100 mA
sink current.
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LEVEL TRANSLATOR MECL TO DTL: MC317, MC367

ourpur  Ycc Tt 8OV
90 10
2k
‘)
33k
<
100
} a -
>t
750
4 05 06 O3 .

GND = 0V =-
VEE =-5.2V

The primary function of this gate is to act as
ahigh speed interface between MECL logic levels
and those of saturated logic. Operation isidenti-
cal to that of the MC316, MC366 Lamp Driver
except for the elimination of the output driver

When Vgp is applied to PINS 7 or 8,
and PINS 4, 5 and 6 are used as inputs;
the resultant logic is:

4 NOR o
5 9 = 44546 = 4-5-6

6

When VBB7 is applied to PINS 4, 5 or 6,
and PINS 7 and 8 are used as inputs;
the resultant logic is:

7 OR J—
8 9 =748 =1~

cof|

-1.15V

Maximum saturation voltage of 0.45V at
250C is specified for a sink current of 10 mA,
while typical Vgat is 0.25 V. The output volt-
age at no load is essentially Voe. Turn on and
turn off timesarea maximum of 30 ns and 35 ns
respectively while worst case power dissipation

is 75 mW over the full temperature range.

. transistor.
LEVEL TRANSLATOR DTL TO MECL: MC318, MC368
Vee
10 7 04
750 I 750
M ® A'A%
10 b ° - . ° ° ° . 6
9 L 300 285 300 5
< >
2.9k $ <: 2.9k
2.5k
4 p
< e o
3.6k<: 1.24k 2k 2k <I’2k 1.24k T3.6k
8¥0 30 l 2
\ GND VEE
BB -52V
*May be used as VBB source
NEGATIVE LOGIC POSITIVE LOGIC
== _"i F——77
5 LOGIC SPECIFICATION 5 |
6 | 4 4=05:8 By applying DTL input logic levels 6 4=56
| | as defined by logical "0" at 0.4 V [ I
9 and logical ""1" at 5.0 V, corres- 9
| 1 1 =9+10 ponding MECL outputs are obtained j':D—-I— 1=9-10
10 | as defined by logical "0" at -1.55 v 10 ]
| I | and logical ""1" at -0.75 V. | I |
Continued
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This device is used wherever a high-speed
level translator from saturated logic to MECL
isrequired. Turn onand turnoff times are about
15 ns with output rise time and fall time nomi-

respective MECL gate receives a high level
through the voltage divider.The OR output of the
first MECL gate on pin 4 will then go high. The
second translator functions in the same manner

nally 7.5 ns. Maximum power dissipation is for inputs on pins 9 and 10 and an output on pin
120 mW over the temperature range. The satu- 1. The device contains a built-in bias driver
rated logicinputlevels should switch from about that compensates for voltage and temperature
+0.5 Vto +5.00or+ 6.0V for the above speci- variations. This reference voltage is available
fications. to drive additional gates. A maximum fan-out of
23 is available. Both translators perform the
The dual translator operation is as follows: positive AND logic function.

If inputs 5 and 6 ‘are high, the logic input of the

MC369G DUAL-2 OR, NOR CLOCK DRIVER AND HIGH-SPEED GATE
MC369F DUAL-4 OR, NOR CLOCK DRIVER AND HIGH-SPEED GATE

Vee

TS

:; 1409 2; 1609 % 2509 1609 :; 140928
* ? N v ] ’ :
j’ _.i/ \| I/ \,L ~J
Rtk ( N didid
i J\ | 4 |

o PRGN S Ry S p——

-
! i
| [
I |
: ‘ i
| q |
[ L |
| < P4 < 2 < 4'5(20 <L 2 |
I 3 2585 500 32.25k2 1.9k 3 35850 5000 |
P e S < <
1 |
| |
[ l l l |
& 60 04 7 2 8 1 Ls é:

D O = e e e = — e ——

o5 010
* 7* 8* NOR 9% OR Vep=-5-2V 10*OR NOR 11*x 12% 3% 14*
, } MC369F ONLY
POSITIVE LOGIC NEGATIVE LOGIC
VH is defined as logical "'1", VL as logical "'0". VH is defined as logical 0", VL as logical "'1".
P——————— 1 P ————————— -

= 5+6

9 | — 9 o
10 i1 - 510 10— =1 =910
! l8 = 9410 ! 8 =9-10

D o
= R
1] n

o

g

S|

D w;
PCRIIS

u
3 3
o o

The Clock Driver is a very low outputimped-
ance device (about 59) and exhibits very fast rise
and fall times. Because of its low output im-
pedance and fast rise times, precautions must
be takento reduce ringing in circuits employing
the device. The device will fan-out to one or two
flip flops (J and K tied together) with a typical
rise time of less than 4 ns. Also, a fan-out to
20 flip flops may be achieved with typical rise
times of less than 9 ns.

Operation of the gate is the same as a stand-
ard MECL gate with the exception of lower re-
sistance values and higher power dissipation.
Typical characteristicsat a fan-out of 10 MECL
gate loads are: rise time 4.0 ns, fall time 5.0
ns, propagation delay time 5 ns, and power dis-
sipation 240 mW.

Continued

10-21



Considering that in a clockdriver application,
a flip flop may be inhibited with a minimum "1"
level and that overshoot may appear on a maxi-
mum '"'1" level clock, worst case allowable over-
shoot isonly 100 mV over the temperature range.
For room temperature applications overshoot
should be limited to 150 mV. If a lumped capa-
citance load is added to the clock driver output,
overshoot and ringing will be noted. The follow-
ingis asimplified equivalent circuitfor the clock
driver output where: R = incremental output im-
pedance of the emitter follower. L = the induct-
ance of 1" of wire. _C = the capacitance of 10
flip flop inputs with J and K tied together.

52  0.02.H
R L

CAS100pf - X = 142
o l Xc = 149

Frequency of resonance = 113 MC

This represents anunderdamped series R-L-
C circuit and overshoot will be a problem when
a step function is applied to the input of the cir-
cuit. The following method has been found satis-
factory for reducing overshoot to .100 mV or
less: (1) Keep the output lead of the device as
short as possible, (2) Tap off from the output
lead with a resistor of appropriate valueto each
input being clocked, (3) Keep all devices being
clocked as close as possible to the clockdriver,
(4)1f overshoot is stilla problem, it may be re-
duced by 30% to 50% by paralleling two outputs,
i.e. two OR's or two NOR's from the same can.
This reduces by half the current flowing through
an output lead.

The following data in the table are given as a
guideline for selectingthe proper resistor to be
used in series with each flip flop input. Power
supplies were bipassed toground and all loading
flip flops were kept within 3 inches of the clock
driver.

TABLE OF OVERSHOOT AND RISE-TIME

VS. RESISTANCE AND FAN-OUT

FO =1 R = 09 FO =2 R = 0Q FO =3 R = 0Q
S P S P S P
os tr 0os tr 0s tr 0s tr 0os tr 0s tr
50 mV 3.4 ns 25mV 3.4 ns 115mV ~ 3.4ns|70 mV 3.4 ns 175 mV  3.5ns{105mV 3.4 ns

FO =5 R = 2009 FO =10 R = 200 FO =10 R = 3302
S P S P S P
oS tr 0os tr 0s tr 0s tr 0s tr oS tr
120mV  5.5ns | 95 mV  5.5ns 180 mV 5.9 nsfl40 mV - 5.6 ns 100 mV ~ 7.1ns|{ 75 mV 6.9 ns

FO = 15 R = 330Q FO =10 R = 470Q FO = 20 R = 4709
S P S P S P
oS t os t 0os t os t 0os t 0os t
T T T T T T
135mV  7.3ns |100mV 7.1 ns 50 mV 8.4ns|40mV 8.4 ns 100 mV  8.6ns| 70 mV 8.3 ns

FO = fan-out of clocked flip-flops

S = single gate output

P = paralleled gate outputs (from same can)

OS = overshoot in millivolts

t_ = rise-time in nanoseconds
at input to a flip-flop




MECL SYSTEM APPLICATIONS
This section of sample applications of MECL obtained. Also additiona] gates are saved by
is included to illustrate the use and versatility using the wired-OR feature of MECL.
of this family. Note the short propagation times
MECL ASYNCHRONOUS PARALLEL FIVE BIT ADDER
*
Y14 10 0 9s
0 &, 8 4 MC304 1
1 HA OR f—t X%
1B 9 1 MC354
0B —xH7 6
_______________ 1
14 10 0 r i e FT 1 1
4 [l ® 4 S
L I S
2
1B, 9 NE | L +—r1° 6 lo
0 By 7 I 1 7 l
I 8 5 I kK
[l ] PY l
T !
I I 1
04, 10 0 10 1 1
1 A; 8 4 : 4 IR I 0 4 S4
HA 9 8 HA
0 B4 0 I l/ ! r—L 9 0
1 B4 7 6 ! I 1 1], 6
I 12 13 MC313/MC363 I
S S A 4
ok
s (I I S I e
0 Ay L 4 i 1> : 1 " 4 )
0 BS 9 1 I/ 1 [——1 9 0
15, 7 i I 1 ! 7 6
* | 6 5 ' kK
1 —y
14 10 | I e
16 4|0 L o l\ | 1 Y KR
0B g8 ., i 11 > | & . 16
1 Byg 9 1 l/ \ r—l 9 0
0 B 7 6 I T 1 7 6
16 | 12| L1 |
63
e ¥ MCS18/MESSS |
Kk 1
S S32
OVERFLOW
DEFINITIONS:

The table illustrates the addition of two 5 bit HA = Half Adder MC303 or MC353. A logical
binary numbers. The subscripts give the deci- "1" is defined asarelatively high level (-.75 V).
mal equivalent weights of the binary bits. Logic A logical ""0" is defined asa relatively low level
levels for the example are shown in the logic (-1.55 V).
diagram.

. NOTE: The inverters are obtained from 2-quad
two-input gates. If desired, 4-dual two-input
gates may be used instead of the 14-pin MC313/

TYPICAL EXAMPLE MC363.
- pr "Can Count" = 9 Half Adders, 2 Quad 2-input
A B "'S" "e! gates, 1 Bias Driver = 12 "cans".

AUGEND | ADDEND SUM CARRY The 5-bit adder requires 9gatedelays foracar-

Al 1 Bl 1 Sl 0 cl 1 ry toripple through from the first Half Adderto
the overflow output. The total propagation delay

Ay 1 | B, 1 S, 1 Coy 1 time is approximately 60 ns.

A 0| B 0 S 1 C 0

4 4 4 4 *Logic Levels are for the example shown in the

Ag 1 B8 0 Sq 1 Cg 0 table. . -

A 1 |[B 1 |s 0o | c 1 **The Bias Driver connects toeach gate requiring

16 16 16 16 external bias.

***Qutputs are wire OR'd together.
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ASYNCHRONQUS 10-BIT MECL COMPARATOR
(Employing the HALF-ADDER as an exclusive OR)

A 10 Ay 10
By 9 By S a
i A 8 s
= 48 2 4
B, 7 h_'l B, 7 —1
Ag 10 Ay 10
B, B, 9
= HA = HA
3 —8 AL 4 8 AE
B3 —_—T _l B4 7
Ag 10 Ag 10
B B 9
3 % Ha KE HA
A5 8 AE %6 8
By —7 Bg 7
Ay 10 Ag 10
o ’ S
o g A K s 0
7 48 g B
B 7 _] By 7 I
Ay 10 Ao 10
B, B
9 9 10 9
&, s HA o s HA
= 48 5— 45
By 7 Bio |7 |
BIAS DRIVER OUTPUT TO
MC304 PIN 1 OF OTHER GATES
OR
MC354
HALF ADDER Truth Table
A | B|A| B |ouT
Pin # 10 9 8 7 4
Lo Lo Hi Hi Lo
Lo | Hi | Hi | Lo | Hi
Hi | Lo | Lo | Hi | Hi
Hi Hi Lo | Lo Lo

This circuit employing only 12 devices indi-
cates asynchronously whether or not the data
from two sources (A and B) agree. If any one
of the Half Adder gates (HA) has a pair of input
bits that are different, the gate will have a high
level output. The Half Adders are wire-OR'd
together two at a time resulting in five outputs
which drive a 5-input OR gate. The circuit out-
put will be highif any datum from source A dis-
agrees withthe corresponding datum from source
B.

The circuit has many uses such as enabling
the step counting of a register until its output
agrees witha given input. Totalpropagation de-
lay time from input to output is approximately
15 ns. This high speed is an important asset in
fast analog to digital conversion. As many bits
as desired may be compared with similar propa-
gation delay time by wire OR'ing the output of
another 5-input OR with the one shown or by using
an expandable gate instead of an MC301 or MC-
351.
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MECL — 10 COUNTER
’ Q ’ Q J Q ’ Y .
K FF K FF K FF K FF 1
£ 7o i 2 | —5 744 10
— _ Q _ Q>
INPUT 2 ab—4 | % a - a ° Q
NOTE:
ST‘;TE f;f 1;;‘ i‘:l; if 1. A positive going J, all other inputs to FF
low, sets FF to "1". _
0 0 0 0 0 2. A positive going K, all other inputs to FF
1 1 0 0 0 low, sets FF to "0".
3. Ingoing from state 4 to 5, the "1"" from FF
2 0 1 0 0 3 is fed back tothe J inputof FF 1 while the clock
3 1 1.1 o 0 waveform is still highand inhibiting the flip flop.
If the up-time of the clock is too short, the J
4 0 0 1 1 input may set FF 1 to the "1" state causing an
5 0 0 0 1 error.
4. FF 2 and 4 are connected in the toggle mode
6 1 0 0 1 and simply divide by two. -
7 -0 1 0 1
8 1 1 0 1
9 0 0 1 0
10 0 0 0 0
The main advantage of MECL counters (be- put first in the chain (yielding {/2); inputs of 30
sides speed), is that any desired count may be MHz may be employed. The output in the sec-
obtained without additional gates. The maximum ond case is not symmetrical which maybe adis-
input frequency (f) of the configuration shown is advantage. Further information on counters
about 15 MHz, without selection of units. If both clocked and asynchronous may be found in
MC314, MC364 flip flops are used and FF 4 is AN-194 and AN-257,
MECL 4-BIT SHIFT REGISTER
- J J J J
7 2
X Q— K QU K Q— K Qp—
1 )—— FF FF FF FF
#1 #2 #3 #4
= = 1 a p = = =
F a I c a T o—
CLOCK ) RESET i
FLIP FLOP Truth Table
KO——10 INPUT| _ | _ [ _ | 4
_ mcsie P —oR STATE| T | K | T |Q
JO—7  mc364
- g [ 0 Q"
3 MC308
8 MC358A _ 1 0 0 1 6'!1
g 4 —0Q
9 2 0 1 1 1
3 1 0 1 0
CLOCKED JK OPERATION 4 1 1 1 Qn
continued
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Information received in a shift register will
normally be of input state 2 or 3 as shownin the
truth table, i.e. inputs of opposite levels. It is
seen from the table that the level of the K input
will be stored in the flip flop, after a dynamic
clock, and appear at the Q output. After the
first flip flop inthe shift register, changes state,
the J and K inputs of the second receive their
data. Since the "up time" of a clock waveform
is longer than the propagation delay time of a
flip flop, a following flip flop is inhibited while
the J and K inputs may be changing levels. Since
propagationdelay is of noimportance, itappears
that the maximum shift frequency is the same as
the maximum toggle frequency. This is almost
true with one exception: If the zero level from
the previous flip flop into the J or K inputis more
positive than the zero level of the clocking wave-
form, thena smallportionof the clock waveform
will be inhibited. This reducesthe effectiveam-
plitude of the clock. (Note the schematic of one
of the flip flops shown previously.) Since maxi-
mum toggle frequency depends upon clock am-
plitude, a reduction in typical operating speed

for agiven flip flop maybe seen. For good clock
waveforms and amplitudes, shift frequency is
essentially the same as minimum guaranteed
toggle frequency.

The Reset input may beused to set every stage
to zero if desired, or a combination of Set and
Reset inputs may beused to obtaina given count
prior to shifting. If the D.C. Set or Reset input
is at a high level when the clock also goes high,
an undesirable voltage spike will be transmitted
to the flip flop output. Therefore, a flip flop
should only be Set or Reset at other than clock-
ing time, preferrably when the clock is high.

Another application of the shift register is
that of a digital delay. A bit delay of n clock
pulses may be obtained between the input and
output of a shift register containing n flip flops.
Also the output of a shift register may be fed
back to the input to form a ring counter. One
bit may be inserted in a ring counter and recir-
culated to form a simple bit time generator for
clocking computer decisions.
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MECL 70 MHz J-K FLIP-FLOP

INTRODUCTION

This note presents a thorough characterization
of the MC1013/MC1213 J-K flip-flop, which is a member
of the new High Speed MECL II family. Both typical and
worst case data for system design are given. The flip-
flop is versatile in logic- designs since four J and K in-
puts are provided. The typical operating speed of 85
MHz permits many high speed applications that were only
possible with discrete components.

Figure 1 presents the truth tablesand pin layouts
for the flip-flop.” The device is available in the dual in-
line 14-pin plastic package (0°C to 75°C) and the 1/4" X
1/4" 14-pin ceramic flat package (-55°C to125°C). Fig-
ure 2 is the device schematic with nominal resistor
values. Circuit operation is the same as explained in
AN-244 for the MC314/MC364 flip-flop.

The desired input levels are those of a standard
MECL gate (see AN-244) i.e., a nominal voltage swing
of 800 mV from -.75V to -1.55V at 25°C. Since capa-
citive coupling is internally employed, the device will
accept large variations from the nominal values. In
fact, 10 to 20 MHz may be added to the typical toggle
frequency at 25°C by "overdriving'' the clocked or toggle
input with a 1. 2V signal between the levels of about -0. 4V
and -1.6V and keeping the rise and fall times to 2nsor
less.

Figure 3 is the recommended circuit for driving
the flip-flop from a pulse generator. For optimum per-
formance, the lead lengthinto and out of the 2N3959 must
be kept short to prevent excessive overshoot. The 2N3959
is a 1.8 GHz device and gives good performance down to
1 ns rise and fall times. Output impedance is less than
20 ©. This circuit closely approximates the output of
the MC1023 clock driver which will be available in the
first quarter of 1967. The MC1023 exhibits a typical
rise time of 2.0 ns and fall time of 3.0 ns at a fanout of
10 (5 J-K pairs) where lead lengths are kept to one inch
or less. Each J-K pair should havea separate input lead
to the clock driver output if point to point wiring is used.

Other devices in the MECL family will also drive
the MC1013/MC1213 satisfactorily at slower risetimes,
resulting in slightly lower operating frequencies. The
MC369G, MC1050, MC1051, MC1052, all exhibit typical
risetimes of 4.0 ns and fall times of 5 ns at a fanout of
5 clocked flip-flops. The flip-flop itself makes a satis-
factory driver with a typical output impedance of 15¢,
risetime of 4 ns, and fall time of 5 ns at a small fanout.

MC1013/MC1213 CHARACTERISTICS

Thefollowing curves are most useful in describing
the various parameters of the flip-flop under different
operating conditions. The worst case data shownis con-
servative and may be used for system design purposes.
If good system layout techniques are employed, the worst
case system data observed will be better than that shown
in the graphs. Poor system layout such as long induc-
tive leads, high lumped values of capacitance, and un-
necessarily large fanouts can reduce the typical operating
speed considerably below 70 MHz.

Figure 4 illustrates the typical and worst case
toggle frequency (or divide-by-two parameter) of the
flip-flop. The guaranteed minimum toggle frequency of

GND
I14 I 2 R-S Truth Table
g —1
—7 Vec s N I
Ay
-1 J Q .;3. Pin# |12 | 2 13
MC101
—46 J Cor 3 0 0 Qn
81 wmcu o1 T
2 i4 g | 1 110 0
10]{_
ET 1|1 | ND.
g Vgg R —
ALL J-K INPUTS
17 ‘12 ARE STATIC
5.2V
Clocked J-K I
Truth Table T-Kp, Truth Table
J K C. n b = n+l
IR |C|Q L, | % | @
g i i 13 Pin # * * 13
g | g 0 Qn 5 5 &
on
EBE 1 Q 5 - -
. 1 1 1 3 o N
1|0 1 0 T n &
1 1 1 Qr

ALL OTHER J-K INPUTS
AND THE R-S INPUTS ARE
AT A "0" LEVEL

ALL OTHER J-K INPUTS
AND THE R-S INPUTS ARE
AT A ""0" LEVEL

NOTES
1. N.D. stands for NOT DEFINED

2. *Any one of the T or K inputs may be used.

3. **Any J and K inputs may be tied together
to form CD eg. pins 6 and 8

4. -0. 75V nominal is defined as a logic 1" or
high level and -1.55V nominal is defined as a logic
"0" or low level. J and K refer to static levels
while Jp, ED: CD refer to dynamic positive-going
transitions for a "1".

A high level on a J input inhibits the flip-flop
from being set by a Jp input. Likewise a 1" level
on a K inhibits a Kp from resetting the flip-flop.
The J and K inputs perform the "OR'* function in
preventing a Jp or Kp from setting or resetting
the flip-flop.

FIGURE 1 — MECL 11 J-K FLIP FLOP LOGIC DIAGRAM
AND TRUTH TABLES

70 MHz at 25 C isinternally guard-banded by the manu-
facturer to prevent correlation problems with the cus-
tomer. The toggle test is run with the circuit shown in
Figure 3 with 800 mV input amplitude, less than 2.0 ns
rise and fall times and a duty cycle of 50%. This test
also assures a minimum allowed down and up time of
7.0 ns for the clocking waveform at 25°C (measured at
the 50% levels). The worst case down or up time over
the full temperature range is 9.0 ns. This corresponds
to a worst case toggle frequency of 55 MHz at 125°C.
The loading on the flip-flop has a negligible effect upon
toggle frequency due to the emitter followers thatisolate
the flip-flop from the load. With the test input as stated
above, a small percentage of the devices will toggle at
100 MHz. Slower rise and fall times will reduce this
maximum frequency of operation. It should be noted that
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FIGURE 2 — MC1013 AND MC1213 CIRCUIT
100 ]
90 :
Transistor Output = e — TYPICAL
-0.75V to -1.55V (nominal) S 80 \k
> 70 —
o] [ ——
Z
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FIGURE 3 — RECOMMENDED TEST DRIVER CIRCUIT

a gate with 4 ns rise and fall times can do no better than
a sine wave at 90 MHz.

The typical toggle frequency vs. VEE curve,
shownin Figure 5, illustrates the versatility of the MECL
design that exhibits common mode rejectionof Vg sup-
ply variations. Toggle frequency changes very little for
+20% variations insupply voltage. The flip-flop appears
asanominal 2159 resistive load to the power supply.
Therefore, power dissipation is proportional to the square
of VEg. Ata Vgg of -4V, power dissipation drops to a
nominal 75 mW. At least 90% of the flip-flops will drive
a_ngther device with Vg varying from -3.0V to -8V at
25°C.

The minimum input amplitude required to toggle
or clock the flip-flop at a given rise time is an impor-
tant parameter. This measure of sensitivity varies with
input rise time as shown in Figure 6. All flip-flops ex-
hibit a slope of about 7.3 mV per ns as is shown for the

AMBIENT TEMPERATURE (°C)

FIGURE 4 — TYPICAL AND WORST CASE TOGGLE FREQUENCY
versus AMBIENT TEMPERATURE

typical flip-flop. The maximum variation in slope is
120% which permits worst case design points to bequar-
anteed by the specification points shownin Figure 6. The
worst case limit lines (for least sensitive devices and
most sensitive devices) are obtained by changing the
slope from that of the nominal flip-flop and leaving a
guard-band that insures validity over the full tempera-
ture range. (See Figure 13 ""Typical Sensitivity Varia-
tion VS. Temperature'). The specification points, tested
on 100% of the devices, are: theflip-flop mustnot toggle
on 300 mV input at 5.0 ns rise time and the flip-flop
must toggle at 600 mV input at 20 ns rise time. These
points are guard-banded to prevent any correlation prob-
lems. The worst case design points are: An input of
800 mV and greater than 100 ns rise time will not toggle
the flip-flop. An input of 800 mV and less than 40 ns
rise time will toggle the flip-flop. An input of 250 mV
will not toggle theflip-flop, evenat0 nsrise time. These
worst case values hold for the full temperature range of
-55°C to 125°C.
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Figure 7 illustrates typical and worst case pro-
pagation delay, rise, and fall times for a fanout of one
clocked flip-flop (J and K tied together), The worst case
curves are conservative and, therefore, recommended
for system design at a fanout of two. tpds+- stands for
the propagation delay through the flip-flop from 50% of
the positive going clock input to 50% of the negative go-
ing output. tpd4++ is measured from 50% of the positive
going clock input to 50% of a positive going output. All
clock inputs and outputs are symmetrical and the results
are the same regardless of which inputs or outputs are
used in the measurements.

The typical and worst case delay, rise, and fall
times vs. fanout of MC1000/MC1200 series gates are
given in Figure 8. The MECL II gates exhibit less input
capacitance than the MC300/MC350 series of MECL.
Worst case data for 0°C and -55°C should be taken as
the sameas that shown for 25°C. Typically these values
are slightly better than those shown at 25°C.

The minimum time to toggle after the flip-flop
has been set or reset is shown in Figure 9. Worst case
data are: width of the set/reset pulse 6 ns minimum,
width of the K/J pulse 8 ns minimum, and the minimum
spacing is 8 ns between the falling edge of the set/reset
pulse and the rising edge of the K/J pulse. Times are
measured from the 50% portions of all waveforms.

Figure 10 illustrates the minimum required time
to reset/set after a J/K input has been received. This
figure indicates the internal time constants of the flip-
flop. Under worst case conditions the flip-flop will
reset/set with a minimum pulse width of 10 ns, if the
pulseis received 11 ns or more after the J/K input. The
worst case times areapproximately 1 ns longer than the
worst case propagation delay times (Figure 7).
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If the J-K inputs to a flip-flop are spaced far
enough apart in time, they will act as set-reset inputs
(all other inputs at alow level). While if they are brought
close enough together, they will act as a toggle input to
theflip-flop. Figure 11illustrates the minimum required
time toinsure that the K input dominates after a J input.
I the inputs are closer together (time-wise) than that
shown for worst case, the flip-flop may toggle. Time
to dominate may go as low as 2.0 ns at -55°C for some
devices. Therefore, it is recommended that when it is
desired to togglea device, that the particular J-K inputs
be wired together rather than be fed through separate
gates.

The "Power Dissipation vs. Temperature' curve
(Figure 12) is primarily a measure of the device effec-
tive resistance over the temperature range. The worst
case values are given for a single device, but values for
worst case system design may be moved closer to the
typical curve if desired. This is due to the averaging
effect of multiple devices. Typically power dissipation
changes less than 3 mW from D. C. to the maximum op-
erating frequency of a given device. An unloaded flip-
flop actually shows a decrease in power dissipation of
about 2 mW from D. C. to above 70 MHz.

The sensitivity variation of a flip-flop (minimum
input amplitude to toggle) vs. temperature is almost lost
in measurement uncertainties. Typically, variations
are well within +10% which is insignificant in a system.
Figure 13 illustrates that the typical deviceis more sen-
sitive at -55°C than at 125°C. The sensitivity tracks
very well with typical output amplitude vs. temperature
which is shown in Figure 14.

The sensitivity of a flip-flop changes with supply
voltage (VEE) as does the output amplitude. Figures 15
and 16 illustrate the tracking capabilities of sensitivity
and output amplitude vs. VEE. It is seen that tracking
is very good for *30% variations in VEg. The higher
sensitivity at reduced VEE suggests using the device as
an RF amplifier, which also divides the input frequency
by two. The effective gain through the flip-flop is typi-
cally greater than 2.5 at Voc = -4.0 V.

ADDITIONAL FLIP-FLOP CHARACTERISTICS

The flip-flop may be set and reset at a rate in
excess of 100 MHz. The optimum pulses in this mode of
operation are from 4 to 5 ns in width with rise and fall
times of less than 2 ns. The MC1013/MC1213 flip-flop
exhibits a tighter distribution of parametersthan devices
in the MC300/MC350 Series. 90% of the devices exhibit
less than #20% variations in propagation delay, rise, and
fall times. Also, the maximum toggle frequency varies
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p ++ _ f
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FIGURE 7 — PROGAGATION DELAY TIMES, RISE TIME,
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onlyabout ¥15% from thenominal value of 85 MHz. Each
J and K input should be considered as a load of one,
making a clocked input equivalent to a load of two. The
maximum recommended fanout for the flip-flop is 15,
above which, fall times become excessive. At low op-
erating frequencies, fanout may be greatly increased if
waveform deterioriation is considered inthe design. The
device has a guaranteed D.C. fanout of 25 which corre-
sponds to a worst case of 2.5 mA load current. The
maximum output current that should be drawn from the
flip-flop is 10 mA which will decrease the nominal "1"
level at no load by about 150 to 200 mV. If the flip-flop
is used to drive a gate, the ""1' level noise immunity is
reduced toabout 50 mV under these conditions. At large
fanouts, fall time and tpg,. will be decreased if anaddi-
tional resistor is wirerﬁ)etween the output and VgEg.

It should be noted that if a DC set or reset input
is at a ""1" level and the J-K inputs are clocked, that a
"glitch" will appear on the outputs. This glitch may be
of sufficient amplitude to toggle or clock another flip-
flop tied to the Q or Q output. This condition is the same
as applying both a set and reset input to a current mode
R-S flip-flop where both outputs tend to go toa Vgpg level
(half-way between "1'" and "0"). This glitch may be
minimized bya clock of low amplitude and slow risetime,
but good system design eliminates this situation.

The worst case shift frequency depends upon the
slowest flip-flop in the shift register. For a shift reg-
ister without gating, the worst case shift frequency is
essentially the same as the worst case toggle frequency
of the slowest flip-flop éemployed in the register, There-
fore, the worst case shift frequency is 70 MHz at 25°C
and 55 MHz at 125°C.

