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Abstract

This thesis presents a new method to design an analogue sinusoidal
frequency-to-voltage (F/V) converter. The realization scheme based on the
use of non-linear analogue circuits, which composes of 4 main circuits,
namely, a differentiator, an integrator, a divider and a square-rooter
circuits. In order to investigate the performance of the proposed F/V
converter, the F/V is implemented by using operational amplifiers as major
active circuit elements to prove the method and be impleménted through the
use of a translinear circuit which has been proved that the translinear
circuit provides much better performance, comparing with the op-amp circuit
, wider frequency range and smaller size. The good performance of translin-
ear circuit is it can convert the input frequency to voltage within half
cycle of input and can be implemented in integrated form. Finally the perf-
orwance of the proposed F/V converter has also been compared with the perf-
ormance of the commercial available F/V converter IC such as LM331 and

LM2907.
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A TRANSLINEAR DIVIDER- AND SQUARE-ROOTER CIRCUIT

.OPT ACCT L1ST NODE OPTS NOPAGE RELTOL=.001

.WIDTH OUT=80

.TEMP 27

.DC 12 0U 10MA 100UA

VCC 101 0 OV

VEE 102 0 -15V

Ql 101 101 1

Q1D 1 1 2

Q2 101 2 3

X = =2 =

Q3 4 3 5
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QPS5 5 6
QWDT T 6
Q@ 2 8 7
Q5 101 9 8
Q6D 10 10 9
Q6 101 101 10
RL 101 4 1K
11 3 102 100UA

12 8 102

I3 6 102 3MA

14 9 102 200UA '
.MODEL N NPN (BF=100 RB=100 CCS=2PF TF=0.3NS TR=BNS CJC=2PF CJE=3PF VA=50)

.MODEL ‘N1 NPN (BF=500 RB=100 CCS=2PF TF=0.3NS TR=6NS CJC=2PF CJE=3PF VA=50)
.PROBE
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nw7naaaqt5auuuu1¢a1ﬁ1§c1ua1uzﬂg4.4 fiuiey Taatlau V,=0.1-10V LHNATAZ0. OV uAe
fauv,_=0.05-5V iiuAnfax0. 45V F1maviFennactuaunius kel
TRANSLINEAR (FOR D.C. SIMULATION)

.OPT ACCT LIST NODE OPTS NOPAGE RELTOL=.001

WIDTH OUT=80

.TEMP 27

.DC V1 0.1V 10V .9V V2 .05V 5V 0.45V

VeC 101 O 15V

VEE 102 0 -15V

Vi 20 0

V2 30 0

R1 20 21 2K

R3 3 22 1K

C1 22 21 1.5N

X1 0 21 101 102 22 LF351

R2 30 31 2K

R4 8 32 1K

Cz 32 31 1.5N

X2 0 31 101 102 32 LF351

L3

LF351 operational amplifier "macromodel” subcircuit

% created using Parts: Version 1.02 - August 1986
*

%* connections: non-inverting input

¥ ! inverting input

* ! | positive power supply

¥ t 1 ! negative power supply

¥ i+ 1 1 output

* I T A

.SUBCKT LF351 12345



C1
c2
CSS
DC
DE
DLP
DLN
DP
EGND
FB
GA
GCN
1SS
HLIM
J1
Jz
R2
RD1
RD2
RO1
ROZ
RP
RSS

ve
VE
VLIM
VLP
VLN

1

90
11
12

54
7

91

12

89
53

91
80

11
12

99

99

53

82

44

2.887E-12
10.00E-12
769.2E-15

DX

DX

DX

DX

DX

POLY(2) 3040 0 .5 .5
POLY(5) VB VC VE VLP VLN 0 16.13E6 -20E6 20E6 20E6 -20E6
11 12 251.4E-6
10 99 2.514E-9
DC 140.0E-6
VLIN 1K

10 JX

10 JX

100.0E3
3.978E3
3.878E3

1

74

1.815E3
1.429E6

DC O

DC 2

bC 2

DC O

DC 17

DC 17
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.MODEL DX D (IS=800.0E-18)

.MODEL JX PJF (15=25.00E-12 BETA=902.6E-6 VT0=-1

¥

.ENDS

Qt 0 0 1 LM3046

QiD 1 1 2 LM3046

Q2 21 2 3 LK394

Q3 4 3 5 LM3046

Q3 5 5 6 LK3046

Q4D 7 7 6 LM3046

Q4 2 8 7 LM3046

Q5 31 9 8 LHK39%4

Q6D 10 10 9 LK3046

Q5 0 O 10 LMN3048

RL 101 4 5K

CL 101 4 .1V

I3 6 102 2000UA

14 9 102 150VUA

¥ J

¥ L¥3046 model created using Parts: Version 1.02 - Auguét 1986

.MODEL LM3046 NPN(IS=26.85F XTI=3 EG=1.11 VAF=61.8 BF=200.2 NE=1.311

+ ISE=42.09F IKF=33.46M XTB=1.5 BR=2.22BN NC=2 ISC=0 IKR=0 RC=0 CJC=8991.8F
+ VJC=.75 MJC=.3333 FC=.5 CJE=1.026P VJE=.75 MJE=.3333 TR=10N TF=262.2P
+ ITF=0 VTF=0 XTF=0)

¥

¥ LM394 model created using Parts: Version 1.02 - August 1986

.MODEL LM394 NPN(IS=65.2F XTI=3 EG=1.11 VAF=106.8 BF=761.6 NE=1.513

+ ISE=65.2F IKF=.2533 XTB=1.5 BR=53.37HM NC=2 ISC=0 IKR=0 RC=0 CJC=37.88P
+ VJC=.75 MJC=.3333 FC=.5 CJE=55.T2P VJE=.75 NJE=.3333 TR=10N TF=432.7P
+ ITF=0 VTF=0 XTF=0)
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I (RL)*SQRT(1C(Q2)/1C(0G5))/1(14)
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. +V2 5V
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I (RL)#SQRT (1€ (02)/1€(05))/1(14)
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nswmziuaTeniu(Transfer Function) 1iu

T,(s) = ={R,//(1/5C,)) / {R_+(1/5C))
= -sR,C, / {(1+sR,C,)(1+sR_C, )}
T,(s) = -sT, / {(1+s7,)(145T)) .o (4.6)

<4 _ a ¢ % -1 - v1
\wa 7, = RC,, t, = R,C, uaz v, = R.C  URLANNIT(4.6) u dwnInisauagiuil

ya9 LA L Ta T8 Ty

d

2 2 2 2 172 . o -1 -1
T, = -~ot, /- {(1+0° T, ) (10 T )} //;0 -tan “otr, -tan ‘or, ...(4.7)

v U 4 . @ ' a a { Y ( < [ <
AL RN AsTpot WININITAWIMALTUNLBLABT TRLaIMUNAANNIMIAC Lk V Taan

V., = - AwC,E, cos(at-a) e (4.8)

4
e E, = 174140 T, ) (1+e't 577"

, o = tan ‘or, + tan ‘oz, uavarlh v, aan
u i
V., = Vo = - AT E, cos(ut-a) <. (4.9)
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i'ax'«a NC1595, LK394 uar LM3046

ORDERING INFORMATION

Dovi T R Packa
vice ‘emperature Range Cer::n'lcg;'p M01495|.

MC1495L 0°C to +70°C

MC1585L ~-55°C to +125°C  Ceramic DIP MCISQSL -~

F Specifications and Applications Information

WIDEBAND MONOLITHIC LINEAR FOUR-QUADRANT
FOUR-QUADRANT MULTIPLIER MULTIPLIER INTEGRATED
. . . designed for uses where the output is a linear product of two CIRCUIT
input voltages. Maximum versatility is assured by allowing the user
10 select the level shift method. Typical applications include: multi- MONOLITHIC SILICON
ply, divide®, square root”, mean square®, phase detector, frequency EPITAXIAL PASSIVATED

doubler, balanced modulator/demodulator, electronic gain control.
*When used with 2n operational amplifeer.

