






























































































































































































































































































































































































































































FEY Application Guide 

National Semiconductor manufactures a broad line of 
silicon Junction Field Effect Transistors (JF ETs). 
National's JFETs provide excellent performance in many 
areas such as RF amplifiers, analog switching, low input 
current amplifiers, ultra low noise amplifiers and out­
standing matched duals for operational amplifiers 
input applications_ 

The following chart is a guide to enable the user to 
determine what parameters are important in each 
application_ 

APPLICATIO!,!S AND THEIR PARAMETERS 
LISTED IN APPROXIMATE ORDER OF 

IMPORTANCE 

LOW 
SOURCE ELECTROMETER LOW DRIFT 

LOW HIGH 
DIFFERENTIAL 

ANALOG AND 
FREQUENCY NOISE FREQUENCY OSCILLATOR DIGITAL 
AMPLIFIER 

FOLLOWER AMPLIFIERS AMPLIFIER 
AMPLIFIER AMPLIFIER 

AMPLIFIER 
SWITCHING 

Yls Yls IG IOZ en Re(Y!s) Yls IVGS1-VGS21 'OS(ON) 

lOSS IG Yls YI,@loZ IG. in Re(Yis) lOSS AIVGS1-VGS21 IO(OFF) 

AT 

VGS(OFF) erss IOZ VGS@IOZ YI, NF Crss Ciss 

Ciss Ciss en IG lOSS Crss Ciss IIG1- IG21 Crss 

Crss lOSS 90S BVGSS VGS(OFF) Re(Yos) VGS(OFF) IG VGS(OFF) 

en VGSIOFF) 

BVGSS BVGSS 

JFET Parameter Relationships 

2 

10 = loSS (1 _ VGS ) 
VGS(OFF) 

2 lOSS 
VGS(OFF) =--

9fso 

Variation, of drain cur­
rent with gate bias. 
Square low transfer 
characteristic. 

Gate-source cutoff vol­
tage in terms of lOSS 
and 9fso. 

( ( 10)112) . VGS=VGS(OFF) 1- __ Gate-source vol~age In 
lOSS terms of operatmg cur-

rent '0. lOSS. and 
VGS(OFF)· 

9fso = K 
lOSS 

VGS(OFF) 

( VGS) 9fs = 9fso 1-
VGS(OFF) 

Transconductance at 
zero gate voltage in 
terms of lOSS and 
VGS(off). K = 1.1 to 
2.5. Typically 2 for N­
channel JFETs. 

Variation in transcon­
ductance with gate bias. 
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lOSS BVGSS 

VGSIOFF) 

9fs = 9fso v'IO/'OSS 

1 
ros"" -

9fs 

ros(o) 
ros "" ---=-;::..:.:"-----­

VGS 
1 - ----'=-=--­

VGS(OFF) 

Yls BVGSS 

Yfsl /Yfs2 

IYosl-Yos21 

CMRR 

VGSIOFF) 

Variation in transcon­
ductance with drain 
current. 

Relationship between 
ros and 9fs in the triode 
region (Le.. VOS < 
VGS(OFF)· 

Variation of drain resis­
tance with gate bias in 
terms zero bi as resis­
tance (roso) and 
VGS(OFF)· 

K VGS(OFF)2 Variation of drain re-

ros"" 10SS(VGS(OFF) -VGS) sistance in terms of 
VGS. and VGS(OFF) 

K = 0.5 - 0.9 lOSS· 

rOST"" ros @ 25°C '(1 + 
0.007 (t. T)) 

Variation of ON resis­
tance as a function of 
temperature. 
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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 ~nder 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 manuf~cturer 
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 temperatu're tracking characteristics at currents 
other than those specified by the manufacturer. 

GATE 1 GATE 2 
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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 \13 (2N5911 family) instru­
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. FETsimiiar to process 83, National is 
the only "all monolithic" dual manufacturer. These 
devices (illustrated in Figures 1a and 1b) consist of 2 
diffused isolated junction F ETs .. 

Since these devices are a monolithic stnlcture, 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 I1V fc 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 GATE 2 

SDURCE 1 SDURCE 2 

SUBSTRATE 
(CASE) 

FIGURE 1a. Typical National Monolithic Dual FET Cross-Section 
(Processes 83, 84, 93, 94, 95 and 961 

FIGURE 1b. Process 83 Equivalent Schematic 
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FET TEMPERATURE CHARACTERISTICS 

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 3 illustrates just exactly how dependent VGS 
is to an 10 change. For example, suppose a device is 
biased at a 200 /lA drain current level. The curve in 
Figure 4 tells us that a drain current change of 1 /lA 
will change the V GS temperature coefficient 4.8 /lV / 
°e. The fact the VGS 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 /lV fe by 
a change in drain current. A 2-chip dual FET can also be 
temperature compensated in this same manner provided 
the differential VGS temperature coefficient i's constant 
at all temperatures. The temperature coefficient of the 
2-chip system, however, is generally not constant over 
the specified operating temperature range, therefore 

f~~jl 
VOG = 20V 

loss=2mA 

...... V 
V 

\ 
r'\. 

/ 
/ TYPICAL TYPICAL 

DATA DATA 
-1 

",-

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 /lvfe device was compared to a monolithic 10 /lV/ 
°e unit. 

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 /lA ±0.01% level, the temper­
ature coefficient is constant and equal to 6 /lV f e. Also, 
note that the AV GS temperature coefficient can be 
adjusted to about 0 /lV fe by increasing the drain 
current in Q2to 201 fJ.A. The AVGS 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 AV GS 
temperature coefficient of the 2-chip dual is about 
8 /lV fe. It would be impossible, however, to achieve 
a temperature coefficient much better than 8 fJ.V fe 
(by adjusting the drain current), because the AVGS 
temperature curve is non-linear. 

The AVGS temperature characteristics of the 2-chip 
dual and the monolithic dual were then measured at 
500 /lA of drain current. The results are illustrated 
in Figures 6 and 7. 

2 
,vOG = 20V 
loss=2mA s: 1.5 

..s 
u 

~ 
0.5 ~ .. 

> 
......... r--

<I 
I 

;= 
~ -0.5 f--t---,~--i' 

:;; -1.0 f----fo''---..f-+--; 

-1.5 L...::..'--'~_-'--=_--''---...J 

o 200 400 600 BOO lk 200 400 600 BOO lk 1.2k -50 -25 25 50 75 10~ 125 

10 - DRAIN CURRENT "'AI 

FIGURE 2. Gate-Source Voltage Temper. 
atura Coefficient vs Drain Current (Single 
Devicel 

'0 - DRAIN CURRENT I"AI 

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

TEMPERATURE I'CI 

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

s: 1.5 ..s 
u 1.0 :. 
l::! 
~ 0.5 
> ., 
I 

E 
~ -0.5 I-''''F'''-f--f­
> 
<I -1.0 

-1.5 L....:;.;;...._~--'-_'---'---'_...J 

-50 -25 0 25 50 75 100 125 

TEMPERATURE I'CI 

FIGURE 5. Differential Gate-Source 
Voltage vs Temperature for a Typical 
2-Chip Dual JFET (10 flVrC Unit! 