This flip-flop is most useful in high frequency
counters, phase locked loops, frequency synthesizers,
special counters, logic designs that require additional
J and K inputs, and high speed registers in the arith-
metic portion of digital computers.

SUMMARY

The MC1013/MC1213 flip-flop is a versatile high
frequency device that more than doubles the maximum
operating frequency of a MECL system. The worst case
data given in this note are conservative and, therefore,
intended for system design. Due to the high frequencies
of operation, performance depends heavily upon system
layout. This MECL flip-flop will work best when used
with multilayer printed circuit cards where lead lengths
have been minimized. This flip-flop is characteristic of
MECL II devices which operate in the 5 ns region with
typical system loads.

FIGURE 8 — PROPAGATION DELAYS, RISE TIME, FALL TIME
versus FAN-OUT AND TEMPERATURE
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FIGURE 9 — MINIMUM TIME TO TOGGLE AFTER SET OR RESET
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USING SHIFT REGISTERS AS PULSE DELAY NETWORKS
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FIGURE 1 —MC1013/MC1213 J-K FLIP-FLOP
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FIGURE 2 — FLIP-FLOP LOGIC BLOCK, J-K AND R-S TRUTH TABLES
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With the availability of flip-flops that will shift
at rates in excess of 70 MHz, high speed shift
registers are easily fabricated. These MECL II
devices allow a shift register to be employed
as a variable digital delay line in many appli-
cations. The pulse width degradation and delay
errors are shown to amount to uncertainties of
a maximum of one clock period for asynchronous
inputs. This would amount to 20ns for a 50 MHz
shift register.

The flip-flop used in this application note is
the MC1013 (0to 75°C)or MC1213 (-55 to 125°C).
The device isa J-K type flip-flop with four J and
four K logic inputs, one Reset input, one Set in-
put, and Q-Q outputs. The 70 MHz flip-flop is a
member of the MECL II Multifunction family
which is available in the dual in-line, 14 pinplas-
tic package (0to 75°C) and the 14 lead 1/4"x 1/4"
ceramic flat pack. Flip-flop specifications are:
minimum toggle frequency = 70 MHz at 25°C;
typical toggle frequency = 85 MHz. Oversensi-
tivity (adequate noise immunity) — the device will
not toggle at 5ns rise timeand less than 300 mV
input. Adequate sensitivity —the device will tog-
gle at 20 ns rise time and an input greater than
600 mV. The flip-flop will toggle on rise times
of 40nsor less at the nominal inputamplitude of
800 mV. Worst case toggle and shift frequency
is 55 MHz or better over the full temperature
range, -55°to +125°C. Operating voltage is
-5.2 V with negligible degradations in character-
istics for +20% variations in supply voltage. Typ-
ically rise, fall, and propagation times are from
3.0to 7.0 ns.



Figure 1 gives the schematic of the MC1013/MC1213
with nominal values of resistance. Circuit operation is
the same as explained in AN244 for the MC314/MC364.
The onlydifferences are the extraJ and K inputs and im-
proved processing thatdecreases internal time constants,

Figure 2 illustrates asingleflip-flop logicblock
connected as a single stage of a shift register. The J-K
and R-S truth tables are also shown in the figure. For
shift register operation, the J and K inputs are always
complements.

DELAY REGISTER OPERATION

Figure 3 is the logical schematic for an "n" bit shift
register which includes the necessary logic for elec-
tronically controlling the delay of the register in powers
of two, The incoming data to be delayed is considered
to be asynchronous with the internal clock oscillator
and random in nature. The input data (D) might appear
as shown in Figure 4. The figure illustrates typical
waveforms that would result from Dj and a 50 MHz
clock.

G] is used to split the input into Data (D) and Data
Not (D) since the remaining logic requires comple-
mentary data (dual rail logic). The OR and NOR outputs
of a gate have essentially the same propagation delay so
output skew is no problem. G2and G3form a logic switch
that "switches off" the input data whenever C is low (C
high). This prevents the undesirable transfer of datainto
the first J-K flip flop while the clock is at a low level.
If the clock input to a J-K flip flop is low, a positive
going waveform on J would SET the flip flop to the "1"
level (Q high) or a positive going waveform on K would
RESET the flip flop (Q low). This feature is undesirable
in this application.

Gates G4 and Ggform an R-S flip flop that stores the
previous input data while C is at a high level. On the
positive going transition of C, the data stored in G4-Gg
is shifted into the first J-K flip flop. The J-K is then
inhibited by the high level of the clock. On the positive
going edge of C, new data may be started through G2 and
G3 into G4-G5. The input data is delayed through gates
G through G5 and then an additional delay of T (clock
period) as it is shifted through each J-K flip flop.

Figure 4 illustrates several of the possible timing
conditions that may occur between Dy and the clock
waveforms. For example, Di is low between time 2.3
and 3.3. This is the longest low level on the input that
will not be recognized by the shift register. From the
timing diagram, it is seen that if an input is present
for longer than the clock period, it will be recognized
and shifted through the register. The low level data
between 4 and 4.5 is present long enough to be recog-
nized, and is stretched to one clock period in length
by the input gating and flip flop #1. Also the positive
pulse between time 12 and 12.5 is long enough and in
the proper position to be recognized.

The input levels fo-fg, shown in the lower portion of

Figure 3, allow the selection of the clock frequency Z_m

where m is the number of theflipflops used to divide the
basic frequency of the clock oscillator. Inputs fg-fg are
negative logic inputs, i.e. only one input should be low
at a time. The low input will enable the desired clock
frequency, If all inputs go high, the register will store
the data that was being shifted in the register.
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FIGURE 3 — DELAY REGISTER DIAGRAM
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The preferred gate for Gj through G7 is the MC1023
which is a clock driver and high speed gate, This device
exhibits typical propagation delays, rise, and fall times
of 2ns. Two clock drivers are shown in Figure 3 where
it is assumed that the number of stages in the register
is ten or more. The MC1023 is a dual 4-input OR-NOR
gate. By using both gates, 10 flip flops may be driven
with a typical rise time of 2ns and fall time of 3.0ns,
If lead lengths are kept short and low inductance printed
circuit wiring employed, the register as shown in Figure
3 will shift at clock rates in excess of 70 MHz at room
temperature.

Typically the delay through the input gating using the

MC1023 is a minimum of 6ns or a maximum 6ns +g

This amounts to a minimum of 6ns anda maximum of 16ns
for a 50 MHz clock, depending upon the relative position
of the data and the clock. The delay from Dg to Dj is a
minimum of %’ plus the delay of flip flop 1 or a maxi-

mum of T plus the flip flop delay. For 50 MHz operation,
this yields a minimum of 15ns or a maximum of 25ns.
The total delay from Dg to Dj is then a minimum of 21ns
or a maximum of 41ns. The incremental delay from flip
flop 1 to flip flop 2 is T and so forth throughout the delay
register.

Assuming a 50% duty cycle clock, delay uncertainty

of input information is % and the maximum length

of an input datum that may not be recognized is T.
Also an input datum may be lengthened or shortened by
as much as 7. The delay of the register shown, using
the recommended devices is approximately 1lns + nT
+ %’, where n is the number of MC1013/MC1213 J-K

flip flops between the input and desired output, and T
is the period of the clock waveform.

Further improvement in delay register characteristics
may be obtained by using the MC1022 "D" type flip flop.
The input is single rail, eliminating the need for Gj.
Since the flip flop operates onthe master slave principle,
gates G2 through G5 may also be eliminated. The data
input is then brought directly into the flip flop with no
additional gating. The delay through a register using the
MC1022 is approximately 5ns + nT + I where n is the

number of "D'" flip flops used including the first stage.
Typically the "D" type flip flop will operate at greater
than 60 MHz allowing values of T as small as 16.5 ns.

SUMMARY

The MC1013/MC1213 may be used in shift register
applications at speeds greater than 50 MHz over the
specified temperature range. Incremental delays of 20ns
are easily obtained and continuously variable delays are
possible with variable clock frequency.
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OVERSHOOT AND RINGING IN HIGH SPEED DIGITAL SYSTEMS

Whenever a switching circuit with low output impedance
and fast risetime is used to drive a signal lead that is
connected to several gates, overshoot will be present.
The term overshoot, as used in this note, is defined as
the peak to peak voltage difference between the most
positive portion of the rising edge of a waveform and the
"1" logic level of the waveform after all transients have
decayed. In general, the lower the output impedance of a
gate, the faster the risetime, the longer the wiring
length, and the larger the fanout, the greater the over-
shoot caused when switching occurs. This note contains
several tables and sets of photographs illustrating the
overshoot that can be expected under various worst case
configurations and loadings. Methods of overshoot reduc-
tion are applied with tabulated results from which general
conclusions and guidelines are drawn,

The exact simulation of an integrated circuit load or the
loading of several devices is extremely difficult with
passive components. This is due to the complex and
non-linear input impedance of a MECL device. The input
capacitance goes through a peak value of approximately
15pF during a logic transition and averages out to less
than 5pF over the entire logic swing. The input resistance
will be about 50K® (worst case) at a logic ''1" level.
The input resistance will decrease exponentially if
saturation of the MECL input is approached. (A MECL
gate may be driven into saturation by sufficient over-
shoot on the input waveform, especially at high tempera-
tures.) For system design purposes a worst case input
capacitance of 5pF per device input and a 50k resistance
to VEE may be utilized. If sockets for the gates are used,
an additional 1pF should be added per gate input. Wiring
capacitance using teflon coated wire is about 1 pF per
inch. Inductance per unit length of wire is about 0.02 pH
per inch., These values will vary by a large amount
depending upon "lead dress' and, therefore, should be
considered only as 'ball park" figures. When circuit
measurements are being made, oscilloscope probe capac-
itance should be considered. The cap.ritance of a probe
will vary from 1.8pF to about 10pF depending upon the
probe design,

Attempts were made to simulate the loading caused by
various fan-outs with discrete components. The best
simulation was obtained by the following circuit, Figure
1, which will help to explain the parameters affecting
overshoot, Rg stands for the output incremental re-
sistance of the gate used as adriver, Values are approxi-
mately: MC301--20Q, MC365--12@, MC369--52. L is
the series inductance of the signal lead and Ry is the in-

RO L
—r‘ O—AM—YYY OJ\N
cC T~
INPUT . L OUTPUT
WAVEFORM s :»RT WAVEFORM
R‘D < 2
b3
o— 2}

put resistance of the gates used as the load. C is the
shunt capacitance caused by the fan-out, wiring capac-
itance, socket capacitance, and probe capacitance. The
value of C is 8-10pF per fan-out, Rp is necessary to
damp out excessive overshoot which is caused by the
lumped value of C. C is chosen to give rise time equiva-
lent to the measured value for the given fan-out. Rp is
on the order of 209 with higher values for small fan-
out and smaller values for large fan-outs.

This load only simulates overshoot andrisetimeas can
be seen by comparing photographs 2, 8, and 14 with 5, 11,
and 17 respectively. The period of oscillation is longer
for the simulated load, indicating that the value of C is
higher than with the actualload. Theeffective capacitance
of the actual load may be shown tobe about 6-7pF per fan-
out, i.e. 2-3pF less than in the simulated load. The
difference in period of oscillation and damping indicates
just how approximate the simulated load is.

How much overshoot can occur under worst case con-
ditions in a MECL system? This question is answered
by the data which are shown in the following tables.
These data were obtained by using the MC301, MC365,
and MC369 gates as drivers. MC356' sand MC364's were
used as fan-out devices. Lead lengths of 3", 6" and
12" were used with the loads constructed on printed
circuit boards and plugged into a single socket which
terminated the particular lead. This simulates a worst
case situation since fan-out is not usually lumped at the
end of a single lead. The devices used as drivers were
picked at random and other devices may give somewhat
different results due to output impedance and output
risetime.

How much overshoot can be tolerated in a MECL
system? This question is relatively easy to answer in
the case of driving flip-flops, but becomes more diffi-
cult when referring to gates. When driving flip-flops,
one J input may be clocked and the other inhibited at a
worst case "1" level, If the level of the clocked J input
exceeds the inhibiting level on the other J input by more
than the required amplitude to toggle a sensitive flip-
flop, then false information may be passed into the flip-
flop. For room temperature operation, overshoot should

DRIVER 3" LEAD LENGTH | 6" LEAD LENGTH | 12 LEAD LENGTH
GATE | FAN-OUT g RT | OS RT | OS RT

MC301 | 2-MC356 | Smv 8.9ns| 10mv 7.7s | 50mV 6.8ns
MC301 | 5-MC356 | 40mV 9.2ns | 60mV 8.5ns | 110mV 8.0ns
MC301 | 10-MC356 | 90mV 10.9ns | 115mV 10.9ns | 175mV. 11.1ns
MC301 | 15-MC356 | 95mV 12.1ns | 135mV 12.0ns | 200mV 12.3ns
MC365 | 2-MC356 | 40mV 6.7ns | 70mv 6.2ns | 145mV 5.4ns
MC365 | 5-MC356 | 80mV 6.9ns | 140mV 6.6ns | 215mV 6.6ns
MC365 | 10-MC356 [150mV 8.2ns | 205mV 8.2ns | 270mV 8.4ns
MC365 | 15-MC356 [180mV 9.0ns | 220mV 10.0ns | 300mV 10.3ns
MC369 | 2-MC356 | 80mV 4.2ns | 200mV 4.5ns | 300mV 4.4ns
MC369 | 5-MC356 [120mV 5.2ns | 220mV 5.5ns | 330mV 6.3ns
MC369 | 10-MC356 (180mV 7.4ns | 220mV 7.7ns | 350mV 9.1ns
MC369 | 15-MC356 (200mV 8.9ns | 270mV 9.0ns | 370mV 9.9ns

FIGURE 1 — APPROXIMATE EQUIVALENT CIRCUIT

TABLE 1 — MEASURED OVERSHOOT AND RISE TIME MC356 AS LOAD
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DRIVER co:.f;:ou 3" LEAD LENGTH | 6" LEAD LENGTH |12 LEAD LENGTH
GATE |FAN-OUT[ o RT P = & T
MC301 | 1-MC364| OmV 7.5ns| OmV 7.8ns| OmV 6.0ns
MC301 | 2-MC364| 45mV 7.50s | 70mv 7.3ns | 135mV 7.2ns
MC301 | 5-MC364| 85mV 8.6ns | 130mV 8.8ns | 200mV 8.8ns
MC301 [10-MC364 |160mV 12.9ns | 190mv 13.0ns | 270mV 13.5ns
MC365 | 1-MC364| OmV 6.ns | omv 4.ns | 55mv 4.8ns
MC365 | 2-MC364 |100mV 5.90s | 165mV 5.8ns | 250mV. 6.0ns
MC365 | 5-MC364 |160mV 6.7ns | 210mV 6.9ns | 3domV 7.3ns
MC365 [10-MC364 [180mV 9.9ns | 230mV 11.3ns |370mV  11.5ns
MC369 | 1-MC364( OmV 4.5ns | 50mV 4.1ns | 280mv 4.1ns
MC369 | 2-MC364 |180mV 4.9ns | 280mv 5.0ns | 350mV. 5.4ns
MC369 | 5-MC364 |250mV 6.0ns [ 340mv 6.4ns | 420mV 6.4ns
MC369 [10-MC364 |250mV 8.6ns |340mV  9.3ns [440mV  10.1ns

TABLE 2 — MEASURED OVERSHOOT AND RISE TIME
MC364 (CLOCKED) AS LOAD

be less than 150 mV. For worst case design over the full
temperature range (-55°C to +125°C), overshoot should be
limited to 100 mV or less, Although a regular gate will
tolerate far more overshoot than the above-mentioned
values, the worst case value of 100 mV should be used in
system design. If high overshoot levels occur ina system,
problems caused by the cross-coupling of noisefrom one
signal lead to another will be compounded. For example,
if 200 mV of overshoot is allowed, a normal transition
of 800 mV would be changed to a 1V transition, therefore
increasing cross-coupling of noise by 25%.

It is obvious that the worst case values of overshoot
shownin Tables 1and 2 are excessive, How then can over-
shoot be reduced? It can be seen from the approximate
equivalent circuit, Figure 1, that overshoot and the
associated ringing is caused primarily by the values of
L and C which dominate the other parameters for large
fan-outs. Overshoot may be reduced by decreasing Land
C and/or adding to the damping by increasing RgQ or
Rp. The value of L. may be decreasedby running the lead
close to a ground plane or using a flat conductor that
has less inductance per unit length, Figures 3,9, and 15
compared with 4, 10, and 16 respectively, show the
striking difference in overshoot for 12" of teflon coated
wire driving a fan-out of 15gates whenthe wire is touch-
ing the ground plane and whenitisan average of 3" above
the ground plane. The value of C is difficult to reduce.
The equivalent capacitance per gate input may be varied
by perhaps 2pF depending upon the use of sockets or the
direct wiring of the integrated circuits, and the method
of wiring used,

The most effective method of reducing overshoot is the
reduction of L d‘ , the voltage drop across L due to the
rate of change of current. One way to accomplish this is
by decreasing lead length or running multiple wires be-
tween the driver and load. This method is often not
practical. The insertion of a resistor in series with the
lead, thus increasing the series damping resistance, is
the most effective method of overshoot reduction. The
time constant of the transmission path is thenincreased,
therefore causing a trade-off with risetime, The addition
of a resistor causes a DC voltage drop and large values
must be avoided to prevent ""1" level degradation. Table
3 gives the maximum value of series resistance that may
be inserted for worst case design for agiven fan-out and
driver,

Since capacitively coupled flip-flops toggle on peak-to-
peak amplitude and are relatively unaffected by voltage
input levels, higher values of series resistdnce may be

LOADING MAXIMUM SERIES RESISTANCE (Rg)
MAXIMUM | STANDARD GATE| LINE DRIVER [CLOCK DRIVER
DC EQUIVALENT DRIVER MC315/MC365|  MC369
FAN-OUT | LOAD CURRENT R,,=22 R,=15 R,=5
0 0 )

25 2.5mA 0 7 1
15 1.5mA 14 21 31
10 1.0mA 33 40 50
5 0.5mA 88 95 105
3 0.3mA 160 170 180
2 0.2mA 250 260 270
1 0.1mA 530 535 545

. _Av
NOTE: Worst Case values are calculated from Ro +Rg =R}

AV = 55mV maximum allowed "1" level voltage change (no load to full load)
AT = change in load current (no load to full load) for given fan-out

RO = incremental output resistance of driver gate

Rg = series resistance added in lead between driver and fan-out

TABLE 3 — MAXIMUM ALLOWED VALUES OF SERIES RESISTANCE
VS. FAN-OUT

employed. The limit on the values of resistance is
determined by the worst case amplitude vs. risetime
curves which may be found in AN244, The added resist-
ance, if relatively large in value, forms an R-C inte-
gration network which determines the nsetlme. This
may be observed in Table 4.

It is seen from Table 4 that the values of required
series resistance become marginal for high fan-outs
with 12" signal leads when compared to the allowed
values shown in Table 3. Therefore, when driving a high
fan-out with fast risetime it may be more ‘desirable to
use the following method: A separate signal lead and
series resistor fromthe driver to eachfan-outis utilized.
This method may be used for afan-outof 20 clocked flip-
flops using the MC369 as a driver. The risetime to each
flip-flop or gate is appreciably less for this method
than when driving the devices with a single signal lead
and resistor,

Another method of reducing overshoot is the addition
of a ferrite bead around the signal lead between the
driver and the load. This is another method of trading
overshoot for risetime. Advantages of the ferrite bead
are low cost and no shift produced in DC levels, Dis-
advantages are that it is effective for only small fan-
outs, fast risetimes, and long lead lengths. The ferrite
bead adds inductance tothe signal lead at low frequencies,
but this is aninductance of very low Q at high frequencies,
Therefore, attenuation is produced for the high fre-
quency components of the risetime, resulting in a slower
risetime as seen by the load. Once the risetime is re-
duced to about 12ns, the addition of further ferrite beads
to the signal line will not appreciably reduce overshoot
and may actually increase overshoot for slower rise-
times.

The following photographs will serve to illustrate the
data shown previously. All photographs are taken with the
following constants: Horizontal deflection rate lcm per
20ns, Vertical deflection lcm per 200mV, and signal
lead lengths of 12 inches. The following notation is
used for the photographs OS = overshoot, tr = risetime,
and W =1/8", W =0", W = 3" which stand for wire 1/8"
above ground plane, 0" above ground plane and 3" above
ground plane respectively. L stands for load with "A"
being the actual integrated load and ''S'' being the simu-
lated load. Rg is the value of series resistance inserted
in the signal lead. The simulated load used in Figures
5, 7, 11, 13 was C = 150pF, Rp = 15Q, Ry = 3K (refer
to Figure 1), while the simulated loa.d in Flgures 17,
19 was C = 160pF, Ry = 8 ,» Rp = 3K.
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DRIVER 3" LEAD LENGTH 6" LEAD LENGTH 12" LEAD'LENGTH
GATE FAN-OUT | R [ OVERSHOOT|RISETIME R | OVERSHOOT|RISETIME | R | OVERSHOOT|RISETIME |
MC301 | 10-MC356 | O 90mV 10.9ns 5 100mV 11.7ns | 18 95mV 12.8ns
MC301 | 15-MC356 | O 95mV 12.1ns 12 90mV 14.3ns | 12 95mV 14.4ns
MC301 5-MC364 | 0 85mV 8.6ns 13 90mV 9.9ns | 27 100mV 10.2ns
Mc301 | 10-Mc3es |10 95mV 14.2ns 13 100mV 14.6ns | 24 95mV 15.9ns
MC365 | 10-MC356 |10 90mV 9.4ns 15 95mV 9.8ns | 25 95mV 10.3ns
MC365 | 15-MC356 |10 100mV 10.3ns 15 100mV 10.9ns | 24 95mV 11.8ns
MC365 5-MC364 |20 95mV 8.5ns 27 100mV 8.ns | 51 90mV 9.8ns
MC365 | 10-MC364 |13 95mV 11.9ns 18 95mV 12.6ns - | 27 95mV 13.8ns
MC369 2-MC356 | 0 80mV 5.1ns 24 90mV 5.4ns | 62 100mV 6.0ns
MC369 5-MC356 | 5 100mV 5.9ns 24 100mV 6.8ns | 43 100mV 7.6ns
MC369 | 10-MC356 |10 100mV 8.Tns 24 90mV 10.5ns | 33 90mV 11.4ns
MC369 | 15-MC356 |10 95mV 10.2ns 18 95mV 1l.4ns | 27 95mV 12.7ns
MC369 1-MC364 | 0 0 4.8ns 0 50mV 3.9ns | 68 90mV 4.0ns
MC369 2-MC364 |27 100mV 5.9ns 62 95mV 6.ms | 75 100mV 6.8ns
MC369 5-MC364 |22 90mV 7.5ns 39 100mV 8.2ns | 47 100mV 8.6ns
MC369 | 10-MC364 |15 90mV 10.9ns 22 100mV 11.9ns | 33 100mV 13.4ns

TABLE 4 — REQUIRED SERIES RESISTANCE TO REDUCE OVERSHOOT
TO AN ACCEPTABLE LEVEL

THE FOLLOWING SIX PHOTOGRAPHS ARE FOR DRIVER = MC301
FAN-OUT = 15 MC356'S

t =12.3ns t =14.2ns
r r
w=1/8" w=3"
RS =00 RS =09
OS = 200mV OS = 280mV
L=A L=A
FIGURE 2 FIGURE 3
t.= 12.3ns t.= 12, 8ns
w=0" w=1/8"
Rs =090 RS =0Q
T 0S =175mV OS = 200mV
% L=A L=§
1 |
FIGURE 4 FIGURE §
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tr =14.Tns tr =15.3ns

w=1/8" w=1/8"
Rg = 152 Rg =150
0S = 95mV 0S =100mV
L=A L=5§
FIGURE 6 FIGURE 7

THE FOLLOWING SIX PHOTOGRAPHS ARE FOR DRIVER = MC365
FAN-OUT = 15 MC356'S

w=1/8" w=23"
Rs =0 RS =0
0OS = 300mV 0S =360mV
-~ SN EEEE
FIGURE 9
kS
T
ks
tr =9.5ns tr =10. 2ns I
w=0" w=1/8"
RS =0 Rs =0
OS = 280mV 0S8 =300mV
L=A L=S§
t,=1L 8ns t, =13.0ns
w=1/8" w=1/8"
RS =249 Rs =249
0S =100mV OS =100mV
L=A L=§
FIGURE 12 FIGURE 13
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THE FOLLOWING SIX PHOTOGRAPHS ARE FOR DRIVER = MC369
FAN-OUT = 15 MC356'S

te= 8. 8ns
w=1/8"
Rg =0

OS =370mV
L=A

FIGURE 14

0S8 = 360mV
L=A

FIGURE 16

t_ =11.6ns
T

w=1/8"
RS =270
OS =100mV

L=A

FIGURE 18

CONCLUSIONS

It has been shown that overshoot canbe a system prob-
lem for long lead lengths and "lumped" fan-outs and that
the amount of overshoot is primarily determined by
system layout and geometries. Overshoot to typical
fan-outs may be reduced to acceptable levels by insert-
ing resistance of the proper value in series with the
driver output lead. Higher fan-outs may be driven with
fast risetimes by inserting a resistor of appropriate
value in series with the input to each integrated circuit
load, and running a separate lead from the driver to

t_ =12.0ns
r

w=3"

RS =0

OS = 390mV

L=A

FIGURE 15

t_ =9.2ns
r

w=1/8"
R.=0

OS =380mV
L=8

FIGURE 17

t_ =13.4ns
T

w=1/8"
Rs =27Q
0OS =100mV
L=§

FIGURE 19

each resistor. Also, ferrite beads may be used to ad-
vantage for certain configurations of long leads and
relatively low fan-outs.

As system speeds increase and MECL gates with rise-
times of 2ns or less are utilized, these methods will
not be useful for reducing overshoot. Strip line techniques
utilizing multi-layer printed circuit boards, controlled
line impedance, and terminated transmission lines will
solve overshoot problems for logic into the sub-nano-
second region.
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NOISE IMMUNITY WITH

INTRODUCTION

The following material discusses general noise con-
siderations and compares the noise immunity of the new
high threshold devices with standard saturated logic
devices. Some basic illustrations are provided which
indicate the flexibility of usage that may be achieved
with the MHTL family.

Typical characteristics of the MHTL family are:

Single 15-volt power supply

7.5V switching threshold

6 volt signal line noise margins

13 volt logic swing

30 mW gate power dissipation

85 ns gate propagation delay

4 MHz flip flop toggle frequency

-30° to +750C operating temperature range

NOISE INJECTION

Electrical noise has always been a source of trouble
for electronic systems whether they are composed of
discrete components or integrated circuits. Origination
of electrical noise can be from many sources both
external to the electronic system under consideration
and self-induced noise by the circuitry itself. Examples
of external sources would be switching of inductive
circuits, rotating machinery, and various electronic
control circuits as depicted in Figure 1.

Internal noise may be caused by the switching of one
circuit affecting the state of another circuit (Figure 2).
The amount of noise induced into the passive circuit is
a function of the voltage swing, current change, and the
switching speed of the active circuit and the inductive
and capacitive coupling between the two circuits. Coup-
ling may also take place by the use of a common path
for the active and passive devices suchasa power supply
or ground lead. Noise from external sources is induced
into the system under similar conditions. Generally,
noise is a random combination of many sources and as
such is extremely hard to analyze. The net result, how-
ever, is that induced positive and negative spikes relative
to the quiescent condition of a line may cause erroneous
information to be absorbed into the system. This condi-
tion must be avoided if proper operationisto be achieved
by the unit.

NOISE REDUCTION TECHNIQUES

Several schemes have commonly been employed to
reduce the effect of electrical noise on a system com-
posed of integrated circuits. Physical shielding of the
integrated circuits and its associated wiring prevents
external electromagnetic radiation from inducing noise

HIGH THRESHOLD LOGIC

10-43

into the circuitry. Special buffering circuits may be
employed between the electronic circuitsand signal leads
dependent on external sources. These signal leads in
many cases require special routing considerations and
special shielding. Extra filtering of the power supply
leads may be required to reduce the noise introduced by
this route. Internal noise generation may require special
spacingand routing considerationsas well as maintaining
short lead lengths. In some cases the power supply may
need to be by-passed at several points on a board.

The amount of additional components and equipment
necessary to protect integrated circuits from electrical
noise can increase to a point where it is economically
desirable to seek other methods of operation to obtain
the desired results. It would be advantageous to have an
integrated circuit family with a high degree of inherent
noise immunity for economical construction of an elec-
tronic system. This will minimize the amount of special
care needed for proper circuit operation in areas with a
high electrical noise environment.
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A HIGH THRESHOLD LOGIC

The most popular families of integrated circuits in
use today exhibit a comparatively high speed of opera-
tion and have typical threshold values between 0.7 and
1.5 volts. A new type of logic family, High Threshold
Logic (MHTL), has beendeveloped that closely resembles
the modified diode-transistor logic family (Figure 3).
The basic difference is that the high threshold logicuses
a reverse biased base-emitter junction operating in the
avalanche breakdown mode as a threshold element. As
can be seen in the figure, the logical NAND function is
provided by each gate. The inputs of the modified diode-
transistor gate must exceed two forward base emitter
drops or typically 1.5 volts before base current is ap-
plied to the output inverting transistor providing the "0"
state. In the high threshold device, however, the inputs
must exceed the reverse biased base-emitter breakdown
plus one forward Vgg drop or typically 7.5 volts before
the output inverting transistor turns on. Since the other
logic families exhibit a threshold level similar toorless
thanthe modified diode-transistor device, a considerable
increasein threshold level has beenobtained with the new
configuration. The higher threshold incorporated in the

devices demands a higher power supply and a nominal 15
voltsisused. The transfer curve for the basic gate oper-
ating with a 15 volt supply is shown in Figure 4. It can
be seen that for anyinput signal up to 6.5 volts, the out-
put will remain in the high state or above 13.5 volts. A
2-volt margin, from 6.5 volts to 8.5 volts, is used for
the transition regionand guards against variationsbetween
manufacturing lots and temperature effects from -30°C
to +75°C. At 8.5 volts on the input, the output is in the
low stateorless than 1.5 voltsand remains there forany
further increase of the input voltage. This diagram in-
dicates worst case noise margins of 5 volts in both the
high and low states for a Vo of 15 volts while typical
values are about 6 volts.