Wide Bandwidth

Excellent Linearity — 1% max Efror on S(-lnpu\, 2% max Error on
Y-lnput = MC1595L

e Excellent Linearity — 2% max Error on X-Input, 4% max Error.on
Y-Ilnput — MC1495L

(top view)
® Adjustable Scale Factor, K
o Excellent Temperature Stability .
. CERAMIC PACKAGE
e Wide Input Voliage Ranye — + 10 Volts. CASE 632
T0O-116
e + 15 Voit Operation

FIGURE 1 - FOUR-QUADRANT
MULTIPLIER TRANSFER CHARACTERISTIC FIGURE 2 - TRANSCONDUCTANCE BANDWIDTH
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ELECTRICAL CHARACTERISTICS (V' =432V, V" = -15V, Tp = +259C, 13 =133 =1 mA, Rx = Ry = 16 k{2,

RL = 11 kS unless otherwise noted}

Characteristic Figure Symbol Min Typ Max Unit
Linearity:
Output Error in Percent of Full Scale: 5 %
Ta = +25°C
-10< V< +10{Vy =210 V) MC1495 ERX - +1.0 | £20
MC1595 - + 05 + 10
~10< Vy < +10 (Vx =210 V! MC1495 ERY - 120 | +40
MC1595 - £10 | 220
Ta = 010 470°C MC1495 - -
-10< V< +10 (Vy =210 V) ERx - +15 -
-10< Vy< +10 (V=410 V) ERyY - +3.0 -
Ta = -65°C to +125°C MC1595
S10< V< 410 (Vy =210 V) ERX - 10,75 -
-10< Vy< +10 (Vx =210 V) Egy - + .50 -
Squaring Mode Error:
Accuracy in Percent of Full Scale After ) Esa %
Oftfset and Scale Factor Adjustment : .
Tp = +25°C MC1495 - 4075, -
MC1595 - ¥ 05 -
Ta =0to +70°C MC1495 - 1.0 -
Ta = -55°C to +125°C MC1595 3 +0.75 -
Scale Factor {Adjustable}
2R
(K # = - K Q.1 - -
1I3Rx Ry
Input Resistance MC1495 7 RiNX = .20 - MegQhms
(f = 20 Hz) MC15395 5 =35. -
MC1495 ANy - 20 -
MC1595 S 35 -
Differential Output Resistance (t = 20 Hz) 8 Ao - 300 - & Ohms
Input Bias Current Go |
g+t liq + 1g}
I ® lig + gl loy - at’s’ MC1495 6 lox . 2.0 12 uA
2 2 MC1595 . - 2.0 8.0
MC1495 Iby - 2.0 12
MC15385 - 20 8.0
Input Offset Current "N F
g ~ 112! MC1495 6 Pio! - 0.4 2.0 BA
MC1595 - 0.2 1.0
g —tgl . MC 1495 Itioyl - D4 20
MC1595 - 0.2 1.0
Average Temperature Coefficient of 6 {TCliol nA/oC
tnput Offset Current
(T = 010 +70°C) MC1495 o 2.0 -
(T4 = ~65°C to +125°C) MC1595 = 2.0 -
Output Offset Current 6 ool uA
fg-12l MC1495 - 20 100
MC1595 - 10 50
Average Temperature Coellicient of 6 ITCigql nA/CC
Output Offset Current
{TA = 010 +70°C} MC1495 - 1.0 -
(Ta = -559C to +125°C) MC1595 - 1.0 -
Frequency Response o
3.0 dB Bandwidth, R = 11 k§) 9,10 BW34g - 3.0 - MHz
3.0 dB Bandwidth, R = 60 §1 (Transconductance Bandwidth) Tew3 ds - 80 - MH2
30 Relative Phase Shift Between Vy and Vy fo - 750 - &H2
1% Absolute Error Due 10 Input-Output Phase Shift to - 30 - kHz
Common Mode Input Swing 1 cMV . vde
{Either Input) MC1495 12105 | 212 -
MC1585 2115 13 -
Common Mode Gain (A} Acm B d8
{Either Input) MC1485 -40 -50 -
MC1595 -50 -60 -
Common Mode Quisscent 12 Vot - 21 - Vdc
Output Voliage ' Vo2 - 21 -
Differential Output Voltage Swing Capability 9 Vo - 114 - Vpeak
Power Supply Sansitivity 12 st - 5.0 - mvIivV
s” - 10 -
Power Suppty Current 12 ty - 6.0 7.0 mA
DC Power Dissipation 12 [} - 135 170 mW
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MC1595L

MAXIMUM RATINGS (T4 = +25°C unless otherwise noted)

Rating Symbol Value Unit
Applied Voltage av 30 Vde
{V2—Vy, V14—V, V1-Vg, Vi=Vi2. Vi-Va
V1—Vg, Vi2—-V3. Vg-V3y, Vg=V3,Vg=V7}
Differsntis! input Signat Vi2-Vg 2(6+113Rx) Vde
Va4-Vg (6413 Ry) Vdc
Maximum Bias Current The 13 10 mA
113 10
Power Dissipation {Package Limitation) Pp
Ceramic Package w 750 mw
Derate above T = +25°C 4 5.0 mw/°C
Opereting Temperature Range R Ta o¢
MC1495 Oto +70 °oc
MC1598 =55 10 +125
Storage Temperature Range Tag -65 to +150 °c
TEST CIRCUITS
FIGURE 4 — LINEARITY (USING NULL TECHNIQUE)
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MC1495L, MC1595L .

TEST CIRCUITS {continued)

FIGURE 6 — INPUT AND OUTPUT CURRENT
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FIGURE 8 — OUTPUT RESISTANCE
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) TEST CIRCUITS (continued)

FIGURE 12 — POWER SUPPLY SENSITIVITY
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495L, MC1595L

TYPICAL CHARACTERISTICS

FIGURE 15 — LINEARITY versus TEMPERATURE

FIGURE 16 — SCALE FACTOR versus TEMPERATURE
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MC1495L, MC1595L

OPERATION AND APPLICATIONS INFORMATION

1. Theory of Operation

The MC1595 {MC1495) is a monolithic, four-quadrant multi-
plier which operates on the principle of variable transconductance.
The detailed theory of operation is covered in Application Note
AN-483, Analysis and Basic Operation of the MC1595. The result
of this analysis is that the citferential output current of the muiti-
plier is given by

2VxVy
A 1B o Ry

where 15 and Ig are the currents into pins 14 and 2, respectively,
and Vyx and Vy are the X and Y input voltages at the multiplier
input terminals.

2. Design Considerations
2.1 General

The MC1595 (MC1495) permits the designer 1o tailor the
multiplier 10 a specific appiication by proper selection of ex-
terna! components. Externa! p may-be seb 10
optimize a given parameter (e.g. bandwidth] which may in turn
restrict another parameter (e.9. maximum output voltage swing).
Each important parameter is discussed in detail in the following
parsgraphs.

2.1.1 tinearity, Output Error, Egx or ERy

Linearity error is defined as the maximum deviation of out-
put voliage from a straight line transfer function. 11 is expressed
as error in percent of {ull scale (see figure below).

For example, if the maximum deviation, VE{max). i$
2100 mV and the full scale output is 10 volis, then the
percentage error is

\7 -3
. YE{max) £ 100 = 100 x 10
Vo(max) 10

x 100 = £1.0%.

ER

Linearity error may be measured by either of the following
methods:

1. Usingan X — Y plotter with the circuit shown in Figure 5,

obtain plots for X and Y similar to the one shown above.

2. Use the circuit of Figure 4. This method nulis the level

shifted output of the muitiphier with the original input.
The peak cutput of the null operauicnal amplifier wilt be
equat 10 the error vollage, VE (max)-

One source of linearity error can arise trom large signal non-
lingarity in the X and Y-input differential amplifiers. To avoid
introducing error from this source, the emitter degeneration
resistors Rx and Ry must be chosen large enough so that non-
linear base-emitier voltage variation can be ignored. Figures 17
and 18 show the error expected trom this source as a function
of thevalues of Ry and Ry with an operating current of 1.0 mA
in each side of the ditferential amplifiers li.e., 13 =113 = 1.0 mA].

2.1.2 3 dB-Bandwidth and Phase Shift

Bandwidth is primarily determined by the load resistors and
the stray multiplier output capacitance and/or the operational
amplifier used to level shift the output. I wideband operation
is desired, low value load resistors and/or @ wideband operational

»amphifier should be used. Stray output capacitance will depend
. to & farge extent on cwrcuit tayout.
Phase shitt in the multiplier circuit results from two sources:

~ phase shift common to both X and Y channels {due to the load

resistor-output capacitance pole mentioned above) and relative
phase shift between X and Y channels {due to ditferences in
transadmittance in the X and Y channels). 1f the input 10 output
~phase shift is only 0.6°, the output product of two sine waves
will exhibit a vector error of 1%. A 3° relative phase shift be-
tween Vi and Vy resutts in a vector error of 5%.

.2.1.3 Maximum Input Vohage
VX({max}. VY (max} maximum input voltages must be such
that:
Vx(mex) <113 Ry

Vyimax)<I3Ry.

