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FET Application Guide m
>
©
j=J
-—
) (Y
National Semiconductor manufactures a broad line of The following chart is a guide to enable the user to [\V]
silicon Junction Field Effect Transistors (JFETS). determine what parameters are important in each —
National’s JFETs provide excellent performance in many application. (o]
areas such as RF amplifiers, analog switching, low input =3
current amplifiers, ultra low noise amplifiers and out-
standing matched duals for operational amplifiers Q
input applications. E_
Q.
®
APPLICATIONS AND THEIR PARAMETERS
LISTED IN APPROXIMATE ORDER OF
IMPORTANCE
Low Low HIGH ANALOG AND
FREQUENCY Fggggxzn EL:;:E?,’:’LERT:R ';\?WM;B‘T:; NOISE | FREQUENCY | OSCILLATOR D':;izf::;'n‘“' DIGITAL
AMPLIFIER AMPLIFIER AMPLIFIER SWITCHING
Yis Yis [I¢] Ibz en Re(Yts) Yis IVas1-Ves2l 'DS(ON)
Ipss e Yis Yis@lpz 1G. in Re(Yis) IDss AlVas1-VGs2l | ID(OFF)
AT
VGS(OFF) Crss bz Vas @Ipz Yis NF Crss Ciss
Ciss Ciss en G Ipss Crss Ciss ilg1-1gal Crss
Crss Ipss 9os BVGss VGS(OFF) Re(Yos) VGS(OFF) [¢] VGS(OFF)
en VGS(OFF) Ipss BVGss Yis BVGss
BVGss BVGss VGS(OFF) Yts1/Yts2
1Yos1—Yos2!
CMRR
VGS(OFF)
JFET Parameter Relationships
2
_ VGs Variation .of drain cur- dfs = 9fso VID/IDSS Variation in transcon-
Ip = 1DSS (1 - m)) rent with gate bias. ductance with drain
Square low transfer current.
characteristic.
Relationship  between
21pss - Gate-source cutoff vol- DS~ — rps and gfs in the triode
VGS(OFF) = tage in terms of Ipsg 9fs region (i.e, Vps <
9fso and gso. VGS(OFF)-
VeV ; Ip 12 Gate-source voltage in he 'DS(0) Variation of drain resis-
GS=VGS(OFF) "(r—) terms of operating cur- DS VGs tance with gate bias in
rent Ip, Ipss, and 1——\-/— terms zero bias resis-
VGS(OFF)- GS(OFF) tance  (rpsQ)  and
VGS(OFF)-
gfso = K _Ipss Transconductance  at : .
VGS(OFF) zero gate voltage in s ~ KVGS(OFF)2 Variation of drain re-
terms of Ipgg and har v —v sistance in terms of
VGs(off). K= 1.1t Dss{VGS(0FF) —Vas) VGs, and VGS(OFF)
2.5. Typically 2 for N- K=0.5-0.9 IDSS.
channel JFETs.
rDST ~ rpg @ 25°C (1 + Variation of ON resis-
B (1 VGs ) Variation in transcon- 0.007 (AT)) . tance as a function of
gfs = Gfso VGS(OFF) ductance with gate bias. temperature.
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Monolithic Dual FETs vs 2-Chip Dual FETs

Monolithic Dual FETs vs
2-Chip Dual FETs

INTRODUCTION

Recent development of a monolithic dual field effect
transistor offers .distinct cost and design advantages to
the dual FET user. In this article, we have pointed out
these advantages on the basis of a comparison’ that was
made between this monolithic structure and the 2-chip
dual. Finally, a typical application for this FET is
presented and evaluated.

GENERAL

Most dual junction field effect transistors that are avail-
able today are the 2-chip variety. These devices are
costly to manufacture since 2 FET dice must be found
whose electrical characteristics match under a certain set
of bias conditions. Finding the matched pair is accom-
plished by collecting data on a large number of dice and,
with the help of a computer, selecting 2 devices with
identical characteristics. The result is a device that
exhibits excellent end point temperature characteristics
as long as the device is operated at the manufacturer
specified bias conditions. If the device is operated at
bias levels that deviate too much from the specified
conditions, the user runs the risk of poor temperature
performance. In addition, even if the device is biased
at the specified drain current operating point, there
still is no guarantee that the device will be well behaved
between the temperature end points.

The dual FET manufacturer and user alike would like
to have a device that exhibits none of the above short-
comings. They are:

1. High price because of the device selection process.

2. Poor temperature tracking characteristics at currents
other than those specified by the manufacturer.

GATE1
DRAIN 1 0S[)UFH:E1

GATE 2

4
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3. Non-linear temperature tracking performance between
the manufacturer specified end point temperatures.

Recent development by National of a complete family
of dual monolithic junction FETs has virtually eliminated
these shortcomings. National’s family of duals include
general purpose dual process 83 (2N3954 family, etc.),
ultra low leakage dual process 84 (2N5902 family),

" wideband RF dual process 93 (2N5911 family) instru-

* sounce 2 orainz

mentation dual cascode process 94 (NDF9400 family),
low noise dual process 95 (2N5515 family), and wide-
band chopper switch dual process 96 (2N5564 family).
While some other companies now manufacture a mono-
lithic dual g.p. FET similar to process 83, National is
the only ‘“‘all monolithic’’ dual manufacturer. These
devices (illustrated in Figures 7a and 1b) consist of 2
diffused isolated junction FETs. -

Since these devices are a monolithic structure, no dice
matching is required. The FETs that make up the chip
either match or they don’t. Units that do not match
are eliminated at the wafer sorting stage. Units that do
match and exhibit good temperature tracking charac-
teristics at a specified drain current also exhibit good
temperature tracking characteristics at other current
levels. These devices display a linear differential gate-
source voltage relationship to temperature. This is very
important to the operational amplifier manufacturer
since it allows him to temperature compensate the dual
FET, or his entire amplifier circuit for that matter, such
that temperature coefficient approaching 0 uV/°C can
be achieved. Since the 2 FETs that constitute the
monolithic structure are isolated by a diffusion, they can
be operated at different potentials without device
interaction.

"DRAIN 1

DRAIN 2

GATE 1 GATE2

SUBSTRATE
(CASE)

o

SOURCE1  SOURCE2

' I
SEE2

FIGURE 1a. Typical National Monolithic Dual FET Cross-Section

(Processes 83, 84, 93, 94, 95 and 96)

SUBSTRATE
(CASE)

FIGURE 1b. Process 83 Equivalent Schematic




FET TEMPERATURE CHARACTERISTICS making this type compensation difficult. To illustrate
the difference in temperature tracking characteristics
of the 2-chip FET and the monolithic structure, a 2-chip
10 uV/°C device was compared to a monolithic 10 uV/

°C unit.

Figure 2 illustrates.the gate-source voltage temperature
dependence of the 2N3954 (process 83) monolithic
FET for various values of drain current. All junction

. FETs, whether they are monolithic or single unit con-
struction, display similar characteristics. It becomes -
evident, upon examination of this curve, that a very
slight change in drain current results in a substantial
change in the gate to source voltage (VGS) temperature
coefficient.

Figure 4 illustrates how the differential gate-source
voltage of the monolithic 2N3954 varies as a function
temperature. When both sides of the dual FET are
biased at the specified 200 uA £0.01% level, the temper-
ature coefficient is constant and equal to 6 uV/°C. Also,
note that the AV@Gs temperature coefficient can be
adjusted to about O uV/°C by increasing the drain
current in Q2 to 201 uA. The AV @GS temperature charac-
teristics for -the 2-chip 2N3954 dual FET are shown in
Figure 5. Note that if one employs the definition of
temperature coefficient set forth in Note 1, the AVGS
temperature coefficient of the 2-chip dual is about
8 uV/°C. It would be impossible, however, to achieve
a temperature coefficient much better than 8 yV/°C
(by adjusting the drain current), because the AVGS
temperature curve is non-linear.

Figure 3 illustrates just exactly how dependent VGs
is to an Ip change. For example, suppose a device is
biased at a 200 uA drain current level. The curve in
Figure 4 tells us that a drain current change of 1 uA
will change the V@Gg temperature coefficient 4.8 uV/
°C. The fact the VGgg temperature coefficient can be
predictably changed by slight variation in the drain
current implies that the differential gate-source voltage
temperature coefficient can be adjusted to 0 uV/°C by
a change in drain current. A 2-chip dual FET can also be
temperature compensated in this same manner provided
the differential V@g temperature coefficient is constant
at all temperatures. The temperature coefficient of the
2-chip system, however, is generally not constant over
the specified operating temperature range, therefore

The AVGS temperature characteristics of the 2-chip
dual and the monolithic dual were then measured at
500 puA of drain current. The results are illustrated
in Figures 6 and 7.
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200 400 60D  BOD 1k 0 200 400 600 800 1k 1.2k
Ip — DRAIN CURRENT (A) 1p — DRAIN CURRENT (uA)
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GATE-SOURCE VOLTAGE TEMPERATURE
GATE-SOURCE VOLTAGE TEMPERATURE

-1.5

-1

-50 -25 0 25 0 75 100 125

TEMPERATURE (°C)

o

FIGURE 2. Gate-Source Voltage Temper-
ature Coefficient vs Drain Current (Single
Device)

0 b ob

~0.5 == [Pag
i
;

avgg (T) - avgs (25°C) (mV)

=10 figy =200 uA <0.01%
Vpg =20V

-50 -26 0 25 50 75 100 125
TEMPERATURE (°C)

FIGURE 5. Differential Gate-Source
Voltage vs Temperature for a Typical
2-Chip Dual JFET (10 uV/°C Unit)

FIGURE 3. Gate-Source Voltage Temp-
erature Coefficient Sensitivity to Drain
Current Change vs Drain Current (Single
Device)

25
1p1 =500 A
_ 2 |vpg=20v
z Ip2 = 496
= | Ip2= w
z ¥ 12 = 500 kA3
g 1 L____I z=504uAN,.\ A
3 s ' />
H 7
L S
E
 _| _
805 7
9 -10 /' Vpg =20V
1p1 = 500 .A
15 D1 I

-75 -50 =26 0 25 50 75 100 125
TEMPERATURE (°C)
FIGURE 6. Differential Gate-Source
Voltage vs Temperature for the Same
Monolithic JFET in Figure 4, Only the
Drain Current has been Changed to
500 uA.

FIGURE 4.Differential Gate-Source:
Voltage vs Temperature for a Typical
Monolithic Dual JFET

- |I I4EGIA [l
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=2
~75-50 -256 0 25 50 75 100 125 150
TEMPERATURE (°C)
FIGURE 7. Differential Gate-Source
Voltage vs Temperature for the Same
2-Chip Dual FET in Figure 5, Only the
Drain Current is 500 pA
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Monolithic Dual FETs vs 2-Chip Dual FETs

Note that the monolithic dual exhibits good AVGs
temperature characteristics (TC =~ 15 uV/°C) while the
2-chip dual has a temperature coefficient greater than
50 uV/°C. The data displayed in Figures 4—7 is for 2
specific devices; however, it is representative of the data
accumulated on a number of process 83 and 2-chip
dual FETs.

Another point that warrants discussion is the fast
thermal transient response of the monolithic dual FET.
This type device is generally employed as the input
stage for an operational amplifier; therefore, it may be
subjected to electrical overload such as input voltage
transients. This condition causes 1-side of the dual FET
to dissipate. more power than the other, which in turn
results in a temperature differential between the 2 sides

15V

500

2Ty AD

A

A A4

R3 Q TEMPERATURE
COEFFICIENT

": R1 Pl

v 10k, 1% 4:101(. 1%
& 25 ppm/°C < 25 ppm/°C
- 3

~

of the device. The:AV@Gg error will disappear once the
devices are again in thermal equilibrium. The time for
the 2-chip dual FET to reach thermal equilibrium, after
a thermal transient, is considerable since the FET chips
making up the 2-chip dual are located some distance
apart. On the other hand, the monolithic structure
recovers from thermal transients very rapidly because
the 2 FETs, constituting the chip, are in intimate contact.

.

APPLICATIONS

A typical operational amplifier application is illustrated
in Figure 8. This circuit employs the 2N3954 monolithic
dual FET. as the input device. The drain current level
is set by FET Q2 and resistor Rx. FET Q2 is a 2N5457.
This device exhibits a 0 TC drain current operating point

2N3954
(P83)

. s
— 200
207
INPUTS

ﬂ OFFSET
C+

VOLTAGE ADJ

o
L}

Ry
S 25 ppm/°C

-15V

S SELECT Ry FOR
2V DROP ACROSS R1

Note 1: The temperature coefficient can typically be adjusted
(by R3 and R4) to less than 5 uV/°C from —25°C to +85°C.
Note 2: The common-mode rejection ratio is typically greater
than 100 dB for input voltage swings of 5V.

FIGURE 8. Low Temperature Coefficient Operational Amplifier

15V £1%

1g <100 pA
-
Vin

\ 4

AAA I O—AAA
v—

S 500
S 0.1%

o
—15V +1%

1/2 2N3954 (P83)

Vour= .
Vin * VOFFSET

1/2 2N3954 (P83}

FIGURE 9

66 -




at about 400 pA. In, addition, the Q2—Rx combination
exhibits an output impedance typically greater than
10 M. This characteristic, coupled with the high
output impedance of the IMF3954, contribute to a
CMRR of greater than 100 dB for this amplifier. Input
offset voltage can be adjusted to 0 with R4. This control
exhibits sensitivity of 2 mV/turn. The temperature
coefficient can be compensated by R3 with an approxi-
mate sensitivity of 5 uV/°C/turn. The temperature per-
formance of a typical amplifier of this type is illustrated
in Figure 10.

25
2
15

1 5uV/°C
LIMITS
\:
-15

-50 -26 0 25 50 75 100 125 150
TEMPERATURE (°C)

FIGURE 10. Input Offset Voltage vs
Temperature

05
0

\ |/

N
~I\

-05
-1.0

VogF — INPUT OFFSET VOLTAGE (mV)

CONCLUSION -

The junction isolated dual monolithic junction FET does
exhibit a more linear AVGS temperature relationship
than does the 2-chip dual FET. In addition, the mono-
lithic structure exhibits good temperature tracking

characteristics at drain currents other than the specified
ID. This is generally not the case for the 2-chip system.
Since all National duals are monolithic structures, the
cumbersome process of matching individual dice is not
required.

This, of course, makes the monolithic dual less expensive
then its 2-chip counterpart. And finally, the monolithic
dual FET maintains excellent tracking characteristics
when the device is subjected to thermal transients or
momentary voltage overloads. This is not the case with
the 2-chip dual since these devices are thermally isolated
from one another.

Note 1:

Definition of temperature coefficient:

_ 1AVGs(To) — AVGs(TL!

(TC)L x 108 pv/°C

To-TL

1AVGs(TH) — AVGs(Tolt
= x 108 uv/Cc

(TCIH
TH—To

Where Tg = 25°C
TH — High temperature limit (T = 85 or 125°C)
T — Low temperature limit
AVgs(To) in the differential gate-source offset voltage
at To (volts)
AVGs(TH) — Differential gate-source offset voltage at TH
AV@gg(T) — Differential gate-source offset voltage at T|_
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Why Use Cascode Dual FETs?

Why Use Cascode
Dual FETs? '

National Semiconductor’s. cascode dual JFET is a
unique structure in which each half of a monolithic dual
is actually 2 FETs connected in cascode. Figure 1a and
1b show the comparison. The advantages of a cascode
structure are low dynamic leakage (lg) and greatly
improved common-mode rejection ratio. National’s
processes 84 and 94 use the cascode configuration.

FIGURE 1a. Cascode Configuration

D1 D2

$1 82

FIGURE 1b. Triode Configuration

The cascode FET device offers a significant improve-
ment in gain/input current ratio when compared to
standard FET triodes. Specifically, the NDF9406 series
devices are specified at IG < 5 pA under operating
conditions, and they exhibit operating gfs of 1200 umho
typical. This compares favorably with non-cascode duals
exhibiting 3—10 times the |G.

Furthermore, the NDF9406 series will maintain this
low input current over a common-mode input range of
up to £15V, while triode devices are limited to approxi-
mately £6V for the same performance.

National Semiconductor .
FET Brief 2
Mike Turner
March 1977

Table | compares popular junction dual devices available
in the marketplace.

It is important to remember that |G is a dynamic charac-
teristic. The data supplied by major FET suppliers
clearly shows the effect of operating voltage and current
on Ig and the considerable difference between Ig and
the static parameter 1GSS-

Figure 2 explores the differences between cascode devices
such as NDF9406—NDF9409 and a triode configured
2N5196. It is easily seen that severe gate current modu-
lation will result in triode devices with even relatively
small change in Vp@G. Gate current variations will cause
variations in offset bias currents, offset voltage and
common-mode rejection. This is especially true in high
impedance circuits where gate impedances are not
matched.

*

TRIODE 2N5196
2 mo
g
=
w
o«
(-
S /
= .
S e
T CASCODE NDF9406
1 g

o

01

0 10 2 30 40 50
Vpg — DRAIN-GATE VOLTAGE (V)

FIGURE 2. Typical Gate Current vs
Drain-Gate Voltage @ Ip = 200 uA

The second major advantage of the cascode configura-
tion is improved common-mode rejection ratio. The
input FETSs are effectively shielded from large changes in
operating point by the drain load FETs.

TABLE | .