LOGIC FAMILY COMPARISONS

BASIC OPERATING CHARACTERISTICS

A comparison of basic operating characteristics for
high threshold logic with the standard forms of logic is
provided in the table shownin Figure5. The values given
are typical for an ambient temperature of 25°C and
indicate relative characteristics between the different
families. One difference that should be noted is that the
high threshold logic is slower than the other families.
This characteristic aids in the rejection ofnoise and will
be illustrated in following figures.

GATE
POWER PROPA- DC
DISSI- GATION  NOISE LOGIC
CC  PATION DELAY IMMUNITY SWING
(VOLTS)  (mW) (ns) (VOLTS) (VOLTS)

RESISTOR

TRANSISTOR LogiC | 36 12 25 0.5 1.0

MODIFIED DIODE

TRANSISTOR Locic| 0 8 30 1.2 4.5
TRANSISTOR —

TRANSISTOR LOGIC | >0 15 10 1.2 3.5
HIGH THRESHOLD 5 %0 o . 13

LOGIC

FIGURES - BASIC OPERATING CHARACTERISTICS

SIGNAL LINE NOISE IMMUNITY

Measurements were made on the different logic
families to determine the signal line noise immunity not
only from a voltage margin consideration, butalsofrom a
pulse width and energy point of viewas well. Figure 6-A
illustrates a test set-up to measure immunity of the gate
to noise on the signal lead. Positive going noise was
injected on the signal lead for this set-up with the output
of gate #1 in the low state. When sufficient noise was
injected, the flip-flop driven by the second gate would
begin to toggle indicating the effect of the injected noise.
This type of test not only measures the power needed for
disturbance, but also the pulse width of noise necessary
to propagate throughand cause faulty operationofa driven
device. A series of values of voltage level and injected
current to cause disturbance were taken versus the pulse
width at each corresponding point. Current readings were
obtained as a voltage drop across the pulse generator
resistor. The pulse generator offset voltage was adjusted
to eliminate the effect of its quiescent condition on gate
levels. Voltage threshold as a function of pulse width
isplotted in Figure 6-B. Theenergyof eachlogic family
is plotted in bar graph form at the knee of each respect-
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ive curve in Figure 6-C. For narrower pulse widths,
the energy necessary to cause a disturbance increases.
The high energy value obtained for MHTL is a result of
the high threshold voltage and low gate impedance in this
state.

Figure 7-A illustrates a similar test except that gate
#1 is in the high state and negative going noise is injected
on the signal lead. Similar results are shown in Figure
7-B and C,

GROUND LINEIMMUNITY

Tests were made on the devices to provide information
on the immunity to noise injected onthe ground terminal.
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SIGNALLINENOISE IMMUNITY

The test configuration is shown in thefirstpart of Figure
8. A plot of voltage threshold versus pulse width is given
in Figure 8-B for the worst case condition found for the
particular family dependent on the input state. The energy
relationships are provided in Figure 8-C.

POWER SUPPLY IMMUNITY

A similar test was made for noise injected on the
power supply lead. In this case, the flip flop will only
be affected by negative going noise and the results
indicate worst case conditions for the particular family
dependent on the state of the first gate. The test con-
figuration and results are given in Figure 9.
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The preceding tests were taken with a fanout of one on
the first gate and a fanout of the flip flop only on the
second gate, This condition tends to be an advantage for
the RTL family and the results are somewhat optimistic
in this case.

These comparisons indicate that the high threshold
logic has an appreciable inherent advantage over the
standard families of integrated circuits. In addition, the

higher threshold level present in these devicesprovidesa’

considerable margin that may be used in conjunction with
simplified buffering networks tofilter out excessivenoise
spikes under very extreme conditions.

USAGE

The preceding discussion has generally referred to
the basic high threshold gate circuit. Additional com-
ponents are available, however, which exhibit the same
noise immunity characteristics obtained by reverse
biased base-emitter breakdown action. The availability
of other units such as line drivers, J-K flip flops, R-S
flip flops, and monostables will allow the designer to
construct a complete logic system with a high degree of
noise immunity throughout.
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Situations arise where it would be advantageous to
work into a system that operates at a higher speed than
is obtainable by the high threshold devices. Translation
between high threshold logic and standard logic families
can be accomplished to allow theusage of high threshold
devices as peripheral circuitry to a higher speed logic
system. Thus, the high threshold devices may be oper-
ated in the noise environments and translation may take
place into the lower threshold and higher speed system
at the appropriate locations as indicated in Figure 10.

The higher supply voltage used in this logic family

provides for the convenient interfacing with many discrete
components. For example (Figure 11), the input may be
controlled by a photo transistor so that illumination will
cause the gate output to be high and darkness will provide
a low output state. The output of the gate might feed into
a logic system such that after a specific count would
operate a relay. If a line driver unit were used as the
output element, a2 35mA, 15-volt relay could be employed.
Other components such as lamps, SCRs, or transistors
may also be driven directly at the output. As can be
seen, the uses of the high threshold devices are many
and varied.

o e, e — —— A
| |
| |
|
| ] !

HIGH I HIGH { HIGH
THRESHOLD TRANSLATORS |——  SPEED TRANSLATORS THRESHOLD
LOGIC | YSTEM \ LOGIC
t — 1

INPUT I I OuTPUT

PERIPHERAL i | PERIPHERAL

EQUIPMENT L ! EQUIPMENT

FIGURE 10 - OPERATING AS PERIPHERAL COMPONENTS
LOGIC
AND { o— (]
COUNTERS )
( o Ve

FIGURE 11 - OPERATING WITH DISCRETE COMPONENTS

SUMMARY

The new high threshold logic provides an integrated
circuit logic family with a greater inherent immunity
to electrical noise than is available with standard logic
families. This logic family is ideal for situations where
a large degree of electrical noise exists and where it is
desirable to minimize the additional precautionsneces-
sary to reduce the effects of electrical noise. Input and
output compatibility of the units with discrete components
opens the door for a wide range of device employment.
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OPERATION AND APPLICATION OF MHTL I/C FLIP-FLOPS

INTRODUCTION
The new High Threshold Logic (MHTL) line is
designed to satisfy the requirements for systems that will 2
operate in high electrical noise environments. The basic, 3 ] ©
gate circuit of the family is essentially the same as the s JnRoiogl— 6
MDTL gate circuit with the coupling diode replaced by a PRAE N ©
reverse biased base-emitter junction which operates in the 2 Wy, oF—~
fevi ioh i NUMBERS IN

avalanche brealfdown. mode .thus achle?q.ng a h.1gh input (2) A RENTSESIS INDICATE
threshold. This family provides a positive logic NAND "= LOADING FACTORS
function or a negative logic NOR function. (:1;) 45 RD2 0o 9 s

Some typical characteristics of the family are: 10 ™ C2 9)

. 12 ————K> Q) —— 13

® Single 15-volt power supply Vee— PIN 14

® 7.5V switching threshold GND — PIN 7

® 6-volt signal line noise margins

® 13-volt logic swing FIGURE 1A — MC663P BLOCK DIAGRAM

® 30 mW gate power dissipation

® 100 ns gate propagation delay

® -300 to +759C operating temperature range

Two flip-flops are currently available in the MHTL

family, a dual J-K, the MC663P and a master-slave R-S, SYNCHRONOUS TRUTH TABLE
the MC664P. This application note describes the mode of tn tn+1
operation of each flip-flop circuit in detail and will illus- J K Qn+1 8n1
trate some typical uses of the devices. 0 0 Qn Gn
1 0 1 0
0 1 0 1
MC663P DUAL J-K FLIP-FLOP P =
1 Qn Qn
The MC663P unit contains two independent J-K flip- _
flops each with its own clock (C) and direct reset (Rp) a. Directinput (Rp) must be high.

. . . . b. The time period prior to the negative transition of the
terminals as shown in the.block diagram of Figure 1A. clock pulse 1t denoted th and the time pe',iod subse-
Operation of the flip-flop in the synchronous or clocked quent to this transition is denoted tn+1.
mode follows the conditions shown in the Synchronous ¢. 0 denotes low state, 1 denotes high state.

Truth Table in Figure 1B. The information on the J and d. Qn is the state of the Q output in the time period tn.

K leads is effectively applied to the flip-flop when the
clock lead is high and the output corresponds to the

o . . DYNAMIC J-K TRUTH TABLE
(n+1) truth table conditions upon the negative transition

of the clock potential with commutation of the flip-flop ’n Kn__Jn+1 Knt1 Gn+1
occuring as the clock potential passes through the transi- ! ) 0 Kn !
tion region (from 8.5 volts to 6.5 volts). The rise and : ! In 0 o
fall times through these levels should not exceed 1 micro- 1 1 © © :“
second for proper operation. Clock pulse width at the ! ! .
8.5 volt level should be greater than 200 nanoseconds,

although typical units will operate with a 100 nanosecond * — Don't care.

pulse width. Operation in the synchronous mode requires n — Condition before change.

n+1 — Condition after change.

that the direct reset inputs be terminated to VC( if they

Clock and direct reset must be high.
are not used.

The direct reset terminal may be used to place the Q
output in the O state independent of the steady state con-
ditions on the J, X and C inputs. This is accomplished by FIGURE 1B —MC663P TRUTH TABLES
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FIGURE 2A — TYPICAL MC663P POWER DISSIPATION
versus TEMPERATURE

applying a logic zero to Rp for a period not less than 150
nanoseconds.

A third mode of operation may be achieved with these
flip-flops as indicated in the Dynamic J-K Truth Table in
Figure 1B. Operation in this mode requires the clock in-
put as well as the direct reset input to be in the logic 1
state. Applying a logic O to the J and K inputs for a
period greater than 150 nanoseconds will give the results
indicated in the truth table. The rise time following an
independent J or K negative excursion is not critical if
the flip-flop remains in the given state; however, it should
be less than 1 microsecond if both inputs are connected
together when a logic O is applied or if the state of the
flip-flop is changed by a negative transition on the other
input. This characteristic will allow negative going signals
to be capacitively coupled into the flip-flop when the J
and K inputs are normally held high by external resistors.

Operation of the circuit will be explained using the sche-
matic in Figure 1C. Initially, consider the following condi-
tions: Q output in the low state and correspondingly the
Q output in the high state, the clock input in the low
state, and the direct reset input in the high state. Under
these conditions, transistor T¢ will be off, transistor T7
is on supplying current to any load connected to the Q
output and Ts is on, as will be explained later, sinking
any load current on the Q output. Transistor T is on
with base current supplied through zener Z. Transistor
T2 being on supplies base current to T5. All other tran-
sistors are off and this is the quiescent state for these
conditions. If the clock input goes high and the J input is
high or open, transistor T1 turns on which also turns on
T3 and T4. Transistor T3 turning on will turn off T2 which
correspondingly turns off Ts. It should be noted that the
output conditions have not changed due to the logical 1
on the clock input. The flip-flop will remain in this con-
dition as long as the clock and J inputs remain high, but if
either input goes low, the flip-flop will change state. If
either the J or clock inputs go low, transistor T turns off
and its collector potential will rise causing T11 to turn on.
T1] turning on supplies base current to Tg and the Q out-

3007

Vee=15
FO=1

2501

2001

150 +

TIME (ns)

100 T

Tg-a-: T¢-a-; TRp — @~

B 50%

Cc 50%

T
-30 o] +25

TEMPERATURE (°C)

T T
+50 +75

FIGURE 2B — TYPICAL MC663P PROPAGATION DELAY TIMES versus TEMPERATURE
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put goes low. Transistors T3 and T4 are delayed in turn-
ing off after T shuts off due to the charge stored in the
base of T4. Transistor T3 being on prevents T2 from turn-
ing on and T will be held off once T1] turns on. Finally,
when T4 turns off, Ts is also inhibited and the Q output
goes high completing the flip-flop transition. A similar
action will occur from this state to cause transition back to
the original state if the clock and K input terminals are
considered. It can be noted that commutation of the flip-
flop may be inhibited by a logic O on the J and K inputs.
This will prevent transistors T or T12 from turning on
when the clock is high and thus prevents commutation.

The flip-flop may be set to the Q = O state by use of
the direct reset terminal Rp when the flip-flop is in the
Q = 1 state. A logic 0 on Rp inhibits the J, K, and C in-
puts and will turn off T causing T and T5 to turn on
placing the flip-flop in the Q = O state. T)] turning off
removes the base current from Tg and the Q output will
go to the logic 1 level.

The load applied to the output terminals must be lim-
ited such that the output voltage will not be less than 8.5
volts when in the high state. This is necessary for proper
cross-coupling between the two outputs of the flip-flop
and the input circuitry.

Typical characteristics of the MC663P over the oper-
ating temperature range are provided in Figures 2A and B.

G
(1) R
3——1 81 e (8
1) s @
e s )
Pyl c

(8)

TR O\
R
12 (1) Ro / =

10 1) ]

o]}

NUMBERS IN
PARENTHESIS INDICATE
LOADING FACTORS

Vce — PIN 14
GND —PIN 7

FIGURE 3A — MC664P BLOCK DIAGRAM

MC664P R-S FLIP-FLOP

The MC664P is a dc-coupled R-S flip-flop of the master-
slave or two-phase type. Since it is an R-S type, simulta-
neous high inputs are not allowed because the output can-
not be predicted after a negative clock transition. Infor-
mation is entered in the master section while the clock
pulse is high and is transferred to the slave when the clock
goes negative.

The block diagram shown in Figure 3A indicates the
logic function of the flip-flop as well as providing the load-
ing factors for the device. The loading factor of 3 for the
clock terminal is tested with the clock input at 1.5 volts.
The output loading factors of 8 are reduced from the
standard MHTL gate loading factor of 10 because of in-
ternal flip-flop cross connections.
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CLOCKED OPERATION

tn tn+1
Sq So Rq R2 Q
0 X 0 X | 0
o X X o | o
X 0 o x | e,
X 0 x o | o
o X 1 1 0
X 0 1 1 o]
1 1 o] X 1
1 1 X o 1
1 1 1 1 8]

NOTES FOR CLOCKED-OPERATION TRUTH TABLE:
Direct inputs (TR—D, S-B) must be high.
0 = low state
1 = high state
X = state of input does not affect state of
the circuit
U = indeterminate state
tn = time period prior to negative transition
of clock pulse
th+1= time period subsequent to negative
transition of clock puise
Qp, = state of Q outputin time period t,

DIRECT INPUT OPERATION
o |so | @ | a

1 1 NC NC
1 o] 1 [+]
o] 1 o 1
o 0 NA NA

Clock (C) input must be low
NC = No change
NA = Not allowed

FIGURE 3B — MC664P TRUTH TABLES

The truth tables for the circuit are provided in Figure
3B for both clocked operation and for the direct input
terminals. It should be noted that the Rp and Sp termi-
nals are high for clocked operation while direct set and re-
set requires the clock to be low. .

The schematic for the MC664P is shown in Figure 3C.
Operation of the circuit will be described by making the
initial assumptions that the flip-flop is in the Q=0,Q = 1
state, that the clock (C) is low, and that the direct set and
reset (Sp, RD) terminals are high or open. Under these
conditions, T1g and T3 would be off while Tg and T}
would be on. Transistor Tg is on and suppliesbase current
to Tg through the zener diode. For this situation to exist
T4 and T'5 would also be on, while the remaining transistors
in the circuit are off. Thisindicates the quiescent condition
for the flip-flop under the initial conditions.

To illustrate commutation of the flip-flop, assume that
inputs S1 and S7 are open or high and that either R and/or
R7 are low. Now, as the clock potential rises to approxi-
mately 7 volts, the first change to occur will be the con-
duction of T7 which provides a second base current source
to Tg which is already on. A further increase in the clock
potential of one forward VBE magnitude will cause T to
turn on which turns on T2. (It is noted that there is a VBE
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FIGURE 3C — CIRCUIT SCH

diode offset between the master and slave sections of the
flip-flop and it is essentially a dc rise time circuit.) Tran-
sistor T2 turning on causes T9, T4 and Ts to turn off.
Transistor Tg remains on, however, due to the second
source of base current from T7. Transistor TS5 being off
causes T3 to turn on and now T is provided with base
current from two sources. A continuing increase of the
clock input will not cause any further changes in the flip-
flop. As the clock potential starts to decrease, T will turn
off first although T) remains on due to the second base
current source. When the clock potential falls an addi-
tional VBE drop, T7 and Tg turn off and the Q output
goes high. This high potential coupled with T being off
turns on T14 and T13 and the Q output goes low gene-
rating the changed flip-flop state. The conditions of the
flip-flop will now remain the same for any further decrease
in the clock potential. A similar action would return the
flip-flop to the original state if Ry and R) were high or
open with Sj and/or Sp at the low level and a clocking
waveform applied. Although information may be reliably
applied to the flip-flop with essentially dc-risetime clock-
waveforms, there is a point where the output rise and fall
times are beta dependent on the clock level. This will in-
crease the output transition times when excessively slow
clock-waveforms are present.

The flip-flop state may be changed by use of the Rp and
S_D term_inals. If the condition is considered where Q = 0,
Q =1, C is low, and both Rp and Sp) are high as in the
preceding example, it can be observed that a momentary
low on Sp will set the flip-flop to Q =1, Q = 0. In this in-
stance when 'S-D goes low, T4 and T5 turn off which causes
T3 and T to turn on. With T2 on, Tg and Tg turn off and

EMATIC MC664P

the Q output goes high. This high potential coupled with
T5 being off, turns on T4 and T3 causing Q to go low
completing the transition. Similar action results if the
flip-flop were in the Q = 1, Q = O state and a momentary
logical zero were placed on the R terminal.

A toggle mode of operation may be achieved with the
flip-flop by connecting the Q output to one of the R in-
puts and the Q output to one of the S inputs. Under this
condition, the truth table for synchronous operation of the
MC663P would also apply to the MC664P by redefining
the S input as the J and the R input as a K.

Power dissipation for this unit is typically 140 mW with
Vcce = 15 V. Typical characteristics of parameters as a
function of temperature are given in Figure 4A and 4B.

APPLICATIONS

Operation of the MC664P master-slave flip-flop is very
similar to the MC931/831 flip-flop operation in the MDTL
family. This fact, coupled with similar gate operation be-
tween the two families, allow construction of MHTL shift
registers, counters and decoders in much the manner de-
scribed in application notes covering the MDTL family
(e.g., AN-235, 262, 283 and 284). The MC663P may be
employed to take advantage of the dual function in many
shift register and counter circuits, but with only the direct
reset function available, parallel input operation is not as
flexible as with the MC664P. Since the MC663P operates
on a stored charge principle and different modes of opera-
tion may be obtained, the devices may be easily intercon-
nected to form gateless ripple counters. Figure 5 illustrates
several counters that may be constructed with a maximum
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of 2 MC663P Packages. It should be noted that direct re-
setting of these counters is independent of the clock level,
consequently the reset time of any counter equals the re-
set time of a single flip-flop. The logic sequence and maxi-
mum signal ripple for each circuit is also provided in the
figure.

In Figure 6, a decade shift counter is constructed using
2 MC663P units and an MC664P for proper input gating.
Typical waveshapes are illustrated for this connection and
the necessary decoding logic is provided.
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CONCLUSIONS

The initial flip-flops in the MHTL family provide con-
siderable flexibility for the design of digital electronic
equipment to operate in environments subject to electrical
noise. Some typical applications have been illustrated for
usage of these MHTL flip-flops. In addition, a detailed ex-
planation of operation of the devices has been given to help
design the units into special applications.
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AN INTEGRATED SENSE AMPLIFIER FOR CORE MEMORIES

INTRODUCTION

A definition of a sense amplifier could be “the inter-
face circuitry between the storage elements of a memory
and the logic output elements of the memory.” By this
definition, a sense amplifier can have many different type
inputs and outputs. This paper will discuss a sense ampli-
fier for ferrite core memories. Specific sense amplifier re-
quirements were received from computer and core memory
manufacturers. From these requirements, design goals
were evolved for a sense amplifier that would satisfy the
market.

An integrated sense amplifier offers advantages other
than such obvious ones as saving weight, space, and
assembly wiring; the inherent ability to match active com-
ponents within the integrated circuit gives the integrated
sense amplifier a distinct advantage over the discrete ver-
sions. In some cases, it would be very difficult to build a
discrete circuit of the same quality as an integrated circuit,
or to do so could be quite expensive. Therefore, a well-
designed integrated sense amplifier will offer superior per-
formance and be less expensive than its discrete counter-
part.

THE CORE MEMORY

Figure 1 isa typical core memory subsystem of a general
purpose digital computer. The appropriate x and y lines
are selected by the memory address register (MAR). The
selection technique depends on the memory organization
and will not be discussed in this application note. The most
common organizations use one core per bit so the number
of cores which must be sensed simultaneously is determined
by the “word” length. However, each sense line links one
bit for all words in the memory. When a particular word is
selected the sense amplifiers detect the presence of “ones”
or “zeroes” in all the bits and this information is then
placed in the memory data register (MDR). The time

required to get the information from the cores to the MDR
is called the “access” time. If the memory is of the “des-
structive readout” type, the information in the MDR must
be written back into the memory at the same location. The
time required to do this is called the “write” time. The
sum of the “read” and “write” times is defined as the cycle
time and indicates the speed of the memory.

The various memory organizations use different sense
line configurations and current drive techniques. How-
ever, in all the configurations the sense winding is routed
so as to obtain an optimum signal-to-noise ratio. This
generally means the sense winding goes through half the
cores in one direction and half in the opposite direction
(See Figure 2). The purpose of this wiring technique is to

CORE
DRIVERS
X SELECT

MEMORY

BANK

AMPLIFIER

MEMORY DATA

REGISTER

( <
Y SELECT ~ \
DIODE SENSE ~
MATRIX

AMPLIFIER

FROM CONTROL STROBE

SUBSYSTEM  MEMORY ADDRESS
TO
TO BUFFER CONTROL &
REGISTER ARITHMETIC
UNITS

REGISTER
FIGURE 1 — GENERAL PURPOSE COINCIDENT CURRENT CORE MEMORY SUBSYSTEM
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cause voltages induced in the sense line to cancel. The
sense amplifier must detect the difference between the
minimum “disturbed one” signal and the maximum “dis-
turbed zero” signal. The “disturbed one” signal can be
either positive or negative so the sense amplifier must be
bipolar (See Figure 3a).

Typical signal waveforms at the input to the sense
amplifier, amplifier output, discriminator output, and
strobe are shown in Figure 3a. This is an idealized signal
waveform at the input to the sense amplifier. In actuality,
there are common and differential mode noise at the input
during most of the memory cycle. Figure 3b shows the
typical signal as seen at the input to the sense amplifier.
The amplitude of the “disturbed one” signal depends on
the size of the core and the rise time and amplitude of the
select currents from the core drivers. The area between
the minimum “disturbed one” signal and the maximum
sum of “disturbed zero” signals is called the uncertainty
region (See Figure 3b). This area would ideally be as large
as possible, since it is very important in the overall per-
formance of the memory subsystem. Normally, the thres-
hold of the sense amplifier will be set in the middle of the
uncertainty region.

SENSE AMPLIFIER DESIGN CRITERIA

Many factors must be considered in the design of an
integrated core memory sense amplifier. First, the ampli-
fier should be as versatile as possible. The design must meet
awide variety of speed requirements and should be suitable
for low cost fabrication. Additional criteria are:

1. The amplifier must be able to detect bipolar signals.

2. The threshold should be adjustable in order to meet
the maximum number of requirements with a single
amplifier.

3. The threshold should be constant with temperature.
This requires the memory manufacturer to compen-
sate the switching currents for the change in core
output voltage rather than depend on the sense am-
plifier to have precisely the correct threshold versus
temperature characteristic.

4. The uncertainty region should be as small as possible.

5. The power supplies should be commonly used values
and the tolerances on these supplies should be as
loose as possible.

6. The sense amplifier requires a strobe to “‘enable” the
amplifier at the optimum point.

7. The bandwidth of the amplifier must be sufficiently
high to pass the fastest rise time signals with as little
degradation as possible.

8. The amplifier must be able to recover rapidly from
large common mode and large differential mode sig-
nals.
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FIGURE 4 — BLOCK DIAGRAM OF MC1540
THE MC1540

Figure 4 is a block diagram of the MC1540. The ampli-
fier portion isa two-stage differential amplifier with emitter
degeneration in each stage, buffering between stages, and
overall common mode feedback. The schematic of the
amplifier section is shown in Figure 5. The low frequency
differential voltage gain of the first stage, assuming it is
driven from a voltage source, can be closely approximated
by:

Adiff = RL.

b
re+RE+ﬁ+1

RE is the emitter degeneration resistor on each side and re

KT
approximately ﬁ With B relatively high, the last term in

the denominator can be neglected and the equation for the
gain reduces to the following equation:

_ R RLo_1
re+RE RE 1+r

RE

Adiff ~

This equation shows that the gain is a function of resistor
ratios rather than resistor magnitudes. R[ and RE are
formed during the base diffusion so that the ratio R[/RE
should be constant from run to run. Also, re is directly
proportional to a resistor which is formed during the base
diffusion and is a function of temperature so that gain
variations with temperature change are to be expected.
However, the gain variation will be significantly less than
for a circuit with no emitter degeneration.

Since the amplifier incorporates differential gain of the
first stage and single ended gain of the second stage, the
overall gain can be approximated by the following equa-
tion:

RL RL,
A~|l—— O —
re; +RE;/ [2(te; + RE,)
1

The buffering between the two stages significantly in-
creases the bandwidth of the amplifier. Without buffering,
the predominant pole would be caused by the Miller effect
capacitance of the second stage being driven from a high
impedance: Buffering reduces this impedance approxi-
mately by a factor of B of the transistor.

Some of the data taken on this amplifier in integrated
form is shown below.

1. Voltage gain — The voltage gain on all units was be-
tween 37.5 dB and 40 dB.

2. Gain versus temperature — The gain changed less
than 1.0 dB when the temperature was varied over a
-559C to +125°C range.

3. Bandwidth — The 3.0 dB point on all units was in ex-
cess of 50 MHz. The rise time of the amplifier was
less than 7.0 ns.

4. Propagation delay — This was found to be between
8.0 and 11.0 ns on all units. The measurement was
made between the 50% points of the input and the
output waveforms. The rise and fall times of the in-
put were approximately 10 ns and the amplitude was
25mV.

5. Common mode rejection — The low level common
mode rejection defined as the differential mode gain
divided by the common mode gain, was found to be
57.0 dB at 10 MHz. Figures 6a and 6b show the am-
plifier response to a + 1.0 volt and a + 2.0 volt com-
mon mode input respectively. Figure 6¢ shows the
amplifier response to a 20 mV differential input.
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FIGURE 5 — DIFFERENTIAL AMPLIFIER SCHEMATIC

The schematic of the dc restoration circuit, the thres-
hold adjusting circuit, and the output gate is shown in Fig-
ure 7. The threshold of the sense amplifier is dependent
upon the dc voltage at point A. Since R1 is much larger
than R2 or R3, changes in the dc voltage at point C reflects
as a dc voltage change at point A; thus, the threshold
changes.

The dc restoration action can be explained as follows:
The input signal to the collector of Q and the capacitor is
positive from a low impedance and the entire signal is
coupled through the capacitor. When the leading edge of
the signal occurs at point A, both the base-emitter junctions
of Q1 and the gate input diode become reverse biased and
the capacitor will start to charge through R4. When the
negative going edge of the signal arrives at point A, Q is
turnzd on, and point A becomes a low impedance node be-
cause of the emitter follower action. The capacitor will
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discharge through Qp very rapidly. The base of Qj is
driven by a low impedance source so that the transient base
current during the time the capacitor is being discharged
produces a negligible voltage change at the base of Q.
Also Q is designed to supply the maximum transient
current required for pulse widths up to 750 ns. Since the
dc level at the emitter of Q is restored rapidly, the sense
amplifier threshold does not change significantly with a
change in duty cycle.

As temperature increases, the threshold of the DTL gate
decreases by 2 AVBE/OC. The four diodes in the base of
Q2will decrease the dc level at the base of Q7 by 4 AVBE/CC.
The VBE change of Q) will cancel one of these, and the
VBE change of Q7 will cancel another; hence the dc level
at point A will also decrease by 2 AVBE/©C. Therefore, if
the amplifier voltage gain does not change with tempera-
ture, the sense amplifier threshold will be constant.
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FIGURE 7 — DC RESTORATION CIRCUIT, THRESHOLD ADJUSTING CIRCUIT, AND OUTPUT GATE

The output gate is similar to that of the popular MDTL
logic family. Both the amplified signal from the memory
and the strobe signal must be above the gate threshold
level before the output transistor will saturate. The out-
put transistor is capable of “sinking” 6.0 mA with a satu-
ration voltage less than 400 mV. This guarantees a noise
margin equal to that of the MDTL logic family. Many
sense amplifiers may be strobed from a common source
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with no ill effects, as long as the driving unit has sufficient
fan-out capability. Also the outputs of several sense am-
plifiers can be wire-ORed. Figure 8 shows the voltage
transfer characteristic of the gate. The width of the tran-
sition is approximately 200 mV. This would refer to the
input of the sense amplifier as a transition width of 2.0 mV
if the voltage gain was 100.