-E xceeding this value will drive one side of the input amplitier to
“cutoff’’ and cause non-linear operation,

Currents |3 8nd 113 are chosen at a convenient value (observ-
ving power dissipation limitation) between 0.5 mA and 2.0 mA,
: spproximately 1.0mA. Then Ry and Ry can be determined by

considering the input signal handling requirements.

For Vx(max) * VY(max) = 10 voits;
10V
1.0 mA

Ry =Ry > = 10 ki,
2VyVy

The equation ig - Ig = ———
AxRyls

is derwed from g -lg =

k
with the assumption Ry » 2T Ry » LN
qli3 ql3

AtTp = +25%Candigg=13= 1mA,

2T AT, 500,

Therefore, with Ry = Ry = 10 k2 the above assumption is valid.
Reference to Figure 19 will indicate limitations of Vx{max) Of
Vy (max) due 10 V4 and V7. Exceeding these hmits will cause
saturation or “‘cutoff* of the input transistors. See Step 4 of
Section 3 {General Design Procedure} for further details.

2.1.4 Maximum Output Voltage Swing

The maximum output voltage swing is dependent upon the
factors mentioned below and upon the particular ciicuit being
considered.

For Figure 20 the maximum output swing is dependent
upon V'~ for positive swing and upon the voltage at pin 1 for
negative swing. The potential at pin 1 determines the quies
cent fevel for transistors Qg, Qg, Q7, and Og. This potential
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OPERATION AND APPLICATIONS INFORMATION (continued)

should be related so that negative swing at pins 2 or 14 does
not saturate those transistors. See Section 3 for further inform-
stion regarding selection of these potentials.

FIGURE 20 — BASIC MULTIPLIER

H an operational amplifier is used for level shift, as shown
in Figure 21, the output swing (of the multiplier) is greatly
reduced. See Section 3 tor further details.

3. General Design Procedure

Selection of component values is best demonstrated by the
following example: assume resistive dividers are used at the X and
Y inputs to limit the maximum multiplier input to 15.0 volis (Vx =
Vy [max} for 8 £10-volt input (VX" = Vy'[max] ). {See Figure 21),

. — Ve 1f an overall scale factor of 1/10 is desired, then
R 2R
fAx Ry YY) Vil (2V
' . § b -\_’L.\/_Y.=(2_L,(___L).4/10Vx\(y-
0o n 5 s o1 . ° 10 10
LR 4
o o1 ) Therefore, K = 4/10 for the multiplier {excluding the divider
“ ‘2 0 —e ) network),
*——- MCI595L " ‘v. Step 1. The first step is to select current i3 and current 113
4 MC1485L) \TAY G A There are no restrictions on the selection of sither of these currents
° o Ny i .
g ve FRRRN, except the power dissipation of the device. Izand 143 will normaltly
v ° <R ® 1: 4 be one or two milliamperes. Further, 13 does not have to be squal
<= i—"‘-l— 10 t43, and there is normalty no need to make them different. For
- x Ay 13 this example, let
3 1.: 3 1
Iz=133=1mA.
R A3 X
3 To set currents |3 and 113 10 the desired value, it is only
. necessary 1o connect a resisior between pin 13 and ground, and be-
L -t 3 tween pin 3 and ground. From the schematic shown in Figure 3,
= = V-
FIGURE 21 — MULTIPLIER WITH OP-AMPL. LEVEL SHIFT -
-5V BIYY
+—® 15V
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e n
2%
415 V @V -
, 04
v h




82

MC1495L, MC1595L
b

OPERATION AND APPLICATIONS INFORMATION (continued)

it can be seen thst the resistor values necessary are given by:
ivii-07 v
113
fvoi-0.7 v
13

Ri3+500 N =

R34 500 =

Let V7=-15V

Then Ry 4 500 = ""3 v

orRyg=1 k
mArm 3.8k

Let Ryz=12kQ

Similarly, R3 = 13.8 kf2
Let Ry= 15k

However, for applications which require an accurate scale factor,
the adjustment of R3 and consequently, I3, offers a convenient
method of making a final trim of the scale factor. For this reason,
as shown in Figure 21, resistor R3 is shown as a fixed resistor in
series with a potentiometer.

For appfications not requiring an exact scale factor {bslanced
modulator, frequency doubler, AGC amplifier, etc.), pins 3 and 13
can be connected together and a single tesistor from pin 3 to ground
can be used. In this case, the single resistor would have a value of
one-half the above calculated value for Ry3.

Step 2. The next step is 10 select Ry and Ry. To insure
that the input transistors will always be active, the following condi-
tions should be met:

Vx h
Re 13

v
-—Y <13.
X Ry

A good rule of thumb is 1o make I3Ry 2 1.5 Vy(max) and
133 RX 2 1.5 V(max)-

The larger the 13Ry and |13R x product in relation to Vy
and Vyx respectively, the more accurate the mulliplier will be (see
Figures 17 and 18).

Let Ry = Ry = 10k2
Then IgRy =10V
l43Rx =10V
since Vx(max) * VY (max) = 5.0volts thevatueof Rx = Ry = 10 k02

15 sutficient.

Step 3. Now that Ry, Ry and I3 have been chosen, Ry can
be determined:

2Ry 4

" AxRylz 10
or (2R -4
{10k) (10K} (1 mA) 10

Thus Ry = 20 k.

Step 4. To determine what power-supply voltage is necessary
for this application, attention must be given to the circuit schematic
shown in Figure 3. From the circuit schematic it can be seen that
in order to maintain transistors Qq, Qz, O3 and Q4 in an active

region when the maximum input voltages ere applied (Vx' = Vy' =
10Vor Vx = 5.0V, Vy = 5.0 V), their respective collecior voltage
should be at feast a few tenths of a voit higher than the maximum
input voltage. It should aiso be noticed that the collector voitage
of transistors Q3 and Q4 are at & potegtial which is 1two diode-drops
below the voitage at pin 1. Thus, the voltage st pin 1 shouild be about
two volts higher than the maximum input voltage. Therefore, 10
handle +5.0 volts at the inputs, the.voitage at pin 1 must be at least
+2.0 volts. Let Vq = 9.0 Vdc .

Since the current following into pin 1 is always equal to
23, the voltage at pin 1 can be set by.placing a resistor, Ry from
pin 1 10 the positive supply:

+
vT-V4

Ry =
23

Let vte=415V

15v-9V
he Ry & —————ae
Then R = oIl mAl
Ry =3k

Note that the vdltége at the base of wransistors Qg, Qg, Q7 and Qg
is one diodesdrop below the voltage at pin 1. Thus, in order that
these transistors stay active, the valtage at.pins 2 and 14 should be
approximately haliway between the voltage at pin 1 and the positive-
supply voltage. .F o this example,.the voliage at pins 2 and 14 shouid
be approximately 11 voits: ).

Step 5. Level Shifiing

For dc applications, such as the muitiply, divide and square-
root functions, it is ususily desirable 10 convert the differentiat
output to a single-ended output voltage referenced to ground.
The circuit shown in Figure 22 performs this function. It can be
shown that the output voltage of this circuit is given by:

Vo = 12 -194) R

; 2xly | 2VxVy
Andsince la -lg=1l2-l14* i3 I-m

2R Vx'Vy’

4RxRxl3 where Vyx'Vy'is the voltage a1 the
input to the voltage dividers.

Then Vg =

FIGURE 22 ~ LEVEL SHIFT CIRCUIT
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OPERATION AND APPLICATIONS INFORMATION (continued)

The choice of sn operational ampiifier for this application
should have low bias currents, jow offset current, and 8 high
common-mods input voltage range as well a5 a high common-mode
rejection ratio. The MC1556, snd MC1741 operations! amplifiers

meot these requirements.

Referring to Figure 21, the level shift components will be de-
termined. When Vy = Vy =0, the currents 2 and 114 will be equal
tol13. inStep 3, R was found to be 20 k2 and in Step 4, V3 and
V4 were found 1o be approximately 11 voits. From this informa-
tion, Ry can be found easily from the following equstion {neglect:

ing the operational smptifiers bias current):

And for this example, 11V OlmA-’qulv 8

20k0 Ro

Sotving for Rg, Rg = 2.6 kQ2

Thus, select Rg = 3.0kQ2

For Rp = 3.0 k12, the voltage at pins 2 and 14 is calculated to be

V2 = Vig = 10.4 volts,

The linearity of this circuit {Figure 21} is likely to be as good
or better than the circuit of Figure 5. Further improvements are

possible 8s shown in Figure 23 where Ry has been increased sub-
stanuially to improve the Y linearity, and Ry decreased somewhat
30 8s not to materially affect the X linearity, this avoids increasing
R significantly in order to maintain a K of 0.1.