DEVICE SERIES BV iG Vba/'p ots ID
2N3954—2N3958 S50V <50 pA @ 20V/200 uA | 1000 @ 200 uA*
2N5196—2N5199 >50V <15 pA @ 20V/200 uA | >700 @ 200 uA
NDF9406—NDF9409 | >50V <5 pA @ 35V/200 uA >950 @ 200 uA

*Limits not specified on the published data sheet.
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The inherent matching of all devices because of mono-
lithic construction further reduces the effects of
common-mode signals. :

= 10
g IR
3 AVpg = 10V-20V
£ 100
g q =y
= ] .
(- P
w 90 AVpg = 5.0V-10V 1T
o
=
R
=
=
5]
1 n R AVpg
= CMRR =20 log
£ AVgsy—2
S 60 11 L L L1 1Ll
0.01 0.1 1.0

Ip — DRAIN CURRENT (mA)

FIGURE 3a. Triode Construction

Figure 3 compares CMRR of a monolithic triode dual
FET (National P83) with a cascode structure (National

P94).

CMRR — COMMON MODE REJECTION (dB)

T
AVpg = 10V~20V | TTHH
120
110
= S AVpg = 5.0V-10V
RaVD6
100
\‘L
80 | AVpg
CMRR =20log ———
L 0 AVgs1-
o L L LU |
0.01 (] 10

Ip — DRAIN CURRENT (mA)

FIGURE 3b. Cascode Construction
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Simple VHF Analog Switches

Simple VHF - .

Analog Switches

Simple JFET switches like those in Figure 7 will toggle
at rates to about 10 MHz and switch analog signals with
frequencies to above 100 MHz. They accomplish this by
resolving in the gate-driver design the contradictory
performance goals that-even the best switching transis-
tors cannot meet. .

Vin

CONTROL
SIGNAL

v-
’ BYPASS =
- _a. Series-Pass Switch
Vin O £ O Vout

R2 ::’ QI‘L)

&
2

CONTROL o,
SIGNAL
vt
3
S a2
v o]

2

BYPASS =
b. With JFET Gate Diode

FIGURE 1. High-Frequency JFET Switching Circuits

To switch high-frequency signals, the JFET should have
low ON impedance, rds(on) or RON. and low input
capacitance, Cjgs. The switch’s RC time constant is
established by these 2 parameters, and they also indicate
the bandwidth capability. JFETs have been developed
that come close to being ideal, but unfortunately the
real-world nature of semiconductor devices makes it
impossible to achieve optimum values of both para-
meters in the same device. Low RQy\ calls for a physically
large JFET. On the other hand, the very low capacitance
needed for fast toggle rates implies small size.

At a casual glance, gate drive impedance does not appear
very important, However, the JFET device conflict
between RN and Cjgs may be overcome by using the

National Semiconductor
FET Brief 1

Mike Turner

February 1977

proper gate driver. The drive circuit should have a low
impedance when the JFET is turned OFF and a high
impedance when the JFET is turned ON. Tf"né low-
impedance path is needed to prevent analog-signal
feedthrough and the high impedance to minimize
signal attenuation through the driver while the JFET
is conducting. A well-designed driver can do both.

The relationships among JFET and driver characteristics
can be sorted out with the help of Figure 2, which shows.
a typical series-pass switch and the equivalent circuits
of the JFET in its ON and OFF conditions. A JFET
operates best as a series-pass switch when the ON condi-
tion allows RN and shunt capacitance to be low, and
series-pass capacitance to be high. But in the OFF
condition, it should exhibit low series-pass capacitance
and high series-pass resistance (RQFF). The JFET will

~have these characteristics when properly matched to

the driver.

SOURCE A DRAIN

A >

GATE

RL
GATE DRIVE

1

a. Series-Pass JFET Switch-

SOURCE Ron DRAIN

R S I

Cyg Cyg

GATE
b. JFET On

RDFF

cds

SOURCE DRAIN
o—AL—-I l o
- i

GATE
c. JFET Off

= drain-gate capacitance
Cgc = gate-channel distributed capacitance

Csg source-gate capacitance
Cds = drain-source capacitance
RoN = ON impedance

RofFF= OFF impedance

'

FIGURE 2. Series-Pass Switch and JFET Equivalent Circuits
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Getting down to a low RQ when the gate is turned ON
is no problem. A JFET such as the 2N4391 has a maxi-
mum Rop of 3082 (see rds(on) in Table I). However, the

. or exceed Rg in parallel with R|, but then the toggle

parallel capacitance in the signal path can become fairly

high—about 15 pF when drain, source and gate have the
same potential (Vps = VGs = 0). The simple answer to
this dilemma is to drive the gate with a high AC impe-
dance when the switch is closed. The shunt capacitance
will be in series with a high impedance. Virtually all of
the signal will then go through the JFET, the path of
least resistance, rather than through the gate-to-ground
connection.

Next problem. When the switch is OFF, high-frequency
attenuation is the name of the game. It is depended
upon to prevent the signal at the input from reaching the
output. The JFET channel is, for all practical purposes,
an‘open circuit because RQFF of a quality JFET is over
10120 although this decreases as frequency goes up.
However, capacitive feedthrough is the most significant
route across the switch. From Figure 2c,

CsgCdg

CFEEDTHROUGH = Cds *
Csq + Cdg

Feedthrough capacitance can be significant if the gate is
not operated at AC ground. Minimizing the right-hand
term by operating the gate at AC ground allows Cgg to
become the pacing-factor. If the gate is grounded, Cqs
will be approximately 0.2 pF. In other words, the
effective RQFF of the switch depends directly on
circuit design, not the JFET.

Now to put these principles to work. The best high-
frequency switch is an N-channel JFET. Its gate should
be biased positive from a high-impedance source for
turn-on and biased negative through a low-impedance path
for turn-off. Driving the switch ON through an RF choke
sounds tempting, but it would be difficult to avoid
resonances and oscillation bursts during some switching
conditions. DC resistances could be increased to equal

rate would be kept down by the very high drive
impedance.

We prefer the circuits in Figure 1, which are fairly fast
and not tricky. When NPN transistor Q2 is in saturation,
Q1 is biased OFF through a low-impedance path. The
diode is slightly forward-biased and exhibits high capa-
citance. When Q2 turns OFF, D1’s cathode is driven
positive by R1. Now the diode is reverse-biased and

exhibits high impedance and low capacitance. The -

charge that was stored on D1 discharges into the gate
of Q1, allowing the JFET to be turned ON. Because
there is no good discharge path available to the charge
stored on Q1’s gate, the gate will “follow’’ any signal
swing in the analog input voltage. Adding R2 will
ensure that the gate follows the signal even during DC
conditions. Remember, however, that the R2/Csq time
constant will effect switching time and gate-source
signal tracking. o

Don’t expect just any diode to work well; D1’s capa-
citance is critical and should match that of the JFET

"(Cp1 = CQ1). One good way of making sure that the

JFET and the diode are well mated is to use the same
type of JFET for both. The gate lead is 1 electrode of
the diode and the drain and source leads are simply
tied together to form the other electrode. The circuit in
Figure 1b was optimized in this way.

Excellent high-frequency series switches can be made
with 2N4091, 2N4092 and 2N4093 JFETs. RC time
constants are short because of their low rds(on) and
capacitance, and leakage is low. The 2N4391, 2N4392
and 2N4393 series is even better, having only 100 pA
leakage and lower Ciss. Even though the 2N4416 is
classed as an RF amplifier, it is also listed in Table | to
illustrate that many of our other JFETs can solve
special switching problems. This one does well in circuits
requiring very low capacitance and leakage. Although
the RoN of an RF transistor is not specified, it can be
estimated as rds(on) = 0.85/Yfs, which is typically
170%2 for the 2N4416.

TABLE 1. JFETs for High-Frequ Analog Signal Switching
BVGss Crss
TYPE OR igss Ciss OR rds(on) ton toff
NO. BVpgo (MAX) (MAX) CpGgg (MAX} (MAX) (MAX)

(MAX) (MAX)
2N4091 40V 02nA 16pF 5pF 3092 25ns 40 ns
2N4092 40v 0.2nA 16 pF  5pF 500 35 ns. 60 ns
2N4093 40V 02nA 16pF 5pF 800 60 ns 80 ns
2N4391 40v 0.1 nA 14pF 35pF 302 15 ns 20 ns
2N4392 40V 0.1nA 14pF 35pF 600 15ns 35 ns
2N4393 40v 0.1nA 14pF 35pF 100Q 15 ns 50 ns
2N4416 30v 0.1nA 4pF 08pF 170Q*
2N4416A 35V 0.1nA 4pF 08pF 1700*

*This value is not specified in RF amplifier JFETs; 17082 is typical
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Noise of Sources

Noise of Sources

INTRODUCTION

The elimination or minimization of noise is one of the
most perplexing problems facing engineers today.
Many preamplifiers and .components come with out-
standing noise specifications, only to disappoint the
user.- The problem is the difference between specifica-
tion and application, as the amplifiers are specified
under ideal conditions not the real conditions, (i.e.,
a transducer connected to the input). Many times the
transducer noise .is as large or even greater than the
amplifier noise, degrading the signal to noise ratio.
Before amplifier or component noise can be considered,
familiarity with the source noise is essential.

REVIEW OF NOISE BASICS

There are 3 types of transducers: resistive, capacitive and
inductive. The noise of a passive network is thermal
noise, generated by the real part of the complex impe-
dance, as given by Nyquist’s relation:

VZ = 4kTRe(2) Af (1
VE = Mean square noise voltage (V2)

k = Boltzmann’s constant {1.38x 10—23 VAS/°K)
T = Absolute ternperature (°K)

Re(Z) = Real part of complex impedance (£2)

Af = Noise bandwidth (Hz)

The noise may be represented as a spectral density
{(V2/Hz) or more commonly in uV/+/Hz or nV/+/Hz
and is given by:
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FIGURE 1. Thermal Noise Voltage vs Resistance

The total noise voltage in a frequency band can be
readily calculated if it is white noise (i.e., Re(Z) is fre-
quency independent). This is not the case for.capacitive
or inductive sources or most real world noise problems.
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Rapidly changing network impedance and amplifier
gain equalization combine to complicate the issue.
The total source noise in a non-ideal case can be calcu-
lated by breaking the noise spectrum into several small
bands where the noise (Re(Z)) is nearly white and
calculating the noise of each band. The total source
noise is the RMS sum of the noise in each of the bands:
Nq—Np. :

/2

- . 1
vNoisE = (VA + VR, t———+VR) T @)

The expression does not take amplifier gain equalization
(like RIAA) into account, which will change the char-
acter of the noise at the amplifier output. By reflecting
the gain equalization to the amplifier input and normal-
izing the gain to 0 dB at 1 kHz, the equalized source
noise may then be calculated.

. 1/2
VEQ= (1112 VE, + 1822 VR, + — - —+ 102 VR ) 7 (@)

Where VEQ = equalized source noise (1V) and
|Anl = magnitude of the equalized gain at the center of
each noise band (V/V). .

SOURCE NOISE

Models are needed for capacitive and inductive systems
such that noise calculations can be made. Namely, the
real part of the impedance needs to be determined.

A lumped model of a capacitive source, such as condenser
or electret microphone, consists of the microphone and
stray capacitance shunted by a load resistance.

_l_ Cmic CsTRAY RL
' Z = Rel2) +jiM(z) (5)
Re(z) = —B—
e =+ W2R2C2

R2
lZvI =

1/2
) 1+ w2R2¢2
FIGURE 2. 1

d Model of a C: Microph

It should be noted that for any particular microphone, '
the noise of the network ((Cp, + Cg)//RL) is reduced
by increasing R because Re(Z) (the real part of the
impedance) is inversely proportional to RL, (see equa-
tion ).

The inductive source (phono cartridges and tape heads)
is more complex to analyze because it has a much more
complex model. The simplified lumped model of a phono
cartridge or tape head consists of a series inductance
and resistance shunted by a small capacitor. Each phono
cartridge or tape head has a recommended load con-

6-12




sisting of a specified shunt resistance and capacitance.
A model for the inductive source and preamp input
network is shown in Figure 3.
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FIGURE 3. Phono Cartridge or Tape Head
and Preamp Input Network

This circuit is quite formidable to analyze and needs
further simplication. Through the use of Q equations,
a series L-R is transformed to a paraliel L-R.

Rs wlg (6)
R '
Rp Rp,= Ry (1+0Q2)
1+Q2
Lg Lp= Ls Q2

Simplifying the input network to:

Ra/lRp
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FIGURE 4. Simplified Inductive Source Network

RX? X3
Relz) = 2+ x2 X2 )
(RXL — RXg)“ + X{ Xe
. RXLXC
VA =
((RXL — RXc)2 + X2 x2)1/2
XL = wL .
Xe = 1wC

The tools are now available to calculate the noise of a
variety of transducers and see how this unspecified noise
affects amplifier (S/N) performance.

EXAMPLES

Calculations of electret microphone noise with various
loads and RIAA equalized phono cartridge noise is done
using equations (1)—(7). Center frequencies and frequency
bands must be chosen first. Values of the lumped cir-
cuit components calculated and noise calculated for
each band, then summed for the total noise. Octave
bandwidths starting at 25 Hz will be adequate -for
approximating the noise.

In this example, the microphone capacitance is 10 pF
loaded with 5 pF of amplifier and stray capacitance.
Two resistive loads will be used to illustrate the effect
Ry has on the microphone noise. R 1 = 1GQ (109),
RL2 = 10GQ (1010). it is assumed that there is no
gain equalization in the amplifiers that follow. The
noise calculations are summarized in Table I.

The electret or condenser microphone noise (Re(Z)) is

reduced when the load resistance is increased. This is.

one of the cases when a larger resistance means lower
noise, not more noise.

The second example is the calculation of the RIAA
equalized noise of an ADC 27 phono cartridge loaded
with Ca = 250 pF and Ra = 47k. The cartridge con-
stants are Rg = 1.13k and Lg = 0.756H (C; may be
neglected). The noise calculations are summarized in
Table Il for this example.

The RIAA equalized noise of the ADC 27 phono
cartridge and preamp input network was 0.73 uV for the
audio band. Typical high quality preamps have noise
voltages less than 1 uV, resulting in a 3 dB or more loss
in system S/N ratio when the cartridge noise is added to
the preamp noise (in an RMS fashion).

CONCLUSIONS

Zero noise sources and amplifiers do not exist. Speci-
fying amplifier noise under ideal conditions will only
lead to ideal specifications, not a measure of actual
performance. Methods of S/N ratio measurement should
be used that reflect the true performance instead of
hollow specifications.
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TABLE 1. Summary of Electret Microphone Calculations

f Range (Hz) 25-50 50-100 100-200 200-400 400-800 800-1600 1600—3200 | 3200—6400 | 9600—12.8k 12.8k—20k
f Center (Hz) 375 75 150 300 600 1200 2400 4800 9600 16,400
fBw (Hz) 25 50 100 200 400 800 1600 . 3200 6400 7,200
for RL = 1GQ A
Re(Z) (Q) 74.2M 19.6M 4.98M 1.26M 0.31M 78k 19k 4.9k S 122k 420
121 (R2) 272M 140M 70.6M 35.4M 17.7M 8.8M 4.4M 2.2M 1.1M 650
enz (nVA/HZ) 1100 560 280 140 71 36 ’ 18 9 45 2.8
Vnz (V) 1 ss 3.96 2.8 1.98 1.42 1.02 0.72 0.51 0.36 0.24
V%Z (uv2) 30.2 16.7 7.84 3.92 20 1.04 0.52 0.26 0.13 0.06

(zv2) V2~7.9uv

R = 10GR

Re(2) () 8M M 0.5M 125k 31.3k 7.8k 2k 500 122 42
1Z1(Q) ) 283M 141M 70.8M *35.4M 17.7M 8.8M 4.4M 2.2M 1.1M 650k
enz (NVA/H2) 320 180 90 45 23 1.4 5.8 2.9 1.4 0.84
Vnz (V) 16 1.3 0.9 0.64 0.46 0.32 0.232 0.16 0.112 0.07
V2, (uv?) : 256 . 1.62 0.81 0.41 0.21 0.103 .0.054 0.025 - 0.013 0.005

224V
(zv2,) 1/ u

TABLE 1. Summary of Phono Cartridge Calculations

f Range (Hz) 25-50 50—100 100-200 200-400 400-800 | 800—1.6k 1.6k-3.2k | 3.2k-6.4k | 6.4k—12.8k 12.8k—20k
f Center (Hz)' 37.5 75 150 300 600 1200 2400 4800 9600 16.4k

faw (Hz) 25 50 100 200 400 800 1600 3200 6400 7.2k

Q= (wkhg/Rg) ~0.156 0.313 0.625 1.25 25 5 10 20 40 68.4

Q2 - 0.0244 0.098 0.391 1.56 6.25 25 100 400 1600 4678.6 -
1+02 1.0244 1.008 1.391 2.56 725 26 101 401 1601 4679.6
1+Q2/Q2 42 11.24 3.56 1.64 1.16 1.04 1.01 1.0 1.0 1.0

Rp (Q) 1.16k 1.24k 1.57k 2.9k 8.2k 29.4k 114k 454k 1.8M 5.20M

Lp (H) 315 8.43 2.67 1.23 0.87 0.78 0.76 0.75 - 0.75 0.75
Rp//R (Q) 1.13k 121k 1.52k 2.74k 7K 18.1k 32.9k 42,6k 45.8k 46.6k

X () ©7.4% 3.97k 2.52k 2.32k 3.28k 5.88k 11.45k 22.6k 45.2k 77.2k

X¢ () 17M 8.48M 4.24M 2.12M 1.06M 0.53M 0.265M 0.133M 66.3k 38.8k
Re(2) (22) 1.1k 1.11k 1.11k 1.15k 1.26k 1.73k 3.86k 12.4k 41.5k 34k

11 () 1.12k 1.15k 1.3k 1.77k 297k 5.59k 11.7k 24.4k 43.6k 40.1k

enz ("VA/Hz) 4.24 4.24 4.24 4.31 451 5.29 7.9 14.2 26 235

VN (nV) 21.2 30 424 61 90.2 149.6 316 803 2080 1994

V2 (nv2) 449.4 900 1798 3721 8136 22.4k 99.9k 645k 4.33M 3.98M

A2 63.0 29.5 10.7 3.85 1.66 0.85 0.49 0.154 0.043 0.019
A2vZ (nv2) 28.3k 26.6k 19.2k 13.2k 13.5k 19k 48.9k 99.3k 186k 76k

(EVE) 2. 3 uV unequalized noise
(£1An 12v2)2 - 073 uv RIAA equalized noise




The Noise Figure Fallacy

Noise Figure (NF) can be one of the most misleading
“specifications confronting the engineer today. Noise
Figure is defined as the ratio of total output noise power
to the output noise power of the source.