Additional data taken on the sense amplifier are listed
below. s

1. Threshold — 17 mV nominal for V-=-6.0V,V*=
+6.0V,and Vi =-6.0 V.

2. Threshold temperature coefficient — -10 uV/°C.

3. Threshold range — The nominal threshold varies from
13 mV at -5.0 V threshold bias to 21 mV at -7.0 V
threshold bias.

4. Propagation delay from input to output — Typically
20 ns. o

S. Propagation delay from strobe input to output —

Typically 10 ns. 0 02 04 06 08 1.0 1.2 1.4 1.6 1.8
eiN (VOLTS)

eo (VOLTS)

FIGURE 8 — OUTPUT GATE TRANSFER
CHARACTERISTICS
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FIGURE 9 — CORE MEMORY SENSE AMPLIFIER
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FIGURE 10 — SIGNAL WAVEFORM AT PINS
ONE AND TEN

Figure 9 is the schematic of the complete sense ampli-
fier. External components that must be supplied are ap-
propriate resistors for terminating the sense windings and
a coupling capacitor. The size of the capacitor is dependent
on the width of the disturbed “1” signal from the memory.
The capacitor should be of sufficient size to ensure that
the “sagging” due to the capacitor charging does not affect
the threshold. Also the capacitor must be large enough so
that noise, just before the disturbed *“1” signal, does not
affect the threshold. Figure 10 illustrates the charging and
discharging time of a 0.01 uF capacitor. The typical ex-
cursion below the base line is approximately 100 mV for
an input pulse 300 ns wide.

The rise time of the output can be decreased signifi-
cantly by connecting an external resistor from the output
to the positive power supply. This resistor must be large
enough so that the sum of the current through' the resistor
and the current from an external load does not exceed the
rated value of 6.0 mA if a 400 mV Vgt at +125°C is a re-
quired specification.

The sense amplifier also works fine with +5.0 V and
-6.0 V power supplies. If the threshold-adjust pin is also
tied to -6.0 V, the nominal threshold increases to approx-
imately 20 mV. However, -5.3 volts on the threshold-
adjust pin sets the nominal threshold at 17 mV for +5.0V
and -6.0 V power supply operation. If the threshold-adjust
pin is tied to the negative power supply, the nominal thres-
hold isalso 17 mV for power supplies of +5.0 Vand -5.0 V.

PARAMETER SYMBOL |MIN TYP]MAX UNITS

Input Threshold Vih 14 17 20 mV
Uncertainty Region 2 6 mV
Amplifier Voltage Gain Av 80
Propagation

Input to Amplifier Qutput| t3+qot 15 ns

input to Gate Output t3+g- 30 ns

Strobe to Gate Output tgt+g— 15 ns
Recovery Time

ejn = 1400 mV (DM) tr (DM) 20 | 50 ns

ejp = 2.0 volts (CM} tr (CM) 40 | 50 ns

Operation is marginal for +4.5 V power supplies. There-
fore it is recommended that +5% supplies be used if the
sense amplifier is operated with +£5.0 V power supplies.

SPECIFICATIONS

Specifications for a sophisticated integrated circuit
must be such that the customer is guaranteed a circuit
that will meet his requirements. The most important
specifications for a sense amplifier are threshold limits (or
uncertainty region), propagation delays, and recovery
times. Other characteristics must also be limited so that
good circuit performance and reliability result.

Some of the important specifications for the MC1540
are listed in the table above. For a complete specification
and the manner in which each test is made, refer to the
MC1540 data sheet.

SUMMARY

The MC1540 was designed with both customer re-
quirements and integrated circuit production capabilities
in mind. The circuit will operate properly with large varia-
tions in temperature and power supplies. It requires only
three- external components to achieve the complete core
memory sense amplifier function. It has a saturated logic
type output and can be strobed from any saturated logic
family. It can be packaged in either the 10 pin TO-5, the
10 pin ceramic flat pack, or the dual in-line plastic package.
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TRANSISTOR LOGARITHMIC CONVERSION
USING AN INTEGRATED OPERATIONAL AMPLIFIER

INTRODUCTION

Many approaches have been made to the design of
logarithmic amplifier circuits, using both activeand pas-
sive elements. With the proper circuit configuration of
diodes or transistors a log amplifier can be constructed
using the logarithmic characteristics of these semicon-
ductor devices. All diodes and transistors do not exhibit
good logarithmic characteristics, so care must be taken
in selecting the proper device. Thisapplicationnote deals
with a technique for obtaining logarithmic conversionusing
operational amplifier-transistor feedback circuits, be-
ginningwith an analysis of the logarithmic characteristics
of transistors. A brief look at the basic logarithmic am-
plifier will be given followed by two log function generator
applications: direct multiplication of two numbers, and
solution of the parabolic equation Z = XM,

TRANSISTOR LOGARITHMIC CHARACTERISTICS

Shockley's first-order theory of a p-n junction

1=1, @V/%D g

considers only diffusion current; however, it is popular
because of its simplicity. In other circumstances the
seriesresistance associated with the bulk semiconductor
material must be accounted for. Also such mechanisms
as surfaceinversion layersand generation-recombination
in the space charge regions are not accounted for in the
above expression. Consequently a diode or transistor
configuration must be devised which will minimize these
adverse effects. The common base transistor configu-
ration discussed in this application note does this very
well. By using the transfer conductance and fulfilling
certain conditions, the desired logarithmic characteris-

It is important to note that a non-constant base
transport factor will cause @N to vary, consequently, a
diffused base transistor such as the 2N2218 is best suited
for thisapplication. The base transport factor is within
a few tenths of a percent of unity. The upper end range
of equation (1) isusually between 1and 10 mA of collector
current dependingupon the junctionareaand contact size
of the transistor being used. Measurements elsewherel
indicate an 8 to 10 decade range of collector current
yielding a logarithmic relation. Simple practical inte-
grated circuit operational amplifiersoperating with only
asingle polarity input are limited to from 3 to 7 decades
depending upon the particular amplifier being used and
also on the effort expended to reduce external disturb-
ances.

LOGARITHMIC AMPLIFIER TRANSFER FUNCTION

The basic function generator configurationfor log-
arithmically compressing data is shown in Figure 2. In
this configuration the requirement that the collector volt-
age be equal to zero is virtually met. The small amount
of collector potential that does exist will be negligible for
all practical purposes. Rewriting equation (1) for the
direction of collector current shown in Figure 2, we find

¢ n es[quE/kT] @

If I, « I,, which is the condition that governs the lower
limit of operation, then

E,
1 =2 (3)

The polarity of V. is shown in Figure 2. Combining equa-

tics can be obtained. tions (2) and (3) and the condition of Vi = Vg yields
The derivation of the transfer conductance isbased E. qVv t/kT
around anNPN silicon all-diffused transistor as shown in Rl LR ou ]
Figure 1. The detailed derivation is given in the Appen- s n es
dix. The resulting collector current expression is
E
Vg/kT kT in
1= - 1_[4VE/X (1) or v =%l
(4 n-es out q Rsanles
IC IE lc
- —_— —_— -
N\ N ,
/ K
= Ry I, =+
—
1 V. Yy
C E Input
I - + + = 1 Inverting Input L———O
C E
Output
N P N J_—7
J__ Non Inverting Input

FIGURE 1 — NPN SILICON TRANSISTOR MODEL

FIGURE 2 — BASIC LOG AMPLIFIER




Converting from Ing to logyq gives

kT in
\'2 =2.3 — log,, (y—=)
out q 10 Rs anIes
100,000 ;.
Vo= 2:3 5 log o (B, ) + 2.3 (k—T)loglo(ﬁ) @)
o a a s n'es Vi
10,000 .i{
at T-21¢ XL -0 026V ’ —
a 7
V_ . =0.06 log,, (E. ) +K (5) 2 4
t 10 E
ou n =.1000 v/
g 7
~ ) ¢ 4
The empiricalresults obtained from the logampli- % /|
fier are plotted in Figure 3a. From Figure 3a the trans- > /
fer function was found to be E 100 7
= VA
4
/
4
0.062 I 0. 450 6 10
Eout - %810 (Ein) +0- ®) I/“
V_ . =0.062log,, (E. )+ 0.450
where E and E. _are in volts. out 10" in
out in /
1.0 of
7/
OPERATIONAL AMPLIFIER LOG AMPLIFIER Vad
. ) 0.1
The operational amplifier usedin the log amplifier 220 260 300 340 380 420 460 500 540580
is the MC1533. Frequency compensation of the opera- Output Voltage (V_ ) (mV)
tional amplifier is chosen such that the amplifier will be out
stable with a closed loop gain of unity. The 0.1 pFcapac-
itor between pins 1 and 5 is necessary to reduce the ac

gain of the feedback transistor. It is usually necessary
tobypass the power supplies right at the amplifier socket :ﬁg&agﬂ E,J':—EJJR%%,? UTPUT RESPONSE OF LOGARITHMIC
with a 0.01 or 0.1 4F low-inductive capacitor to eliminate
any internal high frequency oscillations which might occur
because of excessive impedance in the power supplies.
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FIGURE 3b — LOGARITHMIC AMPLIFIER
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- VOLTAGE SUPPLIES

The extremely wide range of input voltage required
makes it necessary that input offset voltage and bias cur-
rents be properly compensated for. The typical bias cur-
rent for the MC 1533is 0.5 pA. I the amplifier were used
without proper bias current compensation, this would re-
quire an input voltage of 50 mV above a 100k input resis-
tor just to overcome thebias current requirements. This
would immediately swamp out the lower end input of a 4
to 5 decade log amplifier where input voltages are in the
1 to 10mV range. Input offset voltage, which is reflected
to the output by the closed loop gain of the amplifier, will
cause an appreciable error, and must be compensated for
with an external supply.

The method of dc compensation used is shown in
Figure 4. The input offset voltage adjustment is made
with pin 1 shorted to ground and Eg,t adjusted to zero.
The bias current adjustment is accomplished by placing
a 500k feedback resistor in place of the transistor and
then monitoring Eyyt and Ej, and adjusting the bias cur-
rent pot until Eout}Ein = 500k/100k = 5 throughout the
desired input range. This procedure must be carried
out individually for each operational amplifier that is to
be used as a log amplifier. After completion of the bias
adjustments, the feedback resistor may be replaced by
the feedback transistor in the configuration shown in Fig-
ure 3b.
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The same type of bias current compensation is
required in the log™* amplifier where input voltage levels
are in the 300 to 600 mV range. The offset voltage ad-
justment, however, may be replaced by approximately
100 ohms to ground, since the offset level is insignificant
with respect to the input voltage range.

The effect of having an improperly adjusted offset
voltage pot or bias current pot is demonstrated in Fig-
ure 5. It may be necessary to slighily adjust the bias
current pot in order to straighten out the log character-
istics, even after the initial adjustment procedure. It
is extremely important in applications where log-analog
operations are to be performed, that the logarithmic
transistors have identical characteristic slopes. Level
shifts are not important, since they canbe easily adjusted
for at the summing point of one of the internal amplifier
stages as shown later in the multiplier circuitapplication.

MULTIPLICATION USING TRANSISTOR
LOGARITHMIC CHARACTERISTICS

The following example explains a method of ob-
taining the product Z = XY. The circuit used is shown in
Figure 6. The inputs and output are monitored in milli-
volts and the scale is selected such that one machine unit
equals 10 mV. The circuit can be broken into three por-



tions: the input logarithmic amplifier, the summing point
amplifier, and the output Iog”1 amplifier. The frequency
compensationfor eachamplifier isthe same as that shown
in Figure 3b.

A. Input Logarithmic Amplifier: Each input in
this portion of the product function generator is identical
to that shown in Figure 4, with the feedback resistor re-
placed by the log transistor. Initial adjustments must be
carried out in the same manner as discussed previously.
The output of amplifier #1 will be of the form

Eout(l) = —(alog X + Cl) (W]

and amplifier #2 will be identical except for the constant
(o}
1

Eout(2) = —(alog Y + C2) 8)

The constants Cyand Cy are in the order of 300 mV while
a = 62 as determined previously from Figure 3a.

B. Summing Point Amplifier: The output of this
amplifier will be
Eout(SPA) = alog X +alog Y + C1 + C2 - Ec

=alogXY+C, + C —Ec 9)

1 2

The input required for the output log_1 amplifier stage

must be of the form alog XY + C5. With the proper selec-

tion of E; the term C1 + Ca— E_ can be made equal to
in

c
C3, resulting in the require put of the log™ 1 amplifier
stage.

C. Output Log'1 Amplifier: This stage uses a
2N2906 transistor connected in a common base configu-
rationat the input of the operational amplifier to achieve
an anti-logarithmic amplifier. This stage must have a
base current supply added to avoid having base current
drawn from the input voltage. Distortion in the log—1
characteristic would result without this supply. The
initial calibration of this stage must be determined by
plotting input voltage Ejn(QLA) versus output voltage on
semi-log paper and adjusting the 5 k base current pot
until a straight line is obtained over the desired output
range.

The results obtained from this circuit configura-
tion are tabulated in Table 1 along with the correct prod-
uct and percent error. Up to 7.7% error in output voltage
was observed over the 3 decades of operation; however,
simple calculations indicate thata 0.35% error in Ein(OLA‘;
will cause a 10% error in output voltage at the upper en
of the output range. A 0.51% error in Ij)(oLA)Will cause
a 10% error in output voltage at the lower end of the out-
put range. It becomes apparent why both an input offset
voltage adjustment supply and a base current adjustment
supply must be provided for where wide ranges of input
or output voltages are to occur.

ANALOG SOLUTION OF THE PARABOLIC _ xn»
EQUATION Z = X~

The circuit shown in Figure 7was used to generate
Z for three different values of "n'" (3, 2, and 0.5). The
results are shown in Figures 8, 9, and 10, respectively.
The value of E, (summing point amplifier) is positive for
n > 1and negative for n < 1. As shown in Figure 7, E.
is positive and "n'" is equal to 3. It is important here
that the ratio of R, /Rs be selected accurately to avoid
additional error in ihe computation of X", The degree of
accuracy maintained was 8% for "n'' =3, 9% for 'n" =2,
and 5'757 for "n'" = 0.5. As in the output stage of the pre-

vious application, a very small percentage error in input
will increase more than anorder of magnitude at the out-
put.

Temperature variation will cause large deviations
in output voltage accuracy since the output voltage of the
first stage is directly proportional to temperature in de-
grees Kelvin.

. k k 1
Eout(l) = T[2.3(a)log10 ®)+ 2.3(5) log,, (—RsanIEs )]

The temperature effect will cancel itself if the junction
temperatures of the input and output transistors are kept
equal. Methods of obtaining the required temperature
equalization might be the use of a common heatsink for
all the log transistors, use of multiply packaged transis-
tors, or ultimately the use of a monolithic chip containing
the logarithmic transistors. A muiltiply packaged tran-
sistor MD 985 (PNP-NPN) was tried in the Z = X3 con-
figuration and resulted in an output error reduction of
from 8% maximum to 4% maximum.

CONCLUSION

A diffused base transistor operating in a common
base emitter follower configuration, with the collector at
zeropotential, has a wide range of logarithmic impedance.
This configuration can be used to obtain a logarithmic
compression of input data over 6 decades of operation
with an error of less than 1%. The author feels that ad-
ditional range could be obtaiped by the use of a chopper
stabilized operational amplifier. Two arithmetic prob-
lem solution applications were shown; however, accuracy
was limited by temperature variations, interstage inac-
curacies, and resistor ratio inaccuracies over the three
decades of input and output swing. A monolithic configu-
ration of log transistors is felt to be the best method of
compensation for temperature effects.
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10-68



fr———— e e e -

N — _.__..] Fmo—— - -——
%: | | +15v 30k ;
O—AMN—
375K ” | : 100k o0 |
vy * l‘ * | 20091' VWA— AN |
+15V L0k | | b3 |
|
5k T+ | I i
1 | 60028 |E, |
_l. anezas | | | 1 |
= L |
I L |
| I |
| I |
100k
| |
| | |
| | MC1533 5 b |
| | ook |
| R E out(spA) |
| :[04 33k |
Fpoy L 1 [
| b e e e e = ] J
| SUMMING POINT AMPLIFIER
St !
1 l
375k r--  ——-——=—"""="=""="—-="-=-== |
+—ie—se |
15V I | 375Kk O |
100k i}
5k S VRN | I |
1 | | | 100k |
5k AN A
= T 2nN2218 | | ?’ 100k |
- |
]! =
100k | | |
Y ——AN————— 1
P! |
MC1533 5 l | I
2 ot : |
+15V mﬂ‘: ] out(2) | I
3 1009:3 | MC1533 5 —0 |
| | 2N2906 z
1 L P Y
=109%{ lks - I | Ein(OLA) out |
0.1 1009
w I T |
-15V | i = = I
______________ J S |
INPUT LOGARITHMIC AMPLIFIERS OUTPUT LOG™! AMPLIFIER

FIGURE § — CIRCUIT FOR Z = XY FUNCTION GENERATOR

10-69



+15Vv

375k
100k

AN

t

5k

VWV

|||-—.-'v]

_0%
L)
%ZNZZW

5

+1
400k
loki

100k f
[} VYWV A~
300k
Ee
100k |
E,
in
R
s
MC1533 AN 1
100k
MC1533
30k S 3 5 )
2
>
1003 $
>
it 1L $ 315k 0.1 I 33k
< < 0.1 = =
= 10Q :: 4:‘_1 I = =
= 100k 100k
>
30k ii
-15
N FIGURE 7 — CIRCUIT FOR COMPUTING Z = X~
o}
10, 000 > 10, 000 f
—
Z |
7
f’ "~ Solid line indicates the
1,000 :/ 1,000 - correct calculated result
v 4 104
— AN - p;
= N =
£ / £ ~~
-] Solid line indicates the - Plotted points indicate
mg 100 correct calculated result “S 100 laboratory obtained data
& N 8
g ll N s
S 7/ AN S
e [ N - I
& Plotted points indicate S
8 10 laboratory obtained data 8 10
1
?
' 1
1 1
0 20 40 60 80 100 0 50 100 150 200 250 300
Input Voltage Ein (mV) Input Voltage Ein (mV)

FIGURE 8 — OUTPUT VS. INPUT RESPONSE OF FIGURE 7 FOR a = 2

FIGURE 9 — OUTPUT VS. INPUT RESPONSE OF FIGURE 7 FORa=3

10-70




10, 000
7
"
1,000 X
- AN
AN
— AN
> N
E AN
= Solid line indicates the
W correct calculated result
° 100 o
& =~
£
3 3
> ) i
E} d
= Plotted points indicate
10 laboratory obtained data
g
i
0 50 100 150 200 250 300
Output Voltage Eout (mV)
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x Y z Calculated o
Inpat #1 | Input #2 l Output z -xy |Difference|% Error
0.995mV | 13.8 mV| 14.0 mv| 13.72 0.28 | 2.04
81 mv|82.4 mv| 806 1.8 2.2
297 mvi308 mV| 2955 12.5 4.2
605  mv(695  mv| 647 48 7.4
1042V | L110V 1.038 0.022 | 6.9
1346V | 1.4 V 1.338 0102 | 7.7
2,98 V | 2,99 V 2.965 0.025 | 0.8
499 v | 504V 4.97 0.07 | 1.4
1011 V | 10.3¢ V 10.06 028 | 2.8
1297 V | 125 V 12.4 0.1 0.8
4.0 mV | 14.44 mV|47.0 mv| 57.8 0.8 1.4
40.9 mV|[154.9 mV| 163.8 8.9 5.4
102.3 mV (397  mV| 410 13 3.2
250 mv| 102 V 1.00 0.02 | 2.0
500 mV| 2.05 V 2.00 005 | 2.5
30  mV| 3.08 V 2.95 0.13 | 4.4
1003V | 428 V 4.02 0.26 | 6.5
9.8 mV| 7.45 mV| 7.9 mV| 73 0.1 0.14
14.5 mv (143 mV| 142 1 0.7
40.9 mV[407  mv| 401 6 1.5
85  mv|837 mv| 833 4 0.48
199 mv| 2.04 V 1.95 0.09 | 4.6
250 mv| 254 V 2.45 0.09 | 3.7
50 mv| 14 mv[15¢  mv| 700 54 7.7
{50 mv| 2.5 V 2.5 0.06 | 2.4
j102 mv| 531V 5.10 0.21 | 4.1
| 155 mv| 7.9 V 7.75 0.19 2.5
207 mV| 10.38 V 10.35 0.03 | 0.29
250 mv| 12.54 V 12.50 0.04 | 0.32
100.3 mV | 5.6 mv|598 mv| 562 36 6.4
145 mv| L4V 1.455 0.015 | 1.0
50 mv| 4.91 V 5.02 011 | 2.2
102 mv)| 102 V 10.23 0.03 | 0.29
120 mv| 1187 V 12.04 0.17 | 1.4
499 mv 5.01 mv| 2.48 V 2.53 0.05 | 2.0
10.08 mV| 5.02 V 5.04 0.02 | 0.4
20.15 mv| 9.30 V 10.07 0.77 | 1.7

TABLE | — TABULATED RESULTS FROM MULTIPLIER CIRCUIT Z = XY

APPENDIX

The emitter current of Figure 1 is given by the
expression

qVEg/kT aVe/kT
Ig = Iggle — 1] - afsgle -1] (10)
where IEs = emitter reverse saturation current
ICS = collector reverse saturation current

ay = inverted common base current gain

The collector current is given by

av /KT

qVE/kT
IC = ICS e -1

—-1]-a I, [e (11)

n'ES
where a, = normal common base current gain.

Equations (1) and (2) must be modified to include
those adverse components such as surface leakage cur-
rents and space charge generated currents. Since these
currents generally behave as majority carriers in the
base region, they are consequently not collected and do
not appear at the collector junction. These currents may
be included in equations (10) and (11) as follows:

qVE/kT

qV /KT
= 1]-algle

qV_/kTm;
e E - 1]

ES; 12)
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qV /KT qVy/kT
Io = Ics[e -1]- anIEs[e -1
N A I 13
+ T csj - (13)
If we now set VC = 0 in equation (13) we find
qVE/kT
Io = —a I e - 1] (14)
For VE > 100 mV, equation (14) reduces to
qVE/kT
Io —anIES[e (15)
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HIGH PERFORMANCE INTEGRATED OPERATIONAL AMPLIFIERS

APPLICATIONS OF THE MC1530 -31 INTEGRATED
OPERATIONAL AMPLIFIERS

I. INTRODUCTION

The MC1530 and MC1531 operational amplifiers in
Figures 1 and 2 are constructed to best utilize the ad-
vantages of monolithic integrated circuits. Such advan-
tages as low offset voltage and current, excellent tem-
perature tracking, increased reliability, small size, and
reduced cost make the integrated circuits moreattractive
than many discrete operational amplifiers now in use.
On the other hand, many discrete operational amplifiers
now in use are of such high quality that their perform-
ance cannot presently be equaled by monolithic, high
production integrated amplifiers. This condition exists
because of the present state-of-the-art of monolithic in-
tegrated circuit processing technology. Therefore, a
performance cost trade-off must be evaluated when the
integrated circuit amplifier is considered for design in-
to any system.

The purpose of this application note is to assist the
circuit and system designer in evaluating the perform-
ance of the MC1530 and MC1531 amplifiers. This is ac-
complished by first explaining the detailed A.C. and D.C.
operation of each stage in the circuits and some of the
constraints on the circuit design that exist because of
monolithic fabrication.

After the circuitry and constraints are explained, the
amplifiers are applied to four basic operational amplifier
applications: a summing amplifier, an integrator, a d.c.
comparator, and transfer function simulation. These
applications are only representative of the many that
could be used, but they indicate that the MC1530 and
MC1531 integrated amplifiers are extremely useful low
cost tools.

~Vee

o3

Rig Ry
1153 7.7
K K

I——ow
5P

i

8
Q Q, By
6K -
OUTPUT
—O

5

INPUTS

2

Q.
3 3
ny % ]
3.2K 3.4K
23 4
Ry Ry Dy 1#
2.2K 1.5K

FIGURE 2 — MC1531

Il. FABRICATION CONSTRAINTS ON PERFORMANCE

Infabricating an amplifier on a single monolithic chip,
the first consideration is the resistivity of the epitaxial
layer used for building the components by diffusion pro-
cesses. Collector-emitter breakdown voltage and col-
lector saturation resistance of transistors are direct
functions of the epitaxial resistivity—the higher the re-
sistivity, the higher the breakdown voltage andthe higher
the collector saturation resistance. High breakdown
voltages are desired, while high saturation resistances
are undesirable. For the MC1530-31 operational am-
plifiers, breakdown voltages of 20 volts are achieved
while saturation resistances are less than 50 ohms.
Therefore, the maximum output voltage swing of 16 volts
peak to peak (using +9 volt supplies) does not approach
breakdown in the output devices. At the same time, the
collector saturation resistance does notaffect the ability
to drive loads down to 500 ohms.

In any integrated amplifier, itis very important that
critical d.c. levels be a function of resistor ratios and
not absolute values. In the MC1530-31, the output d.c.
level is a function of only resistor ratios—not of the ab-
solute value of any resistor or of the beta of any device
in the circuit. Therefore, the variation of the output
voltage with temperature is very small and the major
contributor to this variation is any mismatch of the in-
put circuitry. In addition, the open loop gain is very
stable: 72 db + 1.5 db from T =-55°C to T = +125°0C.

The ability to match very closely the Vbe and beta of

the input transistors is a strong function of the manner
in which thesedevices are placed on the monolithic chip.
By placing these devices very close to each other, the
diffusion profiles match each other very closely resulting
in very low input offset voltages and currents. In addi-
tion, when the devices are very close together thermal
gradients across the chip are minimized resulting in
excellent tracking with temperature. The MC1530-31
offset voltages of 2 mv and drift of 3.8 uv/OC indicates
proper layout of the devices on the chip.

Both the MC1530 and MC1531 are fabricated on one
monolithicdie and the amplifier dies, without wirebonds,
are identical. The two circuits, when viewed from their
external connections, are distinct from each other be-
cause the MC1530 has two internal wire bonds that are
not in the MC1531. These two connections convert the
Darlington compound circuit used in the MC1531 to a
single transistor, resulting in the MC1530 circuit. The
two versions offer the circuit designer the option of high
gain (5000) and moderate input impedance (10K) or mod-
erate gain (2500) and high input impedance (1 megohm).
In addition, the use of two versions with modified input
stages requires only two pins for input connections. The
biasing, output, and ground leads require four pins,
leaving four pins that may be used for internal connec-
tions. This allows the popular ten pin TO-5 package to
be used and gives the designer a great deal of flexibility
in using the four internal points for shaping open loop
response, modifying slew rate, noise suppression, etc.

lll. CIRCUIT OPERATION

The MC1530 or 31 amplifier can be conveniently con-
sidered as a multi-stage amplifier. The MC1530 circuit
is redrawn in Figure 3 with dotted lines used to sepa-
rate the complete circuit into a series of stages. A
brief descriptionof the operation and d.c. biasingof each
stage in Figure 3 follows:

A. Input Differential Amplifier

Transistors Q2 and Q4 differentially amplify the input
signal, and Q3 is a temperature compensated current
source used primarily to provide a high common mode
rejection.

First considering a.c. operation of the input circuit,
the differential voltage gain of the amplifier is given by:

10-73




. R : -
L
Ay~ —— 1)
VT
where RL = effective load resistance: R1 or R:3 in
' parallel with the input impedance of the second stage.

26

Ie(mA)

Tel ~

(I‘3 is the emitter current of either Qy or Q 4)

For the first stage (as shown later) ‘Ie ~ 0.5 mA so that
re = 52 ohms. The differential input impedance to the
second stage is approximately ZBre2 ~ 5.0 K- ohms;
therefore,

y (5K) (7. 75K)
12.75K

= 3.02 K ohms.

From (1) the differential voltage gain of the first stage
is:
A o 3.02K

~ 58.5
v 52

As will be seen later, this is the highest voltage gain
stage in the amplifier. A high gain first stage is desir-
able in order: to minimize the effects of Vbe and B mis-

match in the following stages; i.e., any offset in the

The collectors of the first stage are wire bonded to
pins 9 and 10 to provide connection points for open loop
frequency compensating networks. By using frequency
compensation in thefirst stage of operational amplifiers,
the best slew rate* may be obtained. If a single capaci-
tor is used for compensation; it is easily seen that the
above statement is true, since voltage variation between
the input collectors is smaller at the front than at any
other point in the amplifier. Therefore, the time re-
quired for the capacitor to reach a fully charged value is
minimized. By using this type of compensation a. maxi-
mum slew rate of 4.5 volts /u-sec can be obtained from
the amplifier when compensated toassure a stable closed
loop gain of unity. The MC-1530-31 data sheet shows a
curve of slew rate versus the value of capacitance used
between pins 9 and 10. Therefore, the circuit designer
can first compensate the open loop response to assure
closed loop stability and then use the data sheet to de-
termine a typical maximum slew rate.

Before the second stage of the circuit is considered,
it is necessary to determine. the d.c. voltage from the
collectors of the first stage to ground, since these
voltages will establish the second stage operating point.
In addition, the d.c. voltages from the collector of Q2

and Q4 to ground and from the base of Q3 to ground de-

termine the maximum common mode swing of the am-
plifier. In all calculations from Figure 3, it is assumed
that the base-emitter voltage of transistors and diode
forward voltage is approximately 0.7 volts and that base
currents are negligible. In addition, the voltages are
assumed positive with respect to ground as shown in
Figure 3'and the currents in the direction shown.

*Slew rate is defined as the maximum rate of change of
) " : Ae

F

INPUT DIFFERENTIAL AMPLIFIER>

NOTES

second differential amplifier is not amp11£1ed by the high output voltage with respect to time: —2
,gam first stage. o
—————————— 76
i O +Vee
sBip |
< 5K |
Ru‘ l
o Q2 |
| Ry I
4 30K |
. ‘v‘v‘v
| ¥
| Q4 T—-|—o OUTPUT
| I
O Qo ¢ Q3 |
| L o, ¥ |
| Ry g b SECOND ) D l |
2.2K 2 g DIFFERENTIAL 4 ! |
| R AMPLIFIER A3
) I * 4 AND EMITTER |
| 'R, © 1K \OLLOWER | | 4
, | : : O -Vee

LEVEL TRANSLATOR AND OUTPUT STAGE

(1) ALL DIODE FORWARD VOLTAGES AND BASE-EMITTER VOLTAGES ARE APPROXIMATELY 0.7 VOLTS.