2.5 

s: 
.§ 1.5 
U 

; 
~ 

~ 0.5 
<I 
I 

E 
:; -0.5 
> 
<I -1.0 

-1.5 

101 = 500 "A 
vOG = 20V 

I 1. ! I 
r- -\~~:!::~: I / r-_102=504"~'1t 

Jr--; V 

~ > 
I,/J 

VOG' 20V 
/ 101" 500"A 

-75 -50 -25 0 25 50 75 100 125 

TEMPERATURE I'CI 

FIGURE 6. Differential Gate-Source 
Voltage vs Temperature for the Same 
Monolithic JFET in Figure 4, Only the 
Drain Current has beon Changed to 
50DflA. 
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2.5 

, 2 

~ 1·5 
u 
:. 
l::! 
~ '0.5 
:;; 
I 

E -0.5 
~ 

~ -1.0 
<I 

-1.5 

-2.0 

_1~2=1496~A I 
'02' 500"A I -::tI 

-102=504"A~ fJ.. I 

/// 
IP 

IA 
V~ 
Vi VOG = 20V 

"II 101 = 500.."A 

-75 -50 -25 0 25 50 75 100 125150 

TEMPERATURE I'C) 

FIGURE 7. Differential Gate-Source 
Voltage vs Temperature for the Sa"ma 
2-Chip Dual FET in Figure 5, Only the 
Drain Current is 500 IJA 
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Note that the monolithic dual exhibits good .Il.V GS 
temperature characteristics (TC "" 15 IJ.V fC) while the 
2·chip dual has a temperatur.e coefficient greater than 
50 IJ.vtC. 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 l'side of the dual FET 
to dissipate. more power than the other, which in turn 
results in a temperature differential between the 2 sides 

16V 
R3 TEMPERATURE 

500 COEFFICIENT 
ZOT AOJ 

RX 

of the device. The ,.Il.VGS 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 02 and resistor RX. FET 02 is a 2N5457. 
This device exhibits a 0 TC drain current operating point 

OUTPUT 

Z5ppmfC 
SELECT RX FOR 
ZV DROP ACROSS Rl 

-15V 

Note 1: 'The temperature coefficient can typically be adjusted 
(by R3 and R41 to less than 5 ,..vrc 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% 

V,No---.. ..., 

500 
0.1% 

-15V ±1% 

FIGURE9 
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at about 400 /lAo In. addition, the Q2-RX combination 
exhibits an output impedance typically greater than 
10 Mn. This characteristic, coupled with the high 
output impedance of the 1M F3954, 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 Iturn. The temperature 
coefficient Can be compensated by R3 with an approxi­
mate sensitivity of 5 /lV fClturn. The temperature per­
formance of a typical amplifier of this type is illustrated 
in Figure 10. 

~ 
2.5 

w 

'" ~ 1.5 
co 
> 
!;; 
~ 0.5 
co 
l; 
~ -0.5 
I * -1.0 

> -1.5 

I-t-
I-i="" 

5pvrc 
LIMITS l\:-... 
~ 

t-t-~ 

-50 -25 0 25 50 15 100 125 150 

TEMPERATURE rCI 

FIGURE 10. Input Offset Voltage vs 
Temperature 

CONCLUSION 

The junction isolated dual monol ithic junction F ET does 
exhibit a more linear ~VGS 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: 

(TC)l = IAVGS(TO) - AVGS(Tl)1 x 106 p.vtc 

TO-Tl 

IAVGS(TH) - AVGS(TO)I 
(TC)H = x 106 1'VtC 

TH-TO 

Where TO = 25°C 
TH - High temperature limit (TH = 85 or 125°C) 
TL - Low temperature limit 
AVGS(TO) in the differential gate·source offset voltage 

at TO (volts) 
AVGS(TH) - Differential gate-source ollset voltage at TH 
AV GS(T l) - Differential gate-source offset voltage at T l 
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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. 

01 02 

Gl G2 

~Sl S2 

FIGURE la. Cascode Configuration 

~_D~~2_, . 
GI : .: G2 

L ___ -.I 

51 S2 

FIGURE lb. 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 9fs of 1200 Jlmho 
typical. This compares favorably with non·cascode duals 
exhibiting 3-10 times the IG. 

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 ±5V for the sar;ne performance. 

National Semiconductor 
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Table I compares popular junction dual devices available 
in the marketplace. 

It is important to remember that IG 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 IGSS . 

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 VDG. 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. 

~ 
I-

iii 
a: 
a: 
::0 ... 
w 
I-
<>: 

'" I 
E 

lk 

100 

10 

T~IOOE 2~51961 

/ 
/ 

I--" CATOET9406 

0.1 
o 10 20 3D 40 

VDG - DRAIN-GATE VOLTAGE IV) 

FIGURE 2. Typical Gate Current vs 
Orain·Gate Voltage @ 10 = 200 IlA 

50 

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

TABLE I 

DEVICE SERIES BV IGVOG/10 915 10 
2N3954-2N3958 >50V <50 pA @ 20V/200 IlA 1000@200IlA* 

2N5196-2N5199 >50V <15 pA@20V/200IlA >700@200IlA 

NDF9406-NDF9409 >50V <5 pA @ 35V 1200 IlA >950@200IlA 

*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_ 
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1111 II 
dVOG = 10V-20V 

I ITT -;-t-.U 
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dVDG 
CMRR = 20 log dVGSI-2 

0.1 1.0 

'D - DRAIN CURRENT (rnA) 

FIGURE 3a_ Triode Construction 
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Figure 3 compares CMRR of a monolithic triode dual 
FET (National P831 with a cascade structure (National 
P941_ 
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FIGURE 3b. Cascode Construction 
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·Simple VHF" 
Analog Switches 

Simple JFET switches like those in Figure 1 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. 

VOUT 

R2 

v-o-_-.... -I 

8. Series-Pass Switch 

rlr'--OVOUT 

... ""f\r-Ov+ 

v-o-~----~~ 

b. With JFET Gate Diode 

FIGURE 1. High-Frequencv JFET Switching Circuits 

To switch high-frequency signals, the JFET should have 
low ON impedance, rds(on) or RON, and low input 
capacitance, Ciss. 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 RON 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 RON and Ciss may be overcome by using the 

National Semiconductor 
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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. The low· 
impedance path is needed to prevent analo'g-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 sliows. 
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 RON and shunt capacitance to be low, and 
series-pass capacitance to be high. But in the OFF 
condition, it should exhibit low series-pass mipacitance 
and high series'pass resistance (ROFF). The JFET will 

. have these characteristics when properly matched to 
the driver. 
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a. Series·Pass JFET Switch" 

SOUR"CE RON ORAIN 

9 dg °'ic.T¥O 
GATE 

b.JFETOn 

ROFF 

'"~"! C,g r §"~. Cdg 

Cdg 
Cgc 
Csg 
Cds 
RON 
ROFF= 

GATE 

c. JFET Off 

drain-gate capacitance 
gate-channel distributed capacitance 
source..gate capacitance 
drain..source capacitance 
ON impedance 
OFF impedance 