Total output noise power
NF =10 Log

(1)

Output noise power of the source

A minimum NF exists for any amplifier, but is usually
far removed from the actual operating conditions. This is
where the problem begins. Lowering the NF doesn’t
always lower the noise which is what the engineer is
really interested in. NF only gives the designer insight
into the ratio of the amplifier noise to the source noise,
not the input noise of the amplifier or the signal to
noise ratio. . )

Amplifier noise performance is adequately described by
modeling the noise sources as a series voltage generator
and a shunt current generator with a series voltage
generator for the source resistance noise.

2 =2
®nt = %hA

2 12 o2
+ en + lnA Rs
total input noise voltage (nV/y/Hz)

ent =
= epA = amplifier noise voltage (nV/</Hz)
ina = amplifier noise current (pA/\/Hz)
enR = source resistance thermal noise {(nV/y/Hz)

\\ FIGURE 1. S}miplified Amplifier Noise Model

The amplifier noise data is found on vendor data sheets
in the form of ey and iy vs frequency for bipolar transis-
tors and ep vs frequency for FETs and FET amplifiers.

Current noise depends on amplifier input bias current
which is only a few picoamps for FETs and is therefore
negligible. However, bipolar transistor amplifiers have
bias currents into the microamp range where current
noise is significant.

The thermal noise of the source resistance is given by
Nyquist's relation.

V2 = 4kTRAf (2
R Vg = mean square noise voltage (V2)
k = Boltzmann cgnstant
_ (1.38x 10723 VAS/°K)
V% T = absolute temperature (°K)
R = resistance (£2)
Af = noise bandwidth (Hz)
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with the spectral density given by e%

=5 1/2
enR = (V%/Af) /

(3)
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FIGURE 2. Thermal Noise vs Resistance

Using the model of Figure 1, an expression of noise
figure in terms of the noise generators can be developed.

The .noise power of the source can be found by using

Nyquist’s relation.

e%nAf
R2

Source Noise Power = (4)

:u<|
NN

with the total output noise power at the input of the
amplifier of:

2 2
eRAf  efaAf
Total noise power = nR + nA

R2 R2
Yielding
2 2 92
eqp + R
NF = 10 Log 1+—"-'"‘~’2-nﬁ—~ (6)
enR

Noise figure has a minimum that occurs at an optimum
source resistance Rgpt.

optT T (7)

Artifically changing the source resistance for minimum
NF will generally increase the circuit noise as demon-
strated by the following example.
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The Noise Figure Fallacy

Example:

An amplifier is needed to boost the signal from a
resistive transducer.

Amplifier requirements

Av =100
f =10 Hz to 10 kHz
Transducer = 10 kQ2

Amplifier—LF356
Noise data, en = 12 nVA/Hz @ 1 kHz
in =0.01 pA/A/Hz @ 1 kHz

The optimum source resistance for the amplifier is

found to be 12M (using equation (7)). Using Figure 2,
the noise of the transducer is 12 nV/A/Hz and the noise
of the optimum source resistance is 140 nV/A/Hz.

Using the non-inverting amplifier configuration, we’ll
view the effect of Rgpt. In one case, resistance will be
added to the source to equal the amplifier optimum

a. Minimum NF

source resistance (not affecting gain). The other case will
only have the transducer connected to the input. -

We will neglect the noise of the feedback resistors and
determine the input noise and NF for both configura-
tions using equations (1)—(6).

Case A, minimum NF

1/2
Total input noise Vp= enpt (Af) =14 puV
NF= 0.06 dB

Case B, minimum noise

Vnp=17uVv
NF =3 dB

Noise figure is only a measurement of the amplifier
noise relative to the source noise. The example used
was radical, but it illustrated a very important point.
Resistance should never be added in series with the
source to improve the NF. The NF will improve but the
input noise will suffer, degrading performance. Total
input noise should always be considered allowing
problem sources to be identified and minimized to meet
the system's specific noise requirements.

10k
My

b. Minimum Noise

FIGURE 3. 2 Amplifier Squtiops




Low Noise FET Amplifiers

INTRODUCTION

Discrete JFETs reign supreme as low noise amplifiers.
JFETs are virtually free from the problems of current
noise, popcorn noise and limited bandwidth which
plague bipolar transistors and bipolar input op amps.

Unfortunately, JFETs are cumbersome to use because of
low gain and the need of extensive biasing networks.
However, monolithic op amps are cheap and easy to
use but suffer from poor noise performance. By com-
bining JFETs with an op amp vields single and differen-
tial input amplifiers that have the best of both worlds;
low noise, high gain and ease of use.

2w
BW = 200 Hz
10 \
& PNP
= 8 A 2N5086 /
= \\ lc=1mA/
=2
a6
.
g, \\ / NPN
5 7 7~ 2n930
=
Ic=0.1mA
2 b NJFET gl
PF5102
Ip=1mA
o LBZ°T
0.1k 1k 10k 100k

SOURCE RESISTANCE ()
FIGURE 1. Bipolar and JFET Transistor Noise Comparison
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FIGURE 2. Discrete JFET and Op Amp Noise Comparison

The main problem with JFETSs is that the voltage gain is
limited by the size of the load resistance which is limited
by the power supply voltage and the FET operating
current. The voltage gain can be increased by combining
the JFET (a transconductance amplifier) with an op amp

National Semiconductor
John Maxwell
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current to voltage (I/V) amplifier, circumventing the
limited load resistor.

_ 9mRd
1+gmRg

a. Single FET Stage

Rt
[ AN 1
l ’ : I Vo
— Ay 9ImBt

) 1+9mRs

b. FET with 1/V Amplifier

FIGURE 3. FET Gain Stages

In the FET/op amp configuration, the FET AC drain
current is shunted to the op amp virtual ground and
through its feedback resistor, bypassing the FET drain

.resistor, Rg. The drain resistor is used to bias the FET

in.a linear region with the feedback resistor, Rf, used
to set the gain.

Biasing problems associated with lot and device to device
parameter variations are minimized by biasing the source
through a large resistor to the negative supply of the op
amp. A portion of the source resistor should be unby-
passed to minimize gain variations between FETs.
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Low Noise FET Amplifiers

From a- design standpoint, the maximum AC drain

- current should be 1/10 of the FET quiescent current

for low distortion. The unbypassed portion of the source
resistor should be limited to 22092 for minimum noise
and to increase the op amp feedback resistor (decreased
AC current). :

Expressions for the single and differential amplifier
configurations are needed for optimizing the noise to
meet system noise requirements.

Amplifier noise performance is adequately described by
modeling the noise sources as a series voltage generator

15V

7.5k

and a shunt current generator with a series voltage gener-
ator for the source resistance thermal noise. The thermal
noise of a resistor is given by Nyquist's relation and has a
spectral density given by eqR.

o2R = 4kTR n
E%R = mean square noise voltage per unit band-
width (nV2/Hz)
k = Boltzmann constant (1.38 x 10~23VAS/
o
K) : '
T = absolute temperature (°K)
R = resistance (£2)

240k

4.7 uF

Vi PF5102 O Vg
™
Ay = 1000
B uF
-15v -
a. Single-Ended
15V 240k
AAA
O 4.7 uF v
NPD5565 OVo
100
Vi
© =
m 7.5k
Ay = —500
L ~15V

b. Differential Input

FIGURE 4. High Gain FET/Op Amp AC Amplifiers
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The single ended and differential input amplifier input
noise (FET noise current is negligible) is given by the
RMS sum of the noise generators.

Single-Ended:
2
1+9mRs .
edi=edi+eds+ |————] (3 +edR +i3aR2)
9mRd
Differential Input:
2 2402 TramRs)? 5 o o o
eft=2 (eff+efg) +4 g—'d—‘ (efa * eAR + iFAR?)
m

with

ent = total input noise voltage (nV/A/Hz)

enf = FET noise voltage (nV/\/E)

enA= Op amp noise voltage (nV/A/Hz)

inA = op amp noise current (pA/A/Hz)

ens = source resistor thermal noise (nV//Hz)

enR= drain and feedback (Rd//Rf) resistor thermal
noise (nV/A/Hz)

gm = FET transconductance at the FET operating
current (mmho)

R = parallel resistance of Rq and Rf (§2)

The differential configuration has higher noise and lower
gain than the single-ended version, but is useful when.

low distortion or balanced inputs are of paramount
importance. '

The noise of the op amp and the FET drain resistor is
reduced by the gain of the FET portion of the amplifier
9mRd
1 +gmRs
effect on the noise but in conjunction with the drain
resistor, it can have a dramatic effect on the total circuit
noise. The drain resistor is the input leg of an inverting
amplifier with the op amp and the feedback resistor.
This amplifier has a gain of —Rf/Rg which boosts the
op amp noise, limiting the size of Rf to about 390k.

. The noise of the feedback resistor has little

Practical low noise, high gain AC amplifiers can be built
using a low noise JFET and just about any op amp.
The op amp needs to meet the slew rate and bandwidth
requirements of the circuit, eliminating selected low
noise op amps or complex discrete amplifiers.

A note of caution is in order for the op amp noise.
Virtually any JFET input or bipolar input op amp can
be used without trouble, but MOSFET input op amps
should be avoided. MOSFET 1/f noise is one or more

orders of magnitude greater than discrete JFETs, JFET |

op amps or bipolar input op amps. MOSFETs have
1/f corner frequencies (where the noise power rises as
1/f) starting as high as 100 kHz. The other forms of
amplifiers have 1L/f corner frequencies of 1 kHz and less.
Quite a difference.
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= 40
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FIGURE 5. Thermal Noise vs Resistance
Ry Ry

M

FIGURE 6. Single-Ended Noise Model

6-19

sioyidwy 134 8SION MO




The Low Noise JFET—The Noise Problem Solver

low cost JFETs.

The Low Noise JFET—
The Noise Problem Solver

The most versatile low noise active device available to

the designer today is the Junction Field-Effect Transistor
(JFET). JFETs are virtually free.of the problems which
have plagued bipolar transistors—limited bandwidth,
popcorn noise, a complex design procedure to optimize
noise performance. In addition, JFETs offer low distor-
tion and very high dynamic range.

- Most - designers think of JFETs for vei‘y high‘ source

impedances. However, modern devices offer the designer
performance improvements over bipolar transistors in
NF for all but lowest impedance (<50052) sources and
even then may provide improved performance if popcorn
noise, bandwidth or circuit component noise is a
consideration (see Figure 1).

Therefore, the purpose of this article is to review low
noise design procedures and indicate the simplicity of
designing high performance low noise amplifiers with
\

12

[ [F=i1kiz []]
7 =
10 BW = 200 H:
a
=2 g \ PN
w \ ™ (ansan)
] (ansoss) | le=01m '
2 s \ te=1mafl
g N f
S 4 N
= -
2 T b cHaNNEL JFET
) (PF5102)
0 1o < 1ma
0.1k ik .. 10k 100k
SOURCE RESISTANCE (0)

FIGURE 1. Bipolar and JFET Transistor
Noise Comparison

REVIEW OF BASICS

Before guidelines are established for designing low noise
JFET amplifiers, a method of noise characterization
must be chosen. Designers are confronted with a multi-
tude of different noise parameters such as Noise
Figure (NF), noise voltage and current densities, noise
temperature, noise resistance, etc. Designers are primarily
concerned with signal to noise (S/N) ratios preferring
noise voltage, (ep) and current (i) density.

Noise generally manifests itself in three forms: thermal
noise, shot noise and flicker or ““1/f” noise. Thermal
noise arises from thermal agitation of electrons in a
conductor and is given by Nyquist's relation:

V§ = 4k TR Af (1)
" V2 = mean square noise voltage
k = Boltzmann constant
7 " (1.38 x 10722 VAS/K)
T = Absolute temperature (°K)
R = Resistance in ohms
Noise bandwidth (Hz)

Af =

National Semiconductor
Application Note 151
John Maxwell

January 1976

The noise of a resistor may be representgd as a spectral
density (V2/Hz) or more commonly in uV/A/Hz or
nV/A/Hz and is. given by:

enn = (V3/AN"2 (2)

. It is sometimes more convenient to represent thermal

noise as noise current instead of a noise voltage. One
needs only to consider the Norton equivalent yielding a
noise current density. '

enr (4 kT) 2
. R R

1000

(3)

inR

Yy

100

z)

(nVA

- N 1l

il Il il

I O s

10k 100k ™M
RESISTANCE (22)

FIGURE 2. Thermal Noise Voltage
and Current Densities' vs Resistance.

eqn ~ EQUIVALENT NOISE VOLTAGE
(zH/Mvd)
IN3H¥ND 3SION INTTVAINDI-

The second basic form of noise, shot noise, is due to the
randomness of current flow (discrete charge particles) in -
semiconductor P-N junctions.

™

= 2qlpcAf

i = Mean square noise current

g = Charge of an electron (1.6 x 1072 AS)

Ipc = dc current flowing through the junction (A)

Af = Noise bandwidth (Hz)

(4)

As with thermal noise, shot noise may be represented
as a current density (A2/Hz) or pAA/Hz.

in = (2/A1)12 (5)

It should be noted that both thermal noise and shot
noise are “‘white’’ noise sources, i.e., frequency indepen- -
dent.

1071

GATE NOISE CURRENT (pA/A/Hz)
3
&

=)
1
w

1

GATE LEAKAGE (pA)

FIGURE 3. Current Noise vs Gate Leakage Current
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The third basic noise source confronting designers is
flicker or *'1/f"" noise whose density is roughly inversely
proportional to frequency starting at about 1 kHz in
both JFETs and bipolar transistors and increasing as
frequency is decreased. Through careful processing,
flicker noise in JFETs has been reduced to: levels
nearly insignificant to the designer. Flicker noise in
JFETs is primarily a noise voltage and is source inde-
pendent. Flicker noise in bipolar transistors is a function
of base and leakage currents increasing with increased
source impedance or operating currents.

A simple noise model of a JFET or any amplifying device
may be constructed using a thermal and shot noise
source which would adequately describe its noise perfor-
mance allowing signal to noise ratios to be calculated
directly.

Os
FIGURE 4. Simple JFET Noise Model

The input noise per unit bandwidth at some frequency
may be calculated from the mean square sum of the
noise sources (assuming the JFET noise sources are
uncorrelated or independent of one another).
2 _ .2 R

e = edn + e +i% R2 (6)
The total noise in the same bandwidth Af, where the
noise sources are independent of frequency, is simply:

Vnoise =, (eme ANV (7)
Practically, noise sources are not frequency independent
except resistor noise with no dc bias. The total input
noise for the nonideal case may be calculated by
breaking the spectrum up into several small bands
and calculating the noise in each band where the noise
sources are nearly frequency independent. The total
input noise would then be the RMS sum of the noise in
each of the bands N1 ... Nn.

Viose = (VRr + Vi, +...VR3)"2 (8)
THE DESIGN PRQCESS;

The final circuit configuration and suitable JFET will be
determined by the external circuit constraints.

1) Minimum signal to noise ratio (maximum amplifier
noise) )

2) Type and magnitude of source impedance (resistive
or reactive).

3) Amplifier input impedance requirements
4) Bandwidth and maximum frequency of interest
5) Maximum operating temperature

6) Stage gain
7) Power supply voltage and current limitations
8) Circuit configuration, single or dual device

The design procedure is dependent on the type of
source and each case must be considered separately.
Resistive sources will be considered first because they
are the least restrictive for the preamplifier.

Resistive Sources

Preamplifiers for resistive sources are typically. voltage
amplifiers requiring a fixed input resistance and capaci-
tance consistent with the maximum frequency of interest
and source resistance. In most cases a resistor of the
desired value connected between the gate and ground

. will satisfy the input resistance requirement leaving the

maximum input capacitance as the major concern.