The versatility of the MC1595 (MC1495) allows the user 1o
to.optimize its performance for varnous input and outpul signal
levels.

4. Offset and Scale Factor Adjustment

4.1 Offset Voliages
Within the monolithic multiptier (Figure 3) transistor base-
ermnitter junctions are typically matched within 1 mV and resistors
+ are typically matched within 2%. Even with this careful match-
ing, an output srror can occur. This output error is comprised
of X-input offset voliage, Y-input offset voliage, and output-
offset voltege. These errors can be adjusted 10 zero with the tech-
niques shown in Figure 21. Offset terms can be shown ana-
tytically by the transfer function:

Vo= KIVx 2 Viox2Vx off! (VY £ ViovEVy off! £ Voo 1V

Where K = scale factor
VX = X input voitage
Vy = Y input voitage

VIOX = X input offset voltage
Vioy = Y input offset voitage
VX off= X input offset adjust voltage
Vy off* Y input ofiset adjust voltage
Voo = output offset voltage,

FIGURE 23 — MULTIPLIER WITH IMPROVED LINEARITY
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OPERATION AND APPLICATIONS INFORMATION {continued)

X, ¥ and Output Oftset Voltages
Vo Output . Vo /O\npul
Oftset Offset

QR

X Otfset b

For most dc applications, all three offset adjust potentiome-
ters {Pq, P2, P4) will be necessary. One or more offset adjust
-potentiometers can be eliminated for ac applications {See Figures
28, 29, 30, 31).

if weil regulated supply voltages are available, the offset ad-
just circuit of Figure 13 is recommended. Otherwise, the circuit
of Figure 14 will greatly reduce the sensitivity 10 power supply
changes.

¥ Offset

4.2 Scale Factor

The scate factor, K, is se1 by P3(Figure 21). P3varies I3which
inversely controls the scale factor K. 4t should be noted that
current.l3 is one-hall the current through Ry. Ry sets the bias
tevel for Og, Qg. Q7. and Qg (See Figure 3). Therefore, 10 be
sure that these devices remain active under ali conditions of input
8nd bulput swing, care should be exercised in adjusting P3 over
wide voltage ranges (see Section 3, General Design Procedure).

4.3 Adjustment Procedures

The following adjustiment procedure should be used to nul!
the offsets and set the scale tactor for the multiply mode of
operation. (See Figure 21)

1. X Input Oftset

{a) Connectoscillator {1 kH2, 5 Vpp sinewave) to the
“Y* input {pin 4)

{b) Connect “*X** input {pin 9 to ground

(c) Adjust X offset potentiometer, P2, for an ac nuil
at the output
2. Y lnput Offset

(a) Connect oscillator (1 kHz, S Vpp sinewave] to the
X" input {pin 8)

(b} Connect *°Y* input {pin 4} to ground

{c) Adjust "'Y " otfset potentiometer, Py,for an ac nutl
at the output
3. Output Otfset

{a) Gonnect both X' and “Y" inputs 10 ground

{b} Adjust output ofiser potentiometer, Pg, until the
output vollage V, is 2ero volts dc
4. Scale Factor

{a} Apply +10 Vdc 10 both the X" and “'Y"* inputs

(b) Adjust P3 to achieve + 10.00 V at the output.
S. Repeat steps 1 through 4 as necessary.

The ability 10 accurately adjust the MC1595 (MC1495)
depends upon the characteristics of potentiometers Py
through P4. Multi-turn, infinite resolution potentiomet-
#rs with low-temperature coefficients are recommended.

DC Applications

5.1 Multiply

The circuit shown in Figure 21 may be used to multiply
signals from dcto 100 kHz. Input ievels 10 the actual mutti-
plier are 5.0 V (max). With resistive voltage dividers the maxi-
mum could be very large — however, for this application two-
to-one dividers have-besn used 3o that the maximum input
level is 10 V. The maximum output level has also been designed
for 10 V (max).

5.2 Squaring Circuit

1f the two inputs sre tied together, the resultant function is
squaring; that is Vg = KV2 where K is the scale factor. Note
that all error terms can be eliminated with only three adjustmant
potentiometers, thus eliminating one of the input otfset adjust.
ments. Procedures for nulling with adjustments are given as
follows: ¢

1. AC Procedure:

{a) Connect oscitlator {1 kMHz, 15 Vpp) to input

{b) Monitor output at 2 kHz with tuned volimeter
and adjust P for desired gain {be sure 10 peak response
of the voitmeter)

{c) Tune volimeter to 1 kHz and adjust P4 161 & min-
imum output voltage

{d) Ground input and sdjust P4 {output offset) for
2er0 volts dc output 3

{e) Repeat steps @ through O as necessary.
2. DC Procedure:

{a) Set Vx = Vy = 0 V and adjust P4 (output offset
potentiomeier} such that Vg = 0.0 Vdc

b} Set Vx = Vy = 1.0 V and edjust Py (Y ‘input
offset potentiometer) such that the output voltage is
+0.100 volts s

{c) Set Vx = Vy = 10 Vdc and adijust P3 duch that the
output voltage is + 10.00 volis - .

{d) Set Vx = Vy = =10 Vdc. Repeat steps 8 through
d #s necessary. B

FIGURE 24 — BASIC DIVIDE CIRCUIT ..
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6.3 Divide Circuit

Consider the circuit shown in Figure 24 in which the multi-
plier 15 placed in the feedback path ot an operational amplifier.
For this configuration, the operational amplifier will maintain
a “virtual ground” at the inverting {-} input. Assuming that the
biss current of the operational amplifier is negligible, then |y =
17 and

KVxVy -V2z
. P,

R1 A2 w
A1 vz 2
Solving for Vy, Vy “RZK ‘v—)'( .
Rt =R2
_VZ
Vy & —
¥ kvx (3
R1=KR2
-VZ
Vy s —=" (@
YU
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OPERATION AND APPLICATIONS INFORMATION {(continued)

Hence, the output voltage is the ratio of Vz to Vx and provides

adivide tunction. This analysis is, of course, the ideal condition.

If the multiplier error is teken into account, the output voltage
is found to be

R1 vy of
Vy = - + 15)

RZK|Vx  KVy

where &E is the error voltage at the output of the multiplier.
From this equation, it is seen that divide accuracy is strongly
dependent upon the accuracy at which the multiplier can be
set, particularty st small values of Vy. For example, assume
that R1 = R2, and K = 1/10. For these conditions the output
‘of the divide circuit is given by:

-10Vz 10 AE
i ——— Pga ~_4p
Vx Vx

vy = (6}

From equation 6, it is seen that only when Vy = 10 V is the
erfor voltage of the divide circuit as low as the error of the

" fultiply circuit. For example, when Vx is small, {0.1 volt}

the error voltagé of the divide circuit can be expected to be a
hundred times the error of the basic multiplier circuit.
in terms of percentage error,

Qr
ool 100%

percentage erros =
actual

or from equation (5},

oE

Vx R2[sE

K
PEpD™ A1 Tvz = R_'I V—Z J (7
R2 K| Vx

From equation 7, the percentage efror is inversely retated 1o
voltege Vz li.e., for increasing values of V2, the percentage
error decreases).
A circuit that performs the divide function is shown in
Figure 25. )
Twao things shouid be emphasized concerning Figure 25.
9. The input voltage {V'x) must be greater than zero and
must be positive. This insures that the current out of
pin 2 of the multiplier witl aiways be in 8 directsion com-

patible with the polarity of V2,

2. Pins 2 and 14 of the multiphier have been interchanged
in respect 1o the operationat smplifiers input terminals.

n this instance, Figure 25 ditfers from the circuit connec..

tion shown in Figure 21; necessitated to insufe negative
feedback around the 100p.

A Suggested Adjustment Procedure for the Divide Circuit

1. Set V2 = 0 volts and adjust the output offset potentio-
meter {P4) until the output voltage (V) remains at some
(not necessarily zero) constant vawe as, y_x‘ 15 varied
between +1.0 volt and +10 voits.

2. Keep V7 at O voits, set V' a1 +10 volts and adjust the
Y input otfset potentiometer {Pq) untit-\g = O volts.

3. Let V' = Vz and adjust the X ifiput offsef potentio-
meter (P2) unuil the output voltage remains at some (not
necessarily - 10 volts) constant valug as Vz + Vx' i
varied between +1.0 and +10 volts, ;.

4. KeepVyx'=Vzand adjust the scale factor potentiometer
(P3) uniil the average value of Vg is ~ 10 volts as Vg
Vy' is varied between +1.0 volt and +10 volts.