FIGURE 2. Series·Pass Switch and JFET Equivalent Circuits 



Getting down to a low RON when the gate is turned ON 
is no problem. A JFET such as the 2N4391 has a maxi· 
mum RON of 30.0 (see rds(on) in Table I). However, the, 
parallel capacitance in the signal path can become fairly 
high-about 15 pF when drain, source and gate have the 
same potential (VOS = 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. I t is depended 
upon to prevent the signal at the input from reaching the 
output. The J F ET channel is, for all practical purposes, 
an-open circuit because ROFF of a quaiity JFET is over 
1012.0 although this decreases as frequency goes up. 
However, capacitive feedthrough is the most significant 
route across the switch. From Figure 2c, 

CsgCdg 
CFEEOTHROUGH = Cds + --=--=­

Csg + 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 Cds to 
become the pacing. factor. If the gate is grounded, Cds 
will be approximately 0.2 pF. In other words, the 
effective ROFF 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. Orivingthe switch ON through an RF choke 
sounds tempting, but it would be difficult to avoid 
resonances and oscillation bursts during some switching 
conditions. OC resistances could be increased to equal 

or exceed RS in parallel with R L, but then the toggle 
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, 
Ql is biased OFF through a low·impedance path. The 
diode is slightly forward·biased and exhibits high capa· 
citance. When Q2 turns OFF, 01's cathode is driven 
positive by R 1. Now the diode is reverse·biased and 
exhibits high impedance and low capacitance. The· 
charge that was stored on 01 discharges into the gate 
of Ql, allowing the JFET to be turned ON. Because 
there is no good discharge path available to the charge 
stored on Ql '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 OC 
conditions. Remember, however, that the R2/Csg time 
constant will effect switching time and gate·source 
signal tracking. 

Oon't expect just any diode to work well; 01's capa· 
citance is critical and should match that of the JFET 

. (COl = 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 Ib 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 I to 
illustrate that many of our other JFETs can solve 
spedal 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 
170n for the 2N4416. 

TABLE I. JFETs for High·Frequency Analog Signal Switching 

BVGSS Crss 
TYPE OR IGSS Ciss OR rds(onl ton toff 
NO. BVDGO (MAXI (MAXI CDGO (MAXI (MAX) (MAX) 

(MAXI (MAX) 

2N4091 40V 0.2 nA 16pF 5 pF 30n 25 ns 40 ns 
2N4092 40V 0.2nA 16pF 5pF 50n 35 ns 60 ns 
2N4093 40V 0.2nA 16pF 5 pF BOn 60 ns Bans 

2N4391 40V 0.1 nA 14 pF 3.5pF 30n 15 ns 20 ns 
2N4392 40V 0.1 nA 14pF 3.5pF 60n 15 ns 35 ns 
2N4393 40V 0.1 nA 14pF 3.5pF loon 15 ns 50 ns 

2N4416 30V 0.1 nA 4 pF O.BpF 170n' 
2N4416A 35V 0.1 nA 4 pF O.BpF 170n' 

*This value is not specified in RF amplifier JFETs; 170n is typical 
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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 appl ication, 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 thaI) 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: 

V2 
,n 

V2 
n 

k 
T 
Re(Z) 
Af 

4kTRe(Z) Af (1) 

Mean square noise voltage (V2) 

Boltzmann's consta~t (1.38x 1'0-23 VAStK) 
Absolute tel'(lperature (0 K) , 
Real part of complex impedance (n) 
Noise bandwidth (Hz) 

The noise may be represented as a spectral density 
(V2/Hz) or more commonly in /lV/y'Hz or nV/y'Hz 
and is given by: 
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10k lOOk '1M 

RESISTANCE (n) 

FIGURE 1. Thermal Noise Voltage vs Resistance 

(2) 

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, 
Nt-Nn· 

The expression does not take amplifier gain equalization 
(like R IAA) 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. 

2 2 2 2 2' 2 1/2 
VEa = (IAll VN1 + IA21 VN2 + - - - + IAn I VNnl (41 

Where VEQ =, equalized source noise (/lV) and 
IAn I = magnitude of the equalized gain at the center of 
each noise band (V IV). ' 

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. 

Z Re(ZI + JIM(ZI (5) 

R 
Re(ZI = 1 + w2R2C2 

( 
R2 \ 1/2 

IZI = 1 + w2R2C'i.J 

FIGURE 2. Lumpad Model of a Capacitive Microphone 

It should be noted that for any particular microphone, ' 
the noise of the network «Cm + CS )//RU is reduced 
by increasing R L because Re(Z) (the real part of the 
impedance) is inversely proportional to ,R L. (see equa­
tion 5). 

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-



sisting of a specified shunt resistance and capacitance. 
A model for the inductive source and preamp input 
network is shown in Figure 3. 

-------, r------
I 
I 
I 
I 

Cc I CA RA 
I 
I 
I 

RC 

I 
_______ ~ L ______ _ 

INDUCTIVE SPECIFIED 
SOURCE LOAD 

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 parallel L-R. 

RS 

=> Rp 

LS 

Simplifying the input network to: 

C 

Q = 

R = p , 

L = p 

R 
L 
C 

wL. (6) 

R. :. (~:~~) 
• 02 

FIGURE 4_ Simplified Inductive Source Network 

Re(Z) 

Z 

(RXL - RXC)2 + Xt, X~ 

RXLXC 

«RXL - RXc)2 +xt X~)1/2 
WL , 
1/wC 

(7) 

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

Calculations of electret microphone noise wi,th various 
loads and R IAA 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 
R L has on the microphone noise. R L1 = 1 Gll (109). 
RL2 = 10Gll (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 r~sistance is increased. This is. 
cine of the cases when a larger resistance means lower 
noise. not more noise. 

The second example is the calculation of the R IAA 
equalized noise of an ADC 27,phono cartridge loaded 
with CA = 250 pF and RA = 47k. The cartridge con­
stants are Rs = 1.13k and Ls = 0.75H (Cc may be 
neglected). The noise calculations are summarized in 
Table II for this example. 

The RIAA equalized noise of the ADC 27 phono 
cartridge and preamp input network was 0.73 J1V for the 
audio band. Typical high quality preamps have noise 
voltages less than 1 J1V. resulting in a 3 dB or more loss 
in system SIN 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 SIN ratio measurement should 
be used that reflect the tr~e performance instead of 
hollow specifications. 
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Noise of Sources 

TABLE I. Summary of Electret Microphone Calculations 

I Range (Hz) 25-50 50-1'00 100-200 200-400 400-800 800-1600 1600-3200 3200-6400 9600-12.8k 12.Bk-20k 