(2) ALL BASE CURRENTS ARE NEGLECTED
(3) NOTATION: VB

IS READ AS THE POSITIVE TO NEGATIVE VOLTAGE FROM BASE TO

GROUND FOR Q3 EQ IS FROM THE EMITTER OF Qg TO GROUND, ETC.
8

FIGURE 3
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The starting point in biasing the amplifier is the cal-
culation of the current generated by current source QS'

This may be done by calculating the voltagé on the base
of Q3 and using this voltage to determine the current

through RZ’ which is approximately the value of the
current source:

(-Vee + 2.(0.7)) Ry

v ~ — @)
BQg (R, + Ry)
Vee + (VBQ -0.7)
I ~ S B )
2 R2
For Vee = ~ 1.0 ma.

6 volts, VBQ3z -3.14 V and IR2

If it is assumed by a first approximation that the inte-
grated transistors are perfectly matched, one-half the
collector current of Q3 will flow through Q4 and one-half

through Q, so that the current through R, or R, is:
&1 9y 3 4

(Vee - 1.4) Ry

I, =1, =-— |[Vee- 0.7 - (4)
R R
3 4 2R, (R4 + Rg)
Finally, the voltage on the base of Q6 or Q.7 is:
A2 =V =Vec-1, R
BQ6 BQq Ry 73
Ry (Vee - 1.4)Ry
=Vee- — |(Vee-0.7- —— %
2R2 (R4 + R5)
(5)
For Vcc = Vee = 6 volts, VBQG = VBQ7 ~ 2.2 volts.

(Observe that only the magnitude of the power supply
voltages are used in all calculations, the sign is taken
into account in the above equations.) The ca.lculategi val-
ues of VBQ3 and VBQG or VBQ7 determine the maximum

input common mode voltage range. When using 1 6 volt
supplys, this range is + 2 volts maximum.

B. Second Differential Amplifier

The second differential stage provides additional volt-
age gain (AV ~ 20) and the output is taken from Q

(single-ended), through emitter follower QB' Since this

amplifier will not have an appreciable input common
mode swing, the resistor R6 is usedas a current source,

and provides adequate common mode rejéction. Before
proceeding to the third stage, the D.C. voltage at the
emitter of Q3 mustbe calculated, since this voltage level

is essential to the understanding of the level translator
and the output stage. The results of this calculation are
shown in equation (6); details are omitted but the method
is identical to that used in the first stage calculations.

Rq R3
VEQ =Vece - — (Vee - —= [Vee - 0.7V
8 2R6 2R2
(Vee - 1.4V) Ry
—_— —0.7V>—0.7V 6)
(R4 + RS} :

For Vee = Vce = 6 volts, VEQB ~ +3]».82.

C. Level Translator and Qutput Stage

The problem of level translation arises because of the
need for large peak to peak voltage swings at the ampli-
fier output. Since symmetrical a.c.. swings are desired
the d.c. output voltage should be zero volts; i.e. the
amplifier output varies positive and negative about
ground. In addition, this voltage should be zero volts so
that no current will flow in d. ¢. coupled loads when the
differential input voltage is zero volts. The mismatching
of Vbe and B in the input transistors can cause the d. c.

output level to move drastically away from zero volts,
and this effect is considered in the next section. How-
ever, if the voltage at the emitter of QB (+3.8 volts) is

d.c. coupled with gain through the“eutput stage then the
output will be between +3.8 volts and the positive supply.
Therefore, a d. c. level translation problem exists be-
tween the emitter of Qg and the output: the +3.8d. c.

voltage must be reduced to zero volts at the output, and
the amplifier must be d.c. coupled between the two
points.

The circuit of Figure 4 is derived from Figure 3, and
will be used to explain the operation of level translation
and the output stage. The circuitry in Figure 3 from the
emitter of Qg to the output may be driven from a voltage

source since the impedance seen looking into the emitter
of Q8 is very low. The representation is shown in Fig-

ure 4, with & representing the a.c. variation at the
emitter of Q8 and VEQ the d.c. voltage to ground. In
8

addition, transistor Q;, (Figure 3) acts as a d. c. cur-

rent source and is drawn as such in Figure 4. The
value of IQ may be calculated from Figure 3 as follows:
10

P4

Vgo. - D.C. VOLTAGE FROM EMITTER OF Q
Qg TO GROUND (+3.8 VOLTS WHEN Vcc =
Vee = 6 VOLTS)
e, - A.C. VOLTAGE GENERATOR
I - D.C. CURRENT SOURCE (COLLECTOR
Qo CURRENT OF Q, ; IN FIGURE 3)
e, - A.C. OUTPUT VOLTAGE
E, - D.C. OUTPUT VOLTAGE
v - D.C. VOLTAGE FROM BASE OF Q,, TO
BQ11 11

GROUND VBQuz -(Vee - 1.4V)

FIGURE 4
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(1) The current IR is given by:
8

-+ Vee - 0.7
R, — @
8 Rg

I
(2) If. the diode D3 matches identically the base emit-
ter junction of QlO’ then the emitter current of QlO will
be identical to IR . Then:
: 8

I L. ~ Vee - 0.7 0)

Qip~ Rg Ry

and IQ is a constant current.
10 ‘ :

From Figure 4, the D.C. output voltage may be de-
rived by assuming e = 0 and €= 0:

Ve, -V V.. + Vee- 1.4

EQ BQ EQ :
Lo "% 11 P ®
Ry Rg

Observe that I, is essentially constant since V and
W Rg ) EQg

Vee are constant. Then, summing currents at the base
of Qqq: ’ ‘
11

I + L

-1 + 1 9)
Ry " Ryp  Qqp BQp,

For purposes of explanation, assume that IBQ can be
1
neglected. The error caused by neglecting IBQ will
11

appear in the expression for output voltage. If this er-
ror resulted in e, = 0.5 volts D.C. instead of O volts,

when referred to the input it results in an equivalent in-
put offset voltage of 0.1 mv (for an openloop gain of 5000).
This value is insignificant compared to a 0.1 mv V.

mismatchon theinput transistors since input mismatches
are multiplied by the open loop gain. Therefore, (9) re-
duces to:

I + I =~ I (10)
Ry " Ryp Qqp
From Figure 4:
E =1 R, + V (11)
o Ry 10 BQqy
and
~ - o1 1
VBQll ’(Vee 1.4V) (12)
Then,
) E ~ (L -1, ) Ry + V (13)
°o Qg Ry 10 7BQy

Substituting equations (7) and (8) into (12) and simplify-

ing:
R R R
B - Vee<£ Rt 1> Vea <A’>
R8 Rg 8 R9

R R
+1.4<1+—£)-—10> (14)
RQ ZRB

Observe that the d. c. output level is a function of resis-

tor ratios and not of the absolute value of any resistor.

Substituting Vee = 6 volts, VEQ = 3.82 volts, and the
8

values of resistors shown in Figure 3, into (14):

EO ~ 0.046 volts

Therefore, the +3. 82 volt d.c. level at the emitter of Q8

has been translated to essentially O volts (within the
range of approximation: if VEQ = 3.8292 volts, then
8

Eo = 0 volts) by the use of feedback and current summing
into a constant current source at the base of transistor

Q-
If Eg =0 volts, the remaining D.C. biasing currents
may be calculated:

L . Vec- 0.7

R
11 Ry,

I ~. 1,06 ma for Vcc = 6 volts
Ryy

Sincethe current throughdiode D, is approximately IR ,
11

the current through the output transistors may be found.
Previously it was stated that if the diode D4 matched

identically the base-emitter junction of Q13, then IQ =
13

1.06 ma. For the MC-1530-31, the base-emitter junc-
tion of Q13 is 3 times larger than the area of D, so that:

I, ~ L. =~ 3(.) =
Qo Q3 Dy

Therefore, the MC-1530 will drive load resistors as low
as 1K to a maximum peaktopeak swing of approximately
11 volts.

Using the equivalent circuit of Figure 4, the a.c. volt-
age gain of the output stage is:

(assuming that the input impedance to the base of Q11 is

very high). Therefore, for an output peak to peak voltage
swing of 10 volts (z5), the D.C. levels are adequate
throughout the amplifier, and the complete open loop
voltage gain is typically 6000.

IV. APPLICATIONS

A. D.C. Biasing

In this section, the operational amplifier is considered
in terms of the d.c. voltages and currents that can be
measured at the input and output terminals. These mea-
surable quantities are shown in an equivalent circuit for
the amplifier in Figure5;and are also defined in the fig-
ure. In addition, the general case of resistances, from
eachinput to ground and negative feedback are considered
by connecting Rl, Rz, and R3 as shown.
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Using the currents and voltages as shown in Figure 5,
the following equations are written:

1 . E; - Vog = (1 +1Ip + L) Ry + IR; + [I - (Iog + Ig)|Ry
— A
v (15)
E, + Vog = -1 - g + Iog) | Rg - IR, + IR,
(INVERTING
INPUT) (16)
+ In addition, from the model:
E.
i E E
_l 1=-X_-__0 a7
R AR,

1o J)

= 3 (NON-INVERTING

Solving for I, from (16) and substituting the result and
INPUT)

equation (17) into (15) the equation for output voltage is:

E - -KE; + VOS(K+ 1) + KIgR, - (K + 1)(IB + IOS) Ry

X . §F—i (R1 . R3[K f(l]) * [K—EIH

(18)

OUTPUT IMPEDANCE <502 AND IS NEGLECTED

Vos = INPUT OFFSET VOLTAGE (VOLTAGE
NECESSARY TO CAUSE VO = 0 AS SHOWN)

where K = RZ/RI’

The K term in (18) represents the closed loop voltage
gain if the amplifier was ideal. The term:

Vo = 0 VOLTS

VOS (K + 1) + KIBR1 - (K+ 1) (IB + IOS) R3

(19)

is the d.c. error at the output caused by offset voltages

I = AVERAGE INPUT BIAS CURRENT and currents and bias current, while the term:

. I1 + 12 .
B~ K|1 K + 1] K+ 1
Xl;_i (Rl + R3[ g + B (20)
is the error caused by Ri # o and A # =,
D.C.
CURRENT
METERS

The results in equations (18), (19), and (20) can be ex-
tended to the a.c. case when €; = a.c. input voltage and

the resistances are replaced by impedances. Care must
be taken, however, to prevent both Zl and Z2 from be-

coming infinite at d.c. (a.c. coupling) since base current
IOS = INPUT OFFSET CURRENT = I1 - I2

IB will then be blocked to one side of the amplifier. In
A = OPEN LOOP VOLTAGE GAIN = 1.:0/5:2 extending the analysis to a.c. the following equation is

R, = INPUT RESISTANCE obtained:

E; = D.C. INPUT VOLTAGE () e.6)
- e.

E, = D.C. OUTPUT VOLTAGE e (8 = L

1-Ks F: <z1(S) + Zy(8) [KI§S+ 1]>+51§%5)—*1:|

Vog (K(0) + 1) + K(0)15Z,(0) - (K(0) + 1)(I5+15)Z4(0)

K 1 K@Q) +1 K(0) + 1
20 [ﬁ;<z1(o)+z3(0) [K‘(‘%ﬁ)“]) “(K)RT]

(21)
FIGURE 5 — D.C. MODEL FOR OPERATIONAL AMPLIFIER

where S = ¢ + jw (complex frequency) or S = jwfor
steady state calculations and K(S) = ZZ(S)/Zl(S) and

K(0) = 25(0)/Z;(0).
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Equation (21) concisely gives: the a.c. closed loop
voltage gain K(S) for the ideal case, the error as a
function of frequency in the denominator, and the output
offset voltage caused by the d.c. value of the imped-
ances Zl’ Z2, and 23 divided by the d. c. error. The

numerator of the latter term is very useful:

D.C. output offset = Vg (K(0) + 1) + K(O)IBZ1 0)

- (K(0) +1) (IB + IOS) 23(0) (22)
and will be used later in this report for several calcu-
lations. .

B. Open Loop Frequency Compensation

As previously explained, four internal points in the
amplifier are wire bonded to external pins 7, 8, 9, and
10 for frequency compensation. The criterion for uncon-
ditional stability when resistive negativefeedback is used
is that the open loopvoltage gain must have a 6db/octave
slope when passing through 0 db. When using the MC-
1530-31, if no external capacitors are connected to pins
7, 8, 9, or 10 the amplifier does not oscillate without
feedback. However, as shown by the uncompensated
open loop gain slope on the data sheet, itis virtually im-
possible to close the loop and keep the amplifier stable.
Therefore, consider first the use of pins 9 and 10 for
open loop frequency compensation.

As previously shown, the differential gain of the first
stage with a capacitor C between pins 9 and 10 is:

Z
Ay, ~_ L (23)
V1 T .
el

Figure 6 shows the representation of ZL when a ca-
pacitor is used:

+Vee B
S 1
4 > > 2C
g RsS 7 [28re2g SR <
A —= R. ~ 2 l
. R T,
— 1 e2 A
~ 1
L -rl + —L1 asc
o— T 2Brgy
WHERE R = R; OR Ry
+)1MA
26 MV _ -
el ™ 522 ~Tqy
=, B = hpp OF Qg ORQq =~ 50
Ay~ —2
1 Tel
FIGURE 6
ZL = ! (24)
L1 . oasc
R1 Zﬂrez

Substituting (24) into (23) and simplifying:
1 [_ 1
2relC . (RL + Zﬂrez)
4ERLre 2C

(25)

A, (8) ~
v,®

Since the gain equation for the first stage is to deter-
mine the frequency response, the complete expression
for the open loop gain is:

A = Ay (S Ay Ay =~ 100 Ay, (S)
VOL V1 V2 V3 Vl
since

A

~ 20 and Ay ~ 5
vy V3

or,

50 1

r,C Ry + 2fr_,)

el S 4+ 1 e2
4ﬁR1r eZC

Ay6) = (26)

The d. c. value of the open loop gain is:

2BR,T
AV(O):’ 100 1" e2

~ 6000
Tep |Ry + 2Prey

(27

which checks with previous calculations and the typical
value on the MC-1530 data sheet. The -3 db value of
AV(S) can be used to find the 3 db frequency using (26)

and (27). At w= W3gh AV(“'Bdb) = 0.707 A (0), so that

28R, r
0.707|100| T17e2 ()
rep Ry * 2Breg
50 1
torC |: Ry + 2Brey (28)
“sab * | emr
BRI T o
Simplifying and solving for W3dp*
2
X [Ry + 26rey Ry + 2Brg,
“3db = /(4 24 x 109)C L4ﬂR r,C | | 4gair.C
. 17e2 BR)T ey
(29)
Using 8 = 50, re = 50, R1 =17.75 K, and Vcc = Vee =
6 volts: 2
4
1.09 X 10
deb =~ —C—— (30)

One method of using the above equations to compen-
sate the amplifier is to first specify the frequency at
which |Av(u§)| = 0 db. For the MC-1530 amplifier, the

uncompensated response shown on the data sheet indi-
cates a pole at 1 mc. This pole could arise because of
a collector-substrate parasitic, or from the parasitic
capacitance of a diffused resistor. Therefore, the open
loop compensated gain canbe specified to go through 0db
at 1 mec so that this pole can be avoided. From (26):
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50
wr elc

|ave)| - (31)
when,
. Ry +2r
w>> 1 e
4 ereZC

For [Ay()| = 1.0at w =271 X 106) and re; ~ 50,

50

c~—29 __ 0.16 uf
50(2m)(10)

Using a standard value of capacitance C = 0.1 uf, the
gain-crossover point from (28) is:

50
(50)(2m(0.1 X 10-5)

= 1.6 mcs

The 3 db break frequency may be calculated from (27),
with C = 0.1 uf:

1

.09 x 1074

1 ~ 174 cps
1 X 1077

As seen on the MC-1530 data sheet, the 0.1 uf capacitor
causes the gain to pass through 0 db at 1.4 mcs with
f3db x 230 cps. Therefore, the above equations can be

used as a very good approximation to predict the fre-
quency response.

f3aq0™

When the MC-1531 amplifier is used, a good approxi-
mation to the open loop compensated gain is simply to
divide the MC-1530 gain expression by 2:

Ay =281 1 (32)
oL reC S (R1 + 2 re2)
L - ——
4BR1re2C
Therefore, the 3 db frequency expressions previously

derived will also be approximately divided by 2 when the
same value of C is used in the MC-1531.

As pointed out earlier, the best slew rate may be ob-
tained by compensating the amplifier at pins 9 and 10.
However, it sometimes becomes necessary to use a lead
network to compensate the open loop gain. The points at
pins 7 and 8 are provided for this purpose, as shown in
the block diagram of Figure 7. From Figure 7:

P>

. FIGURE 7
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(o} o 1 (¢]

—_ = = — &~ A A —_

€ e e TV Vpeg
where

e R

0 10

— =~ —— (SRoC; + 1)

ey R 9~L

So that the open loop voltage gain can be lead compen-
sated:

(Rm
Ay =~ Ay Ay (20 [sr,c, + 1 (33)
VoL = "Vi Va\R, [ 9L ]>

By using all four frequency compensation points, there
are many combinations and impedances that may be used
to compensate the amplifier. Lead-lag compensation is
accomplished by using both of the methods previously
discussed at the same time. Another method of compen-
sation that is extremely useful is the use of a capacitor
from the output (pin 5) to ground and a capacitor from
output to the base of Qq (pin 7). This configuration is

used on the MC-1530/31 data sheet primarily for sup-
pression of internally generated broad-band noise volt-
ages. The rms noise voltage at the output can be re-
duced to 100 uv using this compensating technique, but
care must be taken with lead lengths on the external ca-
pacitors to avoid oscillations at high frequencies.

C. Specific Applications
Ry
R
1
€1 VWA
Ry
€9 A ¢ MC-1530
MC-1531
Rl ® 10
€30—AA— 1 9
R3§ C=0.1pf
= c
FIGURE 8 — SUMMING AMPLIFIER
1. Summing Amplifier

The MC-1530 or 31 is connected as a summing ampli-
fier as shown in Figure 8. The input resistors used for
summing are equal so that the ideal gain is:

Ry
R— (e1 + ey + eg)
1

e

o (34)

Using equations - (19) and (20), the d.c. summing errors
may be calculated, but R, must be modified in the fol-

lowing manner. If IEIi = 0 in Figure 5, the d.c. offset is

that shown by equation (19). However, in Figure 8 three
resistors are used instead of one so that:

R1 equivalent = 3




Then the d.c. offset error (VE) is:

r Al
VE=Vog (K +1) 41y [R2 S s 1)33] - (K + 1)IygR,
(35)
where

' 3R2

K -—=2
Ry

Using (35), Ry may be selected to set the error due to
bias current Ib equal to zero:

IB[RZ- & +1)R3]=0

or
R R,R
Ry = 2 .21 (36)
K +1 3R, +R
then
Vg = Vog & + 1) - IogRy (37)

The error due to AVO # o and Ry = = (E) is:

Al A Al
E-_K |1 R1+R3[-}-‘-——+1] LK1 (38)

1
Ayo [R K K

Proceeding with the design of the summing amplifier,
assume that the desired output is:

& = €1t &t &

If R1 = IR2 = 10K, then the ideal amplifier output voltage
would be:

e = (91 + ey + e3)
From (36),

(10K)(10K) _ 5 5k

3~ oK) + (108)

From (37), the calculated d.c. offset voltage using typi-
cal MC-1530 data sheet values for VOS and IOS is:

Vg = (1 x107% + ~@2 x 1570 x 104 = 2 mv

(VE = ~12mv for the MC-1531 with a typical Vos = -3mv).

The calculated error due to imperfections isless than 1%
and is neglected. Measured data on the MC-1530 and
MC-1531 is shown in Table I, and compares very favor-
ably with the calculated values.

Using the compensating scheme of Figure 8, the sum-
ming amplifier may be used to accurately sum a.c. volt-
ages up to the closed loop band width of approximately
1 mc. A maximum output swing of 10 volts peak to peak
may be obtained up to 1 KC (see data sheet for output
swing vs frequency).
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TABLE L.

Ry = Ry = 10K (21%) Ry = 2.5K (+1%)

MC-1530 | MC-1531

Offset Voltage
(eg = ey =e3=0) +2 MV -15 MV

eo(el =ey= 1V;e2= eg = 0V) |-0.9985V | -1.015V

eo(el = ey = 1v; eg = ov) -1.9990 V [-2.0163 V
eo(e1 =ey=eg= 1Vv) -2.9983 V| -3.014 V
+6V -6V

NO COMPENSATING CAPACITOR
FIGURE 9 — VOLTAGE COMPARATOR

e, (VOLTS)
6
e, ON PIN 1
10% 90% ep = OV
4 ] i
} |
2 | \ 1'
| \I/1
0 + 2 & e (MV)
L W
, VAN
Ly
1
b §10% \ %
A 90% /einON PIN 2
| e, = OV
LTS
h——Vw—-—'
"VOS.|

Vi = 10% - 90% TRANSITION WIDTH
Vog = OFFSET VOLTAGE

FIGURE 10




2. Voltage Comparator

The MC-1530-31 maybe used as a voltage comparator
as shown in Figure 9. The input output transfer char-
acteristics of the device is shown in Figure 10, and the
voltages of interest are defined for the case wheare
either pin 1 or pin 2 is grounded and the input voltage is
applied to the other pin. Observe from Figure 9 that the
MC-1530 or 31 can be used without rolloff capacitors;
i.e., the amplifier is open loop stable without com-
pensation. The circuit of Figure 9 compares the input
voltage with zero volts, but could be used to compare
an input voltage ej with a reference voltage other than
ground. However, the reference voltage cannot exceed
+2volts (the maximum common mode range of the am-
plifier). Typical values for the offset and transition
voltages are:

Since voltage comparators are usually used to sense
the difference between a pulse waveform anda reference
voltage, switching times become important. The circuit
of Figure 11 was used to measure the switching char-
acteristics of the MC-1530 with a 10-1 overdrive at the
input. The storage time is essentially caused by satura-
tion occurring in the latter stages of the amplifier, while
the fall time is essentially controlled by the parasitic
capacitance in the input stages.

Vo=~ |E _ |+ V (39)
T | olmax R1+R2 0s

The performance of the circuit in Figure 12 is sum-
marized in Table II.

NO ROLLOFF
CAPACITOR

-10 MV
eo(VOLTS)
+5. 5V cummy 10%
|
|
| -
|
| 90%
I 0%
1
-5.5V je—ts—e| tp pe-

-
n

200 N-SEC (STORAGE TIME)
tp = 50 N-SEC (FALL TIME 10 - 90%)
FIGURE 11

Another application for comparators that is often
needed in servomechanism work, analog simulation, or
as a Schmidtt trigger is shown in Figure 12. The trans-
fer characteristic of the amplifier (Figure 12) shows the
hysteresis that results from using R, and R,, in a posi-
tive feedback connection. Duetothe poéitive fetdback, the
transition width, VW, approaches zero; i. e., the transi-

tion width is not a function of the time required for the
transition. This time is limited by the maximum slew
rate of the amplifier (4.5 V/u-sec for Figure 12). The
threshold voltage (VT) can be computed from the model

of Figure 5, but if IB <<1j in Figure 12, then:

TABLE II.
MC-1530 MC-1531
R1 10 ohms 10 ohms
Ry 10 K 10K
Transition Width 0 0
Threshold Voltage +3.8 mv -7.0 mv
-4.95 mv -0.5 mv
+6V -6V
1l =
I
OfLes | €
e, 0—26 C = 0.01 pf
3
4 b) r—eo
R e 10
L@ 9

I
-3
|

—————— —— ——90%

|

|

' -V

I ‘T Foe

i 1|' e, (MV)

[ l

| [

| [ — 4 107L

| -5.5 V! i

f—Vyy— fe— Ve —y
TRANSITION
WIDTH

Vv = THRESHOLD VOLTAGE =

T
1
%ol Mmax W)+ Vos
WHERE |E,| MAX ~ 5 VOLTS \ 1 2

VW = TRANSITION WIDTH ~ 0

FIGURE 12 — HYSTERESIS COMPARATOR

3. Integration With The MC-1530/31

The MC-1530-31 is connected as an integrator in Fig-
ure 13. The biasing network used for this application is
designed tominimize the offset voltage drift since this is
an error in the integration. Calculating the a.c. closed
loop voltage gain of Figure 13:

Z
Ay~ = (40)

[y
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FIGURE 13 — INTEGRATOR CIRCUIT

The exact expressions for Zf and Z; must first be ex-
amined to assure that the gain function is of the form:

1
A = ~——
¢ v) SRC
Considering Z1 first:
SR,C, + 1
- 171 (41)
SC1
Then, for
SR Cy >>1
Zl(S) = Rl (42)
which restricts the range of frequencies to
1
(43)
w>> 5
RIC1
The feedback admittance l/Zf is given by:
1
S +
R,C
. SCp + 1 222 (44)
z R
F 2\S +
RyCy
It
S>> 2 > !
ey ——
RyCy™ 7 ByGy
Then (44) reduces to
Loscpe L (u5)
Zy Ry
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for

w>> ———
RyCy

Consider now the d.c. conditions on the integrator.
Since the amplifier is a.c. coupled at the input,
Zl(O) Using this fact and equation (22), the output

offset voltage is given by:

— -

Vope = Vos * In [zz(o) . z3(0)] - TopsRy  (46)

Since ZZ(O) 2R2, and ZS(O) =Ry, and letting Ry = ZRZ,
equation (46) reduces to:

Vopc = Vos - ZosRe )

Equation (47) reveals two advantages in using a. c. coup-
ling at the input:

(1) The input offset voltage VOS appears directly at

the output, i.e., it is not multiplied by the closed loop
gain of the amplifier. Therefore, this output contribu-
tion is typically 3 mv for the MC-1531 and 1 mv for the
MC-1530.

(2) The input offset current is so low (25 ma maxi-
mum for the MC-1531) that high impedance levels may
be used in the feedback loop with low d.c. offset. If R2

100K, then ZIOSR2 = 5 mv.

Therefore, use of a.c. coupling and equal d.c. resis-
tances in the feedback loop and from the non-inverting
base to ground will degrade the maximum linear output
swing of the MC-1531 by only 8 mv. In addition, the use
of a high value for R, reduces equation (45) to

1. sC; (48)
z
f
for
1
WS> o=
RyCy
Substituting equations (48) and (42) into (40)
_ 1
Ay(S) = - (49)
SRICF
or
t
e®=-—" | e@®at (50)
o i
R Cp
o

Using the previously developed equations, the fre-
quency range of the integrator must be restricted. First
choosing a low frequency for the RZCZ time constant; if
C2 = 200 uf, then,

2

o> —
1771 x 109 @ x 1079

>>0.5 rps

from the restriction on equation (45). If the magnitude
of Av(w) is specified at a given frequency, the constant

of integration may be found:
Let
|ay(@)] = 10 (20 b)



at
w = 2m(5KC)
Then, from (49):
._1__ = 10
wRCp
or
1 _ 3
= 10@2m (B X 107) (51)
RICF

Equation (43) indicates that Rl should be kept reasonably

high so that the frequency range will not be too restricted.
Therefore, let Rl = 10K and from (51) C, = 318 pf.

;=
Choosing a practical value:

C; = 300 pf.

To complete the design, the input R1C1 time constant is
chosen for

w>> 27m(400 cps)>> 1
Ry

and C1 is calculated:

Cy = 100 uf

Ay
L o

200 pf |e, = _R_l—rF s ei(t)dt
400 CPS < f < 50KC

100 uf
o
10K —c,
MC-1531 EE 10K(1%)
200K

B | l Ea
o]
Z60 e @3
5 = 55
1 50 Lf & 3 &
[a)
g a2
€40 | 160
o)
- \\ l 1
S i~ | 5 DB/OCTAVE| >
@] N"’ ) /i
1 8
§ZG VDHASE | TN 80
E10 | AN -40
Z 400
gy CPS
s 10 100 T 1kc 10KC 100KC

FREQUENCY (CPS)

FIGURE 14 — MC1531 INTEGRATOR
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The measuredresponse of the integrator constructed with
calculated values is shown in Figure 14, and performs as
predicted between 400 cps and 50 KC.

4. Simulation of Transfer Functions

The MC-1531 amplifier may be very effectively used
in both R-C filters and in transfer function simulation.
Using the closed loop gain expression from Figure 13

Z
Ag =~ — (52)
L Z1

a large number of transfer functions may be generated.
As a representative example, the amplifier will be used
to simulate equation (53)

SRC (ST3 + 1)

A, = — "3 " (53)
€L 5Ty + 1)(STy + 12
where
T, = —L— - 199 x107°
2m(8KC)
Ty = —L — - 1.38x107°
27m(12KC)
Ty = —— = 0.3981 X 10°°
27(40KC)
and
Ac = 0dbat 10KC
L

The closed loop expression of equation (53) must first
be examined at S = 0 (at d.c.). The MC-1531 should have
a very small d.c. offset voltage at the output to obtain
the maximum undistorted a.c. output voltage variation.
From equation (53), the d.c. closed loop gain is zero.
This means that the d.c. value of Zl approaches infinity

or the d.c. value of Zf = 0. The Zf = 0 case requires an

undesirable inductor in the feedback loop;soto avoid this
case, a.c. coupling maybe used at the input which makes
Zl(OS — infinity. Then the output offset voltage is the

same as that discussed in the integrator:

- IR

Vopc = Vos * Ig(Ry - Ra) - IogRy

If R2 = R,, then:

31
Vobc = Vos -~ TosR3

and the same advantages as those discussed with the in-
tegrator apply.