5. Repeat steps 1 through 4 as necessary 10 schieve optr
mum performance.
5.4 Square Root

A special case of the divide circuit in which the two inputs to
the muluiphier are connected together is the square root function

FIGURE 25 - DIVIDE CIRCUIT 4
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FIGURE 26 — BASIC SQUARE ROOT CIRCUIT
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MC1assL)

as indicated in Fiugure 26. This circuit .may. suffer from
Iatch-up problems similar to those of the dwide circuit. Note
that only one polarity of input 15 aliowed and diode ctamping
{see Figure 27} protects against accidental latchiup.:

This circuit also may be adjusteu in the closed-loop mode as
follows:

1. Set Vz 10 - 0.01 volts and adjust P4 {output-offset) for
Vo = +0.316 volits, being careful 10 approach the output
from the positive side 10 prectude the effect of the out-
put diode clamping.

2. Set V2 to -0.9 volis and adjust P2 {X sdjust) tor Vg =--

+3.0 volis.

3. Set V2 to =10 voits and adjust P3 {(scale factor adjust)
for Vg = +10 volis.

4. Sieps 1through 3 may be repeated as necessary to achieve
desired sccuracy.

OPERATION AND APPLICATIONS INFORMATION (continued)

6. AC Applications

The applications that follow demonstrate the versatility of the
monolithic multiptier. |f a potted multiptier is used for these
cases, the results gsnaratly would not be as good becsuse the potted
units have circuits that, sithough they optimize dc multiplication
operetion, can hindser sc applicstions.

6.1 Frequency doubling often is done with a diods where the
- tundomaenta! plus a series of harmonics sre generated. However,
extensive fiftering is required 10 obtain tha desired harmonic,
and the second harmonic obtained under this technique usuatly
it small in magnitude and requires amplification.
When s multiplier is used to double frequency the second
harmonic is obtaingd directly, except for a d¢ term, which can
be removed with ac coupling.

€ = KE2 cos2 wit

KE2

€o = (¥ + cos 2wtl.

A potied multiplier can be used to obtain the double fre-

i guency component, but frequency would be limited by its

interng) level-shift amplhifier. In the monolithic units, the ampli-
fier is omitted.

In a ypica!l doubler circuit, conventional £ 15-volt.supplies
are used, An mput dynamic range of 5.0 volts peak-to-pesk is
sllowed. The circuit generates wave-forms that are double fre-
quency. less than 1% distortion is encountered without filtering.
The configuration has been successfully used in excess of 200
kHz; reducing the scale tactor by decreasing the load resistors
can further expand the bandwidth,

A slightly modified version of the MC1595 (MC1495) —
the MC 1596 (MC1496) — has been successfully used as a doubler
10 obtain 400 MH2. (See Figure 28.)

6.2 Figure 29 represents an application for the monolithic
multiplier as a balanced modulator, Here, the audio input signat
is 1.6 kHz and the carrier is 40 kH2,

FIGURE 27 - SQUARE ROOT CIRCUIT
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OPERATION AND APPLICATIONS INFORMATION (continued)

FIGURE 28 — FREQUENCY DOUBLER
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FIGURE 29 - BALANCED MODULATOR.

15V
]
Ry Rx
(A}
12k 824 j
L m m" I
4 (1) =
ey * £ €05 vyt @———eO— —O—Arr—e.
] A
oy« € o0t ! @——O— 2 33
. MLI595L |
v ML i
OFFSET
ADJUST ?
X
3
(% 2%

-1

(8)

v

B CiRrich, 0 b

The defining equation for balanced modulation is

KIE ryy cos wint) (E¢ cos wet) =

KEcEm .
leos (g + wmlt + 003 (e — wmlt]

where wg is the carrier frequency, wpm is the modulator fre-
quency and K is the multiplier gain constant.

AC coupling at the output eliminates the need for level trans-
fation or an operationat amplifier; a higher operating frequency
results.

A problem common to communications is to extract the
intelligence from single-sideband received signal. The ssb signat
is of the form

egsh = A cos [we t wlt

and i multiplied by the appropriate carrier waveform, cos wet,

AK
egsh®carrier = e fcos (2we + wmlt + cos {welth,

if the trequency of the band-limited carcier signal, w, is ascer-
tained in advance the designer can insert a low-pass filler ang
obrain the (AK/2} (cos w1l term with ease. He also can use an
operational amplifier for a combination level shift-active filter,
83 an external component. But in potted multipliers, even 1f
the frequency range can be covered, the operational amplifier
is inside and not accessible, 50 the user must accept the level
shifting provided, and stilt add u tow-pass titter.

6.3 Amplitude Modulation

The muliiplier pertorms amplitude modulation, similar to
balanced modulation, when a dc term is added to the modulating
signal with the Y offset adjust potentiometer. {See Figure 30.)

Here, the identity s

Emll + mcos WU Ee cos wet = KEREcos wet +

KEmEem .
————leosfwe t WMt + s (we - wrlt]

where m indicates the degree of modulation. Since m s adjust-
able, via potentiometer Py, 100% modulation is passible. With-
out extensive iweaking, 96% modulation may be obtaned where
wWg and wy, are the same as in the balanced-modulator example.

6.4 Linear Gain Control

To obtain hinear gain control, the designer can feed to one
of the two MC1595 (MC1495) inputs a signal that will vary the
unit’s gain. The following example demonstrates the feasibility
of this application. Suppose a 200 kHz sine wave, 1.0 volt
peak-to-peak, is the signal to which a gain control will be added.
The dynamic range of the control voltage V¢ is 0 10 +1.0 voit.
These must be ascertained and the proper values of Ry and Ry
can be selected for optimum performance. For the 200-kHz
operating frequency, load resistors of 100 ohms were chosen to
broaden the operating bandwidih of the multipher, but gain was
sacrificed. |1 may be made up with an amphiier operating at the
appropriate frequency. (See Figure 31.)
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OPERATION AND APPLICATIONS INFORMATION {continued)

FIGURE 30 — AMPLITUDE MODULATION The signal is applied to the unit’s Y input. Since the total
input range is limited to 1.0 volt p-p, 8 2.0-volt swing, a current
Ay Rx source of 2.0 mA and en Ry value of 1.0 kilohm is chosen.
874 2 vee e sV This takes best advantage of the dynamic range and insures
s M " 9 lingar. operation in the Y-channel.
. Ay Since the X input varies between 0 and +1.0 volt, the current
. oo source selected was 1.0 mA and the Ry value chosen was 2.0
oy s B ! @———O— ot kilohms. This also insures linear operation over the X input
e , y ﬁ‘f{' dynamic range,
ex*Erom & °© MCI595L é .3, ,‘ | Choosing R|_= 100 assures wide-bandwidth operation. Hence,
wuopuiation g ¥ 5 | gpTessLl S, the scale-factor for this configuration is
ADJUS INn
X 2 " 3
OFFSET ADIUST @———O— =="W1 AL
1 K= RxAyis
ey<SVpp 3 13 ! T
X “sELECT L 100
® e -1
1N Ry e {2 kM1 K2 x 103}
. - 1
o 15V - — vV,
40
(8}

The 2-in the numerator of the equation is missing in this scaie-
4actor. expression because the output is single-ended snd ac
coupled.
To recover the gain, an MC1552 video smplifier with a gain
of 40 is used. An operational smplifier also could have been
.used with -frequency compensation to allow 8 gain of 40 at
- 200 kHz. The MC1539 operational amplifier can be taitored for
this use: snd the MC1520 operstional amplifier does 1t directiy.

FIGURE 31 — LINEAR GAIN CONTROL
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LM194/LM394

National >
Semiconductor

 LM194/LM394 Supermatch Pair

General Description

The LM194 and LM394 are junction isolated ultra
well-matched monolithic NPN transistor pairs with an
order of magnitude improyement in matching over con-
ventional transistor pairs. This was accomplished by
advanced linear processing and a unique new device
structure.

Electrical characteristics of'these devices such as drift
versus initjal offset voltage, noise, and the exponential
relationship of base-emitter voltage to collector current
closely approach those of a theoretical transistor. Extrin-
sic emitter and base resistances are much lower than
presently available pairs, either monolithic or discrete,
giving extremely low noise and theoretical operation over
8 wide current range. Most parameters are guaranteed
over a current range of 12A to 1 mA“ang OV up to 40V
collector-base voltage, ensuring superior performance
in nearly all applications. A

To guarantee long term stability of matching parameters,
internal clamp diodes have been added across the emitter-
base junction of each transistor. These prevent degrada-
tion due to reverse biased emitter current—the most
common cause of field failures in matched devices. The
parasitic isolation junction formed by the diodes also
clamps the substrate region to the most negative emitter
to ensure complete isolation between devices.