The maximum amplifier input capacitance is a function
of the JFET source resistor, input resistance, source
capacitance and maximum frequency. The maximum
allowable input capacitance will be used in eliminating
unsuitable JFET geometrics and optimizing the circuit
configuration. Sometimes the JFET geometry (or type)
with the lowest noise may also have an input capacitance
that makes it unsuitable. The JFET input capacitance
should be considered before noise in high source
resistance, wideband amplifier designs. .
N *

Cin = Crs 1+ am RD + CQS (9)
1+gm Rg

1+gm Ry

*Cgs =Cis—Crs

Rp
Voo

FIGURE 5. A Typical Resistive Source

JFET Amplifier
If low input capacitance is required, a cascode config-
uration minimizes input capacitance and still allows high
gain within a device type. The cascode configuration
can also be used to reduce the voltage across a device,
reducing device heating (for high current operation) and
gate leakage currents when source impedances are very
high,

Once the basic circuit configuration has been decided
upon or dictated by gain, bandwidth and power supply
limitations, the final JFET selection will be on noise.
Redrawing the amplifier in Figure 4 with all of the noise
sources, the total amplifier noise per unit bandwidth can
be found.
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The Low Noise JFET—The Noise Problem Solver

FIGURE 6. A Typical Resistive Source JFET
Amplifier with Noise Sources

2

oD 412 (R//R )2]‘/2(10)
\/

= a2 2 2
€nt “[enig teprtens t A

where: eﬁig = The noise of the parallel connection of
R;and Ry
eﬁf = The noise voltage of the JFET
e2, = The noise of the source resistor Rq
eﬁo
— = The noise at the drain (thermal noise of
Ay the load plus the second stage noise)

i,":(Ri//Rg)2 = The current noise contnbutlon of the

JFET

When the amplifier is operated at room temperature and
moderate drain voltages, the current noise term is
usually negligible with source resistances as high as

10 M. Depending on the voltage gain of the stage, the

drain circuit noise may be negligible, simplifying the
input noise expression.

= 2 2
€nt = (enig_ + eﬁf + ens)1/2 (11

The final JFET selection will be based on the noise
requirements from the maximum allowable noise Vyyax.

Vmax = (e + e2)"2 . (12)

Depending on Vyax and e?¢ the source resistor may

have to be bypassed to ground to eliminate noise of the
bias resistor.

Capacitive Sources

Preamplifiers for capacitive sources are primarily current

~amplifiers requiring very high input resistance and

controlled input capacitance to match the source capaci-
tance.

SOURCE LUMPED JFET mpm
1 )
l A
\& T
lcs 1
is | R, :: g ot Cn
T ' 4 T
_J cs'mAv L
FIGURE 7. JFET Preamplifier wuth a
Capacmve Source

The source capacitance should equal the sum of the
preamplifier input capacitance and the stray capacitance
for maximum frequency response and power transfer

from the signal source. Assuming the gate resistor, Ry, is
so large as to not load the capacitive source, the input
noise voltage is:

R 2
€y == Jea¢ + (i3 +1° n) — 9 V|
t = [ f f ] ( a +w2R92C2) )] (13)

where C = Cg + C;,

with an input signal of

R92 \1/2 o
PSRN . E— (14)
( 1+ w?Ry2C2
When the source and input capacitance are matched, the
final JFET geometry will be selected on two criteria: the
noise voltage, e,,, and the current noise from the gate
leakage, lg(on), to optimize the signal to noise ratio. As
in the resistive source case, the circuit configuration and
JFET selection is an iterative process using all of the
external circuit constraints and device parameters and
limitations.

Inductive Sources

Amplifiers designed for inductive sources (including
transformers) require fixed input resistances (as in the
resistive source case) and controlled input capacitance
(as in the capacitive source case). The input noise per
unit bandwidth will rise with increasing frequency to a
maximum value at resonance of the inductive source and
the input capacitance or when the shunt resistance of the
inductor is larger than the lnput resistance of the
amplifier.

SOURCE

LUMPED FET INPUT

B

FIGURE 8. JFET Amplifier with an
Inductive Source

The inductive source amplifier is the most difficult to
analyze due to the complex input impedance. The
input noise per unit bandwidth is given by:

€2, = €2 + (i20(1Z;, P) + 4 KT (Re (Z;,))
where Z = XCIN//Rg
and Z;, =2//(Z,_ + Ry)

(15)

Usually the current noise of the JFET is negligible,
simplifying the expression a little, but not much. The
optimization process for inductive sources is very com-
plex and it will require the spectrum to be'broken up
into several small bands to arrive at a final design. Gener-
ally, a JFET with a minimum noise voltage will be the
proper choice.
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Transformers may be used with JFET amplifiers to
minimize noise with very low source impedances.
Transformers have both drawbacks and advantages and
both must be examined before a transformer design is
chosen. Poor frequency response, susceptibility to mech-
anical and magnetic pickup and thermal noise head the
list of disadvantages to be weighed against two very
important advantages. First, the noise voltage is trans-
formed by the turns ratio N;second, the resistance is
transformed by N<“. These can be used to advantage by
matching very low values of source resistance to a

relatively noisy amplifier and still maintaining a.good .

signal to noise ratio, i.e., the total noise at the source
assuming an ideal transformer is

2
€nAamp
N2

e?lt = egRs (16)

SOME PRACTICAL LOW NOISE JFET INPUT CIRCUITS

Ay =50
PNAQS1

+15V

-15v

SUMMARY

Low noise amplifier design concepts have been intro-
duced for the three basic types of sources. Basic
parameters (Ci,, €,, gm) were discussed that affect
both circuit configuration and JFET type. There is no
universal low noise JFET or circuit configuration that
solves all problems. Each low noise amplifier design is
different and must be considered within its own frame-
work of performance requirements.

REFERENCES
A. Van der Ziel, “Noise,” Prentice-Hall, 1954,

Richard S.C. Cobbold, “Theory and Applications of
Field-Effect Transistors,’”” John Wiley & Sons, 1970.

C.D. Motchenbacher and F.C. Fitchen, ““Low Noise
Electronic Design,” Jo_hn Wiley & Sons, 1973.

Usable Bandwidth 1 MHz

a) Wide Band, Low Input Capacitance, Very Low Noise Preamplifier

Ciy 2 5pF

Ay =-10mA/V (R¢)
Tm

_ +15V = Vg ~ Vi,

=TT lpthe)

+15V

—15V

Vs

j

ouTPUT

10 MHz bandwidth with Rg = 1k ’

Ip = 5 mA for gm of 10 mmho

b) Low Noise, Very Low Input Capacitance Video Amplifier ,
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The Low Noisé JFET—The Noise Problem Solver

APPENDIX A

Important National JFET Process Parameter Guide

Test Conditions Vpg = 15V, Ip = 1 mA (Vgg =0V)*

PROCESS en @10 Hz e, @ 1kHz e, @ 100 kHz Ofs I (oN) Cgp Cgs
(nVA/Az) | (nVA/H2) (nVA/Hz) (mmho) (pA) (pF) | (pF)
50 " 15 5 25 3 |sv 2pa| 07 | 25
10V 10 pA ‘
, 15V 1nA
51 5 3 1.3 7 30 3 9
55 10 4 2.5 24 5 2 4
92 10 4 1.5 4.5 10V 20 pA 2 4
15V 1nA
83 10 5 2.5 2 5 1 25°
84" 50 15 9 0.2 0.1 0.01 2
94 10 5 2.5 2 1-2 0.01 4
95 10 4 25 1.5 15 3.5 15
96° 5 3 1.3 7 30 3 9
93 15 7 2 35 10V 20 pA 1 3.2
18V 1nA
National JFET Process Low Noise Amplifier Guide
PROCESS 50 | 51- l 55 | 92 83 I 84 l 93 I 94 | 95 I 26
Low Noise Application Single JFET Dual JFET
Resistive Ultra-Low X ' X
e, <5nVA/Hz @
10 Hz
Resistive Low Freq X X X X X X
<20 kHz
Resistive Wideband X X X X X X e X X
<10 MHz
Resistive Wide Band X X X
> 10 MHz
Resistive Very High X X X
Rg > 10 MQ
Capacitive Low C X -X X X X X X
<10pF
Capacitive High C X X X X
> 20 pF
Inductive X X X X X X X X X X
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APPENDIX B
NOISE PARAMETER CONVERSION
Noise Figure (NF) to an Effective e,

It is more convenient to present noise data for bipolar
transistors in the form of contours of constant noise
figure at a fixed frequency or plots of noise figure
versus frequency at a fixed source resistance due to
large values of noise current (i,). Noise figure must be
converted to an effective noise voltage (e,g) for com-
parisions to be made between a BJT and a JFET or for
signal to raise ratio calculations.

By definition:

Total Output Noise Power

NF = 10 log (B1)

Qutput Noise Power of the Source

From equations 1 and 2, one finds the source noise
power to be

e2g Af
Source Noise Power = ——— (B2)

Rs
for some source resistance Rg.

Referring to Figure 4, the total output noise power at
the input of the amplifier would be:

) e2p Af e2; Af
Total Output Noise Power = ———— + +
s Rs

(B3)
i2¢ RZ Af

‘The noise figure (NF) can now be expressed in terms of

the noise source generators, e,r, €,¢ and iy allowing,

an expression to convert noise figure (NF) to an
effective noise voltage (e,g).

2 .2 p2
ent +ins Rg

NF= 10log [1+ (B4)
o2
nR

yielding

o3 +i% R =efe = (10NF/10 1) &2q (B5)

EFFECTIVE NOISE VOLTAGE (nV/\/Hz)

100k m
SOURCE RESISTANCE (2)

FIGURE B1. Effective Noise Voltage (epg)
vs Noise Figure and Source Resistance (Rg)

Noise Resistance
The effective noise voltage density (e,,) and noise current

density (i,,) are found directly by referring to Figure 1,
and reading the values for the corresponding resistances.

"

(4 KTR)'?

4 KT\ 2
"< R )

‘APPENDIX C

(1)

€nRr

(3)

InR

JFET Current Noise

At low frequencies the current noise and voltage noise
sources are uncorrelated in JFETs with the current noise
being pure shot noise due to gate leakage currents.
As frequency is increased, the current noise also increases
starting at frequencies as low as 50 kHz in some high
capacitance device types.

It has been suggested and experimentally verified that the
noise current at high frequencies is due to increased gate
input conductance.

.2 -1
2 = 4 KT[Re (Y4y)] (c1)
Re (Yq¢) is available on high frequency JFET data
sheet as the real portion of the common source input
admittance parameters. In effect the channel noise is
coupling to the gate circuit through the source-gate and
drain gate capacitances. Hence low capacitance devices
exhibit lower values of noise current at high frequencies
thar® do high capacitance devices.
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FET C

FET Circuit Applications

LM102 OUTPUT

INPUT O ¢ +
: Ll

]._ i
- e *Polycarbonate dielectric

SAMPLE
-—l—I— 15V SAMPLE
—— 15V HOLD

Sample and Hold With Offset Adjustment

The 2N4393 JFET was selected because of its low
Igss (<100 pA), very low Ip(OFF) (<100 pA) and low
pinchoff voltage. Leakages of this level put the burden
of circuit performance on clean, solder-resin free, low
leakage circuit layout.

+ SUPPLY

Ggs = 5 umhos MAX

—°Vour

(IluF

1

I.M||l3

Low Power Regulator Reference

This simple reference circuit provides a stable voltage
reference almost totally free of supply voltage hash.
Typical power supply rejection exceeds 100 dB.

National Semiconductor
Application Note 32

April 1977
,
v
::vw
1 . PN3GBE
01 yr
! I-——vo
:’ 1m
b3 _L__ ouTPUT
a1 PN3686
INPUT O—AAA—

JFET AC Coupled Integrator

This circuit utilizes the “‘u-amp’” technique to achieve
very high voltage gain. Using C1 in the circuit as a Miller
integrator, or capacitance multiplier, allows this simple
circuit to handle very long t(me constants.

-0 30V

b33
L < 0.1,4F
<
M ; | 1
3 I
0.001 4F -
- ’
I >
Ry > 100M
Cin <025 0F b3 [ 2N3904
< m i
< ')
S oaur
! ! O uTeuT
> >
< <
> >
<M Sk

Ultra-High Zjpy AC Unity Gain Amplifier

Nothing is left to chance in reducing input capacitance.
The 2N5485, which has low capacitance in the first
place, is operated as a source follower with bootstrapped
gate bias resistor and drain.
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SHUNT
PEAKING COIL

2N5485

2N5485

410

FET Cascode Video Amplifier

The FET cascode video amplifier features very low input
loading and reduction of feedback to almost zero. The
2N5485 is used because of its low capacitance and high

Y¢s. Bandwidth of this amplifier is limited by R and

load capacitance.

i) 05V

4'—"M—1 5

s28

OFF

oi\z
o]

<
>
800k :,

0.001 uF
ouTPUT

2N5485

JFET Pierce Crystal Oscillator

The JFET Pierce crystal oscillator allows a wide fre-
quency range of crystals to be used without circuit
modification. Since the JFET gate does not load the
crystal, good Q is maintained, thus insuring good fre-
quency stability.

:: ATk :: an
< SENS < s26
5k
—AAA
200 48 Q
H~Y—¢
ng1
[ 3 4
A
—
_

<
100k
‘)

L -
80k &
b3

S~

FETVM—FET Voltmeter

This FETVM replaces the function of the VTVM while
at the same time ridding the instrument of the usual
line cord. In addition, drift rates are far superior to
vacuum tube circuits allowing a 0.5V full-scale range

which is impractical with most vacuum tubes. The low
leakage, low noise NPD8303 is an ideal device for
this application.
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FET Circuit Applications

\
0.0 uF 2N5458
INPUT
1 10k 100 10k
" ) 1 AL A "
—-I VW VWA VWA~
4 I | 3 |
b3 0.0334F
L 2 0.033 4F L 0334
1 ,
= <
>
b3
>
S 10k LM301A b——0O OUTPUT
0.0033 uF 00k gon33uF

HI-F1 Tone Control Circuit (High Z Input)

- The 2N5458 JFET provides the function of a high input
impedance and low noise characteristics to buffer an op
amp-operated feedback type tone control circuit.

RFC v]v
12V O LYY Y\

* BYPASS

i
RFC
BYPASS

! BYPASS

-

I
L
T

3

Ny

2N4416
IS

!
—> .
l I I T / 1
[ - .
b — N BYPASS e ___ twrd

100 MHz Converter

The 2N4416 JFET will provide noise figures of less than input staée. The output feeds into an LM171 used as a

3 dB and power gain of greater than 20 dB. The JFET's balanced mixer. This configuration greatly reduces L.O. .
outstanding low crossmodulation and low intermodula- radiation both into the antenna and into the IF strip
‘tion distortion provides an ideal characteristic for an and also reduces RF signal feedthrough.
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O ouTPUT

T\
e A4 \\
e AT
DIFFERENTIAL ] !
INSTRUMENT R | NPD5566 |
INPUT S i !
}
Ny
\
N 5
TOGGLE
DRIVE

AA
VVv

il

@—— === 70 ADDITIONAL

MULTIPLEX STAGES

Y TOGGLE

DIFFERENTIAL
INSTRUMENT Rg

T
NPD5566 )

O pRIvE

Rg — scaling resistors

INPUT O AN

Differential Analog Switch

The NPD5566 monolithic dual is used in a differential |

multiplexer application where Rps(ON) should be
closely matched. Since Rps(on) for the monolithic

dual tracks at better than *1% over wide temperature

ranges {(—25°C to +125°C), this makes it an unusual but
ideal choice for an accurate multiplexer. This close
tracking greatly reduces errors due to common-mode
signals.

1k
e AAA O 15V
+ <
g Q0
stk I 9 001 4F
L o ouTPUT
[P l 1
--—-l |——- o Qm 0.004 4F =
2N5458 9
>
—»t e
oo s !
P4l e b2k 0.0015 4F
‘ Sk ‘
a7k L S l
s P
= < |+
S 50.uF
>
N . <
>
1 - 1
+
>
<
—-[-5““' 330k
1, .
= 1k
- AN—O -15V
50,F
+

Magnetic Pickup Phono Preamplifier

This preamplifier provides proper loading to a reluctance
phono cartridge. It provides approximately 35 dB of
gain at 1 kHz (2.2 mV input for 100 mV output), it
features S + N/N ratio of better than —70 dB (referenced

to 10 mV input at 1 kHz) and has a dynamic range of
84 dB (referenced to 1 kHz). The feedback provides for
RIAA equalization.
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AAA
VWVv

R1
Vin O— M

2N5457 LMot O OUTPUT

+
R3
v -

GAIN CONTROL
Voltage Controlied Variable Gain Amplifier

The 2N5457 acts as a voltage variable resistor with an
Rps(ON) of 8002 max. Since the differential voltage
on the LM101 is in the low mV range, the 2N5457
JFET will have linear resistance over several decades of
resistance providing an excellent electronic gain control.

VIDEQ PN4391 1. PNA39 VIDEO
INPUT J_ OUTPUT
7'y = ) A
PN4391
-10v
| =
"2y
v - -
\ 1 'jf'.n.nm uF
“ Mty =
[
mf = dey

Variable Attenuator

-The PN4391 provides a low Rps(on) (less than 30Q2).

The tee attenuator provides for optimum dynamic
linear range for attenuation and if complete turn-off is
desired, attenuation of greater than 100 dB can be
obtained at 10 MHz providing proper RF construction
techniques are employed.

5V

BIPOLAR
LOGIC
ELEMENT

MoS -
LOGIC
ELEMENT
WITH
NEGATIVE

SUPPLY 1

v

2N5638

Negative to Positive Supply Logic Level Shifter

This simple circuit provides for level shifting from any
logic  function (such as MOS) operating from minus to
ground supply to any logic level (such as TTL) operating
from a plus to ground supply. The 2N5639 provides a
low rds(ON) and fast switching times.

) | M358
[_I -
L b0V,
::wm ) I_—‘ out
3

01gF
) I— 2N3686
VinG >t u
Sum Ay = — = 500 typical
S 2
= Yos

Ultra-High Gain Audio Amplifier

- Sometimes called the “JFET p-amp’’, this circuit pro-

vides a very low power, high gain amplifying function.
Since pu of a JFET increases as drain current decreases,
the lower drain current is, the more gain you get. You
do sacrifice input dynamic range with increasing gain,
however.