I Center (Hz) 37.5 75 150 300 600 1200 2400 4BOO 9600 16.400 

ISw (Hz) 25 50 100 200 400 BOO 1600 3200 6400 7.200 

lor RL = lGn 
Re(Z) (n) 74.2M 19.6M 4.9BM 1.25M 0.31M 7Bk 19k 4.9k 1.22k 420 

IZI(m 272M 140M 70.6M 35.4M 17.7M 8.8M 4.4M 2.2M 1.lM 650 

enz (nV/YHz) 1100 560 280 140 71 36 18 9 4.5 2.8 
~ 

Vnz IItV) 5.5 3.96 2.8 1.98 1.42 1.02 0.72 0.51 0.36 0.24 

V~z (j.lV2) 30.2 15.7 7.84 3.92 2.0 1.04 0.52 0.26 0.13 0.06 

(I:V~z) 1/2~ 7.9j.1V 

RL = 10Gn 
Re(Z) (m 8M 2M 0.5M 125k 31.3k 7.8k 2k 500 122 42 

IZI(m 283M 141M 70.8M '35.4M 17.7M 8.8M 4.4M 2.2M 1.IM 6,50k 

enz (nV /v'Hz) 320 180 90 45 23 11.4 5.B 2.9 1.4 0.84 

Vnz (j.lV) 1.6 1.3 0.9 0.64 0.46 0.32 0.232 0.16 0.112 0.07 

V~z (j.lV2) 2.56 1.62 0.81 0.41 0.21 0.103 ,0.054 0.025 0.013 0.005 

(I:V~z) 1/2 ~ 2.4 j.lV 
-- --------

~ 
TABLE II. Summary 01 Phono Cartridge Calculations 

"" I 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.Bk-20k 

I Center (Hz)' 37.5 75 150 300 600 1200 2400 4800 9600 16.4k 

18w (Hz) 25 50 100 200 400 BOO 1600 3200 6400 7.2k 

Q=(wL,;lRs) 0.156 0.313 0.625 1.25 2.5 5 10 20 40 68.4 

Q2 0.0244 0.098 0.391 1.56 6.25 25 100 400 1600 4678.6 

1 +Q2 1.0244 1.09B 1.391 2.56 7.25 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(m 1.16k 1.24k 1.57k 2.9k B.2k 29.4k 114k 454k 1.8M 5.29M 

Lp (H) 31.5 8.43 2.67 1.23 0.87 0.78 0.76 0.75 . 0.75 0.75 

RpllR (m 1.13k 1.21k 1.52k 2.74k 7k lB.lk 32.9k 42.6k 45.Bk 46.6k 

XL(m 7.42k 3.97k 2.52k 2.32k 3.2Bk 5.BBk 11.45k 22.6k 45.2k 77.2k 

Xc (n) 17M B.48M 4.24M 2.12M 1.06M O.53M O.265M 0.133M 66.3k 38.Bk 

Re(Z) (m l.l1k 1.11k 1.11k 1.15k 1.26k 1.73k 3.86k 12.4k 41.5k 34k 

IZI(m 1.12k 1.15k 1.3k l.77k 2.97k 5.59k l1.7k 24.4k 43.6k 40.1k 

enz (oV /YHz) 4.24 4.24 4.24 4.31 4.51 5.29 7.9 14:2 26 23.5 

VN (nV) 21.2 30 42.4 61 90.2 149.6 316 B03 20BO 1994 

V~ (oV2) 449.4 900 179B 3721 8136 22.4k 99.9k 645k 4.33M 3.9BM 

A2 63.0 29.5 10.7 3.85 1.66 0.85 0.49 0.154 0.043 0.019 

A2V~ (nV2) 28.3k 26.6k 19.2k 13.2k 13.5k 19k 4B.9k 99.3k 186k 76k 

(:!:V~) 1/2 = 3 JlV unequalized noise 

(:!:IAn 12V~) 112 = 0.73 JlV 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 
at]d a shunt current generator with a series voltage 
generator for the source resistance noise. 

e~t = e~A + e~A + i~A A~ 
ant = total input noise voltage (nV l..jHzl 

- enA = amplifier noise voltage (nV/..jHzl 
inA = amplifier noise current (pA/.JHZJ 
"nA =, source resistance thermal noise (nV l..jHzl 

< " FIGURE 1. Simiplified Amplifier Noise Model 

The ampl1fier noise data is found on vendor data sheets 
in the form of en and in vs frequency for bipolar transis· 
tors and en 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 
R 

V2 
R 

k 

v~ T 

R 

Af 

4kTRAf (2) 

mean square noise voltage (V2) 

Boltzmann COllstant 
(1.38 x 10-23 VASfK) 

absolute temperature (0 K) 

resistance (n) 

noise bandwidth (Hz) 
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with the spectral density given by e~ 

- 1/2 
enR = (V~/Af) 
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FIGURE 2. Thermal Noise vs Resistance 

(3) 

1M 

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. 

V~ __ e~RM 
Source Noise Power = -- (4) 

R2 R2 

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

. e~RAf e~AM 
Total nOIse power = ~ + ~ + i~A R2 M (-5) 

Yielding 

NF = 10 Log (6) 

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

enA 
Ropt= -.­

InA 
(7) 

Arti.fically changing the source' resistance for minimum 
NF will generally increase the circuit noise as demon­
strated by the following example. 
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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 kn 

Amplifier-LF356 
Noise data, en = 12 nV!YHz @ 1 kHz 

in = 0.Q1 pA/YHz @ 1 kHz 

The optimum source resistance for the amplifiar is 
found to be 12M (using equation (7)). Using Figure 2, 
the noise of the transducer is 12 nV!YHz and the noise 
of the optimum source resistance is 140 nV!YHz. 

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

1 

T 

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 N F for both configura­
tions using equations (1 )-(6). 

Case A, minimum NF 
1/2 

Total input noise Vn = ent (At) = 14/N 
NF= 0.06dB 

Case B, minimum noise 

Vn = 1.7 11V 
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.~ystem's specific noise requirements. 

b. Minimum Noise 

FIGURE 3. 2 Amplifier Solutio,:1S 
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Low Noise FET Amplifiers 

INTRODUCTION 

Dis!;rete 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 yields single and differen· 
tial input amplifiers that have the best of both worlds; 
low noise, high gain and ease of use. 
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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 JFETs 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 
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current to voltage .( I/V) amplifier, circumventing the 
limited load resistor. 

Vo 

AV =_ gmRd 
1 +gmRs 

Vi 0-.......... 

a. Single FET Stage 

V+ 

Vi Vo 

b. FET with IN 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, Rd. The drain resistor is used to bias the FET 
in a linear region with the feedback resistor, Rf, used 
to set the gain. 
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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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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 220n 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 

Vio-..... ~ 

-15V 

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 e~R. 

e~R = 4kTR (1 ) 

k 

T 
R 

mean square noise voltage per unit band­
width (nV2/Hz) 
Boltzmann constant (1.38 x 1Q-23VAS/ 
oK) 

absolute temperature (0 K) 
resistance (n) 

>",-oVo 

,a. Single-Ended 

240k 
15V 

7.5k 

>-.. -oVo 

Vilc~~ __ ~ _____ N_P~D5~5_65 __________ ~ 100 100 

7.5k 
AV '" -500 

-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. 

Differential Input: 

with 

ent = 
enf = 
enA= 
inA = 
ens = 
enR= 

gm 

R 

total input noise voltage (nV /yHZ) 
FET noise voltage (nV/yHZ) 
op amp noise voltage (nV/yHZ) 
op amp noise current (pA/yHZ) 
source resistor 'thermal noise (nV/yHZ) 
drain and feedback (Rd//Rf) resistor thermal 
noise (nV/yHZ) 
FET transconductance at the FET operating 
current (mmho) 
parallel resistance of Rd and Rf (n) 

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

~ 
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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 

9m Rd 
. The noise of the feedback resistor has little 

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 feedba~k resistor. 
This amplifier has a gain of -Rf/Rd which boosts the 
op amp noise, limiting the size of Rf to about 390k. 