Transistor/Diode Arrays

The LM184 and LM394 will provide a considerable im-
provement in performance in most applications requiring
8 closely matched transistor pair. tn many cases, trim-
ming can be eliminated entirely, improving reliability
and decreasing costs. Additionally, the low noise and
high gain make this device attractive even where match-
ing is not eritical, '

The LM194 and LM394/LM394B/LM394C are available
in an isolated header 6-cad TO-5 metal can package.
The LM184 is identical to the LM394 except for tighter
electrical specifications and wider temperature range.

Features

® Emitter-base volitage matched to S0uV

Offset voltage drift less than 0.1uV/°C

Current gain {hgg ) matched to 2%

Common-mode rejection ratio greater than 120 dB

Parameters guaranieed over 1A to 1 mA collector

current

s Extremely low noise

8 Superior logging characteri‘stics compared to conven-
tional pairs

8 Plug-in replacement for presently available devices

Typical Aﬁplications

Low Cost Accurere Square Root Circuit
louT = 107"« VIO Viy

309F

LI
eyt 10
B Ve S IRy

WH =~ = = —
%

15V
AEGULATED

Low Cost Accurate Squaring Circuit
four = 10-6 (vyn12

INPUT
BV, <0V

150
"

-1V
REGULATED

*Trim for full scale accuracy
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Absolute Maximum Ratings
Coltecior Current 20 mA Collector-Collector Voliage 40v
Collecior-Emitter Voltage VMAX LM394C . 20v
Collector-Emitter Voltage 40V Base-Eminter Current 210 mA
LM394C 20v Powes Dussipstion 500 mw
Collecior-Buse Vottage a0V Juncuon Temperaiure
LM394C 20V mi94 ~55°Cwo +125 C
Coltector-Subsirate Voltage 40v LM394/LM394B/LM3S4C -25°C10+85°C
LM3g4C T o0v Storage Temperature Range -65°C 10 +150°C
Lead Temperature (Soidering, 10 seconds} 300°C
Electrical Characteristics (1, = 25°c)
LM194 LM39%4 LM394B/LM394C
PARAMETER CONDITIONS UNITS
MIN TYP MAX MIN TYP MAX MIN TYP MAX
Current ('Sim theg} Vew = OV 10 Vmax (Note 1)
le = 1mA: 500 700 300 700 225 500
I = 100uA 400 50 250 550 200 400
Ie = WA 300 450 200 450 150 300
Ic = uA 200 300 150 300 100 200
Current Gain Maich (hg g Maich} Vcs = OV o VMAX
L 100ial} Theg o} lc = 10uA 10 1 mA 05 2 05 a 1.0 5 %
e Ics 1pA s 1.0 1.0 20 %
Emitter-Base Otfset Voltage Vep =0 25 50 25 150 50 200 sV
lc = Ao imA
Change in Emitter-Base Oftser {Note 1} S w |2 w | s 10 | w00 av
Voltage vs Cotlector-Base te = WpA 10 1 mA,
Voliage (CMRR) Vea =0V 10 VMAX
Change in Emitter-Base Offset Vce =0V, 5 25 5 50 5 50 BV
Vottage vs Colfector Current le = 1uA 100 0.3 mA
Eminer-Base Oftset Volage Ie = 10pA to 1 mA (Note 2) )
Temperature Drft ley = ez 008 { 03 008 | 10 0.2 15 7a
Vos Trmmed to 0 a1 25°C 003 { 01 003 | 03 003 | 05 m7a
Logging Conformity Ic = 3 nA 10 300uA, Vg =0, 150 |- 150 150 Y
{Note 3}
Collector-Base Leakage o Vce = VMAX 0.05 0.25 005 05 .05 0.5 nA
Collector-Collecior Leakage Vee = VMAX 0.1 20 01 50 | 0.1 5.0 nA
Input Voltage Noise Ic = 1004A, Vg » OV, 1.8 18 1.8 naviHz
{ =100 Hz to 100 kH2
Cotiector to Emitter Saturation Ic=ImA, Ig = 104A & 0.2 0.2 0.2 v
Voltage fc = 1mA, Iy = 100xA 0.1 0.1 0.1 v

e sw

-t i &

Note 1: Collector-base voltage is swept from 0 10 Viqax 8t a collector current of 1uA, 104A, 10044, snd 1 mA.
Note 2: Offset voltage drift with Vog = 0 31 Tp = 25°C is vahid only when the ratio of 10 10 1C2 15 adjusted 10 give the iniliat zero oftset. This

ftio must be heid 10 within 0.003% over the enure ter

P e range. M

taken at +25°C and temperature exiremes.

Note 3: Logging conformity is measured by computing the best fit 10 a true exponenuial and expressing the error 8s a base-emitter voltage

deviation,

Typical Applications (continvea)

Fast, Accurate Logging Amplifrer, Vypy = 10V 10 0.1 mV or Ijy = 1 mA 10 10 nA

0

Voos

M Viies
L1}
18
)
ke
1
4]
dve i
2
Ry
& §
A4
—t— 2 3
— 304
< L .
3
*Tel Labs 1ype 081 +0 3%/ C
’ Vour = —toayp [N
VREF

g e e v

12-5




LM194/LM394

01

4
Typical Applications (Continueq) .
Voltage Controlled Varisble Gain Amplifier
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*R8 —R10 and D2 powvide a tempergiure Distortion < 0.1%

independeni gain control. Bandwidth ~ 1 MH2
G = 336 V1 (dB} 100 dB gain range
. f Precision Low Drift Operational Amphifier
15V

Dn.n!ul

Common-mode range = 10V
IgiaS © 25 nA

lps* 05nA

Vos luntnmmed) 1254V
1aVQps/3Tl 02.v/ C
CMRR 120d8

AyoL 2.500.000

*C  200pF for umity gan
C 30pF tor Ay - 10

. C S5pFtor Ay - 100
C=01or Ay 1000
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Typical Applications (continueq)

High Accuracy One Quadrant Multipher/Divider

Ghik TRIM
<

{X) (Y}

’ ] Vout* ; positive inputs only.

*Typical linearity 0.1%

High Performance Instrumentation Ampiifier

Q 15V "
1 Performance Charactaristics
G=10000 G=1000 G=100 G=10
e TSV T Linearity of Gan 1210V Outputt oot <00t <002 <005 a
™I Common-Moge Rejection Ratio 160 H2) >120 z 120 2110 290 ai
RN 7 < :‘.'" Common-Moge Reection Ratio 11 kM) 2110 z110 280 20 al
s _ —f = ] - dan Powes Supply Resection Rato
oS - + Supply >0 >110 >110 »>110 08
- Suputy - 1o »110 > 90 10 0B
Benuwwith {- 3 0B] 50 50 &0 50 iz
Stew Rate [} '] 03 03 Vi
Oftser Voltage Dirti®* S 028 <04 <2 <10 »v G
Common-Moae Input Res stence 2 - 109 > 109 > 109 1
o input A 3168 »3x10f >ax108 Laa0 I
tnput Reterred Nowe 1100 Hz & 12 10 kK2l 5 6 12 0 A
oM e
‘: EY Input Buas Current % 75 % % nA
< e Input Ottser Gurient 15 5 1.6 16 nA
CummmonMods Range 11 211 1 10 v
1o 4 3% Output Swing (A = 10kt * B ¥ 13 213 113 v
[ .
n - ———f
**Assumes € 5 ppm/ Crracking of ression .
0
w7
12v
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Typical Performance Characteristics

hoy - OUTPUT CONDUCTANCE Wwmhoy) AVeAT LV O ey SMALL SIGNAL CURRENT GAIN

1, ~ CURRENT NDISE (pA/ W2)

Small Signal Current Gain vs
Collector Current

1000 I
| | Voo * s
£+ 100 My
800 [~ 7,28 3
+ ‘/
»e
600 A~
/a
41
400
208
0
(YT T LX) 1 10

e ~ COLLECTOR CURRENT (mA)

Otfset Voltage Drift vs Initial
Offset Voltage

1,025 ¢
a I
-200 =100 0 100 200

INITIAL DFFSET VOLTAGE LV}

Smali Signal Quiput Conductance
vs Collector Current

100 —
Fve, = oV —
/|
1 A
/

1 A

01
(1]

o001 00v  od ' 0

ic - COLLECTOA CURRENT (mA}

Base Current Noise vs Frequency

100
Ve + 5V
1e2¢
-~
1® N
1c + 10 mA
8
' te * \ ma
T RS
N 1c + 100,477l
~ 3 .
”‘>'N~ T
01 I = =33 1 - 10.AZ]
N ToIT
—t
e * 1.k
(]l L1l
(1] [} t 10 100

1 - FReQUENCY {aHa)

Versan = COLLECTOR EMITTER

SATURATION VOLTAGE (V) Vagiom ~ BASEEMITTER OK VOLYAGE (V) Hyy DC CURRENTY GAIN

NF - NOISE FIGURE (GB)

OC Current Gain vs Temperature

1400
1200
| i
1000 |~ 10mA P ~
oA Vi /{
10b }- 1004 v’
i < L
(Y 2
oo - M R AT
a0 |4 4
[P . .
>
200 | Vep * 5V .
s .
0 .