2N4391 VIDEO OUTPUT

(]
H
VIDEO INPUT 280391 \
500 v
. L L
XA =

al

Attenuation > 80 dB @ 100 MHz
Insertion loss = 6 dB

ON i) OFF
-10v

High Frequency Switch

The 2N4391 provides a low ON resistance of 30§ and a
high OFF impedance (<0.2 pF) when OFF. With proper

layout and an “ideal’’ switch, the performance stated
above can be readily achieved.
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R1
AAA,

VVV l

2N5457

Vin O .,__L/‘puzzzz
S
10k

0 F e J'“

[e]

Vin
lg= — Vin<OoV
0= gy ViNZ

Precision Current Source

The 2N5457 and PN2222 bipolar serve as voltage
isolation devices between the output and the current
sensing resistor, R1. The LM101 provides a large amount
of loop gain to assure that the circuit acts as a current
source. For small values of current (<1 mA), the
PN2222 and 10k resistor may be eliminated with the
output appearing at the source of the 2N5457.

200v
+|

50 uF

CONTRAST l
EP:

v O 2N3742

2N4091

]
. 1
.’1 :
> + .
< 4
>
BRIGHTNESS l——-}(,lk TSI] uF -
+

JFET—Bipolar Cascode Circuit

The JFET-bipolar cascode circuit will provide full video
output for the CRT cathode drive. Gain is about 90.
The cascode configuration eliminates Miller capacitance
problems with the 2N4091 JFET, thus allowing direct
drive from the video detector. An m derived filter using
stray capacitance and a variable inductor prevents
4.5 MHz sound frequency from being amplified by the
video amplifier.

VINO <—lg

2N5457

PN2222

1 = VIN
07 Ry 1
ViN > OV.

Precision Current Sink

The 2N5457 JFET and PN2222 bipolar have inherently
high output impedance. Using R1 as a current sensing
resistor to provide feedback to the LM101 op amp
provides a large amount of loop gain for negative feed-
back to enhance the true current sink nature of this
circuit. For small current values, the 10k resistor and
PN2222 may be eliminated if the source of the JFET
is connected to R1.

(]
OUTPUT O—@ 9~ s vt

INPUTO

c1
4 I 0.1 uF ¥

—I—Lr- 15V (SAMPLE)
~15V (HOLD)

*Polycarbonate dielectric capacitor

Low Drift Sample and Hold

The JFETs, Q1 and Q2, provide complete buffering to
C1, the sample and hold capacitor. During sample, Q1
is turned ON and provides a path, rds(ON). for charging
C1. During hold, Q1 is turned OFF, thus leaving Q1
ID(OFF) (<100 pA) and Q2 IGgss (<100 pA) as the
only discharge paths. Q2 serves a buffering function so
feedback to the LM101 and output current are supplied
from its source.
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22
ke 300K
= |._..
10k
0088 4F
= p—O V=10 Hz

10k

Peak output voltage
Vp=Vz+1V

Wien Bridge Sine Wave Oscillator

The major problem in producing a low distortion,
constant amplitude sine wave is getting the amplifier
loop gain just right. By using the 2N5457 JFET as a
voltage variable resistor in the amplifier feedback loop,
this can be easily achieved. The LM103 zener diode
provides the voltage reference for the peak sine wave
amplitude; this is rectified and fed to the gate of the

PN5139

Viy O- ¢|
Sum
<
b
High | d Low Capaci Wideband Buffer

The 2N5485 features low input capacitance which
makes this compound series-feedback buffer a wide-band
unity gain a_ampliﬁer.

15V ON
-I—r -15V OFF o= f =<

1914

.IJ!

2N4393

1918

0.001 4F

p—O OUTPUT

2N4393

0.001 uF

-||—-|

JFET Sample and Hold Circuit

2N5457, thus varying its channel resistance and, hence,
loop gain.

The logic voltage is applied simultaneously to the sample
and hold JFETs. By matching input impedance and feed-
back resistance and capacitance, errors due to rds(ON)
of the JFETs is minimized.

PN5139

Vi O

I; 108
1

High Imped Low Cap Amplifier

This compound series-feedback circuit provides high
input impedance and stable, wide-band gain for general
purpose video amplifier applications.




28V
A7k

+—

0.001 uF

-O OUTPUT

0.001 uF

IHH

100 kHz 0.001 uF

2N5484

Stable Low Frequency Crystal Oscillator

This Colpitts-Crystal oscillator is ideal for low frequency
crystal oscillator circuits. Excellent stability is assured
because the 2N5484 JFET circuit loading does not vary
with temperature.

22k
<
>
S 6sm
0.01 uF
02 ]
Vino >t f
]
L
(: ™
<M
< <’
S 2.2k
Q2
b3
b e

0 to 360° Phase Shifter

Each stage provides O° to 180° phase shift. By ganging
the 2 stages, 0° to 360° phase shift is achieved. The J202
JFETs are ideal since they do not load the phase shift
networks.

ANALOG o )
INPUT :
1 | 2N4860 i
4 LM102 —0 vour
T .
> 1N914
g l I )O D : | ‘ 10k
AA
! Vv
! 1
ANALOG
?‘;t : : weuy © 2N4B60
NeUT | 1 2 .I_‘ 3
CONTROL { \
| IN914
! o
' yvv¥
P | I i
057800 i ]
VOLTAGE .
TRANSLATOR ADDITIONAL STAGES

IF REQUIRED

DTL-TTL Controlled Buffered Analog Switch

This analog switch uses the 2N4860 JFET for its 25§
rON and low leakage. The LM102 serves as a voltage
buffer. This circuit can be adapted to a dual trace oscil-

ouTPYT

loscope chopper. The DS7800 monolithic IC provides
adequate switch drive controlled by DTL/TTL logic
levels.

20 MHz oscillator values

C1 =700 pF L1=13uH
C2=75pF L2 = 10T 3/8" dia 3/4" long
Vpp = 16V Ip=1mA

20 MHz oscillator performance

Low distortion 20 MHz osc
2nd harmonic — 60 dB
3rd harmonic > —70 dB

Low Distortion Oscillator

The 2N5485 JFET is capable of oscillating in a circuit
where harmonic distortion is very low. The JFET

local oscillator is excellent when a low harmonic content
_is required for a good mixer circuit.
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AGC range 59 dB

INPUT 2-8pF power gain 17 dB

L1 =0.07 pHy center tap
L2 = 0.07 pHy tap 1/4 up from ground

200 MHz Cascode Amplifier

This 200 MHz JFET cascode circuit features low cross- JFET. The only special requirement of this circuit is
modulation, large signal handling ability, no neutraliza- that Ipgg of the upper unit must be greater than that of
tion, and AGC controlled by biasing the upper cascode the lower unit.
ov* ,
- O -
/.____"f"_"fl'.__._\
ool 1.
* 1 .Y
ouTPUT
:Emok :Ewnk 0
AR .
I . 30 pF
' (‘) N )
{
FET Op Amp
The NPD8301 monolithic-dual provides an ideal low NPD8301 track well over its bias current range, thus
offset, low drift buffer function for the LM101A op improving common-mode rejection.

amp. The excellent matching characteristics of the
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CONTROL P N o -
oave Ot I VW jgo v
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1N914 1N914
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OFF -20 _I - I<— FROM DS7800

High Toggle Rate High Frequency Analog Switch

100 pF

This commutator circuit provides low impedance gate " handling by providing a low AC impedance for OFF
drive to the PN4091 analog switch for both ON and . drive and high AC impedance for ON drive to the
OFF drive conditions. This circuit also approaches the PN4091.

ideal gate drive conditions for high frequency signal
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4-Channel Commutator

This 4-channel commutator uses the 2N4091 to achieve
low channel ON resistance (<30%2) and low OFF current
" leakage. The DS7800 voltage translator is a monolithic

DIFFERENTIAL
INPUT

device which provides from 10V to —20V gate drive to
the JFETs while at the same time providing DTL/TTL
logic compatability.

¢

oy [Pz
r 3
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Y —

i

-15V
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Wide Band Differential Muitiplexer

This design allows high frequency signal handling and
high toggle rates simultaneously. Toggle rates up to
1 MHz and MHz signals are possible with this circuit.
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R1 senses current flow of a power supply. The JFET is
used as a buffer because Ip = Ig, therefore the output
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0.1
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_' PN3684
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oUTPUT
5V/A

R1R3
VOUT = ——mr
out "2 U8

R3
1%

Current Monitor

current flow.

TO COMPANION CHANNEL
FOR STEREOD CIRCUIT

monitor vdltage accurately reflects the power supply
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100k | LEVEL | '——_r {
< | <
Su | e 2%
— [ ﬂ’ l <
i T —O -5V
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| ALL FIXED VALUES |
v 5% MYLAR CAPACITORS

This preamp and tone control uses the JFET to its
best advantage; as a low noise high input impedance
device. All device parameters are non-critical, yet the

Low Cost High Level Preamp and Tone Control Circuit

circuit achieves harmonic distortion levels of less than

0.05% with an S/N ratio of over 85 dB. The tone con-
trols allow 18 dB of cut and boost; the amplifier has a
1V output for 100 mV input at maximum level.
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A Novel FET Micropower
Voltage Regulator ‘

Many systems require a stable voltage supply to maintain
constant performance. When these systems are battery-
operated, a regulator is needed to stabilize the system
voltage as the battery decays with time. Unfortunately,
IC voltage regulators require several milliamps of
quiescent current, making them impractical for micro-
power applications. Zener diodes may also be impractical
because of short term peak current requirements of the
system. This could require additional buffering or high
standby currents, but both increase the battery drain.
An inexpensive micropower voltage regulator is needed
to fill the gap between IC regulators (high quiescent
current) and zener diodes (high standby current).

Instead of the tranditional bipolar approach, the
regulator shown in Figure 1 uses a JFET as the series
pass element. This offers several advantages: first, no
pre-regulation is needed for the pass element as with an
NPN because the drive comes from the regulated-output.
Next, the gate-source is isolated from the line via the
drain, thus offering excellent line regulation. This is not
the case with PNP pass_elements, where the emitter is
the input. Finally, and possibly the most important

feature for micropower regulators, is FETs require no

current drive.

Vin
a
1109
o]
R1 R3 ———t—
2.M { =
|
|
| [
! |
R2 | |
10M | | Vour
r |
| |
| 1
| I
1% I
| ]
| —o0

R —— |

Output Voltage

R1 R1
VouT =VBE (2+ o )+ BVEgpg (1 +R—2)

Drift

aVv 3V, R1 3BV R1

vour _3Vee ,, R1, 98Veg . Rl
aT aT R2 oT R2

Quiescent Current = 4 pA

FIGURE 1. Micropower Regulator

National Semiconductor
John Maxwell
February 1977

The emitter-base breakdown voltage of Q3 is used as
a reference (~7.2V) in conjunction with Q2 to form a
shunt regulator. The shunt current drives a current
mirror, Q4—Q5, which creates the gate drive voltage of
the pass FET. The value of the shunt current is deter-
mined by R3 and the VGs of the pass FET (IR3 =
ISHUNT). High load currents will reduce the shunt
current because the FET V@gg is lower. Temperature
stability is achieved by cancelling the drift of Q2 and
Q3's Vgg (~—2 mV/°C/transistor) with the BVEp
drift of Q3 (~ 3 mV/°C) resulting in a negative drift at
the base of Q2, and the output, of 1 mV/°C.

Selection of the FET requires some care. ldeally, the
FET Ipgs needs to be greater than the load current at
all temperatures (Ipgs has a temperature coefficient of
~—0.7%/°C) and the breakdown voltage should be
greater than the maximum input voltage. Practically,
the FET Ipsg needs to be much larger than the maxi-
mum load current. Linear operation requires the FET’s
drain to gate voltage (Vp@G) to be greater than the
pinchoff voltage Vp. By operating the FET at currents
much less than Ipgg, the gate to source voltage (V?s)
will be close to Vp (Vgs = Vp (1—(Ip/Ipss)1/2))
allowing small drain to source voltages (Vpg). For
linear operation:

IVpal> IVpl
VDG = VDS — VGS

It should be noted that N FET's can be paralleled for
higher load current requirements without matching the
devices.

Actual performance of the regulator is quite good. With
a 10V typical output, the line regulation is within
+0.05% for a range of ViN—VQuT of 0.3V to 10V.
The load regulation is 0.2% with a load range of 10 nA
to 10 mA (Zp = 1082) and the temperature stability is
—0.01%/°C (=1 mV/°C). The output voltage can be
easily trimmed by adding a pot at the R1R2Q2BASE
junction to eliminate BVER variations or to make the
output adjustable over a limited range. Also, the temper-
ature stability can be improved by replacing Q3 with an
8.2V zener diode, because its temperature drift (~ 4 mV/
°C) would nearly match the combined VBE drift of
Q2 and Q4. The regulator is good enough to be used as
a reference in low accuracy (6—7-bit) or limited temp-
erature range applications if current drain is important.

REFERENCES

1. ”Voltagé Regulator Handbook”, National Semicon-
ductor Corporation, May 1975.

2. ""Zener Diode Handbook”’, Motorola, Inc., May 1967.

-3. Williams, P., “D.C. Voltage-Reference Circuits with

Minimum Input-Output Differentials”, Proc. IEEE
pp. 1280—1281, December, 1969.
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A Novel FET Micropower Voltage Regulator
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A Linear Multiple Gain
Controlled Amplifier

INTRODUCTION

A linear control function over three decades of gain can
be achieved with a FET in the feedback path of a non-
inverting amplifier. Besides the ultimate simplicity of the

. circuit, multiple tracking gain control circuits can be
constructed with dual op amps and monolithic dual
FET’s or quad op amps and monolithic quad FET's.
Such circuits could even be integrated with ion-implanted
FET's on single or multiple monolithic op amp chips.
The gain control range may be designed for less than 2 to
1 or higher than 1000:1, but input voltage levels are
limited by acceptable levels of distortion. Bandwidth is
dependent on maximum gain and unity gain bandwidth
of the op amp used. The gain control circuit is espectally
suitable for volume expansmn applications.

GAIN CONTROL WITH FETS

The FET has long been used as a voltage controlled
resistor (VCR), often as the shunt arm in the series-shunt
attenuator of Figure 1. Advantages of the FET as a VCR
are that:

National Semiconductor
Application Note 129
Jim Sherwin

August 1975

Examination of the FET drain characteristics in Figure 2
will reveal the essential non-linearity of ryq at high
signal levels, especially as Vgg approaches Vp. This non-
linear region must be avoided in order to achieve
tolerable distortion levels. One obvious way is to limit
Vps to small values when rq is high as suggested by
Figures 2c and 2d, another is to utilize FET's with high
Vp as suggested by referénce to Figures 2b and 2d.

The reciprocal relationship of rqy and Vgg is an
advantage, as it is precisely that which allows the linear
control of gain in the circuit to be described. The avail-

" ability of matched monolithic dual FET's such as the

1. The control signal is almost perfectly isolated from

the controlled signal path, and

2. The resistance can be made to vary over an almost
infinite max/min ratio.

/1
o
5
R1+ Ao

>,

0<Vas Ve o

FIGURE 1. Voltage Controlled FET Attenuator

Disadvantages are that:

1. The FET behaves as a linear resistance only for small
values of source-drain voltage Vpg,

2. Non-linearity (of resistance) increases as the control
voltage Vgg approaches cut-off voltage Vp when
the resistance is maximum,

3. The relationship of resistance ryq to Vgg is recip-
rocal rather than direct linear,

4. VCR multiples with matched resistance characteristics
over their full control range have been extremely
difficult to obtain at any kind of reasonable price, and

5. Production spread in Vp requires separate bias set and
gain set on each circuit.

NSC 2N3958 (watch out for the matched pairs as their
resistance match close to Vp may not be as good as that
of the monolithic versions) make available low cost duals
with very closely matched resistance characteristics over
the full control range. There are even some monolithic
quads available (such as the AM9709 series). The final
problem of the production range of Vp can be much
improved with ion-implant diffusion techniques whereby
lot variation in Vp may be held to within a few tenths
of one volt.

The gain control circuit is that of an ordinary non-
inverting op amp with feedback. The usual circuit is
modified in Figure 3a to include a FET as controlled
resistor. The gain function is normal except that ry
replaces R2 in the usual form.

R1
Ay =1+—
Ty

(1)

-Now rq can be equated to a control voltage V¢ as follows:

T (2)
fy = r—
V- Vas
Where: ) N
r
° VGS =0
\
rq=ro P (3)
Vc Kl
Where:
Ve =Vp~—Vas
The gain function is thus seen ‘to be linear with V¢.
R1 V¢
AV =1+ — — (4)
ro Vp
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A Linear Multiple Gain Controlled Amplifier

o
500uA
PER
owv.