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 ci.rcuit, 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 llf noise is one or more 
orders of magnitude greater than discrete JFETs, JFET ' 
op amps or bipolar input op amps. MOSFETs have 
llf corner frequencies (where the noise power rises as 
1 If) starting as high as 100 kHz. The other forms of 
amplifiers have lff corner frequencies of 1 kHz and less. 
Quite a difference. 

/' 

V 

10k lOOk 1M 

RESISTANCE (n) 

FIGURE 5. Thermal Noise vs Resistance 

>-4 ..... 0vo 

FIGURE 6. Single-Ended Noiso Model 
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The Lo.w 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 very high' source 
impedances. However, modern devices offer the designer 
performance improvements over bipolar transistors in 
NF for all but lowest impedance «500n) 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 

'Iow cost JFETs . 
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FIGURE 1. Bipolar and JFET Transistor 
N,oise Comparison I 

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 (NFl. noise voltage and current densities, noise 
temperature, noise resistance, etc. Designers are primarily 
concerned with signal to noise (SIN) ratios preferring 
noise voltage, (en) and current (in) density. 

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

V~ = 4k TR.:lf (1 ) 

~ 
V~ mean square noise voltage 
k Boltzmann constant 

. '\, Vi (1.38 x 10-23 VASfK) 

T Absolute temperature (" KI 

R Resistance in ohms 
.:If Noise bandwidth (Hz) 
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The noise of.a resistor may be represented as a spectral 
density (V2 /Hz) or more commonly In p.V 1v'Hz or 
nV/v'Hz and i!t given by: 

(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. 
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enR = (4 RkT) 1/2 
inR 
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FIGURE 2. Thermal Noise Voltage 
and Current Densities' vs Resistance. 
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The second basic form of noise, shot noise, is due to the' 
randomness of current flow (discrete charge particles) in 
semiconductor P-N junctions. 

i2 2 qlocM 

Mean square noise current 
q Charge of an electron (1.6 x 10-19 AS) 

loc = de current flowing through the junction (A) 
M = Noise bandwidth (Hz) 

(4) 

As with thermal noise, shot noise may be represented 
as a current density (A2 fHz) or pA/YHZ. 

(5) 

It should be noted that both 'thermal noise and shot 
noise are "white" noise sources, i.e., frequency indepen- -
dent. 
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FIGURE 3. Current Noise vs Gate Leakage Current 



The third basic noise source confronting designers is 
flicker or "l/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. 

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). 

(6) 

The total noise in the same bandwidth At, where the 
noise sou'rces are independent of frequency, is simply: 

(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 th~ bands Nl ... Nn. 

VNOISE = (V~1 + V~2 + ... V~n)I/2 (8) 

THE DESIGN PROCESS 

The final circuit configuration and suitable JFET will be 
determined qy 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 
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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 capac,itance 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. 

( 
gm RD ) 

Cin == Crs 1 + ----
1 +gm Rs 

. 
+ Cgs 

1 +gm Rs 

FIGURE 5. A Typical Resistive Sourc. 
JFET Amplifier 

(9) 

If low input capacitance is required, a cascode config· 
uration minimizes input capacitance and still allows high 
gain within a device type. The casco de 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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FIGURE 6. A Typical Resistive Source JFET 
Amplifier with Noise Sources 

[ 2 2 2 e~D ·2 2] 1/2 ent = enig + enf +ens + --2 +I n (R/IRg ) (10) 
, Av , 

where: e~i9 

e~f 
e~s 
e~D 

Av 2 

i~ (RiIlRg)2 

The noise of the parallel connection of 
Ri and Rg 

The noise voltage of the JFET 

The noise of the source resistor Rs 

The noise at the drain (thermal noise of 
the load plus the second stage noise) 

The current noise contribution 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 Mn. Depending on the voltage gain of the stage, the 
drain circuit noise may be negligible, simplifying the 
input noise expression. 

(11 ) 

The final JFET selection will be based on the noise 
requirements from the maximum allowable noise VMAX ' 

(12) 

Depending on VMAX and e~f 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. 

LUMPED JFET INPUT r---------
I 

L ________ _ 

FIGURE 7. JFET Preamplifier with a 
Capacitive Source 

The source capacitance should equal the sum of the 
preamplifier input capacitance and the stray capacitance 
for maximum frequency response and power transfer 
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from the signal source. Assuming the gate resistor, Rg, is 
so large as to not load the capacitive source, the input 
noise voltage is: 

where G = Cs + Gin 

with an input signal of 

(14) 

When the source and input capacitance are matched, the 
final JFET geometry will be selected on two criteria: the 
noise voltage, en, and the current noise from the gate 
leakage, IG(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 input resistance of the 
amplifier. 

LUMPE-D Fer INPUT r--------
I 

.J L ______ ' ___ _ 

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: 

e~t - e~f + (i~f)( IZin 12) + 4 kT (Re (Zln)), 

where Z = XCIN IIRg 

and Zin = Z//(lL + Rd 

(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. 



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 2. 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 

(16) 

SOME PRACTICAL LOW NOISE JFET INPUT CIRCUITS 

+15V 

SUMMARY 

Low noise amplifier design concepts have been intro· 
duced for the three basic types of sources. Basic 
parameters (C;n, en, 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. 
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Usable Bandwidth 1 MHz: 

a) Wide Sand, Low Input Capacitance, Very Low Noise Preamplifier 
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b) Low Noise, Very Low Input Capacitance Video Amplifier 
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APPENDIX A 

Important National JFET Process Parameter Guide 

Test Conditions Vos = 15V. 10 = 1 mA (VGS = OV)* 

PROCESS 
en @10Hz en @ 1 kHz en @ 100 kHz gls IG(ON) 
(nV/0k1 (nV/0k1 (nV/0k1 (mmhol (pAl 

50 15 5 2.5 3 5V 2 pA 

10V 10pA 

15V 1 nA 

51 5 3 1.3 7 30 

55 10 4 2.5 2.4 5 

92 10 4 1.5 4.5 10V 20pA 

15V 1 nA 

B3 10 5 2.5 2 5 

84' 50 15 9 0.2 0.1 

94 10 5 2.5 2 1-2 

95 10 4 2.5 1.5 15 

96 5 3 1.3 7 30 

93 15 
, 

7 2 3.5 10V 20pA 

15V 1 nA 

National JFET Process Low Noise Amplifier Guide 

PROCESS !j0 51 . 55 92 83 84 93 

CGO 
(pFI 

0.7 

3 

2 

2 

1 

0.01 

0.01 

3.5 

3 

1 

94 

Low Noise Application Single JFET Dual JFET 

Resistive Ultra· Low X 
, , 

en < 5 nV/$.@ 
10 Hz 

Resistive Low Freq X X X X 
<20 kHz 

Resistive Wideband X X X X X X' 
< 10 MHz 

Resistive Wide Band X X X 
> 10 M.Hz 

Resistive Very High X X X 
Rs >10Mf2 

Capacitive Low C X ·X X X X X X 
<10pF 

Capacitive High C X X 
>20pF 

Inductive X X X X X X X X 
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CGS 
(pFI 

2.5 

!!. 
4 

4 

2.5' 

2 

4 

15 

9 

3.2 

95 96 

X 

X X 

X X 

X X 

X X 



APPENDIX B 

NOISE PARAMETER CONVERSION 

Nois~ Figure (N F) to an Effective en 

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 (in). Noise figure must be 
converted to an effective noise voltage (enE) for com· 
parisions to be made between a BJT and a J F ET or for 
signal to raise ratio calculations. 