The next step is to synthesize equation (53), then the
known value of Ry may be used to check the output level

to make surethat an adequate linear output swing may be
obtained from the amplifier. Using equation (52) and
tables of R-C transfer impedances found in referenceone,
equation (53) may be generated. Let Zl(S) be represented
as in Figure 15

(ST, + 1)(ST, + 1)
z)) - —— 2 (54)
sc, T oeT




The design equations for the circuit in Figure 15 are:

WT; - VTp?
Ry = ———*— (55)
C
2
1Ty
9 = (56)
C
2
Cy = _Tl.Ti_ C2 (57)
(T, - T2
Ric T Ry ¢
T °
(ST, + 1)(ST, + 1)
z, ) =__1SC—2
"I‘1 = T2
FIGURE 15
Next, let Zf be represented as shown in Figure 16:
GTS + 1
ZF(S) = R3
TS + 1
6<1
3
R, 53
6TS + 1
Z.(S) =R, 222+ 2
F 8 s+ 1
6<1
FIGURE 16

The design equations for the circuit of Figure 16 are:

T = (Rg + R)Cy (58)
R
9= —2 (59)
R3 + R4

IfT= T2 and (9T2 = T3, then the closed loop gain expres -
sion for Figure 17 is given by:

he % PR . _SRCTS b
L % oz (STy + 1)(ST, + 1)2

(60)

Ry

R c
4 ) 3
c [ l_ﬁ
R, R, i—<
e, o—»va»Wv—% -
1 o)
°T )

Rg

FIGURE 17

Using the time constants T2 and T3, 6 may be found:

T3 _2702KQ) _ 4,
2 7(40KC)

There are many ways in which the design equations (55)
through (59) may be used to find the R-C values in Fig-
ure 17. However, sinceit is usually required todrive the
amplifier from a voltage source, the impedance levels
should be high. With this in mind, the design can begin
with an arbitrary specification of Rl‘ Most audio signal

generators have 600 ohm internal impedance so that if
an arrangement as shown in Figure 18 is used, R1 should

be approximately 10 times larger than RS (Figure 18) to
avoid loading the source. In addition, R1 should be large

enough so that another operational amplifier can drive
the circuit of Figure 17 without loading the driving ampli-
fier, thus reducing its output swing. Therefore, let Ry

= 2K; then from equation (55):

- =2 _ -7
R,C, = (JT1 - JTy° = 6.73 X 10
or

-7
Cy - 6.73 X 1077 _

- 336 pt
2 X 103
TO 600 @ e
SOURCE TO Ry
502
FIGURE 18

Using the value of C2 and equations (56) and (57), R2 and
C1 may be calculated, completing the design of ZI:

JT;Ty  1.625 X 107°

R, - - = 48.4 K ohms
2 c2  3.36 X 10-10
.. T
boyr -T2
-10 -5
c, - .36 X 10719 (1.625 X 107%) _ o g0a 4

6.73 X 10-7

To design the feedback impedance Zf, the closed loop

gain expression in equation (60) and the specification that
ACL = 0db at 10KC are used to calculate Rg. When Rq
is known, equations (58)and(59) may be used to calcu—
late Ry and C3'

JWR4Cy [1 + jw(0.398 X 10‘5)J
A =

c - =72
L [1 +j(1.99 X102 1+ jw(1.38 X 10 5)]

lAC l = 1.0 and w = 271 X 10%
L

10-84



then
_ -5
R,C, = 4.16 X 10
4.16 X 107°
3= = = - = 123.8 K ohms
3.36 X 10-10
from (59)
6
R, = R
471 g8
R, =23 (123K = 53 K
0.7
from (58)
(Ry + R C3 =T =Ty =138 X 1073
or
-5
c, - 138 X 1055 _ o5
1.768 X 10°

The circuit simulating equation (53) is shown in Figure
19with curves of measured data and data calculated from
equation (60).

In using the MC-1530 series to design R-C filters, the
same procedure outlined above may be used. However,
in thedesign of filters to meet specified gain, bandwidth,
and skirt selectivity, an additional problem arises in
approximating the desired frequency response by a trans-
fer function in the S-plane. Several methods are avail-
able for solving the approximation problem (one of the
best is found in chapter 6 of reference two), but they are
beyond the scope of this report.

V. SUMMARY AND CONCLUSIONS

Several circuitdesign constraints on integrated opera-
tional amplifiers caused by monolithic fabrication have
been considered. Although all the problems associated
with this topic have not been discussed, the major ones
of importance are included:

(1) effects of epitaxial resistivity,
(2) importance of resistor ratios, and

(3) importance of transistor and diode matching.

The operation of each stage in the MC-1530-31 is ex-
plained and analyzed at d. c. and low frequencies. This
clarifies the circuit design and points out the contribu-
tion of each stage to the overall amplifier.

In the final section, as a prelude to practical applica-
tions, the details of d.c. biasing and methods of fre-
quency compensation are explained. The note is closed
with the design of four practical circuits using the am-
plifier: a summing amplifier, a voltage compensator,
an integrator, and transfer function simulation.

By comparing the measured data with calculated data
in the applications section, it is obvious that the MC-
1530-31 amplifiers are predictable and useful tools.
Since these amplifiers are fabricated by the high volume
monolithic process resulting in a low cost, most users
should consider them for a wide variety of applications.
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AN INTEGRATED CIRCUIT RF-IF AMPLIFIER

INTRODUCTION

A versatile integrated circuit for RF-IF applications
is introduced which offers high gain, extremely low in-
ternal feedback, and wide AGC range. The circuitis a
common-emitter, common-base pair (the cascode con-
nection) with an AGC transistor and associated biasing
circuitry. The amplifieris built on avery small die and
is economically comparable to a single transistor, yet
it offers performance advantages unobtainable with a
single device. This application note describes the AC
and DC operationof the circuit, a discussionof Y-param-
eters for calculating optimum power and voltage gain,
and avariety of applications asan IF single-tuned ampli-
fier, IF wideband amplifier, oscillator, video-audio am-
plifier and modulator. A discussion of noise figure is
also included.

I. EXPLANATION OF OPERATION

The simplified schematic shown in Figure 1 will be
used to quantitatively explain the A.C. and D.C. opera-
tion of the MC1550. Considering D.C. operation first,
the voltage Vg and resistor Rg establish the current Ip,

in diode Dy. Since this diode is on the same silicon die
as transistor Qq and they are laid out very close to each
other, the emitter current of Qq will be within 5% ofthe
diode current.* This biasing technique takes advantage
of the matching characteristics that are available with
integrated circuits and illustrates a method which would
be difficult to accomplish with discrete components but
with ease using I1/C's. The current established in the
emitter of Qp will be shared in some manner between Qg
and Q3 depending on the relationship between VAGgc and
VR in the same manner as a current mode switch or dif-
ferential amplifier. For the case where VAG(C is at least
114 mV greater than VR, Qgis turned off and all the col-
lector current of Qg is transferred to Q1. Since Qg is
off, the A. C. gain will be at its minimum point. If, on
the other hand, V ¢ is less than Vg by 114 mV or more,
all the collector current present in Qp will flow through
Q3. This, then, is the operating point for maximumaA. C.
gain. Considering now the A.C. operation, the input is

T2 Eout

3

T1
ElN;
C1A

(BYPASS)

FIGURE 1 — SIMPLIFIED SCHEMATIC

applied to the base of Q; and the output taken from the
collector of Q3. Thus, the combination of Qp - Qg acts
as a common-emitter common-base pair. This pair
offers the distinct performance advantage of reducing

internal feedback (Y13) two orders of magnitude when
compared to a single transistor. Using the General Radio
1607-A Immittance bridge, Y9 was unmeasurable up to
frequencies of .300 MHz. This indicates that the magni-
tude of Y9 is less than 0.001 m-mhos over the useful
frequencies of operation of the MC1550, and can, for all
practical purposes, be neglected. The ability to vary the
gain of this circuit can also be a performance advantage
when compared to a single transistor. The following
reasoning makes this apparent: As will be shown in the
next section, changing the AGC voltage has a very minor
effect on the operating point of Qp; therefore, the input
impedance of Qq remains constant. Thus, there isno de-
tuning of the tunedinput circuitry as performance curves
of practical circuits shown in following sections will
verify.

A schematic of the MC1550 amplifier including bias-
ing resistors is shown in Figure 2. The circuit is con-
structed ona 30 x 32 mil die using 200 ohm/square sheet
resistance material and 1 x 0.5 mil emitters in the box
geometry transistors. Resistors R1 and Rg bias the
diode D1 and also establish a base voltage for transistor
Q3. Resistors R3 and R4 serve to widen the AGC volt-
age range from 114 mV to about 0.86 volts. This is
necessary so that the AGC line will be less susceptible
to external noise.

Il. D. C. CALCULATIONS AND BIASING

A D.C. analysis which closely approximates the actual
operation is as follows. Using Figure 3 and writing node
equations for nodes 8 and 10, we have

for node 8,
Ve - Vec Vs~ Vo Vs~ Vp,
R + R + R + IB3 =0
1 3 2
for node 10,
Vio ~ Vacc , V10 " Vs 1y -0
Ry Ry 2
5
’ —09
RI1$3k  R4$18k
11 1 6
100
R3 @2 @
3k N
80
RZEE:{k }/
10- Q SUBSTRATE
D1 j I
40—e—PpI—o
3 2 7

*
See Appendix A for derivation

FIGURE 2 — MC1550 SCHEMATIC
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Vce

SUBSTRATE

FIGURE 3 — DC BIASING

Neglecting Ib2 and Ib3 and solving for VB and V10’ we
ave

R, R

4 1
R_2 1+ ®|* Vace |R;

Va‘ R R3 R3 M
_41+_1+_1__1 4
TRy Rol B3] |Fs

. 42) DI]H oo+ 5+ 1)

V. =
10 R
. 4

From equations (1) and (2), observe that the D. C. volt-
ages are dependent upon resistor ratios rather than abso-
lute values. Presentintegrated circuit technology enables
these tolerances to be held within 5%quite easily, thus
achieving very good D. C. stability.

2)

The manner in which transistors Qg and Q3 share the
current which passes through transistor Qi is deter-
mined by the difference of the base voltages, Vg - V;,
(See Appendix B).

Define V0 = V8 - V10

, and subtracting (2) from (1):

The change in equation (3) with AGC voltage may be
calculated by differentiating,

0o _
Face |, [“&_“_IJ_PJ [EJ
Ry Ry Ry |[Rs] [Bs
For the nominal case of R = R = AIR.i R equation

(3) simplifies to

N

o __ -z ()

which is, again, a function of a resistor ratio. Using
nominal values of R = 3k ohms and R4 = 18k ohms
v
0 Volts
= -0.133 (5)
ov AGC Volt

Using (5), for a change in Vg of 114 mV, the AGC volt-
age must change 0.86 volts at room temperature, which
corresponds to measured values.

To determine the effect of the AGC voltage on the
operating point of Qp, the emitter current of Q is cal-

culated as a function of AGC voltage using Figure 4.
Writing a node equation for the node at the base of Q1

=1, + 1 (6)

Assuming a close match of p-n junctions for diode D1
and the base to emitter junction of Ql’

I = Ig =(hFE+1)IB1

1 1

Substituting the above into (6):

h + 2
FE
Vo, -V = Ryl 7+—) L (7)
8 D1 2<hFE + l> El
For hFE 1
L Vg - VD1
By Ry

FIGURE 4 — BIASING OF INPUT TRANSISTOR
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Substituting the value for V8 from equation (1) into

():
R R R
1 4 1
V V. 1 A \'
[ cc +<R3> Dl] [ * R:J * Vage [RJ D

I, - .
N A VA W \ W Y 2
o R\ Ry TR, ) (B \ Ry

with vAGC’ (8) is dif-

(8)

To obtain the variation of Ig

ferentiated: 1

...
P

(9)
ov R R R R,\/R
R, ({1 + 1+ + gy |
2 [ R3 R3 R2~ R3 R3

For nominal values of R1 = R2 = R3 = 3k, R, = 18k

al
Ey

AGC

= 22 pa/volt (10)

ov

For a supply voltage VCC = 6.0V, IEI =~ 0.88 mA, thus
for full AGC operation (0. 86V), the change in I, is 19uA

or 2.16%. For larger supply voltages, the effect of AGC
voltage on IEl is even less (1% for VCC = 12.0V). Since
IEI varies only slightly, the input impedance variation
(which depends on r_ = KT/qlg) is very small. This fact
is shown by the measured 60 MHz data in Figure 5.

Ill. TEMPERATURE STABILITY

The ability of the diode current to closely track the
emitter current in Qq will give a good indication of the
circuit's gain stability with temperature. A curve of
IDL/IEl VS temperature is shown in Figure 6. The abso-
lute variation of IEl is also shown onthe curve for VCC =
6.0V. The variation of Ig, produces a measured varia-
tion in power gain of +1.5 dBover the temperature range
-550C to +125°C, which will be explained in more detail
in following sections.

! 5.5
f = 60 MHz
Cin
500 \\
NGO
—~ N
g N ~
z
8 2
P 5.0~
[ Ri &}
a,
450 AR, =2.1%
AC, =17.2%
N in <
= | o
0 L ] 0
0 1.0 20 30 40 50 6.0

A AGC (VOLTS)

FIGURE 5 — INPUT RESISTANCE AND CAPACITANCE
versus AGC VOLTAGE
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o 0.8 0.9 =~
= N
A or
\
o
£ 06 0.8

—
o—f
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FIGURE 6 — DC CURRENTS versus TEMPERATURE

IV. CIRCUIT CHARACTERIZATION AND
Y-PARAMETERS

There are two basic methods by which integrated cir-
cuits may be characterized. The first method is based
on measurement or calculation of internal transistor pa-
rameters, forming of a suitable model for each, com-
bining with other internal components and transistor mod-
els to form a overall model which will approximate the
actual circuit. For integrated circuits which contain
more than one or two active devices combined with dis-
tributed substrate capacitance and resistor parasitic ca-
pacitance, this method of analysis becomes difficult and
the accuracy of results depends upon the accuracy of the
model. This type of formulation has value in helping to
relate specific circuit applications todevice parameters.
However, the accuracy of predicted performance is not
quite as good as that obtainable when measured two-port
parameters are used. The two-port method characterizes
the linear active network as a black box, and is not lim-
ited by approximations but by the accuracy of measure-
ment of the parameters. This method has the additional
advantage of being amenable to well established design
techniques. The MC1550 is characterized on the data
sheet in terms of y-parameters which were measured on
both the Boonton R-X meter and the General Radio 1607A
Immittance bridge. The correlation between the two in-
struments was +5% where frequencies overlapped. There-
fore, the y-parameters will be used in later sections for
circuit design, and predicted and measured performance
are very close to eachother. However, in order tobetter
understand the reasons for some of the values of y-
parameters obtained, a y-parameter discussion is in
order.

To discuss the y-parameters of the MC1550, it is con-
venient to consider the circuit as a common-emitter,
common-base cascode as shown in Figure 7. The circuit
has been analyzed in reference 3, but the method is re-
peated here for clarity. To derive the y-parameters, the
transmission matrix for a common-emitter and common-
base stage may be used as in Figure 7. The overall trans-
mission matrix then becomes:

Ay Ay + By Cy Ay By+ By Dyl ey
- . (11a)
i AyCy+CyD, B, C +D D, i




-0 — » 4_192
[‘1] [Vn Vlz] rl}
Iyl Lygy ¥ppl Ly
Y-MATRIX
i
3,
b, +
+ O— T ig
93 + >
e —oO0 Tez
-0 . ¢ —0
[el} [Al Bl] [ea] —es] [Az BZ] rz
il leyn ] Ly li,] le,,) L,
Cg s

TRANSMISSION MATRIX

FIGURE 7 — CE-CB MATRIX PARAMETERS

The y-parameters of each stage in the cascode circuit
are related to the above transmission factors asfollows:

y Y
Alz-_‘E Bl=-1_ A2=_Lb 32=_1_
: Yie Yte Yo - Yo

: v, v,
c.=-4& p .. o __ay p __’ib
Loy b Ve 20 Vg 20 Vg,

where Ay =¥V, " VY,

and =VY91 common-emitter

Yte

1

Vi = Vo1 common-base, etc.

At this point, the y-parameters may be substituted for
the transmission parameters in the overall matrix and
then a conversion may be made from an overall trans-
mission matrix toan overally-parameter matrix by using
the equations below:

_D - AT
Y11 =8 Y12° "B
A
B

Y1
where AT = AD - BC

and A=A1A +B,C B=A.B, + B.D

2 172 172 172

C=A C1+C2Dl D=B2C1+DD

2 172"

The above set of equations may be manipulated into
several forms. However, with the use of the relation-
ship between the common-emitter and common-base y-
parameters, the overall y-parameters may be put into
the useful form presented in reference 3.

Y = Y

ie +yre +yfe ry

oe

Yrp = " Ope * yoe)

Y, = - (yfe * Yoe)

ob ~ Yoe (11p)

The results of these manipulations are listed in equa-
tions 12 through 15 below.

- Yie Woe * Yin) ~ Yte Vre ~y (12)
11 Uoe * Yip) 1e
Y..Y
re 'rb
Yo = - o (13)
12 yoe + Yib
Ve . ¥
_ fe’fb _ _
Y17 G v~ Ve (14)
oe ib
Yo Foe * Yip) = Yop ¥
_ Job Yoe ib rb 7fb _
Yoy = ® Yob (15)

e * Vi)

Where Y1, Y9, etc. denote the y-parameters of the
cascode circuit. At this point, either calculations or
measurements on common-emitter and common-base
parametersfor the individual transistors may be used to
verify and explain the overall y-parameters. For . the
MC1550, individualtransistors were bonded into a TO-18
package for these purposes. The results of both meas-
urements and calculations indicate that the conculsions
below are correct:

1. The input admittance of the cascode circuit is within
5% of the input admittance of a common-emitter
transistor.

2. The reverse transfer admittance is extremely low
since, in terms of milli-mhos, it involvesthe prod-
uct of two numbers less than unity, divided by a
number greater than one. Hence, the fact that it is
extremely difficult to measure is understandable.

3. The forward transfer admittance is primarily that
of a common-emitter transistor.

4. The output admittance is essentially that of a
common-base amplifier (very low real part and an
imaginary part controlled by the parasitic capaci-
tance of a monolithic transistor).

These conclusions will be used to some extent in each
of the applications in later sections of this note. Typical
measured values of y-parameters versus frequency and
versus AGC voltage are shown in Figures 8 through 11,
and will be used in the following sections for designing
tuned amplifiers. The y;o parameter is not shown since
it was found to be less than 0.001 m-mhos, therefore, it
will be neglected in examples to follow.

V. NOISE CONSIDERATIONS

The noise performance of all possible cascoded inte-
grated circuit pairs has been theoretically evaluated in
reference 2. Two major points that are results of this
analysis should be repeated here:

1. The noise figure of a small geometry monolithic
transistor is very closely the same asthat-of a dis-
crete bottom collector transistor which has the
same geometry.
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FIGURE 11 — MAGNITUDE OF FORWARD TRANSFER
ADMITTANCE versus FREQUENCY

2. Of all possible connections of two transistors, the
best noise figure will be obtainea when the input
device is in the common-emitter connection. The
second device will have little or no influence on
noise figure.

The MC1550 amplifier, therefore, should follow closely
that of it's discrete counterpart in the common-emitter
connection. That this is true is seen in Figure 12 which
shows a curve of optimum noise figure and optimum source
resistance versus frequency.

VI. APPLICATIONS
NARROW BAND TUNED AMPLIFIER (CE-CB)

This section considers the design of a single stage, 60
MHz amplifier. A typical circuit for this application is
shown in Figure 13. The followingtwo-port y-parameters
are obtained from the curves in figures 8 through 11 at 60

MHz, for VCC =6.0, and VAGC = 0.0
¥yq = 2.50 +j2.3 = 3.34 £ 42.6° mmhos
Yio = (negligible)
Y9y = 10.0 - j19.0 = 21.5 £-62.3° mmhos
Ygg = 0.01 +j0.80 = 0.80¢ 90° mmhos

Since y12 has been neglected, the maximum available
gain (MAG) is assumed to exist and may be calculated
from the equation (16) below:

2
_ Power Available at Qutput _ |y21|

MAG = 5oyer Available from Source ~ 4 Re(yn) R _(v5,)

- (16)
MAG = 4620 and 10 log (MAG) = 36.7 dB
This is the theoretical maximum limit for this circuit

at this frequency. Another important measure of power
gain is transducer gain, GT’ defined by the equation

_ Power Delivered to the Load _ 1:,o an

G = - =
T ~ Power Available from the Source P AVS
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FIGURE 13 — 60 MHz TUNED AMPLIFIER

It can be shown* that maximum power gain through a
linear two-port network occurs when the source admit-
tance is the complex conjugate of the input admittance of
the network and the load admittance is the complex con-
jugate of the output admittance of the network. From
basic two-port analysis using y-parameters, the for-
mulas for input and output admittances are:

*See Reference 1

V12921
Y. =¥ - (18)
in 11 Yog * YL
Y12¥21
Yout = Va2 - Vi1 * Yg (19)

Since the assumption has been made that Y12 is zero,

Yinx ¥pq

Yout ~ Yag

Therefore, the optimum source and load admittances
are given by:

= * = -3
Ys(opt) = Y11 2.50 - j2.30 mmhos

= * = -
yL(opt) Y99 0.01 - jO.80 mmhos

These values of Yg and Yy, are not exact, but they do
turn out to be very close to the final values obtained in
the laboratory. Having calculated YS(opt) 214 Y1,(opt
G may be calculated: (opt) (opt) »

2
4|Y21| RC( ys) RC(YZ)

G.. = 5 (20)
T g1+ ¥g) Ogg + ¥y) - V9 ¥9q|

Using values found above: G,,= 4620 or G, = 36.7
dB. T T

The value for Gy is equal to the available power gain
which also follows since yyq ~ zero. In practice, it is
difficult to achieve the calculated theoretical value of
transducer power gain because of the losses in the in-
ductors. The finite value of unloaded Q for a practical
inductor results in an equivalent resistance which will
load the output and restrict both the bandwidth and the
power gain. As will be seen in the following section, the
equivalent Rp can be used to modify yg9 and then the cal-
culation performed with the new Y'ZZ‘

Due to the low value of yqg, the assumption that the
output load can be varied without affecting the input is
valid and can be used to advantage in this design. Con-
sider first the input tuned network and the input admit-
tance as shown in the circuit of Figure 14(a). There are
many ways to proceed with the design, and the method
chosen here is to arbitrarily broad-band the input net-
work and design the matching network to conjugate match
y11- The matching network! then transforms the 50 ohm
source into yji1*. Using techniques in reference 1 the
calculated values of Ll’ Cy, and C2 are:

L1 = 0.23 pH
Cy = 36 pF
C, = 65 pF

1Chapter 13 of reference 1 details a design procedures
for matching networks.
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FIGURE 14 — INPUT AND OUTPUT MATCHING NETWORKS

Considering now the output matching network in Figure
14(b), the bandwidth should be considered first:

1
BW = 27TRTCT

RT = Total R at the output

CT Total C at the output

In Figure 14(b), resistor Rp is the equivalent resist-
ance across the output caused by the finite unloaded Q of
Lg. The measured value of Rp is 35k ohms at 60 MHz.
This value may be placed in parallel with the value of
R, and the resultant Rusedto calculatea new ygo = y'22
The new value of ygg will be used to design the matching
network so that the load admittance is the complex con-
jugate of y'22. The total R and total C across the output
may then be tradedto achieve the required bandwidth and
transducer power gain and L may be varied to maintain
the desired center frequency. For Rp = 35k ohms, the
new yoo is:

y'22 = 0.039 + j0.80 mmhos
then

= 0.039 - j0.80 mmhos

L

The matching network values are then calculated:

L2 = 0.26 pH
= 630

Cy 630 pF

C4 = 27 pF

The total R and C present across the output is:

1 -3 B
W = 2 (0.039)10 Cp=Cp + C(Matching network)
RT = 12.5k ohms C., = 28 pF

T

These values may then be used with y-parameters to
calculate the transducer power gain, center frequency,
and bandwidth. The results are:

f = 60 MHz
o

GT = 30.1dB
BW = 0.5 MHz

Using the values of L and C previously calculated, the
circuit of Figure 13 was constructed and tested in the
laboratory. The results using 4 different MC1550's are:

Circuit Center Transducer
No. Frequency Power Gain Bandwidth
1 60 MHz 30.0 dB 0.6 MHz
2 60 MHz 30.0 dB 0.5 MHz
3 60 MHz 30.5 dB 0.6 MHz
4 60 MHz 30.4 dB 0.4 MHz

Noretuning was done when the units were interchanged,
which accounts for the slight differences in measured
values. The AGC characteristics of the amplifier are
shown in Figure 15. The center frequency and bandwidth
are very constant over a 40 dB AGC range and the band-
width varies + 0.15MC for a 55 dB AGC range. This
stability is due mostly to the fact that input impedance
does not change with AGC, and because the input tuned
circuitry is broad-banded. The design in the next section
will show only small variations in center frequency and
bandwidth (less than 3%) when the input tuning network is
a narrow-band circuit.

The performance of the circuit over the temperature
range -55°C to +125°C is shownin Figure 16. The worst
variation was -2 dB over the complete range.
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WIDEBAND TUNED AMPLIFIER

The foregoing example demonstrates the high gain of
the MC1550 at the expense of bandwidth. This narrow
bandwidth is primarily due to the large value of resis-
tance which is across the parallel tuned outputcircuit.
Reducing this value of resistance will broaden the band-
width and reduce the power gain so that more than one
stage may be required to achieve the specified gain and
bandwidth. This section is concerned with the design of
a multi-stage amplifier to illustrate the above points. The
amplifier specifications are:

Single Tuned

Center Frequency — 45 MHz
Bandwidth - 15 MHz

Transducer Power Gain — 30 dB

For this application, it will be necessary to use a two-
stage amplifier. Because there will be three tuned cir-
cuits, there willbe a bandwidth reduction according to the
following equation:

BW g 1/m 4

BWoveraLL = BWsTacE

where n is the number of tuned circuits.

Thus, for an overall bandwidth of 15 MHz, each stage
shouldbe designed for 30 MHz bandwidth. From the cur-
ves given in Figures 8 through 10, the y-parameters at
45 MHz, vcc = 6.0V, VAGC = 0.0V are as follows:

For the following calculations, the source andload im-
pedance are 50 ohms.

The simplified circuit shown in Figure 17 will be used
for this design. For this circuit, a new output resistance
for each network can be found in order to simplify the
calculations. By doing this, the two-port is extended as
shown by the dashed lines in Figure 17. This value of R
is the parallel combination of R, and Ry - From the value
of yg9, R, is found to be 100k. Assuming that ygcan be
accurately transformed into yyq* and yp, = y'z%*, the
value of Ry which will give the required gain of 15 dB
for each stage can be found from the transducer power
gain as shown in equation 21:

2
[¥21]

G.. = .
TRy By
4R (y35) R0yy)

T (21)

For the values given, Re(y'zz) = 2.88 mmhos

Then,
RO + RL Re(y'zz)
Solving, RL(min) = 350 ohms

Let Ry, = 500 ohms to realize the specifiedtransducer
power gain.

Y11 = 2.5 + j2.0 mmbhos Inductors with an unloaded Q of 30 or more must be
used so that the effect of their resistance on Ry, can be
Y19 = (negligible) neglected. Using the equations for center frequency and
bandwidth of a tuned circuit,
Y97 = 16 - j21 mmhos
21
F = 1 BW = ;
Y99 = 0.01 + jO.55 mmhos 0 27 /LC 27RC
Ys | Y11 a2 | YL 22 | Yo
MC1550 1 MC1550 2
o} — ==
Y o -
TR CLT L FLT
500 ¢ 2( L, o $ s s | ..,5 N m;: g° Sr | 3L; e ¢ soe
SOURCES 7] 22 13 7 $ 3 L “ 3JLoAD
R .|R C R, C. C
IN| © 0 L| 3 o | ’Ire
- > . ¢ +
—_ JR—| C5
FIGURE 17 — 45 MHz TWO STAGE AMPLIFIER
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FIGURE 18 — WIDE BAND 45 MHz AMPLIFIER
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the necessaryvalue of L and C at each interstage may be
found. These values are:

C, = 25pF (9-35) L, = 0.42uH R, = 5100
C, = 20 pF (9-35) L, = 0.68uH

C; = 5pF(2-8) Ly = 0.55uH

C, = 20 pF (9-35)

Cg = 25 pF (9-35)

The circuit of Figure 18 was built and the table below
indicates the measured values of transducer power gain
and bandwidth.

Center
Unit Frequency Gain (dB) Bandwidth
1 45 MHz 30.2 15.4 MHz
2 45 MHz . 30.5 15.0 MHz
3 45 MHz 31.0 14.5 MHz
4 45 MHz 30.3 14.2 MHz

The practical circuits closely follow the predicted
values previously calculated. The AGC characteristic
is shown in Figure 19; and, as before, the bandpass
characteristics are preserved over the entire AGC range.
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FIGURE 19 — AGC CHARACTERISTICS OF 45 MHz
WIDE BAND AMPLIFIER

A STAGGER TUNED I-F STRIP

The term ''stagger tuning' refers to an amplifier com-
prising several stages in cascade, in which the stages
are not tuned to the same frequency but are "staggered"

at frequencies above and below the desired center fre-
quency. Not only are the tunings of the individual stages
not identical, but often their bandwidths are also different.
Although the advantages of this method were apparent
to a few persons several years earlier, the credit for
first exploiting the stagger tuning technique in detail be-
longs to Henry Wallman. 9 Since that time, many authors
have extended Wallman's work and the technique is well
documented,

The objectives of stagger tuning aretwofold: (1) A gain-
bandwidth product is achieved which is greater than that
of synchronously tuned cascade stages, and (2) it is pos-
sible to achieve a selectivity curve of prescribed ampli-
tude response. Thus it is possible to stagger tune n single
stages as to achieve a flat bandpass, an equal ripple
(Chebyshev) bandpass, or numerous other selectivity
curves with very good gain. A design procedure for a
maximally flat stagger tuned amplifier and laboratory
results are given in the following section.