<

Vg = TV/STEP

Vs = 0.5V/DIV. ) Vps = 0.5V/DIV.

a) Vp =28V . b) Vp =9V

Vps = 50 mV/DIV. Vps = 50 mV/DIV.

c) Vp=28V . d) Vp =9V

FIGURE 2. AC Output Characteristics of FET

o Avmw =1 =
() Aypin > 1
FIGURE 3. FET/Op Amp Gain Control Circuit
1200 1000 ——
| R1 =300k Ve =31V
| Vp=26V | 2nagss
1000 T 5n3g58 800
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200 —— 200 e
= : L
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-30 -25 -20 -15 -10 -05 © -40 -32 -24 -16 -08 [}
Vs (V) Ves (V)
FIGURE 4. Gain vs Control FIGURE 5. Gain vs Control

Voitage For Short Channel FET Voltage For Long Channel FET
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FIGURE 6. Control-Gain
Match For Dual FET

T
3
>
3=

Ve

\/
(@ —;-‘ FEEDBACK TO GATE

100

il

Av

|Gl

il

A
I I |
T

MONOLITHIC QUAD P-CHANNEL

0 25 20 15 w0 05 O
Vgs (V)

FIGURE 7. Monolithic Quad
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(b) FAST CONTROL MODIFICATION

FIGURE 8. Circuit to Reduce Distortion

At Ve = 0, the gain reduces to unity; and at V¢ = Vp,
the gain increases to 1 + R1/r, which may be as high as
1000 or so. If it is desired to limit the minimum gain to
some value greater than unity, another resistor R2 may
be added as in Figure 3b. Then the gain equation becomes:

R1
R2r, (Ve/Ve)
R2+r, (Vp/Ve)

AV=1+

L R1IR2+ 1o (Ve/Vel]
R2 roVe/Ve)
R1 R1Vc

Ay=1+—+
v R2 o Vp

(5)

In either case, the gain function is linear with V.

The circuits of Figure 3 do indeed show a linear gain
versus control voltage as plotted in Figure 4 for several
values of minimum gain. There is some non-linearity
near minimum gain which appears in all curves. This is
certainly due to a non-ideal characteristic of the FET
caused by finite contact and bulk resistance at source
and drain. Figure 5 shows a similar control curve for a
FET with longer channel in which the controlled channel
resistance 'is a greater part of the total resistance than
that of the short channel device of Figure 4. For those
applications requiring a more precisely linear control of
gain, the long channel devices will be preferable.

Several variable-gain circuits can be made to track when
monolithic multiple FET’s are used as the control
elements with matched feedback resistors. A monolithic

FET dual (NSC 2N3958) used in two identical control

circuits shows remarkable tracking over the entire control
range, even when Vgg is near Vp where variations would
be expected to be most apparent. The plots appear in
Figure 6. Similar performance for a quad gain control
using a monolithic P-channel guad FET (AM97C09 or
AM9709) is shown in Figure 7.

DISTORTION

Reference to Figure 2 will show that the FET acts as a
linear resistance only for relatively small values of drain-
source voltage, in either polarity. This is particularly
apparent for positive Vpg (for N-channel FET) and Vgs
approaching Vp. The difference between Figures 2c and
2d indicates that the maximum allowed applied signal
will be greater for high Vp as compared with low Vp.

It is possible to improve the linearity characteristics
somewhat by applying a part of the Vpg in series with
the control voltage applied as Vgg. The .circuit to
accomplish this is that shown in Figure 8. |t happens that
about half of Vpg applied to the gate provides the

. greatest improvement for small signals. The addition of

two resistors and one capacitor as in Figure 8a is all that
is required. The capacitor simply blocks the control
voltage from the FET drain and the op amp input.
Figure 8b shows the addition-of an emitter follower to
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A Linear Multiple Gain Controlled Amplifier

PER
DIV,

Vps = 0.5V/DIV.

a) yp =2.8V

Vps =50 mv/DIV.

o) Vp =28V

o
10mA
PER
DIv.

Vps = 0.5V/DIV.

b) Vp=9V

Vs = 1V/STEP
Vps = 50 mV/DIV.

d) Vp=9V

FIGURE 9. AC Output Characteristics of FET with Feedback Linearization
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prevent abrupt changes in V¢ from coupling to the op
amp. Figure 9 shows the improved linearity of the drain
characteristics as compared to Figure 2. The improvement
is also seen in the distortion versus input signal plots of
Figures 10—13. Note particularly that the distortion at
any value of V¢ is primarily a function of input signal
(which equals the feedback signal applied to the FET
drain at the inverting input). Some modification is made
to this direct relationship if an R2 is shunted across the
FET as in Figure 3b. Measured distortion. at low signal
level is the result of noise rather than of signal distortion.
Maximum gain is limited to about 100 in these plots so
as to avoid the region of lower S/N. The noise is that of
the op amp input stage and the signal source resistance
plus the contribution of the FET which is essentially,
the thermal noise of ry.

" BANDWIDTH AND CONTROL TIME CONSTANT
The circuit bandwidth is the closed loop bandwidth of

the op amp used at the (instantaneous) set gain. The gain
control time constant is that of the input circuit to the

FET (dependent on the value of R in Figure 8) limited’

by the slew rate of the op amp. The FET itself reacts
practically instantly, producing a step change in feedback
ratio. Control time constant is thus a few microseconds
at most. '

APPLICATIONS

Three obvio’ﬁs applications present themselves; they are:
1. Remote or multichannel gain control

2. Volume expansion
-3. Volume compression/limiting

To this short list might be added a number of others,
including applications in noise reduction and quad sound
techniques.

The gain-controlled amplifier of Figure 14 has a gain
range of 1—1000, a maximum output level of 8.5 Vrms,
and a bandwidth of better than 20 kHz at maximum
gain. The FET used has high Vp for maximum freedom
from distortion. Figures 15 and 16 show the gain
function and constant distortion contour lines. Note
that the gain control curve is non-linear near unity gain
because the PN4091 is a short channel FET. Distortion

1000

I~ vp=82v
800 — pNa4091

600

>
<

400

200 e
-

0
~10 -9-8 -7 -6-5-4-3-2-110
Vgs (V)

FIGURE 15. Gain For Circuit
of Figure 14

is quite low except as limited by maximum output
voltage. Note that the maximum e;, is restricted by out-
put saturation. The LM318 is used in the example only
to achieve wideband response at maximum gain. The
amplifier input voltage must be restricted to about
8 mVrms at maximum gain when the S/N will be about
60 dB over a 10 kHz bandwidth.

+5v

85V
 <—— AMs O
wsg

O e, <8.5VRMS

PNA39T
-8V Ve <0 O
*2k for gain = 1-100

- **LM301A for gain = 1-100

FIGURE 14. Amplifier With Gain Range = 1—1000

A more practical circuit might employ a gain range of

1—100. Then the amplifier could be a LM301A and *

still achieve a 10 kHz bandpass at maximum gain. The

input signal could, accordingly, be increased to 80 mVrms -

for a S/N of 80 dB. This performance can be extended
to dual and quad control circuits with tracking gain
functions, but watch the bandwidth as required at maxi-
mum gain. Any of the several dual op amps could be
used with the 2N3958 (monolithic dual from NSC), or
the LM324 quad op amp can be used in limited gain
times bandwidth applications with a quad monolithic
FET. Figure 17 shows all details of an ac coupled tracking
quad gain -control with 40 dB range. Gain varies over
1—-100 range, bandwidth is' 10 kHz minimum, S/N
is better than 70 dB with 4.3 Vrms maximum out-

put. Figure 7 shows the gain curve and matching

characteristics.

Noise considerations could be important in this method
of gain control, as the signal is amplified rather than
attenuated. To realize the function of a 40 dB variable
attenuator, it is necessary to install a fixed attenuator at
the amplifier input and perhaps also at the output. This
will reduce the minimum signal level to millivolts, thus a
low noise amplifier is desirable. The LM381 dual low-
noise ac coupled amplifier could be used in a 40 dB

1000

FEEDBACK
Ay =1-1000
Ve =82V,
PN4QOT

100

G 0.1%
\ ——

N
VRN
~—
(Iy.os-ﬁm?‘g
, T
-9 -8 -7 -6-5-4-3-2-110
Vs (V)

e (mV)

[

FIGURE 16. Distortion For
Circuit of Figure 14
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A Linear Multiple Gain Controlled Amplifier
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audio attenuator to realize S/N about 100 dB or in a
60 dB attenuator to realize 80 dB S/N. Improvements
in S/N can be made by reducing system bandwidth in
fixed or low frequency operation. Minimum noise is also
achieved by using the minimum practical amplifier
source resistance. Values as low as 1 k§2 are advantageous.

The effect of temperature will be to change the gain
according to the temperature sensitivity of the FET.
This effect can be reduced by using a silicon resistor for
the feedback resistor, R1. If the FET were to be
integrated onto the op amp chip, an attempt should be
made to include R1 on the chip as well.

The application to a volume expander circuit is of
interest as the control is linear, the required control
range is only about 1:4, and the input signal is small
for the low gain condition when distortion would other-
wise be most apparent. The elements of a volume
expander are indicated in Figure 18. The gain controlled
amplifier need only exhibit a 12 dB variation in gain,
being lowest for small signals. The slope of gain versus
control should be linear, more specifically the slope
of (log) gain in dB versus (log) signal in dB should
be linear. A practical range is 12 dB gain change over a
30 dB input signal range. The peak detector should be
linear down to very small signals, exhibit a fast attack or
charge time of a millisecond or less, a discharge time
constant of about 2 seconds, and operate on the first

half cycle (full-wave detector). The detector should,
therefore, be a full-wave precision linear peak detector
with low internal impedance; the requirements can be
met with the circuit of Figure 79.

The expander circuit shown in Figure 20 will perform as
desired. The gain control function is plotted in Figure 21,
distortion is below 0.1% at all levels. Resistors R3 and
R4 are added in order to modify the linear control curve
to the desired log curve. Note that the input signal is
attenuated prior to amplification in order to reduce
distortion and maintain an overall gain of approximately
0 dB at midrange of expansion. The noise with the
LM124 over a 20 kHz bandwidth is, of course, a function
of signal; but the maximum signal to noise ratio is 80 dB.

_ The circuit could be adapted to stereo or quad sound

as in Figures 22—23. Questions for individual design
concern the method of control. Whether to expand all
channels together, and whether to derive the control
signals individually from each channel, a summation
from 2 to 4 channels, or from a single channel (assuming
that high level from any channel indicates high levels
from all channels). Note that the FET is biased OFF
(minimum gain) for low signals, and increasing signals
progressively bias the FET ON (maximum gain).

The volume compression circuit is a logical mate to the

expander. The only difference would be that the FET is
initially biased ON .(maximum gain) for low signals, and

+20V

1 250k
+ o] ———s

10k

Rl

™ ™

™

W -

1/81LM324

+

1/a1M324

2
3
<

v

I-vW—

VW VWV

AAA
VWA~
R3
Spa 680K
&
AAA
W
SR s
14 LM3za Samo j»
< >
2N4391
v

’7/ SETTO0 (10V ~ V)

FIGURE 20. Volume Expander Circuit
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A Linear Multiple Gain Controlled Amplifier
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FIGURE 21. Expander Gain Ch

istic

VARIABLE GAIN
RIGHT AmpLIFIER [
7y
FULL-WAVE
PEAK DETECTOR
v
vamABLECAIN |
LEFT AMPLIFIER

FIGURE 22. Stereo Expander Block

increasing signals progréssively bias the FET OFF (mini-
mum gain). A disadvantage is that the circuit produces
greatest distortion in the low gain condition when signals
are highest. Maximum S/N is degraded by 24 dB over
that of the expander, minimum S/N is the same.

CONCLUSION

The combination of FET and op amp provides a linear
dc (voltage) control of gain over a range to 60 dB. As the
circuit realizes positive gain, rather than being a con-
trolled attenuator, the input signal is limited. Input

- RIGHT . VARIABLEGAIN |
FRONT | AMPLIFIER
4
FULL-WAVE
PEAK DETECTOR
v
LEFT | VARIABLE-GAIN
FRONT aweuRER [
RIGHT

VARIABLE-GAIN >
REAR AMPLIFIER

FULL-WAVE
PEAK DETECTOR

A

LEFT
REAR

| VARIABLE-GAIN

AMPLIFIER

FIGURE 23. Four-Channel Expandér Block

signal is further limited to several hundred millivolts by
the non-linearity of the FET (which sees the full input
signal). Because input signals will generally be in the
10—300 mV range, noise performance of the selected
op amp will be important. Even so, S/N of 60—100 dB is
obtainable with standard amplifiers. Tracking pair or
quad gain-control amplifiers are realizable with existing

* monolithic dual or quad FET's, and the combination of

FET and op amp lends itself to simple integration. The
circuit is well-suited to remote and multiple linear gain
control and to volume expander/compressors. The volume
expander is especially interesting as the signal level and
gain conditions result in extremely low distortion and
more than adequate signal-to-noise ratio.
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Binary/BCD Gain
Programmed Amplifiers

Many systems require logic controlled gain programmable
amplifiers (GPA) for signal preconditioning, level control
and dynamic range expansion. The system sets GPA
requirements for accuracy, speed and signal handling
capability, limiting the type used. Conventional CMOS
analog switches limit signal handling to *7.5V and
accuracy to 1%. High voltage CMOS or JFET analog
switches increase both accuracy and signal handling
(£10V to #15V) but at a greater cost. Programmable
amplifiers using current mode analog switches have the
highest signal handling capability (£25V) with high
accuracy, speed and low cost.

In reality, the logic controlled GPA is a multiplying
digital-to-analog converter (multiplying D/A). The D/A
input is the reference node which is multiplied by the
digital input. Multiplying D/A converters have been
available for some time in module, hybrid and mono-
lithic form but suffer from high cost and poor signal
handling capability (x10V maximum).

Large signal handling (¥25V), moderate cost multi-
plying D/A converters can be built using monolithic
current mode analog switches, an op amp and a few
resistors.

Unlike conventional analog switches, only signal current
is switched at the virtual ground of an op amp with cur-
rent mode analog switches. Limiting the voltage across
the switch to a few hundred millivolts, power supplies,
logic interface and level translator circuits are eliminated
allowing the JFET switches to be driven directly by
standard logic.

F2

Vo

FIGURE 1. Current Mode Analog Switch

National Semiconductor
John Maxwell
February 1977

A logic “0” turns the switch ON with a logic “1"”
shutting the switch OFF by pinching the FET OFF. The
diode is used to clamp the source to drain voltage to
about 0.7V in the switch OFF state. The series FET in
the feedback path is used to compensate for the ON
resistance of the switch FET.

Current through the switch is determined by the input
resistor, R1, the switch ON resistance and the input
voltage, V|N. Scaling of the output voltage is accom-
plished with the feedback resistor, setting the gain of the
amplifier.

R2+ RoN2 '
R1+ RON1

Ay = (1)

A 4-bit multiplying D/A converter can be built using a
quad current mode switch, 4 binary weighted resistors
(R, 2R, 4R, 8R) and an op amp. The output voltage
will be a function of the feedback resistor, input resis-
tors and the logic state of the FET gates, GN.

The ‘number of bits is expanded by cascading another
quad current switch and resistor array to the first.
Instead of continuing the binary progression of the input
resistors, (16R, 32R, etc), current splitting resistors are

- used such that the same resistor array (R, 2R, 4R, 8R)

is used for the additional bits, minimizing the number of
resistor values required for higher order converters.

G1

R
G2
2R =
q p
63
R =
[ - Rg
G4
Vo
8R =
Vin o—J +

A B B B }
Vo =—V|N = (G120+G22-1+G32-2+B42-3)
0=-Vin 3

FIGURE 2. 4-Bit Multiplying D/A Converter
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Programmed Ampli

inary/BCD Gain

I ~amicio

I _ Gt

po |

10k

-
I

N
I
I
L—

LGN

80k =

80k -

. Vin O—4

L =_Ams7c12

215 Rg
(9 Rg BCD)

Vo=-Vin Re [G120+G22-1+G32-2+G42-3+1/16 (G5 20+ G6 2—1 + G72—2+ G8 2—3)]
R {1/10 for BCD)

FIGURE 3. 8-Bit Multiplying D/A Using Cascaded 4-Bit Sections

Binary weighting requires a 1/16 current split for the
second switch quad while .BCD weighting requires a
1/10 split.

There are 2 basic switch configurations available that
are optimized for a variety of logic drives: TTL or CMOS
Multiple independent switches (4 by SPST) and a 4-
channel multiplex version with a series compensation
FET.

Practical limitations in using monolithic current mode
analog switches need consideration. Resistor values and
tolerance impacted by switch resistance is minimized by
increasing resistor values without regard, but limits
bandwidth and creates leakage errors at elevated temper-
atures. Using resistors that are too small, increase switch
resistance errors. Current saturation (increased switch
resistance) occurs when the switch current approaches
the FET saturation current, Ipss. High currents also
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cause IG(ON). current lost through the gate, as the
diode and FET source to gate diode become forward
biased. An input resistor value of 10k limits the switch
current to less than 2 mA minimizing both leakage and
switch resistance problems. For example, the gain
accuracy at unity gain using the compensation FET is
less than 0.05% with R = RF = 10k.

The current shunt resistor used in cascading switches
should be kept small to.minimize the voltage drop,
keeping the FET drains near ground. Values of Rg
should be less than 1002 (20 typ).

Resistor tolerance will be determined by converter
resolution, i.e., the number if bits (N). For example,
an 8-bit- binary D/A converter will have 2N_1 or 255
steps (99 for BCD) or different gains. The resolution or
smallest step is (least significant bit) 1/2N of the full-
scale value (0.0039). Typical accuracy specifications
for D/A converters are stated as 1 LSB or +1/2 LSB.

This works out to be £0.2% for the 8-bit binary unit.
Errors in the feedback resistor directly affect the output
of the converter. The most significant resistor, R,
contributes 1/2 full-scale, reducing its error contribution
by a factor of 2. The same is true for the rest of the
resistors with contributions of 1/4, 1/8, etc. Using a
resistor tolerance of 0.1% for the feedback resistor,
0.2% for the 2 most significant resistors (R, 2R), 0.5%

-for the 3rd and 1% for the 4th and 5th switches allows

5% resistors to be used in the 6th, 7th and 8th switch
positions.