By definition: 

Total Output Noise Power 
NF; 10 log (B1) 

Output Noise Power of the Source 

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

Source Noise Power (82) 

for some source resistance Rs. 

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

Total Output Noise Power 
e~f Llf 

+ ---+ 
Rs 

(83) 

The noise figure (NF) can now be expressed in terms of 
'the noise source generators, enR, enf and inf allowing, 
an expression to convert noise figure (NF) to an 
effective noise voltage (enE). 

NF = 10 log ~ + (B4) 

yielding 

(B5) 
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FIGURE 81. Effective Noise Voltage (enE) 
vs Noise Figure and Source Resistance (RS) 

Noise Resistance 

The effective noise voltage density (en) and noise current 
density (in) are found directly by referring to Figure 1, 
and reading the values for the corresponding resistances. 

= (4 RKT) '/2 
inR 

APPENDIXC 

JFET Current Noise 

(1 ) 

(3) 

At low frequencies the current noise and voltage noise 
sources are uncorrelated in JF ETs 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. 

i~ = 4 KT[Re (y"f' (C1) 

Re (Y,,) 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 
than- do high capacitance devices. 
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FET Circuit Applications 

OUTPUT 

INPUT 0-.---; 

SAMPLE .., r 15V SAMPLE 
L-J __ 15V HOLD 

Sample and Hold With Offset Adjustinent 

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

+ SUPPLY 

Gos· 5 ~mhD5 MAX 

.... - ..... ---oVOUT 

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 

,----""1>--Ov+ 

10M 

PN3684 t-__ - ..... 

10M ...----4--0 OUTPUT 

., PN3686 
INPUT o-....",.,..+--... - ..... +-. 

JFET AC Coupled Integrator 

This circuit utilizes the "p·amp" technique to achieve 
very high voltage gain. Using Cl in the circuit as a Miller 
integrator, or capacitance multiplier, allows this simple 
circuit to handle very long time constants. 

lOV 

10k 

12M HI' 
0.00 

RINC:~ 
CINS:0.25pF 

't' 
I 

.12N54B5 , 

....,.2N3904 
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10M 

10k 

0j'l' 
II 

OUTPUT 

1. 1k 

Ultra·High ZIN 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. 



SHUNT 
PEAKING COIL 

lOV "'-....... rY"Y'Y"\_ 

RL 
l.9k 

FET Cascode Video Amplifier 

The F ET cascade 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 
Yfs. Bandwidth of this amplifier is limited by RL and 
load capacitance. . ' 

2M O.SV 

51 

10M 
S28 

IV 
Off 

8M 

SV 

1M 

10V 

BOOk 

SOV 

lOOk 

100\1 

aOk 

500\1 

10k 

IOOV S2A 

10k 

1M 

v' 

RFC 

~Oll-P_f .... --0 OUTPUT 

CRYSTAL c:::J 

10M 

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. 

S2C 

3.3M 
I. 

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 O.5V full-scale range 
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which is impractical with most vacuum tubes. The low 
leakage, low noise NPD8303 is an ideal device for 
this application. 
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D.OD33,uF 

HI-FI Tone Control Circuit (High Z Input) 

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

The 2N4416 JFET will provide noise figures of less than 
3 dB and power gain of greater than 20 dB. The JFET's 
outstanding low crossmodulation and low intermodula­
'tion distortion provides an ideal characteristic for an 
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input stage. The output feeds into an LM171 used as a 
balanced mixer. This configuration greatly reduces L.O .. 
radiation both into the antenna and into the IF strip 
and also reduces RF signal feedthrough. 



RS 

DIFFERENTIAL o--"Yv.-~"'" 
INSTRUMENT RS 

INPUT o-"V'VV-~., 
I 

,,/ 

TOGGLE 
DRIVE 

RS 
DIFFERENTIAL 0----1\11,..,.---....1 

INSTRUMENT 

--- TO ADDITIONAL 
___ MULTIPLEX STAGES 

OUTPUT 

INPUT 0----1\11,..,.-------' RS - scaling resistors 

Differential Analog Switch 

The NP05566 monolithic dual is used in a differential 
multiplexer application where ROS(ON) should be 
closely matched. Since ROS(ON) for the monolithic 
dual tracks at better than ±1% over wide temperature 

lk 

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. 

.----,\M,.....-Q15V 

10k 

aDk 

.O.01pF 

INPUTlOr--.... -....,~., 

lk 

470 

33Dk 

'4k 

B'Ok 

+ 

0,01/.1F 

~OUTPUT 
D.004/JF ':' 

Ik t---------4 .... .ty\I\r-o-15V 

i+50IJF '..L" 

Magnetic Pickup Phono Preamplifier 

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

H2 

HI 
Y,N 0--'1,.,..,---+---1 

OUTPUT 

V-

GAIN CONTROL 

Voltage Controlled V~riable Gain Amplifier 

The 2N5457 acts as a voltage variable resistor with an 
ROS(ON) of 800n max. Since the differential voltage 
on .the LM10l is in the low mV range, the 2N5457 
JFET will have linear resistance over several decades of 
resistance providing an excellent electronic gain control. 

VIDEO 
INPUT 

-10V 

IM~~t-------t---t , 
-= \ -= 

I'M~""'---...I \ \ 
'----.L...o 

~O.OOI'F 

Variable Attenuatar 

VIDEO 
OUTPUT 

-The PN4391 provides a low ROS(ON) (less than 30n). 
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. 

VIDEO INPUT 
50n 

MOS 
LOGIC 

ELEMENT 
WITH 

NEGATIVE 
SUPPLY 

v-

5V 

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. 

,......:----... --ov, 
10M 

10M. 
t-+--oVOUT 

V,No--+-... - ........ 

Av = !:... = 500 typical 
2 

Yfs 
1'=­

Yos 

Ultra·High Gain Audio Amplifier 

Sometimes called the "JFET Il-amp", this circuit pro· 
vides a very low power, high gain amplifying function. 
Since Il 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. 

-IOV 

VIDEO OUTPUT 
50n 

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

High Frequency Switch 

The 2N4391 provides a low ON resistance of 30n and a 
high OFF impedance «0.2 pF) when OFF. With proper 
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layout and an "ideal" switch, the performance stated 
above can be readily achieved. 
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VIN 
10= R1 VIN~OV 

v-

Precision CUrrent Source 

The 2N5457 and PN2222 bipolar serve as voltage 
isolation devices between the output and the current 
sensing resistor, R 1. The LM 1 01 provides a large amount 
of loop gain to assure that the circuit acts as a current 
source. For small values of current «1 mAl, the 
PN2222 and 10k resistor may be eliminated with the 
output appearing at !he source of the 2N5457. 