¥, - JUNCYION TEMPERATURE { C)

Bau‘.Emmnr On Voltage vs
Cottector Current

0

T
Vg » SV
L1=25¢ >
2
(73 “«
d
f’
- y
I'g
(X3
4
g
A .
0 1
LY T Y} (%} 1 10

lc - COLLECTOR CURAENT (mA)

Collsctor-Emitter Saturation Voltsge

vs Collecior Current Pt
1 -
7
I—‘ - 100
'’
i/
& —i
——— ke, II:::
N -
0.0t
0.001 [ 1] (2} ¥ 1t

tc ~ COLLECTOR CURRENT {ma)

Noise Figurs vs Collecior Current

12
¢ 5V
o (N i
A BARHY
N
¢ ﬁ.-loo-l
. y' i
F
H hli\" /’.!.'
= s = W0s
0 e
000 0 o 1

I - COLLECTOR CURRENT (k)

Unity Gain Frequency'(t,) vi
Collactor Cusrent

1000
¥
0|
| T
!
100 e
5 4
Yy
I » I
K — T
1 4 :
A
. i
ot
0000 001 [} 1 "
b ~ COLLECTOR CURRENT (mA)
Small Signal

Input Resistance (hj,)
vs Collector Current

[ T -
| VerSv 3
] I 14900 1 7|
z K T
- 1 A
b}
= T
E 1
2] -+
@ o IS,
=
= v
- N T
= T
. 0B =
WX N N
I
000 L 1l
oo0t oot 01 ' "

I ~ COLLECTOR CURRENT (mA;

¢ Input Voltage Noise vs

Frequency
{ 100
‘. = Ve * bv
Colm "R, * 100
i T
> 6
£
u Ic » LA T
H 1A R
g w =
= =
§ Ig * 10.A
) Hil I
z AL T
- I * 1004 +
, B T ficorma L
0.0 01 1 10 "
U~ FREOUENCY (Ana)
Coltector 10 Collector
Capacitance vs Reverse
Bias Voitage
. a0 T T
S
-
Iy -
= -
o —
g 0
-
FREAY
S
H AN
i P
8 ——
o
!
1!
10 N
] 10 0 4 W

COLLECTOR TO COLLECTOR VOLTAGE
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Typical Performance Characteristics (Continued)

Coil 10 Coll Cap Emitier-Base Capacitance vs Collector-Base Capacitance vs
vs Coliector-Substrate Voltage Reverse Bias Voltage Revyrse Bias Voltagy
kL) 0 30
— Vee * 0~ .
-
z x - |
& — w N =
g o C ERETRAY
£ 3 z LAY
-3 b4 o
5 | 7 i ow H
E \ s \\ é
<
S ow H S — 2 w0
v ~ “ [
&5 S,
_—
40
o w0 2 k1 40 50 ¢ 0t b2 03 04 05 06 ] 19 20 u a 1
COLLECTOR T0 SUBSTRATE VOLTAGE (V) REVERSE BIAS VOLTAGE (V) REVERSE BIAS VOLTAGE (Veu!
Collector-Base Leakage vs Coltector 10 Collector Leakage Qtisetr Voltage Long Term
Temperature vs Temperature Stability at High Temperature
100 190 10—
[ Vee * 20V s T,
G z [T -Gt A
- - -V, auv
T w = 2 10 - e ¥ L
- - 2 "
£ = - P {—
£ : E
S & =
=z el
S « 5 . <20V =
8 H e 2
5 >
Y0 1 3 gt
E 5
2
b o
0.0t b0t . 2L L2 ~10
25 50 % 100 128 25 50 ' 100 125 0 200 400 600 ¥00 0L
T, - JUNCTION Temprratune | €} T,- JUNCTION TEMPERATURE ( C)  ° THAL (HRS)
Emitter-Base Log Conformity P Low Frequency Noise of Ditterential Paur®
[ %]
Al Tl R OBuA" R T
B4 [—Vea " OV 31l )
~ 03
3 : - s
= 02 / n 3 §-30
g o v : [
S 0 s
£ -0 ]
«
g -2 s
s )
- 03 > ]
i
-04 5 R [
2
-05 . 8

[T/ RA T S T S U S [ i | 154
Ic - COLLECTOR CURRENT (A)

Connection Diagram

TIME (SEE CRAPH,
*Unit must be in still sir environment so that
differential lead temperature is held to less
than 0.0003°C.

Matai Can Package

TOP ViEw

Order Number LM194H, LM384H
LM394BH or LM394CH
Ses NS Package HO6C
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National
Semiconductor

Transistor/Diode Arrays

.

LM3045, LM3046, LM3086 Transistor Arrays

General Description

The LM3045, LM3046, and LM3086 each consist
of five general purpose silicon NPN transistors on
a common monolithic substrate. Two of the tran-
sistors are internally connected to form a differ-
entially-connected pair. The transistors are well
suited to a wide variety of applications in jow
power system in the DC through VHF range. They
may be used as discrete transistors in conventional
circuits however, in addition, they provide the
very significant inherent integrated circuit advan-
tages of close electrical and thermal matching. The
LM3045 is supplied in a 14-lead cavity dual-in-line
package rated for operation over the full military
temperature range. The LM3046 and LM3086 are
electrically identical 10 the LM3045 but are
supplied in 3 14-lead molded dual-in-line package
for apblications requiring only a limited temper-
ature range.

Features

8 Two matched pairs of transistors

Vgg matched 16 mV

tnput offset current 2uA max at Ic = 1 mA
Five general purpose monolithic transistors
Operation from DC to 120 MH2z
Wide operating current range
Low noise figure 3.2dB typ at 1 kH2
Full military
temperature range {LM3045) —55°C 10 +125°C

Applications. .- . - ‘.

® General use inall tyges of signal proceiiing
systems operating anywhere in the frequency
range from DC to VHF

® Custom designed differential amplifiers

& Temperature compensated amplifiers

Schematic and Connection Diagram

.

SUBSTRATE

" ||z

Dusi-In-Lins Packaga

R S

o

|
as
[{Jﬂz

[ lz 3

T0P VIEW

Order Number LM3045)
See NS Package J14A
Order Number LM3046N
or LM3086N
See NS Package N14A
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Absolute Maximum Ratings (v, =25°)

‘. LM3045 LM3046/LM3086
Each Total Each Total X
. Transistor Package Transistor Packaye Units
Power Dissipation:
TA=25C ) 300 750 300 750 mW
Ta=25°Ct065°C 300 750 mw
Ta>55°C Derate a1 6.67 mw/°C
Ta=25Cto75°C 300 750 mw
Ta>75°C Derate at 8 mwW/°C
Collector 10 Emitter Voltage, Veeo 15 15 \
Collector 10 Base Voltage, Vego 20 20 v
Collector to Substrate Voltage, Vc,o (Note 1) 20 20 v
Emitier to Base Voltage, Vego 5 5 v
Collecyor Current, ¢ 50 50 mA
Operating Temperature Range -65°C 10 +125°C —40°C 10 +85°C
Storage Temperature Range —65°C 10 +150°C ~65°C 10 +85°C
Lead Temperature (Soldering, 10 sec) 300 300 °c
Electrical Characteristics (T = 25°C unless otherwise specified)
LIMITS LIMITS
PARAMETER X CONDITIONS LM3045, LM3046 LM3086 UNITS
MIN T™vP MAX | MIN TYP MAX
Coltector 10 Base 8reakdown Voliage (Vigncpo! le = 104A 1= 0 20 60 20 60
Collector 10 El.mllu Breakdown Voltage (Vianiceo! lc21mA, 1g=0 15 24 15 24
::\:::::‘::)D Substrate B:um;mn Voliage I » 104A, 1, = 0 20 60 2 60 v
Emitter 10 Base Bieskdown Voliage w..,‘,}.o) lg® W0uA 1c= 0 % 7 5 7 v
Cotlector Cutoff Current {igao! Veg= 10V, lg=0 002 40 .002 100 nA
Cottector Cutotf Current {lggo! Vep* 10V, 15=0 5 . 5 BA
::x;;: ‘Fholv;md Current Transfer Ratio (Siatic Vee » 3V {:2: :‘:“'ZA 40 :g 40 ! :22
‘- 5 . te= 10pA 54 54
input Otfset Current for Masched Pair Qy and O Vee s 3V.Ic= 1 mA i A 2 ’ A
Ngy ~ lioa!
Base 10 Emitter Voltage (Vgg) Veg = 3V {::: :(;':A ;;g .;:): ) ) v
e Vees W.tc s 1ma “ | m
Magnitude of Input Ol{se! Voliage for 1solated s
Transutors IVges = Veeal Vaea =~ Vaesl. Vee® 3V, lc=1mA a5 5 mv
Vges ~ Vaeal .
Tempetature Coetficient of Base 10 Emitier
Voliage (AXT“) Yee*3V.ic= tmA -1.9 -1.9 mvi'C
Collector to Eminier Ssturation Voltage (Ve savy) lg=1mA lc=10mA .23 23 v
Temperature Coefficient of Input Offser
Votisge (A[:/T.o) . Vee =3V, le~ 1 mA 1 wirc