Using the above information, 4-bit or. more binary/BCD
gain programmable amplifiers can be built with large
signal handling capability, few parts and easily adjustable
gain or attenuation. Figure 3 shows a practical 8-bit
binary/BCD GPA with gains of 0.996 (binary) with
RF = 5k and 0.99 (BCD) with RE = 8k. For other gains,
only the feedback resistor need be changed.

. 1/2
2 [eR\2 (e 2 € 2
% error = e+—R + 2R t———t R
f \2 2 2n

or (2)

5 [02\% [o2)\? 5\2|'2
% error = |(0.1)“ + - + e +———t 756 =+0.198%

ef = tolerance of feedback resistor

€R = tolerance of most significant resistor

€nR = tolerance of Nth resistor
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FET Curve Tracer

FET Curve Tracer

i

Junction field-effect transistors (JFETs), unlike bipolar
transistors, do not easily lend themselves to analytic
solutions of bias networks. By their very nature, JFETs
are voltage controlled devices. Gate to source voltage
(control voltage VGg) variations of several volts can
exist within a given part type at the same operating
conditions, causing the problem. Multiple suppliers and
inadequate or non-existent data sheet curves compound
the problem further, requiring data from the suppliers
or the use of a curve tracer.

A simple curve tracer, used with any oscilloscope, can be
built using a quad op amp and a handful of parts. The
circuit displays drain current versus gate voltage for both

P and N-channel JFETs at a constant drain voltage. -

1k
. 1mANV

200
5mANV

100
10 mA/V ?
D

P o S ——

National "Semiconductor
John Maxwell
February 1977

= /
E
s, [,

2 ’/

o -~

25 -2 -15 -1 -05 0

Vgs (V)
FIGURE 1. Typical N-Channel FET Transfer Curve

The circuit consists of an op amp current to voltage
(1/V) amplifier with a positive or negative gate sweep

15V

o 10k
T O 2 2 AA-
H
6Q 22 10k
Al MN—
ves 10K W p
- O~ AN~ + a3
HORIZONTAL l sy VERTICAL
0.5V/ms
= e
<P I I
g 0.1 4F
- IH Hl .
A1—-A4 — LM324
- D1—-D2 — 1N914
Qz2* — 92PUO1
A3 150k Q3* — 92PUS51
+
, |G
| PeH 15

*1W NPN, PNP

-15v

FIGURE 2. FET Curve Tracer
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voltage. The I/V amplifier uses 1/4 of the quad op amp
and 3 switchable feedback resistors for drain current
scaling: 1k for 1 mA/V, 20092 for 5 mA/V and 10002
for 10 mA/V. An NPN-PNP emitter-follower buffer is
used with the |/V amplifier to handle high FET currents
(to 100 mA). A unity gain inverting amplifier is used
for proper drain current polarity.

The gate sweep generator consists of 2 parts, a linear
ramp generator with a reset and a window comparator.
The ramp generator is an op amp with a capacitor in
its feedback loop. The sweep rate is set by a constant
current supplied to the capacitor through a resistor tied
to either the plus or minus voltage supply.

The positive (P-channel) ramp mode uses the positive
reference on the plus input of the comparator with the
ramp connected to the minus input. The comparator
output stays high (15V) pinching the FET OFF until the
input exceeds the reference (10V). At that point, the
output snaps to the negative supply, turning the FET
switch ON, discharging the capacitor. The reference
voltage at the plus input is set near ground using the
51k input resistor, D2 and 68k feedback resistor when
the comparator output is in the low state. When the
capacitor is discharged, the comparator resets, restarting
the ramp.

A negative sweep is maore difficult to generate using the
same comparator. The reference (—10V) is on the
minus input with the ramp connected to the plus input.
As with the positive sweep, the comparator output is
high until the negative sweep exceeds the reference.
The difference is that the reference cannot be set to
ground for the reset sweep but to a negative voltage
such that when the ramp is at OV the comparator resets.
The function of Q2.is to short R1, changing the refer-
ence voltage from —10V to —6V.

In both cases, the sweep time is 10 ms. The resistor
attenuator on the FET gate terminal divides the voltage
in half, yielding a sweep rate of 0.5V/ms with a maxi-
mum gate voltage of #5V. This should be adequate for
most FETs used as amplifiers but if additional gate
voltage is required, the attenuator can be switched out.

The circuit is limited to displaying only the FET transfer
characteristic Ip vs VGS, but this is the curve most
needed by designers. It gives insight into parameter
variations of bias circuits and it can be used to observe
temperature effects on the FET. The oscilloscope
vertical input is used for the drain current and the

horizontal input is used for the gate voltage. The hori-
zontal sweep can be used if no horizontal input is
available where a sweep rate of 0.5 ms/cm corresponds
to 0.5V/ms, allowing the curve tracer to be used with
any oscilloscope.

J176 X

E—ORESET

0.14F

150k

35 o—AAN—
+15V X

—
0.1 mA

b0 Vo
+1V/ms

FIGURE 3. Linear Ramp Generator

20

Vg (V)
2

a 10 20 .
TIME (ms)

FIGURE 4. Positive Sweep.

Vg (V)
\

0 10 20
TIME (ms)

FIGURE 5. Negative Sweep
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JFET Glossary of Symbols

JFET Glossary of Symbols

DC PARAMETERS -
BVpgo (V) Drain-Gate Breakdown Voltage with Source Open-
+ or BVGDO Circuited
The breakdown voltage of the drain-gate junction,
measured at a specified current with the source
open-circuited.
BVsgo (V) Source-Gate Breakdown Voltage with Drain
or BVGso Open-Circuited .
The' breakdown voltage of the source-gate junction,
measured at a specified current, with the drain
open-circuited.
BVgGss (V) Source-Gate Breakdown Voltage with Drain-
or BV, V(BR)GSS = Source Shorted
The breakdown voltage of the source-gate and
drain-ga\> junctions, measured at a specified
current with the drain-source shorted.
IpGo (pA) Drain-Gate Leakage Current, Source Open-Circuited
orlGpo
The leakage current of the drain-gate junction,
measured at a specified voltage, with the source
open-circuited.
Ip (uA) Drain ON Current o
or ID(ON)

The drain current, measured at a specified drain-
source voltage and gate-source voltage.

ID(OFF) (pA)

Drain Cutoff Current

The drain cutoff current, measured at a specified
drain-source voltage and gate-source voltage.

Ipss (mA) Drain Saturation Current Ipss
The drain current, measured at a specified drain-
source voltage with the source shorted to the gate
(Vgs=0)

1G (pA) Gate Leakage Current with Drain Current Flowing

orIG(oN) ‘
The gate leakage current, measured at a specified
drain current and drain-gate voltage.
Al
1gss (pA) Gate-Source Reverse Leakage Current with Drain-

Source Shorted

3
The gate-source reverse leakage current measured
at a specified gate-source voltage.
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1sGo (pA) Source-Gate Reverse Leakage Current with Drain 1560
or IGSO Open-Circuited
The leakage current of the source-gate junction,
measured at a specified voltage, with the drain
open-circuited. ’
ps (©2) Drain-Source ON Resistance
or rds. RDS,
rDS(ON) The drain-source ON resistance, measured at a

specified gate-source voltage and drain current.

Vps(ON) (mV)

Drain-Source ON Voltage

The drain-source ON voltage, measured at a speci-

fied gate-source voltage and drain current.

Vgs (V) Operating Gate-Source Voltage In
or VGS(ON)-
Vg The gate-source voltage, measured at a specified [“:r_
drain current and drain-source voltage. G +
S Vps Vps
Vss# Vgs 'I'
+
Vas(F) (V) Forward Gate-Source Voltage EDT
The forward gate-source voltage, measured at S 1
specifiéd current. s
: mT VGs(F)
VGs(oFF) (V) Gate-Source Cutoff (Pinch-Off) Voltage In
or Vp
The gate-source cutoff voltage, measured at a E—_ )
specified drain current and drain-source voltage. G +
Vps Vps

SMALL SIGNAL PARAMETERS

Ciss (pF)
or Cjss, Cqss

Common-Source Input Capacitance

The common-source input capacitance measured
between the gate and source with the drain A—C
shorted to the source at specified drain-source and
gate-source voltages. ‘

Vps

i

Coss (pF)
or Cos, Cdss

Common-Source Output Capacitance

The common-source output capacitance, measured
between the drain and source with the source
A—C shorted to the gate at specified drain-source
and gate-source voltages.
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JFET Glossary of Symbols

Cyss (pF) Common-Source Reverse Transfer Capacitance
or Cys, Cdg
The common-source reverse transfer capacitance,
measured between the drain and gate at specified
drain-source and gate source voltages.
en (nV/A/Hz) Equivalent Input Noise Voltage

orep, Vp, Ep

The equivalent input noise voltage per unit band-
width, measured with the input A—C shorted to
the source at a specified operating condition.

-
(o]
9fg {mV) Common- Gate Forward Transconductance s D
or yfg Vgs “s In
The common-gate forward -transconductancewith
the output A—C shorted. This is a complex quanti-
ty (9fq + ibfg)-
gfs (mV) Common-Source Forward Transconductance
or gm, Yfs, '
Re|Yfs The common source forward transconductance
) with the output A—C shorted. This is a complex
quantity (gfs + ipfs).
giss (LV) Common-Source Input Conductance
or Yis
The common-source input conductance with the
g output A—C shorted. This is a complex quantity
(gis + ibis)-
doss (LV) Comimon-Source Output \Cdnductance
or Yos ' .
The common source output conductance with the
input A—C shorted. This is a complex quantity
(gos + ibos!-
Gpyg (dB) Common-Gate Power Gain
The common-gate power gain is the ratio of out-
put power to input power. P
- Gp =10log10 P_°
Gpg (dB). Common-Source Power Gain . ) "
The common-source power gain is the ratio of out-
put power to input power.
in (PAN/Hz2) Equivalent Input Noise Current

The equivalent input noise current measured with
the input open-circuited under specified operating
conditions.
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NF (dB) Spot Noise Figure
Noise figure = 10 Iog‘10 F were F is noise factor Total Output Noise Power
which is the ratio of the total output noise power ~ Source Qutput Noise Power

to the output noise power. of the source. Measured
at specified operating conditions and source resis-
tance.

COMMON-SOURCE SWITCHING PARAMETERS

In the following, drive circuit conditions and drain R
circuit conditions must be specified. The transition Voo Vour
times of the input must be negligible compared to D
the measured times.
Vin £
td(ON) Turn-On Delay Time A S

The time interval during turn-on from the point
when the input pulse at the gate reaches 10% of its' - -
full amplitude to the point when the drain pulse
changes from 0 to 10% of its maximum amplitude.

sjoqwAig jo Atesson 1340

VpD—VDS(ON)

tr . Rise Time ID(ON) = AL
The time interval during turn-on in which vthe
drain current pulse changes from 10% to 90% of
its maximum amplitude.
td(OFF) Turn-Off Delay Time ) 100
. 90
The time interval during turn-off from the point
when the turn-off pulse at the gate changes from In(on) ()
100% to 90% of its full amplitude to the time
when the drain current has changed from 100% to 10 N
90% of its maximum amplitude. 0 .
’ WON = Iy, '
[ Pt B Ry BV
tf Fall Time o ‘0N H4(QFF) .
v
[ v

The time interval during turn-off in which the I
drain current pulse decreases from 90% to 10% of :
its maximum amplitude. )

DUAL FET PARAMETERS

BVgG1, G2 (V) Gate to Gate Breakdown Voltage
or BVG1-2 .
The breakdown voltage of the gate to gate junc-
tions, measured at a specified current.

BVg1,62 T'G

CMRR (dB) Common-Mode Rejection Ratio
or CMR
" The common-mode rejection ratio is the ratio of
the change in differential gate voltage with a -
change in the drain to gate voltage.

CMRR = 20 log1g AA\QDG
[o} ’
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JFET Glossary of Symbols

9fs1-2 (%)
or gfs1/9fs2

Common-Source Forward Transconductance Rétjo
(Match)

The transconductance ratio = gfs1/gfs2 X 100 (%)
measured at specified drain-gate voltage and drain
current.

9oss 1-2 (uV)
Or gos1—2

Common-Source Output Conductance (Match)

Output conductance match = [gos1—gps2| measured
at specified drain-gate voltage and drain current.

Ipss1-2 (%)

Drain Saturation Current Ratio (Match)

orIps1-2,

IDss1/1DSS2 The drain saturation current ratio = Ipss1/
Ipss2 x 100% measured at specified drain-source
voltages.

1G1-2 (pA) Differential Gate Leakage Current

Differential gate leakage current = [lg1—1G2l
measured at specified drain-gate voltage and drain
current.

1G1, G2 (pA)

Gate to Gate Reverse Leakage Current

specified drain-gate voltage and drain current.

161,62
/
The gate to gate reverse leakage measured at a 4
specified voltage monolithic dual with diode isola- ' a1
tion shown. v
. ml Sg _
sus V1,62 VG1,62
°%] [7°
[y
G2
[
VGgs1—2 (mV) Differential Gate-Source Voltage \ ¢
or AVGS, Vos. D1 Vog
IVes1—-Vas2! The differential gate-source voltage, measured at a T D

AVGg1-2 (uv/°C)
or AlVGs1—
VGs2l/AT
AVog/AT

Differential Gate-Source Voltage Drift

The differential gate-source voltage drift is the
change in the differential gate-source voltage with
a change in device temperature at a specified
operating condition.

AVes _|(VGs1-Vas2)IT1 = (Vas1-Vas2)iT2 |
at T1-T2
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PhYSicaI DimenSions All dimensions expressed as

inches
(millimeters)

0.350-0370
[ 8.890-9.398)
DIA

0.315-0.335
(8.001-8.509)
DIA

0,050
0.165-0.185 | 2m)
{a.191-4.699) { MAX
0430 | go35 I
(12454 {og89)
MIN MAX
R 0.120-0.160
{3.048-4.068)
0.015-0.019 DIA
{0.381-0483)
DIA 10 LEADS
0.220-0.240

(5.588-6.096)
TYP

0.026-0.034
(0.660-0.864)

| 0.026-0.034

®° EDUALLV \_‘ {0.660-0.864)
SPACED

Package 1
10-Lead TO-5 Metal Can Package (H) (Low Profile)
NS Package Number H10A

0.545-0.555

{13.843-14.097)
DIA
I
0.148-0.181

(3.759-4.597) *

w1

u 0.022-0.030

sl UL onoee
»(12.7uu-|4.zz4) ” I] ﬂ H n {0.559-0.762)

__1 l__ 0.016-0.019

(0.406-0.483)

)
0.400
(10.160)

TYP

0.595-0.605

{15.113-15.367)
DIA 0.026-0.036

(0.660~0.914)
Y

52 0.026-0.035
DIATYP (0.660-0.914)
Package 2

12-Lead TO-8 Metal Can Package (G)
NS Package Number H128

0.545-0.555
{13:843-14.007) 0.148-0.181
DIA {3.759-4.597)
nA
1 -
0.022-0.030
0.500-0.560 {0.559-0.762)
{12:70-14.228) [I [] [I I]
0.016-0.019
{0.406-0.483)
DIA12 LEADS
0.100

(2.540)
0.595-0.605

{15.113-15.367)
DIA

{@.660-0.913)
0.200 \\(
(5080}
MAX R~ 0.026-0.036
4PLACES (0.660-0.914)

Package 3
12-Lead TO-8 Metal Can Package (G)
{AH2114/AH2114C Only)
NS Package Number H12C

D 026-0.036
660-0.914)

0.203-0.219
‘ {5.309-5.563)
0.178-0.191 0.188-0210 |
{a5214.851) {@.7175-5.338)
SEATING PLANE
] u 0.500
—iz.70)
n n MIN
0.016-0.019 0.030
{0.405-0.483) wao {@.762)
MAX
v 0.100
0050 (2.540)
(1.270)
0.036-0.046 0.036-0.048

s ma)\{( \>[m 914-1219)

PIN FET N(02) FET P (11)
) 1 S s
2 D G.
3 G D
Package 4

3-Lead TO-18 (02, 11) Metal Can Package
NS Package Number HO3D

7-3

Iq 1ed1shAyd

3
o
3
@
o
3
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imensions

Physical D

| 0.350-0.370
oL
{8.890-9.398)
0.315-0.335

“(8 001-8.509) ‘_l

0.240-0.260
(6.096~6.604)

S _

ATTTT

{1270)
MiN
e 0.016-0.019
Ty OA6-0489)" heg g1
MAX @ 826-5.330)

0.026-0.040
(0.660—-1.016)
0.028-0.037

(0.711-0.940)

PIN FET
1 S
2 D
3 G

Package 5

3-Lead TO-39 (09) Metal Can Package (H) (High Profile)
NS Package Number HO3G

0.203-0219
_ {5.309-5.563)
0.178-0195 | 0.142-0.159
(a521-4953) r {36074.039)
seaTing
PLAN
| 3

|] u u 0.500

[ (12.10)
0.016-0.019 0.030
{0at-0 m)’l l'" 0762
MaX
0.100
o5 | {z540)
{iz70
0.036-0.045 0.028-0.048

{0.711-1.219)