3DV 

FROM 
rl)+-----.... ..r.!:"'-r~~VIDEO 

DETECTOR 

JFET -Bipolar Cascade 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. 
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10k 

VIN 
10="'"i'i1 

VIN >OV. 

Precision Current Sink 

The 2N5457 JFET and PN2222 bipolar have inherently 
high output impedance. Using Rl as a current sensing 
resistor to provide feedback to the LM 1 01 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 R 1. 

OUTPUTo-.... -----~p_----_; 

INPut 

r1 r-'5VISAMPLE) 
-J L.J -15V (HOLD) 

*Polycarbonate dielectric capacitor 

Low Drift Sample and Hold 

v· 

The JFETs, 01 and 02, provide complete buffering to 
Cl, the sample and hold capacitor. During sample, 01 
is turned ON and provides a path, rds(ON), for charging 
Cl. During hold, 01 is turned OFF, thus leaving 01 
ID(OFF) «100 pAl and 02 IGSS «100 pAl as the 
only discharge paths. 02 serves a buffering function so 
feedback to the LM101 and output current are supplied 
from its source. 
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2.2'" 

Peak output yoltage 

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 JF ET 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 
ampl itude; th is is rectified and fed to the gate 9f the 

r----1""""-oy. 

100 
1k 

.... ---4~-oVOUT 

High Impedance Low Capacitance Wideband Buffer 

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

111914 ...., r- 15V ON 
W -15V OFF C>----.--l~--__, 
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1N914 

OUTPUT 

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. 

Vour 

-= R2 
vOUT'" AI vlN 

High Impedance Low Capacitanca Amplifier 

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



IBV 

4.1k 

...---... --..... --.... _<> OUTPUT 

2N5484 

1M 

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. 

OTL 
ITL 

INPUT 
CONTROL 

, 

ANALOG 
INPUT 

1 

',ANALOG 
I INPUT 
, I , 
I IN914 , 
, L _________ ...J 

DS7800 
VOLTAGE 

TRANSLATOR 

..--_ ... ______ ... ______ ... -<>12V 

2.2k 

6.8M 

V1No--t-~,..., 

1M 

Uk 

1M 

4.7k 

o to 3600 Phase Shifter 

.4.1k 

Each stage provides QO to 1800 phase shift. By ganging 
the 2 stages, 00 to 3600 phase shift is achieved. The J202 
JFETs are ideal since they do not load the phase shift 
networks. 

10k 

2N4860 

10k 

VOUT 

ADDITIONAL STAGES 
IF REQUIRED 

OTL-TTL Controlled Buffered Analog Switch 

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

47pF 

loscope chopper. The 057800 monolithic IC provides 
adequate switch drive controlled by OTLiTTL logic 
levels. 

20 MHz oscillator values 

Cl '" 700 pF 
C2 = 75 pF 
VOO= 16V 

Ll = 1.31'H 
L2 = lOT 3/8" dia 3/4" long 
10= 1 rnA 

20 MHz oscillator performance 

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

Low Distortion Oscillator 

The 2N5485 JF ET is capable of oscillating in a circuit 
where harmonic distortion is very low. The JFET 
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local oscillator is excellent when a low harmonic content 
. is required for a good mixer circuit. 
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INPUT I g.t-~-.,. 

T--::I1""-19 J OUTPUT 

AGe rang~ 59 dB 
power gain 17 dB 

L f= 0.07 !tHy center tap 
L2 = 0.07 !tHy tap 1/4 up from ground 

200 MHz Cascode Amplifier 

This 200 MHz JFET cascode circuit features low cross· 
modulation, large signal handling ability, no neutraliza· 
tion, and AGC controlled by biasing the upper cascode 

+ 

JFET. The only special requirement of this circuit is 
that I DSS of the upper unit must be greater th.an that of 
the lower unit. 

OUTPUT 

30pF 

f 
~ 

FET Op Amp 

The NPD8301 monolithic·dual provides an ideal low 
offset, low drift buffer function for the LM 1 01 A op 
amp. The excellent matching characteristics of the 

NPD8301 track well over its bias current range, thus 
improving common·mode rejection. 

.. 

CO~~~~~O-+4'-~-t~~lk~~~~~<> 
ON 10 1N914 

OFF -20 :tr-- FROM OS7800 
100pF 

High Toggle Rate High Frequency Analog SwitCh 

This commutator circuit provides low impedance gate 
drive to the PN4091 analog switch for both ON and. 
OFF drive conditions. This circuit also approaches the 
ideal gate drive conditions for high frequency signal 
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handling by providing a low AC impedance for OFF 
drive and high AC impedance for ON drive to the 
PN4091. 
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2N4091 JFETS 
,..--.... -OI •• UT 1 

1M ,-------, 
I 

01L 
INPUT2 

TTL 
INPUTS 1M 

1 L _____ -.-I 
DS7BOD INPUTJ 

VOLTAGE TRANSLATOR 

1M ,------, 
I 1 
I 

I 
hNPUT4 01L I 

TTL I INPUTS 
I 1M 

I 
I 

I L _____ ...J OUTPUT 
057800 

VOLTAGE TRANSLATOR 

4-Channel Commutator 

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

DIFFERE~J~n~ o-...".R"'./Iv-.... ----------, PN4392 

DIFFERENTIAL 
INPUT 

r 
"SCALING" 
RESISTORS 

j 1k 

FROM OS7800 . ,,-10V 
VOL lAGE TRANSLATOR ~ L- -20V 

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

PN4J92 

-ISV ~ 
ADDITIONAL 
CHANNELS 

RS 

>--~OVOUT 

R2 

HI 

Wide Band Differential Multiplexer 

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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LIJ 
LL 

POSITIVE 

., 
0.1 
1% 

INPUT o-_~JVVIt_p--o() TO LOAD 
VOLTAGE 

MONITOR 
OUTPUT 

5V/A 

Vour= R~:3IL 

R2 
100 
1% 

PNlB84 

Current Monitor 

R1 senses current flow of a power supply. The JFET is 
used as a buffer because 10'= IS. therefore the output 

monitor voltage accurately reflects the power supply 
current flow. 

TO COMPANION CHANNEL 
FOR STEREO CIRCUIT 

r-----.------.--------~--~~--~~~~o()I5V 
VOLUME 

12M 

O.QZJ.lF 

INPUT~ 
1M 

68. 

2.211: O·,,,FI 
1M 10k 

1k 

SDk 
LINEAR 
TAPER 

.1J.1F 

~OUTPUT 
10k 
LINEAR 
TAPER ":'. 

~~o; ~""+--JVVIt-+'-I~ 
I 

I 
I 
I 

2.2. 

L......;..--... ----------.... --f-... --------_ .... -+-4 .... --..... _-o -15V 

Low Cost High Level Preamp and Tc:>ne Control Circuit 

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 
circuit achieves harmonic distortion levels of less than 
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0.05% with an SIN ratio of over 85 d8. The tone con­
trols allow 18 dB of cut and boost; the amplifier has a 
lV output for 100 mV input at maximum level. 