Note 1: The colt of each

i of the LM3045, LM3046, angd LM3086 is isolated from the substrate by an integral

diode. The substrate {terminal 13) must be connected 1o the mast negative point in the external circuit to maintain isolation
between transistors and 10 provide for normal transistor action. .
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Electrical Characteristics (continueq)

PARAMETER CONDITIONS MIN TYP MAX | UNITS
o = [
Low Fiequency Noise Figure [NF) R 1 kHz, Ve = 3V, Ig = 100uA 3.25 ]
s= 1 k2
Low Frequency, Small Siygnal Equivalent Circuit Characteristics:
Forward Current Transter Ratio (hy,} 110 (LM3045, LM3046)
(LM3086)
Short Cucuit Input Impedance (h) 35 0
(= 1kHz, Vgg = 3V, lc = 1 mA
Open Circuit OQutput Impedance {(hg,) 15.6 pmho
Open Circun Reverse Voltage Transfer Ratio (h,,} 1.8x104
Admittance Characteristics:
Forward Transter Admittance {Y,,) q 31-j1.5
tnput Admittance (Y,,) 0.3+ 0.04
= 1MHz, Veg = 3V, ic» 1mA
Output Adminiance (Y,) 0.001+ 0.03
Reverse Transfer Admittance {Y,,) See curve
Gain Bandwidth Product tiy) Vee= 3V, lc =3 mA 300 550
Emitter to Base Capacitance (Cgp) Veg=3V,lg=0 6 pF
Collecior to Base Capacitance (Ccg) Vea=3V,ic=0 58 13
Coliectors to Substrate Capacitance (Cg,) Ves=3V, Ic=0 28 pF

Icao - COLLECTOR CUTOFF CURRENT (nA}

Typical Performance Characteristics

Typical Collector To Base
Cutoff Currant vs Ambient
Temperature for Each
Transistor

Typical Collector To Emitter
Cutaff Currant vs Ambient
Temparature for Each
Transistor

<

Iceo - COLLECTOR CUTOFF CURRENT (nA}

)
s

Ta = AMBIENT TEMPERATURE (*C)

Ta -~ AMBIENT TEMPERATURE ( C)

Typicat Input Offset Current
tor Matched Transistor Pair
Q4 Q7 vs Colisctor Current

Typical Static Forward
Cutcent-Transfer Ratio and
Beta Ratio for Transistors Q4
and Q3 vs Emitler Current

120 Ve m l l 1.1
AL At
g E 100 'llni ¥ by )] ] 1
Pz |.,—,, g L—.l
R miilg’
28 w AL o8
TE 1 n" |
= » l
g a [1 ] (1]
. LU T T
0 A ] 10

t; - EMITTER {mA)

Typical Static Base To Emitter
Voltage Characteristic and Input
Offset Voltage for Ditferential
Pair and Paired Isolated
Transistors vi Emitter Current

0 4 ‘
Veg * IV Ver = IV ”l I M
H1as 20 s |lwciy
z 1 2
i } x 2 i vy o1 3
E 1 £ § ¥ d ;r
=2 -
£ & 1] i
s S & b t 2
: , ARy
£ d 2 y
s - i i bt INFUT DFFSET VOLTAGE | |A
3 .
Q 1.3 1. H Ll i !
£ ﬁ i = ”;l i
0 m ‘ m . ’
£ R} 1 " 01 ] ' 1

ic ~ COLLECTOR (ma)

tg — EMITTER (mA)

(AW} 135430 1NdN1 - O'A

DIlvY V138
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. ~ FORWARD TRANSFER CONDUCTANCE OR

}

Typical Performance Characteristics (continued)

Typical Bass To Emitter
Volitege Characteristic (or
Each Trunsistor vs Ambient

Temperature
T3
Ve =3V
E ” -\
« R
E 1 ‘\‘\
i SN
e P
e
3 fg=ImA 9‘
) mA ~ T
1 2.5 mA - \
EY
A
-5 ~50 -2§ @ 25 6O 25 100 325
Ta - AMBIENT TEMPERATURE ( C}
Typical Noise Figure vs
Colilector Current
L T 1T
Vg * 3V
25 | Ry = 10080
1 T, 25°C
S uw|-
- ”
& y
a 1
& -0 4K o
2 1 4
e v m™
= LA
A - 106tz
s i ol
0
0 A )
Ic - COLLECTOR (mA)
Typicsl Forward Transfer
Admittance vs Fraquency
40
I1 I Tae2st
. [y Ve »3V
Ew» Y
E
£
= 2
8
=
E 1
g
2 Vg
° M
i -n ~g
PF,,
=20
R} i 10 100

1~ FREQUENCY (MH2j

4. ~ INPUT CONDUCTANCE OR

NDISE FIGURE {48)

Vip = INPUT OFFSET {mV)

b., - SUSCEPTANCE (mmhos)

25

1
~75 -850 -25 0

Typical Input Ofiset Voltage
Characteristics for Diffarential
Pair and Paired Isolzied
Transistors vs Ambient
Tempetature

Ve * 3V

]

1y« 10mA

25 50 2% 100 125
Ta — AMBIENT TEMPERATURE { C)

Typical Noise Figure vs
Coilector Current

L)
Ve =3V b
Py + 19.0001
Te28C

Ll
T1
i=0.

16t

L5 3
ic - COLLECTOR {(mA)

Typical input Admuttance
vs Frequency

T
T,=25C H
L Vet 3V L1 l
I v 1mA l
i

t- FREQUENCY (MH1)

.» ~ DUTPUT CONDUCTANCE DR

KOISE FIGURE (48)

NORMALIZED N PARAMETERS

8o, - SUSCEPTANCE (mmhon}

100

Typicsl Noise Figure vs
Colisctor Current

Ve * 3V
| 8, = 001
T, 0 25°C

YV 4
I % ¢

|-
l 10
Lidl
0 1

Iz - COLLECTOR imA)
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Typical Normahzed Forward
.Current Transter Ratio, Short
Circuit Input Impedancs,

Open Circuit Output Impadence,
and Open Circuit Reverse
Voltage Transfer Ratio vs
Cotlector Currant

FERTT)

b, ¢ 38k
(LRI FRT A
hoo ® 15 Gmbo

s1mA b
LY

=
i

Ve * IV fiON T
[ERRT T
Tac2d'C

B t
I = COLLECTOR {ma)

Typical Output Admittance
vs Frequency

T
1o ¢ |
| Vce*3V B
ie* tmA |
I
i
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A
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/i
gt
3 1 w 100

1-FREQUENCY (Mns)
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Typical Performance Characteristics continueq) -

8., - REVERSE TRANSFER CONDUCTANCE OR
b, $,, - SUSCEPTANCE Immhos}

)

Typical Revarse Transfer
Admittance vs Frequency

"0, 1S SMALL AT FHEGUENCIES ]

LESS THAN 500 MH:
}

o

T, +25°C
Ve 23V

ic*I1mA

1 e 100
1 - FREQUENCY (MH?)

1y - GAIN.BARDWIOTR PRODUCT (MHr}

600
S0
4
00
208
00

Typical Gain-Bandwidth
Product vs Collector Current

T 1 T
Vee = IV
F!,-)s"c

LA ~—]_]

121 48 50
I -~ COLLECTOR imA}
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