{0913-1.168) \//{ >

PIN FET(07)
S
2 D
3 ) G
Package 6

3-Lead TO-52 (07) Metal Can Package
NS Package Number ' H03J

0.209-0.219
(6.309-5.563)
0.178-0.191 | 0.188-0.210
(4.521-4.851) (4.775-5.334)
SEATING PLANE j_

MIN
0.016-0.018 ’I l__ o_ozl)

{0.405-0.983) (0.762)
MAX

0.100

0.050 {2.540)

iz |

0.036-0.046 ’

0.028-0.048
{091a-1168) { \(’(nm 1219)

PIN FET
S1
D1
G1
52
D2
G2

N O O WN -

Package 7
6-Lead TO-71 (12) Metal Can Package
NS Package Number HO6A

0.209-0.219
(5.309-5.563)
0.178-0.191 0.188-0210
{4.521-4.851) (4.775-5.333)
SEATING PLANE
u u u 0.500
—(12.70)
n n n MIN
0.016-0.019 0.030
(0 A06-0.483) | -—l l‘- {0.762)
MAX
0100
0.050 {2540)
(1.270)
0.036-0.046 " 2 0.028-0.051

©91a-1; 150)\{( x\[m 711-1285)

PIN | FETP(23) -| FET N(25)
1 S S
2 G' D
3 D G
Package 8
4-Lead TO-72 (23, 25) Metal Can Package (H)
NS Package Number HO4C

74




0.350-0.370

I~ {@.890-0.398)
DIA 0.315-0.335

(8.001-8.509)
DIA

0.165-0.185
@iaem)| |

__SEATING
‘Louau "" “TPLANE
0500 " iate)
(127[ll MAX I]l] ﬂ ﬂﬂ

l__ 0.016-0.019

(0.406-0.483)

0.200
(5.080)

0.100

2540 |

0.029-0.045
{0.737-1.143)
0.028-0. 034 Q

(0.711-0.864) /<

0.175-0.185
(4.445-4.699)

LEADS TO FIT INTO

1

0.594
(15.088)

J_—-_

(1.143-1.397)

0.045-0.055
(1.143-1.397)
0.045-0.055

0.003-0.013
(0.076-0.330)

0.045-0.055

] [0 NoW 4
2

DIA PIN CIRCLE

PIN FET
1 D
2 S
3 G

Package 11

3-Lead TO-92 (77) Plastic Package
NS Package Number 203D

—-—‘

0.160
/=10° NOM_ 12 540)

(2.159-2.413) (1.143-1.397)
PIN FET PIN|71 [ 72 | 74
1 S1 111G G S
2 D1 2 |{D S G
'3 G1 3 1S D D
4 Case
5 s2 FET case 71 and 72 are interchangeable without com-
D2 promise in performance except some RF application
6 at.VHF
7 G2
Package 9 Package 10
6-Lead TO-78 (24) Metal Can Package (H) 3-Lead TO-92 (71, 72, 74) Plastic Package
NS Package Number HO6B NS Package Number Z0O3A
0.160 0.160
14.068) (@.064)
0.180 0.180
- ~ws 1 W57
i ]
0.180 0.100 0.180 0.100
Ws12) (2.:580) a5 12.540)
[} 5'72) MAX (@.572) MAX
i ! 1
0.025 . 0025
(0.635) 10.635
MIN MIN
0.014-0.016 0.150-0.180 0.015 0.014-0.016 0.150-0.180 0.015
{0.356-0.406) —| {3.810-2.572) ——!L-_(U~35ﬂ 10.356-0.406) | {3.810-4572) | l=-T0.38T)
3LEADS 0,100 3ILEADS 3LEADS 3LEADS

DIA PIN CIRCLE

321

PIN{71 | 72| 74
11G G |S
2 |D S G
318 D D

TO-18 lead form available on special order or standard
on some products converted from TO-106 package.

Package 12
3-Lead TO-92 (TO-18 Lead Form) Plastic Package
NS Package Number Z03E

Iq |edisAyd
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imensions

Physical D

Package 15
16-Lead Cavity DIP (D)
NS Package Number D16 A

0.350-0.370
|~ {8.890-9.308)
oA 0315-0.335
{8.001-8.509)
DIA
_0.165-0.185 |
{@.191-4.609)
0035 INSULATOR PIN . FET
0500 o 0.040
7 (0.889) {T016) 1 S1.
12700 max , h
M;N ___."ﬂ ﬂ “I] " 2 o ;
|| bots-v01s 3 G1
{0.406-0.483) 4 Case
0.200
5.050) 5 52
6 D2
7 G2
0.028-0.045 & 8 Sub
{0.737-1.143)
0.028-0.034
{0.711-0.868)
45° EQUALLY
SPACED
Package 13
¢« 8-Lead TO-99 (24 Alternate) Metal Can Package-(H)
- NS Package Number HO8B
0.730
(18.582)
MAX
. GLASS
4] [3) [i7] [ (o] [5] [6)
’ 0780
7112)
M?x
LT 27 37 LT BT [T &
0310 0165
{7.878) 0.037-0.050 i)
MAX PN NO.1 {0.940-1.270) s <001
IDENT ¢ f (1.143:0.381)
0.008-0.012 T
{0.203-0.305)
+0.025
0325 g 015 0.050 £0.010 l__ 0.015-0.019 ’l 0125
(&255*0-335) {1.270 :0.254) {©381-0483) ~ @175)
038 0.100:0.010 min
{2.540 =0.254)
Package 14
, 14-Lead Cavity DIP (D)
NS Package Number D14A .
) 0730
(18.542)
MAX
GLASS
fﬁ [i5] 3] _[iz] 7] [io] [3]
0.280
72
MAX
L] Tof T [al TsT [T T Tel
0310 0.165
818 0.020 :0.010 0.037-0.050 @191
MAX {0508 0258 || {0.990-1.270) max
PIN NO. 1
“ IDENT ___L
0.008-0.012 )
{0.203-0.305) 0045 20018
0325 0025 | (1.143:0.381)
-0.015 01000010 | [ 0.125
(a 255 msas) {2,540 20.254). 0.015-0.019 __]L 3175
038, {©381-0483) MiN

7-6




| 0.760
{19.304)
MAX
o] 3] [o] (] fio] [o] [®
0.298
{7.569)
PIN NO. 1
IDENT e M“!X
[ BREJORERGRG|
0.054
0485 (1T.:;1PZ) 0.165
a1 {@.191)
{12319) MAX
MAX
0.020-0.060
§_{0.508-1.524)
0.008-0.015 L
T 2030380 I
0.300 0.050 :0.010 i__ 0,015 uoza T s
{7.620) {1.270 +0.254) {0.381-0.584) naaa) 3178
REF 0.100 :0.010 MIN
{2.540 +:0.254)
Package 16
14-Lead Side-Brazed Cavity DIP (D)
NS Package Number D14E
: 0.810
o
E (20578)
MAX
5] 5] (4] [3] [iz] [i7] [ro] [s
0.298
PIN NO. 1 (ms:)
msm\r. i
[T T2l ToT Te TsT [e T Le]
0.054
0485 (1372} g 65
- ryp 0185
(12.319) ] e (@.191)
MAX MAX .
. 0.020-0.060
{_ (0.508-1528)
0.008-0.015
[~ {0203-0.381) F
| o300 | 0.050 :0.010° l__ 0.015-0.023 J{__ 0.125
{7.620) {1270 -0.254) (0.381-0.583) {3.175)
REF . 0.100:0.010 MIN
(2540 :0.254)
Package 17
16-Lead Side-Brazed Cavity DIP (D)
NS Package Number D16C
0785 0310
{19.939) e
MAX (7.874)
MAX
GLASS
0.291
(2.381)
MI'U(
DT L] L] [ It IsT 1]
0.290-0.320 0.160 0.200
(7.366-8.128) ('JN.IiRW GLASS 0.060 +0.005 (5.080)
.
SEALANT {1524 :0.121) MAX ) 020-0.070

0.385 +0.025 ol 0.100
(9.779 +0.635) {2580) -

(0.508-1.778)

| o 008-0 012
{0203-0.305)

MAX BOTH ENDS
0.100 =0.010
(2.540 +0.254)

Package 18
14-Lead Cavity DIP (J)
NS Package Number J14A

Lj L:szz::::z:,»ll«

N

5

MIN

7-7
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N

imensions

Physical D

0.785
{19.939)
MAX 0.310
(1.874)
0.025 b 5] [is] [id] 2] o] ol T MAX GLASS
{05635) 0.291
' RAD 7391
MAX
T 2 ] (] 57 (&1 T o
0.160 GLASS 0.200
0.290-0320 | (4068)  SEALANT 0.060 0.005 o)
‘1 {7.366-8.128) Ax 528020 | MAX 0 020-0.070
| {0.508-1.778)
ooua—omz l][][]l][][] }
{0.203-0.305) H [}
| ba3sse0uzs 0.050 0 ‘_”*
-385 0. 0.018 :0.002
s 1.270) 0125
(9.779 +0.635) MAX {0.457 20.051) @
0.100 +0.010 MiN
(2.5400.258)
Package 19
16-Lead Cavity DIP (J)
NS Package Number J16 A
ap
N f—(10.160) —=
2.337) e T
e Gov  mmm @
NOM\
PIN NO‘IINDENT—\ 0.250:0.005 PIN | 60 | 67
6.350 20.127) -
o ! 1 [ Nnc st
oos QT 2] [ [ 2 | st |D1
N {1.143)
030
0.300-0.320 (g%i') Tve 0.040 3 D1 | NC
7620-8128)  wax 0.065 e 0.130 +0.005 . 4 | Gl |Gt
~ e @302:0121) 5 s2 | g2
‘L— t i 6 | D2 | D2
0.009-0.015 00‘20 7 G2 | NC
{0.220-0.381) —_— 8 NC | G2
125 (0.508)
0.325*0025 0.045 :0.015 N
0018 1130381 ﬂm o0 JM‘l;f’
5.255 ‘003 L) {0457 +0.076)
TvP
Package 20
8-Lead Molded Mini-DIP (60, 67) (N)
NS Package Number NOSA
0.770
0.090 {19.558)
2285 MAX
ooz 228 #
(2330 o] [3] [iz] [n] [io) [o] Je]
DIA NOM \ ] .
i \é 0.250£0.005
PIN NO. 1 INDENT
\ {6.350 +0.127)
e
L T2 Te] Taf TeJ TeT T
(gzgz-:?;:) 0.0 0.040
(u&' 0.065 0.130 +0.005

+0.025
9325 g 015

fzss 351

(1.851)

L

(1.016) Pl
TYP (3.302 :0.127)

= T

7

0.009-0.015
{0.223-0.381)

{2.580)
TYP

Package 21
14-Lead Molded DIP (N)
NS Package Number N14A

s (0508)
0075 :0.015 ’IL oo -00m3 2228 Ty
{1905 :0.381) 0100 0457 z0.076) 1%

B

0.020

7-8




0.870
0.090 (22.098)
MAX

0.002 (ZZBE)’j

3 MEEOEOEN
DIA(ZNOIVI \

PIN NO. 1 INDENT \\®

Ne

DT L1 Ll [al =1 [e1 [ [l

0.250 £0.005
{6.350 :0.127)

0.030
(0.762)
0.300-0320 0,080
{7520-8.128) 0.058 316 0.130 :0.005
) m‘—| "_ {3302 :0.127)
—re A
0.009-0.015
™"75229-0.381) 0020
0.075 +0.015 0018:0003 0125 {0508)
0.325 0025 {1905 :0.381) | “pasoioe  Gam
<% _0.015 0. mn MIN
+0.635 (z 540)-—
(55 7553%)
Package 22
16-Lead Molded DIP (N)
NS Package Number N16A
0.275
[~ 5.985) |
MAX
-~ GLASS
2. oaz) . .
0003-0.006 | | I MAX ' 0.010-0.025 (SQUARE) 0.050 +0.005
{0.102-0.152) | {0.254-0. 635)'1 ’l " (1270 :0.127)
PIN NO. 1 0
IDENT\- 14 sl 0.750-0770
F 7] (19.050-19.558)
N 34 N
INigigl
| | oe20-0040 $l ‘ 0.015-0.019
(0.508-1.016) ™ (0.381-0.483)
Package 23
14-Lead Flat Package (F)
NS Package Number F14A
0.080 0.390
- |~ (2032) [~—{9.906) -906) —»
0.004-0.006 MAX MAX GLASS

(0.102-0.152)

9
PIN NO. 1 0275
IDENT ™ . (©.985)
. MAX
\ 234567178
I

0.007-0018 0.050 :0.005
_ {o7e-0asn) t’ ’1[ {1270 :0.127)

0.020-0.040
{0.508-1.016)

0.880-0.900
(22.352-22.860)

o

(0.381-0.483)
Package 24

16-Lead Flat Package (F)
NS Package Number F16 A

7-9

1g [edisAyd

3
@
3
0
o
3
7







The Data
Bookshelf:
Tools For
The Design
Engineer

National Semiconductor's Data Bookshelf
is a compendium of information about a
product line unmatched in its breadth in
the industry. The fifteen independent
volumes that comprise the Bookshelf —
over 5000 pages — describe in excess of
6000 solid-state devices; devices that
span the entire spectrum of
semiconductor processes, and that range
from the simplest of discrete transistors
to microprocessors — those
most-sophisticated marvels of modern
integrated-circuit technology.

Active and passive devices and circuits;
hybrid and monolithic structures; discrete
and integrated components . . . Complete
electrical and mechanical specifications;
charts, graphs, and tables; test circuits
and waveforms; design and application
information . . . Whatever you need you'll
find in the designer’s ultimate reference
source — National Semiconductor’s Data
Bookshelf.

Ordering
Information

All orders must be prepaid. Domestic
orders must be accompanied by a check
or a money order made payable to
National Semiconductor Corp.; orders
destined for shipment outside of the U.S.
must be accompanied by U.S. funds.
Orders will be shipped by postage-paid
Third Class mail. Please allow
approximately 6-8 weeks for domestic
delivery, longer for delivery outside of the
uU.s.

. National
Semiconductor




DATA BOOKSHELF ORDER FORM.

Please send me the volumes of the National Semiconductor DATA BOOKSHELF that | have selected
below. | have enclosed a check or money order for the total amount of the order, made payable to
National Semiconductor Corporation. :

Name___
Street Address.
City State/Country Zip
—_copies @ $4.00, Audio Handbook, 4/76 .........ccceccevvevienrrcenuennen. Total $____.
— copies @ $3.00, CMOS Databook, 3/75.......cccceverrerrreerererenrennes Total $___
___ copies @ $4.00, Interface Databook, 10/75.......ccceeceeveecrenuene . Total
— . copies @ $4.00, Linear Applications, Vol. I, 2/73......cccccceeurruenen Total $_____
____copies @ $4.00, Linear Applications, Vol. Il, 7/76............cc......... Total $
ecopies @ $4.00, Linear Databook, 6/76........cccceceeeueiervreereeneinnns Total $____
—_copies @ $3.00, Memory Databook, 1/76.........c.cccceccemvrrrereennne Total $_
__ copies @ $5.00, PACE Designer's Guide, 1977 .......ccccecerueenen. Total $____
—_copies @ $4.00, MOS/LSI Databook, 1977 .........cccceeveerercrnvennnn. Total $_____
—_ copies @ $5.00, 8080A Microprocessor
System Design Manual, 3/77...........occoecnieenee Total $______
___copies @ $5.00, PACE Microprocessor Assembly .
, Language Programming Manual, 1/77 ............ Total $
__ copies @ $5.00, PACE Microprocessor System
Design Manual, 3/77 ......ccccvvrervnenenenesenennns Total $_____
— copies @ $3.00, Power Transistor Databook, 1977 ................... Total $—
_ copies @ $5.00, SC/MP Microprocessor
: Applications Handbook, 1977 ........c.cccceuenen. Total $.___
-~ copies @ $5.00, SC/MP Microprocessor Assembly
Language Programming Manual...................... Total $____
— copies @ $3.00, Special Function Databook, 4/76..................... Total $____
- _copies @ $4.00, TTL Databook, 2/76......c.c.ceeecerecerrscrnrersecrcrenens Total $____
— copies @ $3.00, Voltage Regulator Handbook, 5/75.................. Total ;$___'_
' Subtotal $

(California Residents Add 6% Sales Tax*) $
Grand Total $

MAIL TO:

NATIONAL SEMICONDUCTOR CORP., c/o MIKE SMITH
P. O. BOX 60876, SUNNYVALE, CA. 94088

Postage will be paid by National Semiconducter Corp. Ploase allow 6-8 weeks for delivery.

*(San Francisco Bay Area Residents Add 6'2% Sales Tax)



National Semiconductor Corporation
2900 Semiconductor Drive ;
Santa Clara, California 95051

(408) 737-5000

TWX: 910-339-9240

National Semiconductor GmbH
808 Fuerstenfeldbruck
Industriestrasse 10

West Germany

Telephone: (08141) 1371
Telex: 05-27649 ',

i

NS Electronics (HK) Ltd.

4 Hing Yip Street, 11th Floor
Kwun Tong

Kowloon, Hong Kong \
Telephone: 3-411241-8 /
Telex: 73866 NSE HK HX

NS International Inc.

Miyake Bldg. 6F, 1-9 Yotsuya

Shinjuku-Ku

Tokyo.160, Japan 2
Telephone: 03-355-3711 :
Telex: J28592

. NS Electronics Pty. Ltd.
CNR-Stud Road & Mountain Highway
Bayswater, Victoria 3153, Australia
Telephone: 03-729-6333
Telex: 32096

(© 1977 NATIONAL SEMICONDUCTOR CORP. IM-CPSOMS57/Printed in USA.