DESIGN PROCEDURE

Consider the following hypothetical design for an IF
amplifier:
Center Frequency (fo) 45 MHz Stagger Tuned
Bandwidth (Af) 6 MHz Source Impedance 50
Power Gain (G) 70 dB  Load Impedance 50
AGC Control >50 dB

A typical circuit for this application using transformer
interstage coupling is shown in Figure20. The individual
stage requirements of this flat staggered amplifier are
as follows:
a. One stage tuned to f, with bandwidth Af.
b. One stage tuned to foawnh Q=2.0/3
c. One stage tuned to fo/a with Q =2.0/5
wheres=Af/fpand a =1+ 0.4336
For the amplifier specifications given above, the follow-
ing results are obtained:
é§=0.1333 a=1.0578
a. One stage tuned to 45 MHz with a 6 MHz bandwidth.
b. One stage tuned to 47,60 MHz with a 3 MHz band-
width,
c. One stage tuned to 42.50 MHz with a 3 MHz band-
width.

There is nothing new or tricky involved in the inter-
stage design. The most expedient procedure istoassume
that the coupling transformers are ideal,form equivalent
models with one side of the transformer referred to the
other side, then compute the bandwidth and center fre-
quency from the equations for the parallel tuned cir-
cuits:

Af =5 f=
27 RTCT
where RT = total parallel resistance
CT = total parallel capacitance
LT = total parallel inductance

However, due to the fact that there are two tuned cir-
cuits associated with each stage, there will be an overall
bandwidth shrinkage of each stage, This is easily handled
by broadbanding the output tuned circuit of Stage 1 while
achieving the desired selectivity and bandwidth with the

1:N1 N,:1

~

50 Q MC1550

SOURCE

a
[

MC1550

50 Q

MC1550 74 LOAD

»nl\
AAAS 2

} STAGE 1 |
fo, = 42.5 MHz

STAGE 2

STAGE 3
1 =42. foz = 45.0 MHz = 47.6 MHz
Afl = 3.0 MHz Afz = 6.0 MHz Af3 3.0 MHz

FIGURE 20
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I L L L
I 2 I - T e
5 = 59 = = 5 = =
Ty 1 9] To 1 9l Ty 1 T,
4 I by * 50
50 Q ¢ To| Mcis50 MC1550 MC1550 LOAD
SOURCE 1172 4

6

el

Lkl Ll

: 2 TURNS - 7 TURNS T

I =
|||——)|—o—

L =1pH CHOKE T : 19 TURNS - 8 TURNS

C - 0.005uF 1" 496 WIRE ON 3" 4 34 WIRE ON
- T12-10 CORE 57-2651-6 CORE
C, = 9-35pF
e} _ 160 pF T, :28 TURNS - 9 TURNS T, : 19 TURNS - 2 TURNS
2 # 30 WIRE ON # 32 WIRE ON
03 = 9-35 pF T20-10 CORE T20-2 CORE
C, =2-8pF
C5 = 5-18pF

FIGURE 21 — 45 MHz STAGGER TUNED AMPLIFIER

input tuned circuit and visa versa with Stage 3. The same
procedure could be followed in the design of Stage 2 by
broadbanding the output tuned circuit while achieving the
desired bandwidth and selectivity with the input tuned
circuit, However, for this particular circuit, the pro-
cedure taken was to synchronously tune both the input
and output circuits of Stage 2 and take into account the
shrinkage factor, A schematic of the final design showing
all pin connections is given in Figure 21.

TUNING

As was pointed out earlier, one very important charac-
teristic of the MC1550 is the ease with which it is tuned.
The first prototype circuit was tuned as follows: each
stage was disconnected from the other stages and loading
applied to each stage to simulate the actual circuitry in
cascade. Each stage was then tuned to the desired center
frequency with the correct bandwidth, Once each stage
was tuned, the circuits were connected in cascade and
final fine tuning adjustments made, With the experience
gained in tuning the first prototype, the second proto-
type was tuned by merely sweeping the amplifier with
a Jerrold 890 sweep generator and tuning while ob-
serving the output on an oscilloscope. A photograph
of the sweep is shownin Figure 22. The final results were:
Center frequency - 45 MHz, Bandwidth - 6 MHz, and

the three stages were tried to study their effectiveness.
With the AGC applied only to the first stage, 64 dB of
AGC control was obtained with a maximum deviation
from flatness in the passband of 0.7 dB. With the AGC
applied to all three stages, 90 dB of AGC control was
obtained, with a maximum deviation from flatness in the
passband of 1 dB. These two conditions represent the
minimum and maximum extremes, When the combinations
of the three stages taken two at a time were tried, they
all fell within the above range. Thusfor the design speci-
fication, it was sufficient to AGC only the first stage.
The variation of bandwidth and center frequency were
measured and the results are shown in Figure 23.
This data indicates a maximum of 5% bandwidth devia-
tion occurring at the low gain (maximum AGC) condition,
with full AGC occurring over a 2,5 volt range. With an
input of 50x volts rms, the output signal into 50 ohms is
156 mvolts with a noise level of 6.8 mvolts.

The results of this design strongly indicate that the
MC1550 has tremendous potential for use inboththe R-F
and I-F stages of television, radio, radar, and commun-

Power Gain - 70.0 dB.

AGC Power Center Bandwidth

Voltage | Gain dB | Frequency MHz MHz

0.0 70.0 45.0 6.0

0.5 70.0 45.0 6.0

1.0 70.0 45.0 6.0

1.5 70. 2 45.0 6.0

3 dB 2.0 70.2 45.0 6.0

~ 2.5 63.5 45.0 5.9

A 3.0 58. 4 45.0 5.8

) 3.5 46.1 45.0 5.8

4.0 28. 7 45.0 5.8

4.5 6.2 45.0 5.7

142 MHz 145 MHz 148 MHz
FIGURE 22 FIGURE 23

AGC CHARACTERISTICS
The choice of which stage or stagesareto be AGC'd is
more or less arbitrary. Various AGC combinations of

ication gear where high gain, wide AGC control, and low
cost are of prime importance.

10-96



OSCILLATOR

The MC1550 can conveniently be used as an oscillator
in both the CE-CB and CC-CB configurations. In this
section, the CE-CB configuration will be analyzed to de-
termine the factors that will influence the frequency of
oscillation, and a practical circuit given for a 5-10 MHz
oscillator. Consider first the fundamentals of oscillator
operation from Figure 24. The closed loop voltage gain
of Figure 24 is given by:

o AoL@)
Acy = & T-A, @AW @2)

'“—o‘"_’l

FIGURE 24 — BASIC FEEDBACK AMPLIFIER

Where Ay, represents the open-loop gain of the ampli-
fier with %ﬁe output of the amplifier loaded by the input
impedance of the feedback network, B8(w). From equa-
tion 22, the closed-loop gainincreases without bound when

Aop@) Bl@) = 1 (23)

and self-sustained oscillations result. This equation in-
dicates that the frequency of oscillation can be found by
setting the imaginary component of Agy B(w) equal to
zero. Once the frequency of oscillation, wg, has been
determined, B(wo) can be found, and the threshold gain,
A, below which oscillations will not be sustained may be
determined from equation 24 below:

1
AT("'O) = rwo; (24)

This is the approach which will be used in analyzing
the MC1550. With a signal applied to the base of trans-
istor Q,, the MC1550 acts as a common-emitter, common-
base amplifier with high voltage gain and 180° phase shift
at low frequencies. Because of the internal 180° phase
shift, the B(w) network must introduce an additional 180°
phase shift from the output terminal (pin 6) to the input
terminal (pin 1) so that positive feedback will result.

Although this phase shift can be accomplished by a
number of methods, perhaps the easiest method of achiev-
ing it is the use of an inverting transformer connection.
This methodis shown in Figure 25. A simplified analysis
ofthis circuitis as follows: Assuming first an idealtrans-
former, the voltage appearing at the input terminal is:

1
e =-1¢ (25)
By definition,
1
Blw) = —
o
s0 that
_ 1
Bl = - & (26)
Substituting equation 26 into equation 2:
L _
AoL -7 =1
or
AOL = -n @7

b —— —

6
—— —O0
Rl"
ey $ 4
Ry CgT Teo
o —O0

FIGURE 25 — TRANSFORMER COUPLED FEEDBACK AMPLIFIER

Hence, the open-loop gain must be equal to or greater
than the turns ratio of the ideal transformer. From
the discussion given in the video amplifier section of
this application note, the expression for the low fre-
quency voltage gain is:

A, =- (28)

Where Ry is the output load of the device and Teq is the
dynamic emitter resistance of transistor Qq and is given
by

r = 26 (mX) (at room temperature. )

€4 Ieim )

From Figure 26, the equivalent load on the amplifier is:

RL =R | Ry || rp i an1 (29)
where
Ro = the output resistance of the MC1550
R2 = external load resistor
rp = resistance of the transformer coil
rp - (Qunloaded of coil) ) (wLp)

nZR1 = resistance reflected intothe primary from the
secondary due to the transformer action

I denotes the parallel combination.
The expression of the open-loop gain now becomes
2
Ro |, || Ry 0 Ry

OLI= T,

|A (30)
1
Substituting equation 30 into equation 27, the condition
for self-starting and sustained oscillation is
2
R, |Ir. . |IR, N R
olTp IRy 1M Ry
or
1

The frequency of oscillation of the circuit is given by:

. (31)

S S — (32)
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Although the above equations were derived for an ideal 15 T T T
transformer, the same method of analysis will be valid ——~-CALCULATED EQN (32)
for the non-ideal transformer case. Using the model 13 | —-— CALCULATED EQN (33)
given in Figure 26, the same procedure used above may \ I | I | (K=.3)
be repeated to solve for the minimum value of gain and = \\\ — MEASURED
the frequency of oscillation. This analysis is detailed in 5 \A
Appendix C, and the results are: 2 \\

f S S For K<1 (33) g ’ N
osc 2 or é , W
27\/(1-K ) LpCop g N
E A
Lp 5 N
(w, =-a Where o = K\/ — (34) Q
. AT 0) LS \\~
. 3 3
. s 1
(See Appendix C for definition of terms). 0 100 1000 10000
C, (PICOFARADS)
FIGURE 28 — FREQUENCY versus C2
o-
S Y 4 <
CzTRz‘.nZRI; o1 —r
o = Voe = 12.0v
q 12 "]
EOT L1
FIGURE 26 — TRANSFORMER COUPLING 5 10 VCC = '10. oV —
REFERRED TO PRIMARY & // T Lely
& of—p L

The circuit shown in Figure 27 was designed using the 1)
above equations, to obtain an output frequency that is vari- E // ot T
able from 5 to 10 MHz. The curve in Figure 28 shows the g 6 l 7 Veg = 60V
relationship between the value of Cg and the frequency of ﬁ / L~
oscillation for both measured and calculated values using 3 4 7

' equations 32 and 33. =
3
&2
=]
[S)
0
0 1k 2k 3k 4k 5k 6k 7Tk 8k 9k 10k
LOAD RESISTANCE R (OHMS)
FIGURE 29 — OUTPUT VOLTAGE versus LOAD RESISTANCE
r -
|
5.1
} 23k c
10 | _|
L | e R
L e N
I | | 3k j: § \\
= | } + L = 5.0
| | 2
L ; &
c | 5
1; }: } g Voo = 6.0
3:1 Il | E ——
S 4 SUBSTRATE | 49
_____ - Voo = 12,0
i ® ki
= = 438
21 TURNS - 7 TURNS -50 -25 0 25 50 7 100
#36 WIRE ON T-12-2 TEMPERATURE (°C)
FIGURE 30 — FREQUENCY versus TEMPERATURE
C=0.1pf
Cy = 170-780pF The curves in Figure 29 shows the output voltage of the
: oscillator as a function of load resistance for various sup-
ply voltages. It is seenthat for a loadresistance greater
FIGURE 27 — 5-10 MHz OSCILLATOR than 10k ohms, the output voltage is essentially constant .
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Figure 30 gives anindication of the frequency stability .
of this oscillator centered at 5.00 MHz at 25°C over a Tp \A
temperature range from -25°C to 1000C. Figure 31is a ! '
photograph of the output waveform at 5.0 MHz. Rg o r Vo .
;J: el‘: Te, Tegl Teg| @2l |
Lot~ 8 3 3 G) -~ $
Cs i Cs| Cy| Ry
eg 1‘2
ro. = KT IE = D.C. EMITTER CURRENT
€1 gl
§ F1
= KT CS = SUBSTRATE CAPACITANCE
3] = 22
s ez qIE
S 2
« - KT
€3 gl
E
3
i FIGURE 33 — MC1550 EQUIVALENT CIRCUIT
0.1pS/em

FIGURE 31 — OUTPUT WAVEFORM OF OSCILLATOR (FIGURE 27)
Using equations 35, 36, and 37 above, the equation for

the voltage gain is
VIDEO AMPLIFIER

e

. . A(S)= 2=-_,1 [ @
One of the many methods of using the MC1550 as a video v eg Tp* RS T, T,
amplifier as shown in Figure 32. The circuit may be 1 72

analyzed for voltage gain using the equivalent circuit shown T : 1
in Figure 33. Using model analysis, the equations from (1 + S\ . SC.+ 1 N 1 sC +i
N . T
Figure 33 are: rel 3 wp) TptRg S re2 re3 O Ry
e
(et o &
T, tRg ﬁrel Ty S Equation 38 can be somewhat simplified if
1 1
—— & ———=— ORTI'+R,«gT (39)
r ! b
0=V —1—+V L+_L+sc (36) ﬂoel rb*'RS 5 ° €
2({r 3lr ry S
€1 2 3
Using the simplification in Figure 5 andfactoring, equa-
- - o 1 tion 40 results:
0 = Vi (5 +teo(Rm +SCO (37)
e L 1 o
Ay(® = - Fb’T'fg<r—r>
Where €1 €
1_1 .S 1
B By wr c.C Te T
s”o s 1 1 f1 1 1
a8+ & |+ _— + =
and relw,r T+ RS Cs re2 + res RLC0
= (40)
CO Cs + CL
Using equation 40, the D.C. value of voltage gain is
calculated by setting S = 0:
Ry
AV(O) = - 1 T\FOR a = 1 (41)
T, T, (7 T
:E 1 2 e e
100
Equation 41 clearly points out the effect that the AGC
variations has on voltage gain. KV = 0 volts, then
IQ =~ 0 and l/r’3 ~ 0. For this case, equation 41 be-
80 3 3
VIDEO & comes: R
INPUT < ) L (@1a)
— 1 =_. =
°_| AV rel
(o]
500 If Ve = +6 volts, then In, ~ 0 and 1/re_ = Oor T,
AGC = volts, en Qy = an r52~ or :l‘e2
n —o0s0 that equation 41 becomes
~ R
T L Ap0) = - — =0 (42)
o (10 22)
€1 Te
FIGURE 32 — VIDEO AMPLIFIER 3
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Equations 41a and 42 represent the extremes of the
D.C. voltage gain, and equation 41 can be used to find
the gain at any point between 0 and the maximum. Con-
sider now the use of equation 40 in the design of a video
amplifier to meet the following specifications:

AV(O) = 25
VCC = 6 volts
Bandwidth > 20 MHz
RS = 50 ohms
The transistor parameters are
rt; = 50Q .
wp = 2m(9 x 10°) Hz
CS = 5 pF
rel = 25Q For VCC = 6.0 Volts
The load resistor, RL required is:
RL = AV(O) rel
RL = 625Q.

The dominant pole will be created by the load capaci-
tance and Ry . Since Cg =5 pF, the value of Cy, must be
less than 8 pF for a bandwidth greater than 20 MHz.
Therefore, assume that Co = 10 pF, then the break fre-
quencies are given by:

f = 25.4 MHz
17 R C,
relfT fT
I =3 +Rsz? = 300 MHz
fo= 2 (X 4+ 1 \sioptator v, = 0or 6 volts
37 Cglr r 48 AGC :
€ €3

The curve in Figure 34 shows a comparison between
measured and calculated data for the circuitof Figure 32
when Ry = 6259 and Cp,< 5 pF. Thedata indicates that,
although a simplified model was used to analyze the cir-
cuit, reasonably valid results are obtained in the labora-
tory.

(23
o

]
o

R, = 6258 §— CALCULATED

)
[=]

MEASURED-

—
o

VOLTAGE GAIN (dB)
&
=

2
—

0.1 1.0 10 100 1000
FREQUENCY (MHz)

FIGURE 34 — MC1550 VIDEO AMPLIFIER GAIN
versus FREQUENCY

AMPLITUDE MODULATOR

The AGC characteristics of the MC1550 make it very
useful as an amplitude modulator as shown in Figure 35.
If the voltage at the base oftransistor Qg is time-varying,
the gain of the amplifier will also be time-varying. By
injecting an audio signal into the base of transistor Q,
the RF carrier will be amplified as a function of the audio
input. Considering the circuit interms of y-parameters,
the voltage gain is given by:

Y21l /0
Ay = 2L

+Y

(43)
Va2 L

From this equation, it is seen that if |y, | is varied
sinusoidally, the voltage gain varies sinusoidally, and
the output will be an amplitude modulated wave. The
amount of distortion will depend on how linear the gain
varies with the input sinusoid. Figure 37 shows the man-
ner in which |ygq| varies with AGC voltage at 45 MHz
(Voc = 6.0V). The curve in Figure 37 shows that be-
tween V =2.75 volts and Vp e = 4.25 volts, | yaq |
is very linear with AGC voltage. By biasing the AGC
line (pin 5) to 3.5 volts and impressing an audio signal
on the base of Qg (pin 10), Iyle varies along the linear
portion of the curve. Because of the linearity of this
portion of the curve, very little distortion in the output
results. Using the y-parameter curve of Figure 37, the
up modulation and down modulation may be calculated.
Referring to Figure 36, the up and down modulation fac-
tors are defined as:

E _-E

M, = % (UPWARD MODULATION) (44)
E-E_.

M, = —20  (DOWNWARD MODULATION)  (45)

d E
Where:

E = peak amplitude of the unmodulated carrier

E = maximum amplitude attained by the modulated
maX  carrier envelope.
Emin = minimum amplitude of the modulated carrier
envelope.
Q3
Q1 Q2
RF
INPUT R

AUDIO
INPUT

FIGURE 35 — SIMPLIFIED MODEL OF RF MODULATOR

AUDIO
ENVELOPE

RF CARRIER

FIGURE 36 — AMPLITUDE MODULATED WAVEFORM
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|
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15.0
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|
|
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|
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275 4.25
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FIGURE 37 — |y21| versus VAGC AT 45 MHz

Observe from Figure 37 that E,,, occurs at point "A"
where the audio signalis at minimum amplitude and Ep;p,
occurs at point '"C" wherethe audio signalis at maximum
amplitude. The nominal value of E occurs at point "B"
when the audio signal crosses thru zero volts. If we let
ejp be the input voltage, then the output voltage can be
found from equation 43.

_ % lYa1
- +Y

(46)
Yoo T 'L

0

Thusthe values of E i, Emax’ and E can be found to be

g - Pl )
min - yyo + YL
e. ly
Y22 L
_ ein|y21|B (49)
Vo3 * Y,

My and Md can now be found from equations 44 and 45:

P21la ~Pails

M, = —=2=—=2 1272 (50)
b [Y21|8
and
Fa1ls ~IY21lc
M, = 2lB valic (51)
d |Y21]8

Substituting the values of |y21| A’ ly21| B and |y21lc
found in Figure 37 into equations 51 and 52, we find,
M, = 0.90

Md =0.91

These are the values of up modulation and down modu-
lation which may be expected without distortion.
When the circuit shown in Figure 38 was designed and
tested, the following results were achieved:
M, = 0.89 ande = 0.89
Two output waveforms of this modulator are shown in

Figures 39(a) and 39(b). As one can see, very good
modulation has been achieved with very little distortion.
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FIGURE 38 — RF MODULATOR

(a) 45 MHz RF, 2 MHz ‘AUDIO’

(b) 45 MHz RF Frequency, 5 KHz Audio

FIGURE 39 — OUTPUT WAVEFORM
OF RF MODULATOR (FIGURE 34)




APPENDIX A

For an ideal p-n junction, the current is related to the
voltage by the equation

v

nV,
I=I<e 'T~1> (52)

o

where a positive value of V represents a forward biased
junction, n is a parameter (=2 for silicon) to account for
recombination at the junction transition region, VT is the
electron-volt equivalent of temperature and is given by
V= KT/q, and I, is the reverse saturation current.
Thus, for transistor Ql biasing

v
Dy VBE

nV, nV,
-1 <e T -1>am:11E =1 <e T‘-1>-
1 ° 1 g

1 ) 1 (53)
When the diode is forward biased, VD is equal to the

base-emitter voltage, Vg, of transistor Qq and the -1
term in the parenthesis can be neglected. Thus; we may
write

v v
nV, nV,
I, =1 (e Tlandr, =1 (e T (54)
D o E 0
1 Dl 1 El
where
vV = VBE = VDl .

I the two p-n junctions are physically matched by
being located very close together, the reverse satura-
tion currents will be nearly equal. That is,

I =1 (55)

thus, IDl = IE1 as given in the text.

APPENDIX B — TRANSITION WIDTH OF
EMITTER-COUPLED CIRCUIT

The MC1550 is partially re-drawn in Figure 40. In
this figure, Q1 is represented as a current source and
current I3 is to be related to voltages Vg and V1(_):

The currents Iy and I may be relatedto the voltages 9y
and @, by equations 56 and 57:

a9y
KT

I,~a;e T (56)
q(pz

L=a, efT (57)

Assuming I and I3 are approximately equal to the
emitter currents, then:

L+ L=Ig - (58)
Also,
Vg - Vo= 91 -9 - (59)

(1)1 AND (2)2 ARE BASE-EMITTER
VOLTAGE DROPS

FIGURE 40 — SIMPLIFIED MODEL OF EMITTER
COUPLED CIRCUIT

Using the above equations, the current 13 may be
found:
I
! (60)
I = —'__y 0
3 Lo alVg - Vio
KT

Assuming Vi is held constant at some prescribed
value, 13 is plotted as a function of V8 in Figure 41.

If (Vg - Vi0) is assumed to reach two values, one
which causes I3 =0.1 IQl (denote it as Va) and one
which causes IE =0.9 IQ (denote it as Vb), then the

difference between the two will give the transition width
AV,

B:
Wy
KT
a1 -
0.1 Q1< +e > IQ1 (61)
WV
0.9 1, (1 te KT): I (62)
1 1
Solving for Va and Vb we have
vV = <K—T> Ing (63)
a” \q
v, = (K0} ml (64)
b \q 9 -’
Hence
A=V, -V, (65)
and
AV8=%ln9+I§l—Tln9 (66)
or
KT KT
av, = 5T ng1n a4 KT 67
8~ q q (67)

At room temperature (T ‘= 25°C)

AV8 =114 mv .

APPENDIX C — DERIVATION OF OSCILLATOR
FREQUENCY AND THRESHOLD GAIN

The circuit shown in Figure 42 is an equivalent model
of the transformer when the coefficient of coupling is not
unity. The parameters for this model are as follows:
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FIGURE 41 — TRANSITION WIDTH OF EMITTER
COUPLED CIRCUIT

0= output resistance of the MC1550

L= external load resistance

1= input resistance of the MC1550

L= external load capacitance

= input capacitance of the MC1550

R
R
R
Co = output capacitance of the MC1550
C
¢
L

= leakage inductance of the transformer

2
= (1 - K% LP
Lm = magnatizing inductance of the transformer

- ¥’L
P

L _ = primary inductance of transformer

Lg = secondary inductance of transformer

L
a= effective turns ratio = K EP
s

K = coefficient of coupling

In the circuit of Figure 43, the secondary impedance
have been reflected into the primary and,

R Ry, 2 ¢
Ry =goqq Ry =@y, Cp=Co+Cp, Cy=—
o L
MC1550

Iol Rol Col
) b3

FIGURE 42 — TRANSFORMER MODEL FOR K #1

<

eo Le
e o

4 l s C l_ e}

IOCD RT:: CTT Lm “zRI:: “_IZT To
+

-0

FIGURE 43 — REDUCED MODEL OF FIGURE 42

10

Consider next the output current of the MC1550 as an
independent source and form a Thévenin equivalent for
this source. This is shown in Figure 44. This is the
figure which will be used for the following analysis. By
definition,

p= L (68)
o
or from Figure 40
B= ;e—‘é . (69)
o

e
Solving for V_o in Figure 25:
0

o]

v LC L C T

° g (ch)+s €, e X+sz<1+—e+_x+—e>
Ry T

(70)
+ sf, e >
Br€r  ImPrCr Rxc LmCr
Now letting § = jw
1
' -w o+ jw
€ _ TCT>
v L C L
o 4< > 2< X ) 1 ]
w (L C, )-w(l+ +
oSt o e

2 /1
-+ jw
(RTCT>
_ j[w3<f'_e . L'ecX 1 I"e . 1 ]
Ry R.Cqp/ \RTCT LnRpCp RyCp

(71)

Multiplying both the numerator and denominator by the
conjugate of the denominator, and setting the imaginary
component equal to zero and combining like terms, we
have

The exact solution to this equation is quite complex
and offers little insight to the analysis. However, with
the following assumptions, this reduces to a very simple
form.

Assume:

L
(B) (.:—'er«R,I.2 ) RT »RX

(A) CT > CX
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For these assumptions, which reduces to the approximation,

2 1 = .1
" =i (73) Real B(w) = -3 (76)
e T
or The threshold gain, A, is now found from the equa-
tion
1
fo = -————J_-T——_— (74)
2m(1-K") LpCop .
AT(wo) B ﬂinS
This is the approximate frequency of oscillation. To or
find the threshold gain of the amplifier, the value of w
found above must be substituted into the real componen? AT (wo) = -a 77)

of B to solve for B(w,). With the same assumptions as
above, this procedure results in equation 75:

where a is the effective coefficient of coupling.

L [
I e 1 Equations 74 and 77 are those given in the text.
'R, [DRp Ry 4 &
_ T T m T
Real B(w ) =
(3} L 9 L 4R,
—all +=2 _—+ € R
RBrCr|Bx  mc. r,2 R
CrRx By R
T
Le
€g " "
1- _EE_ L_e _ __1_] R _L 0
RpCr [ImPr  Bx A Lm3 o?Rig C1 L, o
2 Sy b3 22 ) ey
L L -
4 e 1 e +
A\ Yt rA\T —o
Bx \lm T\F'm
(75) FIGURE 44 — THEVENIN EQUIVALENT OF FIGURE 43
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RF SMALL SIGNAL DESIGN
USING ADMITTANCE PARAMETERS

INTRODUCTION

Design of the solid-state small-signal RF amplifier
using two port parameters is a systematic, mathematical
procedure, with an exact solution (free from approxima-
tion) available for the complete design problem. The only
sources of error in the final design are parameter vari-
ations resulting from transistor parameter distributions
and strays in the physical circuit. Parameter distribu-
tions result from limits in measurement and random
variations among identically designed transistors.

The purpose of this paper is to provide, in a single
working reference, the important relationships necessary
for the complete solution of the RF small signal design
problem using admittance parameters. Further,equa-
tions are givenin the appendix for the conversion of other
sets of two-port parameters to admittance parameters.

The paper is based on work by Linvilll, Sternz, and
others. Those who may wish to consider the derivations
of some of the expressions should refer to the original
work presented in the references,

The report assumes that the reader isfamiliar with the
two port parameter method of describing a linear active
network. Several references are available on this sub-
ject.h»4»

It has also been assumed that a suitable transistor for
the task at hand hasbeen selected, and that two-portpara-
metersare available for the frequency and bias point which
will be used. Device selection will not be covered as a
separate topic in this report; rather, a thorough under-
standing of the material in the report should provide the
designer with the tools he needs to select transistors for
a particular small signal application.

The equations given in the text of thereport are appli-
cable to the common emitter, common base, or common
collector configuration, if the applicable set of parameters
(common emitter, common base, or common collector
parameters) is used. Equations for the conversion of the
admittance or hybrid parameters ofany configuration to
either of the other two configurations of the same para-
meter set are given in the appendix.

While directed primarily toward circuit design with
conventional junction transistors, two port network theory
has the advantage of being applicable to any linear active
network., The same design approach and equations may

therefore be used withfield effect transistors?, integrated
circuits, or any other device which may be described as
a linear active two-port network with measurable para-
meters. ’

Finally, various parameter interrelationships and other
data are given in the Appendix,

GENERAL DESIGN CONSIDERATIONS

Design of the RF small signal tuned amplifier is usually
based on a requirement for a specified power gain at a
given frequency. Other design goals include bandwidth,
stability, and input-output isolation, After a basic cir-
cuit type is selected, the applicable design equations can
be solved.

Circuits may be categorized according to feedback
(neutralization, unilateralization, or no feedback), and
matching at transistor terminals (circuit admittances
either matched or mismatched to transistor input and
output admittances), Each of these circuit categories
will be discussed, including the applicable design equa-
tions and the considerations leading to the selection of
a particular configuration.

STABILITY

A major factor in the overall design is the potential
stability of the transistor. This may{ be determined by
computing the Linvill stability factor ! C using thefollow-
ing expression: §

[”12 "ml
[ s B m
28y €337 Re 095

When C is less than 1, the transistor is unconditionally
stable, When C is greater than 1, the transistor is po-
tentially unstable.

The C factor is a test for stability under a hypothetical
worst case condition; that is, with both input and output
transistor terminals open circuited. With no external
feedback, an unconditionally stable transistor will not
oscillate with any combination of source and load, If a
transistor is potentially unstable, certain source and
load combinations will produce oscillations.

Although the C factor may be used to determine the
potential stability of a transistor, the conditions of open
circuited source and load which are assumed in the C
factor test are not applicable to a practical amplifier.
Consequently it is also desirable to compute the relative
stability of actual amplifier circuits, and Stern2 has de-
fined a stability factor k for this purpose. The k factor
is similar to the C factor except that it also takes into
account finite source and load admittances connected to
the transistor, The expression for k is:

2 (g)) + Gg) (B, +Gy)
ke ————— @
[v1292] + Re G193

If kis greater than one, the circuit will be stable. If k
is less than one, the circuit will be potentially unstable
and will very likely oscillate at some frequency.

Note that the Cfactor simply predicts potential stability
of a transistor with an open circuited source and load,
while the k factor provides a stability computation for a
specific circuit.

Stability considerations will be discussed further in
the descriptions of each basic circuit type to follow.

GENERAL DESIGN EQUATIONS

There are a number of design equations which are ap-
plicable to most types of amplifiers, These equations will
be discussed first. Descriptions of specific amplifier
types will then follow, and each will contain additional
design equations applicable to that particular amplifier.

POWER GAIN

The general expression for power gain is:

2
ly21| Re (Y)

= @)
IYL + y22| 2 Re (y,, - 21221 )
V2t Vi

Equation 3 applies to circuits with no external feed-
back, It can also be used with circuits which have external
feedback if the composite y parameters of both transistor
and feedback network are substituted for the transistor
y parameters inthe equation, The composite y parameters

TRe (Y12Y21) = Real part of (YIZYZI)
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are determined by considering the transistor and the feed-
back network to be two 'black boxes" in parallel:

FeeTTT T

| I New
Feedback | "Black
Network | Box"
BER
|
-2 T -0
Transistor |
|
o 0
| |
I —_d

For example, the above combination of transistor and
feedback network may be characterizedasasingle ""black
box" by the following equations: T

Y11e = Ynae * Vi

Y12¢ = Y12t * V12t
| “

Y210 = Y210 * Your

Ya2c = Ya2u * Yoo

Where:

Yiles Y12¢s Y21cs Y22¢ are the composite y param-
eters of the parallel combination of transistor and
feedback network.

Y11t» Yi2t» Y21t Y22t are the y parameters of the
transistor.

Yi1fs Y12fs Y21fs Y22 are the y parameters of the
feedback network,

Note that, since this approach treats the transistor and
feedback network combination as a single 'black box"
with ¥11¢, Y12¢s Y21¢» 2nd ¥22c as itsy parameters, the
composite y parameters may therefore be substituted in
any of the design equations applicable to alinear, active,
two port analysis.

The neutralized and unilateralized amplifiers are
special cases of this general concept, and equations as-
sociated with those special cases will be given later,

Equation 3 provides a solution for power gain of the
linear active network (transistor) only. Input and output
networks are considered tobe partof the source and load,
respectively, Two important points. should therefore be
kept in mind:

(1) Power gain computed from equation 3 will not
take into account network losses. Input network
loss reduces power delivered to the transistor.
Power lost in the output network is computed as
useful power output, since the load admittance
Yp, is the combination of the output network and
its load.

(2

-

Power gain is independent of source admittance.
An input mismatch results in less input power being
delivered to the transistor. Accordingly, note that
equation 3 does not contain the term Yg.

TRefer to Seshu and Balabanian, "Linear Network Analy-
sis, "John Wiley and Sons, 1959, P321

The power gain of a transistor together with its as-
sociated input and output networks may be computed by
measuring the input and output network losses, and sub-
tracting them from the power gain computed with equa-
tion 3.

In some cases it may be desirable to include the ef-
fects of input matching in power gain computations. A
convenient term is transducer gain Gr, defined as output
power delivered to a load by the transistor, divided by
the maximum input power available from the source.

The equation for transducer gain is:

4 Re (¥)) Re (%) |vyy| 2

T = 2 (s)
|03y + ¥ Uy + ¥y) - v1ava|

In this equation, Yy, is the composite transistor load
admittance-composed of both output network and its load,
and Yg is the composite transistor source admittance-
composed of both input network and its source, There-
fore, transducer gain includes the effects of the degree
of admittance match at the transistor input terminals but
does not take intoaccount input and output network losses.

As in equation 3, the composite y parameters of a
transistor feedback network combination may be substi-
tuted for the transistor y parameters when such a com-
bination is used.

The Maximum Available Gain MAG is an often used
transistor figure-of-merit, The MAG is the theoretical
power gain of a transistor with its reverse transfer ad-
mittance yj19 set equal to zero, and its source and load
admittances conjugately matched to y;; and Y92, re-
spectively.

I yj3 = O, the transistor exhibits an input admittance
equal to yj; and an output admittance equal to ygj.
The equation for MAG is, therefore, obtained by solving
the general power gain expression, equation 3 , with the
conditions -

yn:o
.
YL =Y22
.
and Ys =11

which yields:

2
|71
MAGE —— = ®
4 Re (7)) Re (yp))

MAG is a figure of merit only, since it is physically
impossible to reduce yjg to zero without changing the
other parameters of the transistor. An externalfeedback
network may be used to achieve a compositey; o of zero,
but then the other composite parameters will also be
modifed according to the relationships given in the dis-
cussion of the composite transistor - feedback network
"black box."

TRANSISTOR INPUT AND OUTPUT ADMITTANCES

The expression for the input admittance of a transistor
is:

Y12 Y21
YN =Yy - T M

Va2 .+ Yo

TObtained by solving the equations for transistor Yyyand
YOUT. with y; 9 equal to zero. These equations are given
later in the report.
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The expression for the output admittance of a transistor
is:
Y12 Y21
Y,

our = Y22 - T o ®)
8 Y * s

When the feedback parameter yjg is not zero, YN is
dependent on load admittance and Yoy is dependent on
source admittance.

AMPLIFIER STABILITY

One of the major considerations in RF amplifier design
is stability. The stability of a finaldesign can be assured
by including stability computations and considering stabil-
ity in all design decisions relating to feedback and tran-
sistor source and load admittances.

The potential stability of the transistor should first
be computed using equation 1.

The various alternatives concerning input - output
matching and neutralization - unilateralization will now
be discussed for both the unconditionally stable transis-
tor and the potentially unstable transistor.

THE UNCONDITIONALLY STABLE TRANSISTOR

When the Linvill stability factor of the transistor as
determined by equation 1 is less than one, the transis-
tor is unconditionally stable. Oscillations will not occur
using any combination of source and load admittances
without external feedback. Stability is therefore elimina-
ted as a factor in the remainder of the design, and com-
plete freedom is possible with regard to matching and
neutralization to optimize the amplifier for other perfor-
mance requirements.

AMPLIFIERS WITHOUT FEEDBACK

The amplifier with no feedback is a logical choice for
the unconditionally stable transistor in many applications
since it may offer the advantages of fewer components and
a simple tuning procedure.

Source and load admittances may be selectedfor maxi-
mum gain and/or any number of other requirements.
Power gain and transducer gain may be computed using
equations 3 and 5, respectively; input and output ad-
mittances may be computed using equations 7 and 8,
respectively.

The amplifier stability factor may be computed using
equation 2 . While amplifier stability was assured from
the beginning by the use of an unconditionally stable tran-
sistor, the designer may still wish to perform this com-
putation to provide some insight into danger of instability
under adverse environmental conditions, source and load
variations, etc.

Gmx

Gmax, the highest transducer gain possible without
external feedback, forms a special case of the no feed-
back amplifier.

The source and load admittances required to achieve
Gmax may be computed from the following:

1 3
L 2 2|3
Cs= TRe G,y l[ 2 Re (yy;) Re (y55) - Re (7)5¥5,) ]2 71921 | ®
tmn(y 309 15)
Im(y,y
B = - Imly,) » —211% (10)
2 Rely,,)

1 .
[ — 2 2|z
% : TR l[z Re (y)) Re (75) - Re 53595) | %= [yyo95 I an
1m1912)
B, = - Im{y,,) + ——— (12)
L 22 2 Rely,,)

Therefore, if the maximum possible power gain without
feedback is desired for an amplifier, equations 9,10, 11,
and 12 are used to compute Yg and Yy,

The magnitude of Gp5x may be computed from the
following expression:
Gmax=
E

3
2 Rely,;) Re(y,y) - Re(yyp7,))+ I[z Re(y,,) Rely5y) - Re(y5,7)] - |y'2"2llzl

(13)

Equations 9, 10, 11, and 12 can be obtained by differ-
entiating equation 5 with respect to Gg, By, G, and By,
and setting the four derivatives equal to zero. The Gg,
Bs, G, and B[, thus computed can then be substituted in
equation 5 to obtain the expressionfor Gy ax, equation 13.

THE LINVILL METHOD

The amplifier without feedback design problem may
also be solved graphically using a technique developed by
J.G. Linvill,T Linvill's technique is very usefulfora cer-
tain class of problems, Since it is so fully discussed in
many good references we will not go into it further here.
An advantage of the Linvill technique is that it provides
a reasonably rapid graphic solution relating gain, band-
width, and stability. A disadvantage is its scope of use-
fulness, since the standard Linvill solution applies only
toanamplifier with no external feedbackand with Yg con-
jugately matched to the transistor input admittance, Ypy.

THE UNILATERALIZED AMPLIFIER

Unilateralization consists of employing an external
feedback network to achieve a composite yjg of zero.

While unilateralization is perhaps most often used to
achieve stability with a potentially unstable transistor,
other circuit considerations may also warrant the use of
unilateralization with the unconditionally stable tran-
sistor. For example, the input-output isolation aiforded
by unilateralization may be desirable in a particular de-
sign.

Design equations for the unilateralized case are ob-
tained by first computing the composite y parameters
of the transistor - feedback network combination and
then substituting the composite parameters in the general
equations.

Referring to the discussion on composite y parameters
and setting up the basic condition that y;g9. must equal
zero, the other composite y parameters canbe computed.
Assuming that a passive feedback network is being used,
then

Y1ae = Yoo = Y12 = Yo
and since ¥yp0 =0, ¥ o0 + Y p0 = 0

then ¥1g¢ = Y1ap

and Y196 = ~Yiae = Y1ae =Yoo = Yoy

T Application Note AN166.
See also reference 5 in the bibliography.

10-107



Substituting the above results in equations 4 yields the
following:

Y11e =11 * Vit

Y22¢ = V22t * V1ot

Yige = V1ot~ V12 =0

Ya1e = Y21t " Viat

Substituting these composite y parameters in equations
7, 8, 3, 16, and 5 respectively, yields equations 14, 15,
16, 17 and 18 for the unilateralized case:

Unilateralized input admittance

YIN=Y11* Y12 14)

Unilateralized output admittance

Your =Ya22* V12 s)

Unilateralized power gain, general expression:

2
["21 - ylzl Re (Yp)

G;

P! (16)

vy 2.
|YL MRZ T V:zl Re(y;y)
Unilateralized power gain with YLconjugately matched
to Yout:
|sz .le] :

Gy= ———————————— (17
4Re(y;; + v)Relyyy + ¥yp)

Unilateralized transducer gain:

2
4 Re(¥,) Re(t;) |yzl v
Gpg - , 18
Wiyt Vgt V) Gy + ¥y YL’I

Note that equations 14, 15, 16, 17, and 18, are given
entirely in terms of the transistor y parameters, not
those of the feedback network or the composite.

Another benefit of unilateralization is input - output
isolation. As can be seen in equations 14 and 15, Yjy is
completely independent of Y1, and YQuT is similarly
independent of Yg. In a practical sense, this means that
in a single or multi-stage amplifier using unilateralized
stages, tuning of any one network will not affect tuning in
other parts of the circuit, Thus, the troublesome task of
having to re-peak an entire amplifier following a change
in tuning at a single point can be eliminated.

NEUTRALIZATION

Neutralization consists of employing a feedback net-
work to reduce yjg to some value other than zero.
Neutralization is generally used for the same purposes
as unilateralization, but provides something less than
the ideal cancellation of the transistor feedback param-
eter which unilateralization achieves. A typical example
of neutralization might be a feedback network which
provides a composite bjp of zero while having only a
negligible effect on the transistor gig.

The equations for a particular neutralized case would
be developed in the same manner as those for the uni-
lateralized case, Since there are an infinite number of
possibilities, no specific equations will be given here.

This completes the discussion of design with the un-
conditionally stable transistor. The potentially unstable
transistor will now be considered.

THE POTENTIALLY UNSTABLE TRANSISTOR

When the Linvill stability factor of the transistor as
determined by equation 1 is greater than one, the tran-
sistor is potentially unstable, Certain combinations of
source and load admittances will cause oscillations if
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no feedback is used. In designing with the potentially un-
stable transistor, steps must be taken to insure that the
amplifier will be stable,

Stability is usually achieved by one or both of two
methods:

(1) Using a feedback network which reduces the com-
posite yjs to a value which insures stability.

(2) Choosing a source and load admittance combination
which provides stability. :

A discussion of these basic methods is given below.

USING FEEDBACK TO ACHIEVE STABILITY

Either unilateralization or neutralization may be used
to achieve stability. If unilateralization is used, the tran-
sistor-feedback network combination will be uncondition-
ally stable. This may be verified by computing the Lin-
vill stability factor of the combination. Since yj9, =0,
the numerator in equation 1 would be zero,

With stability thus assured, the remainder of the de-
sign may then be done to satisfy other requirements
placed on the amplifier. After unilateralization has con-
verted the potentially unstable transistor to an uncon-
ditionally stable combination, all other aspects of the
design are identical to the unilateralized case with the
unconditionally stable transistor. Power gains and input
and output admittances may be computed using equations
14 through 18.

If neutralization is used to achieve stability, the Linvill
stability factor can be used to compute the potential
stability of any transistor - neutralization-network com-
bination, Since in this case yjg9¢ # 0, C will have a value
other than zero.

After unconditional stability of the transistor-neutrali-
zation network combination has been achieved, the design
may then be completed by treating the combination as an
unconditionally stable transistor, and proceeding with
the case of the unconditionally stable transistor in an
amplifier without feedback. Power gains, input and output
admittances, and the circuit stability factor may be com-
puted by using the composite parameters of the combina-
tion in equations 2, 3, 5, 7, and 8.

STABILITY WITHOUT FEEDBACK

A stable design with the potentially unstable transistor
is possible without external feedback by proper choice of
source and load admittances. This canbe seenby inspec-
tion of equation 2; Gg and/or G1, can be made large
enough to yield a stable circuit regardless of the degree
of potential instability of the transistor.

This suggests a relatively simple way to achieve a
stable design with a potentially unstable transistor, A
circuit stability factor k is selected, and equation 2 is
used to arrive at values of Gg and Gy which will provide
the desired k. In achieving a particular circuit stability
factor, the designer may choose any of the following com-
binations of matching or mismatching of Ggand Gy, to the
transistor input and output conductances, respectively:

(1) Gs matched and GL mismatched

(2) G, matched and G mismatched

(3) Both GS and GL mismatched

Often a decision on which combination to use will be

dictated by other performance requirements or practical
considerations.



Once Gs and Gp, have been chosen, the remainder of
the design may be completed using the relationships which
apply to the amplifier without feedback. Power gain and
input and output admittances may be computed using
equations 3, 5, 7, and 8,

Although the above procedure may be adequate in many
cases, a more systematic method of source and load ad-
mittance determination is desirable for designs which
demand maximum power gain per degree of circuit
stability, Stern has analyzed this problem and developed
equations for computing the conductance and susceptance
of both Yg and Yy for maximum power gain for a parti-
cular circuit stability factor.2;4 These equations are
given here:

Gg = X"‘”"nz"ul + Re(”u"zl)].\{ Eu1 €y, (19)
2 822

Gy, = \]“”Hz’u| + Relyygp)],

822 (20)
2 En

B2

@, + &) Zo
B, = b
s 11
(“ [Iylz"zx] + R"’("lz"n)]
(G, + g9 Zo

: \Ik “"12"21] + Re(}’lzvz‘)l *

(21

(22)

22

Where ’ (Bs + hu)(GL + gzz) + (BL + hzz) k(L +M)/2(GL + 522)

Z = (23)
\J k (L + M)

L= lylz"21| 29
M = Rel(y ,v,,) 25)

Defining D as the denominator in equation 5 yields:

Z‘

2
[k@ + m + 2m] 2z P
D= — 4 =————————————— _ 2NZ \[k(L + M) + A" + N (26)
4 2

k(L + M)

where, A= 3

- M, 27

N = Imlygp9p9), (28)

Z = that real value of Z which results in the smallest
minimum of D, found by setting,

a_ 3
27+ [k e M+ M|z - ZN\'k(L + M) (29)

equal to zero.

Computation of Yg and Yy, using equations 19 through
29 is a bit tedious to be done very frequently, and this
may have discouraged wide usage of the complete Stern
solution. However, examination of Stern's work suggests
some interesting shortcuts:

(A) COMPUTATION OF Gg AND Gj ONLY, USING
EQUATIONS 19 AND 20, If a value equalto -bgj is
then chosen for By, the resulting Yq, will be very
close to the true Y, for maximum gain, The tran-
sistor Yyy can then be computed from Yy using
equation l{ and Bg can be set equal to —Im(YIN),

Computation of Bg and By, comprise by far the more
complex portion of the Stern solution. This alter-
nate method therefore permits the designer to
closely approximate the exact Sternsolutionfor Yg
and Yy, while avoiding that portion of the computa-
tions which are the most complex and time con-
suming, Further, the circuit can be designed with

tuning adjustments for varying Bg and By, thereby
creating the possibility of experimentally achieving
the true Bg and By for maximumgainas accurately
as if all the Stern equations had been solved.

(B) MISMATCHING Gg TO g7 AND Gy, TO g99BY AN
EQUAL RATIO YIELDS A TRUE STERNSOLUTION
FOR Gg AND Gr.. This can be derived from equa-
tions 19 and 20, which lead to the following result:

_G
L =_"s (30)
822 En1
If a mismatch ratio, R, is defined as follows,
GL GS
R= — =— (31)
€2 En

then R may be computed for any particular circuit
stability factor using the equation:

s Rt kE’zlyrA M “e(ylz"zx)] (32)
28y By

Equation 32 was derived from equations 2 and 31.
Having thus determined R, Ggand G, canbe quickly
found using equation 31.

Bg and By, can then be determined in the manner
described above in alternate method (A).

This alternate method may be advantageous if
source and load admittances and power gains for
several different values of k are desired. Once the
R for a particular k hasbeendetermined, the R for
any other k may be quickly foundfromthe equation

+r): K
a 1)_ -1 (33)
1+ Ry? K
where Rj and R2 are values of R corresponding to
k; and k2, respectively.

(C

~

COMPUTER DESIGN. The complete Stern design
problem may be programmed into a computer.
Power gain, circuit stability factor, Y  and Yy can
be obtained from the computer for any value of k.
MAG, Gy, and the Linvill stability factor of the
transistor may also be included in the program.

After employing either the complete Stern solution or an
alternate method to obtain Yg and Y for the potentially
unstable transistor in an amplifier without feedback,
power gains and input and output admittances may be ob-
tained using equations 3, 5, 7, and 8.

SENSITIVITY

In all but the unilateralized amplifier, Yy is a function
of load admittance. Thus Yy changes with output circuit
tuning, and this can be troublesome. Consequently, it is
sometimes desirable to compute the extent of variation
of Yyy with changes in Yj. A term, sensitivity s, has
been defined to provide a measure of this characteristic,
and is equal to per cent change inYyy divided by per cent
change in Yy, The equation for sensitivity is:

YL
+ Y

&1 K

5= (39)

ol —1e
Y2 * VL] [ Tu| [Ya2t Yt Bu e
i

822

where,

€11 €22

Y21 "ul

e = arg (-Vyy¥y) *
X ei6= K (cos €+ j sine )

A more complete discussion of sensitivity is given in
reference 6.
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SUMMARY

The small signal amplifier performance of a transistor
is completely described by two port admittance param-
eters. Based on these parameters, equationsfor comput-
ing the stability, gain, and optimum source and load ad-
mittances for the unilateralized, neutralized, and no-feed-
back amplifier cases have been discussed.

The unconditionally stable transistor will not oscillate
with any combination of source and load admittances, and
circuits using a stable transistor may be optimized for
other performance requirements without fear of oscil-
lations,

The potentially unstable transistor requires that steps
be taken to guarantee a stable design, Stability is usually
achieved by unilateralization, neutralization, or selection
of source and load admittances which result in a stable
amplifier,

Unilateralization and neutralization reduce the com-
posite reverse transfer admittance. They may be usedto
achieve stability, input - output isolation, or both,

Maximum power gain per degree of circuit stability
without feedback may be achieved using Stern's equations.

The degree of input - output isolation is described by
the term sensitivity, which makes it possible to compute
changes in input admittance for any change in load ad-
mittance,

The_theory and design equations in this report are
applicable to any linear active device whichmaybe char-
acterized as a two-port network. Therefore, the term
"transistor' used herein refers generally to all such de-
vices, including FETs and integrated circuits.
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GLOSSARY
(o} = Linvill's stability factor
k = Stern's sgability factor
(is = Real part of the source admittance
GL = Real part of the load admittance
B, s = Imaginary part of the source admittance
BL = Imaginary part of the load admittance
gu o= Realpartofyu
2] = Real part of Yoo
= Generalized power gain

L = Complex load admittance

s = Complex source admittance
GT = Transducer gain
MAG = Maximum available gain
* = Conjugate
YIN = Input admittance
YOUT Output admittance
Gm ax ° Maximum gain without feedback
Gu = Unilateralized gain
GTU = Unilateralized transducer gain
] = Sensitivity

APPENDIX |

A. Conversions among parameter types for y, z, h, and
g parameters.

htoy
v _ TP by _ ab
Yu Ty Yiz = 7 Va1 T Y22 =
g 11 11 11 11
where Ah = hll h22 - "12 h21
ytoh
1 Yi2 Ya1 Ay
h,. =— hey = — h,, =— ho, = —
1 12 21 22
i1 Y11 Y11 Y11
where 8y =Yy Va3 - Y12 V3
htoz
Ah by "Ry 1
Z, = — Z., = — Zgy, =T — Zoy = ——
11 12 21 22
22 hys hop hop
ztoh
Az %12 “Z21 1
hyy = —  h, =—0 h,, = — hyy = —
11 12 21 22
Z22 %22 Z32 %22
where Az = 291 299 - 213 293
htog
haa 2 Ry gy
8y = 89 = —— 8y = — Byg =
1ty 12" 21 % 22 =,
where Ah = hll h22 - l'A12 h21
gtoh
€32 ~812 ~821 &n
h,, = — h,, = — = — ho, = —
u =y 12 75 2" o, 22 7 5,

where Ag = €1 €55 - B128p;
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ztoy Common collector y parameters in terms of common e-
_ - mitter and common bas aral .
Zgo Z9 Zgy z4, e y parameters
Vg == V9 = y — Vo9 = —
um- o, 127, 217 2"
- Yite = Yi1e = Y1p * Vizp * Y2 * Yoz
where Az =Zyy %99 " 212 Z9y
ytoz Vize = Ot * Yize) = ~Gapp + Vo)
Y22 Y12 Y1 i - - = -
2 =— oz - g = - Ya1e = U11e * Ya1e) = “Uygp + Vi)
1Ty 12 ay 21 ay 22 7 .
Y22¢ = Vite * Vize * Y21e * Y22¢ T Vi
where Ay =y Y2 - Yi2Y21
Common emitter h parameters in terms of common base
ztog and common collector h parameters.
1 212 %21 Az
€11 ~ Bz ~ Bg1 ~ Byp = —
%11 11 11 11 hiw 11b
hige = = = P
(1+h21)(1-h ) + h, h
- b 120 22b "11b 1+ h,
where Az = 211299 - %19 %9 21b
by Pagn = Pygn (I*hagy) b6 Moz
gtoz h = = - h = 1-h
-g 3 1 hyy) (b + g hyyy 1+h 1 12e
1 12 21 Ag 21b
%11 ’g_ %12 g_ %21 =g_ Z22 =g—
u 1 u u hggp (1-hygp) - hagn Pygp Hom
h = 3 =-(1+h )
21e 1 + h 21c
B (1 + hyy)(1-h, 0 ) + hyo h 21b
where Ag= 811822 - €128y 21b 12 22b '11b
h h
22b 220
gtoy hyoo = & = haze
ag €12 —831 1 (@ +.hypp) (-hygp) + hogpbygp 1+ oy,
Yin =7 Y2t Yar =7 Vo2 =7
822 822 822 €22
Commonbase h parameters in terms of common emitter
where Ag =g, 859 - 858y and common collector h parameters.
ytog
Ay V12 “Va 1 Bie hi1e
g =— pp— g, =— 8oy = — h,, = ~
11 12 21 22 11b
Y22 Y22 Va2 Va3 (1 hy) (-hyge) + hyge hoge 1+ hy
where Ay =y., Vo5 = V45V, -
Y=Y11Y22 " Yi2¥;1 LI hie
= ~
B. Conversions among common emitter, common base, hyieBage = Bage Pige hote
and common collector parameters of the same type for
y, and h parameters.
hiePaze = Proe(t * Paze)  Byge Page
Common emitter y parameters in terms of common base hiop = 1+ ) +hoh P LT
and common collector y parameters. (1 + hyy ) (-hype) + By hoge * f21e
Y1te = Y1 * Yizb * Yo * Y2z < Vite Bage -hyae) + hyge Bype B11e Baze
- s (hypy = - ———
Vize = ~Gizp * Tzm) = -Uppe + Y10 bi1ePaze - Bare Prze Bote
Yote = “Oagp * Yaz) = Oy * Yau0) . . _
21e 21b 22 11c 21¢! hyo (1-hyp0) - hyy oo Byre
- x
Yaze = Yoo = Yiie * Yize * Yaie * Yazc e (1 +hy, )(1-h,) +h h 1+h
2le 12¢ 1le 22e¢ 21e
Commonbase y parameters in terms of common emitter hyge (1 4 hyy ) - hyy by “(1 + hy )
and common collector y parameters. - ¢ ~ ¢
_ R h, h, - h, h h,
Yimb = Yite * Yize * Y21e * Yaze = Yazc 11c "22¢ 21c 12¢ 21c
hyze Bo2e
Yizb = 012 * Yaze) = “Uape * Va2 hoom = =
@+ by -hyp) + Bypelppe 1+ hyye
Yorp = “0ore * Y920) = (V. *+ Yoo.)
21b 21e 22e 12¢ 22¢ hooe L
= s
Yoz = Ya2e = Yi1e * Vize * Yaie * Vaze By1cPaze - Pate Mrze Bate
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Common collector hparameters in terms of common base
and common emitter h parameters.

h h,

11b 11b
h, = ~ -h
11c 11e
@+ hgyp) (-hygy) + Bogp Mgy 1+ hyyy
1 + thb
h = = 1= 1-h
12¢ 12e
(1 + hyp) Qohygp) + hoop by
Riap - 1 N
h, = ~ = -(1 + h,,)
21c 21¢
@+ hyy) Q-hygp) + hogphygy 1+ hayy
haom ey
Paze = (1 + hy ) (1-h, ) + hyy h S T an ez
* Mo’ U-an! + aap M11p 21b

Expressions for voltage gain, current gain, input imped-
ance, and output impedance in terms of y, z, h, and g pa-
rameters.

Voltage Gain

Z1 %L Va1 “hay 7y, 821 2L,
A = = = =
v
Az + Z5 ZL Yoo * YL h11 + AhZL 899 * ZL
Current Gain
R Y Y Chyy Y, —Eyy
. = = =
Zgg *+ ZL Ay + i1 YL h22 + YL Ag + €11 ZL
Input Impedance
Az + 2z, ZL Yoo *+ YL ah + hIIYL
ZiN = =
Zgg + ZL Ay + yllYL h22 + YL
By *+ 7
Ag + g1 ZL
Output Impedance
Az + Zgg Zs Y1 * Ys h11 + Zs
4 = = -
OouT
Z5 * Zs Ay + Yoo Ys Ah + hzzZ
Ag + 899 Ys
g1 * Ys

Conversionbetweeny parameters and s (scattering)para-
meters:

. - (1-y13) (14y59) + ¥ 19 Ygq

F S S

(ey13) yg9) - 935 ¥y
Ay

89— —
(4v11) (4999) - 715 993

1
%217 Ty T (ey9) ~¥35 Y3,

(14332) A-¥p9) + Y1 Y19

S22~
(1+711) (439)-¥15 Y31

10-112

(1+sp) (1-51)) + 515 891 | 1
Vaq = 1
W assyp) (esgp) -5y 55| 2,

Zs
Y12
L(1+su) (1+522) - 813 Sy
Zs

~

NI_

1
Vor = 1
21
L (+syy) (l*szz) - 813 S, 2:| Z,

[(#sgq) (A-8pp) + 55 szil 1

Vo2 =
[(14859) (1+83) - 515 S91| 2,

Where Zg = the characteristic impedance of the
transmission lines used in the scatter-
ing parameter system, usually 50 ohms.

Conversion between h parameters and s parameters:

(hy3-1) (hypt1) - by }‘21

1 D) () -
1171 (hgpt1) - hyy h21
2h
12
St 1t
(hy3+1) (hyp+1) - hyp by
-2]‘2
521 = —1__ -H-
(b3 +1) (hgp+1) - by byy
. - (+hy ) (L-hyp) + by By
2 (hy 1) (gge) - by b1
I_(1+su) 1+ 55 - 554 21’]
L“ -S1p) (48p5) +515 21_]
2s
- 12
hyp =

(-51;) (4sy9) + 515 53
(1-847) (1+555) + 515 859

l- (-sp9) A-819) -spp 855 | 4
hzz |_ (l-su) (1+szz) +815 89y T

1In converting from y to s parameters, the y parameters
must first be multiplied by Zo and then substituted in
the equations for conversion to s parameters.

111In converting from h to s parameters, the h parameters
must first be normalizedto Z, in the following manner
and then substituted in the equations for conversion to
s parameters:

Parameter To Normalize
hyy divide by Z
h12 use as is
h21 use as is
h22 multiply by Zo
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