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. ' 

Rl 
2.2M 

R2 

VIN 

10M VOUT 

I 
I 
I 
106 
I 
I 
I . L ____________ J 

Output Voltage 

R1 R1 
VOUT= VeE (2+ R2)+ eVEB (1 + R2) 

Drift 

aVOUT = aVeE (2+~) + aevEB (1 + ~ ) 
aT aT R2 aT R2 

Quiescent Current ~ 4 p.A 

FIGURE 1. Micropower Regulator 

National Semiconductor 
John Maxwell 
February 1977 

The emitter-base breakdown voltage of 03 is used as 
a reference (-7.2V) in conjunction with 02 to form a 
shunt regulator. The shunt current drives a current 
mirror, 04-05, 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 (lR3 '" 
ISHUNT). High load currents will reduce the shunt 
current because the FET VGS is lower. Temperature 
stability is achieved by cancelling the drift of 02 and 
03's VBE (--2 mVfC/trimsistor) with the BVEB 
drift of 03 (- 3 mV tC) resulting in a negative drift at 
the base of 02, and the output, of 1 mV tC. 

Selection of the FET requires some care. Ideally, the 
FET lOSS needs to be greater than the load current at 
all temperatures (loss has a temperature coefficient of 
--0.7%tC) and the breakdown voltage should be 
greater than the maximum input voltage. Practically, 
the FET lOSS needs to be much larger than the maxi· 
mum load current. Linear operation requires the FET's 
drain to gate voltage (VOG) to be greater than the 
pinchotf voltage Vp. By operating the F ET at currents 
much less than lOSS, the gate to source voltage (VGS) 
will be close to Vp (VGS = Vp (1-(l0/10SS)'/2)) 
allowing small drain to source voltages (VOS). For 
linear operation: 

IVOGI> IVpl 

VOG = VOS - 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-VOUT of 0.3V to 10V. 
The load regulation is 0.2% with a load range of 10 J.lA 
to 10 mA (Zo'" IOn) and the temperature stability is 
-O.Ol%tC (-1 mVtC). The output voltage can be 
easily trimmed by adding a pot at the Rl R202BASE 
junction to eliminate BVEB variations or to make the 
output adjustable over a limited range. Also, the temper­
ature stability can be improved by replacing 03 with an 
8.2V zener diode, because its temperature drift (- 4 mV 1 
°C) would nearly match the combined VBE drift of 
02 and 04. 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·. "Voltage Regulator Handbook", National Semicon­
ductor Corporation, May 1975. 

2. "Zener Oiode Handbook", Motorola, Inc., May 1967. 

. 3. Williams, P., "O.C. Voltage-Reference Circuits with 
Minimum Input-Output Oifferentials", Proc. IEEE 
pp. 1280-1281, Oecember, 1969. 
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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 mO!1olithic 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 co.ntrol circuit is especially 
suitable for volume expansion 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 VC'R 
are that: 

1. The control signal is al most perfectly isolated from 
the controlled signal path, and 

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

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 Vos, 

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

3. The relationship of resistance r d to V GS 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. 

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 rd at high 
signal levels, especially as V GS approaches V p. This non­
linear region must be avoided in order to achieve 
tolerable distortion levels. One obvious way is to limit 
Vos to small values when r d is high as suggested by 
Figures 2c and 2d, another is to utilize FET's with high 
Vp as suggested by reference to Figures 2b and 2d 

The reciprocal relationship of r d and V GS 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 
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 produ'ction 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 uSUiil circuit is 
modified in Figure 3a to include a FET as controlled 
resistor. The gain function is normal except that rd 
replaces R2 in the usual form. 

Rl 
Av = 1 +-­

rd 
(1) 

,Now rd can be equated to a ~ontrol voltage V c as follows: 
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(2) 

Where: 

(3) 

Where: 

The gain function is thus seen to be linear with Vc. 

Rl Vc 
Av=l+- -

ro Vp 

(4) 
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b) Vp '9V 

Vos '" 50 mVlDIV. 

d) Vp '9V 

FIGURE 2. AC Output Characteristics of FET 

.. .. 

(a) AvMIN =1 

tb) AVMIN>l 

FIGURE 3. FET/Op Amp Gain Control Circuit 

Rl'300k 
Vp ''''2.6V 
2N3958 

~H2'3kt/ 
30k l/JI' 

~ 
I~ J 

" J 
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 

Vo• (V) 

FIGURE 4. Gain ys Control 
Voltage For Short Channel FET 
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FIGURE 5. Gain ys Control 
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FIGURE 6. Control·Gain 
Match For Dual FET 
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MONOLITHIC QUAD P·CHANNEL 

~.D 2.5 2.D 1.5 1.0 0.5 

VGs(V) 

FIGURE 7. Monolithic Quad 
Gain Control Tracking 

(bJ fAST CONTROL MODIFICATION 

'. 

FIGURE 8. Circuit to Reduce Distortion 

At Vc = 0, the gain reduces to unity; and at Vc = Vp, 
the gain increases to 1 + R 1fr 0 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 Figure3b. Then the gain equation becomes: 

Rl 
Av = 1 + ----,---­

R2 ro (VpIVd 

R2+ro (VpIVd 

Rl [R2+ro (VplVdl 
=1+---------

R2 ro(VplVd 

Rl Rl Vc 
Av = 1+--+-­

R2 ro Vp 
(5) 

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

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. 
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Several variable-gain circuits can be made to track when 
monolithic multiple FEr'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 V GS is near Vp where variations would 
be expected to be most apparel1t. The plots appear in 
Figure 6, Similar performance for a quad gain control 
using a monolithic P-channel quad 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 V DS (for N-channel FET) and V GS 

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 Vos in series with 
the control voltage applied as V GS. The. circuit to 
accomplish this is that shown in Figure 8. It happens that 
about half of Vos 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 a~dition' of an emitter follower to 
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prevent abrupt changes in Vc 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 Vc 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 SIN. 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 rd' 

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 9P 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 obvious 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 o~ 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 r-r-,-,.-,.--,--r--r-'T"'T"" -t = IB.ZJ-t--t-t-+-+-+~7I 
BOO 
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400 
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FIGURE 15. Gain For Circuit 
of Figure 14 . 
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is quite low except as limited by maximum output 
voltage~ Note that the maximum ein 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 SIN will be about 
60 dB over a 10 kHz bandwidth. 

e,'$;8~:V RMS o-.... ---1~ 

1- ;r-~""'-- r - -15V 

.-L O•01 

T.M 
1M. f l~ r PN4391 

'-4-

20k" 

·2kforgain"'-IDO 
··LMJOIA fnr gam = 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 c~uld 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 SIN 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, SIN 
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 de~irable. The LM381 dual low­
noise ac coupled amplifier could be used in a 40 dB 
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FIGURE 16. Distortion For 
Circuit of Figura 14 
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audio attenuator to realize SIN about 100 dB or in a 
60 dB attenuato,r to realize 80 d8 SIN. Improvements 
in SIN 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 kn 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, R 1. I f the FET were to be 
integrated onto the op amp chip, an attempt should be 
made to include R 1 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 

1O' 

1M 

1M 

1M 

1M 

halt cycle (full-wave detector). Tile 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 19. 

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 
o 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 

• zov 
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FIGURE 20. Volume Expander Circuit 
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FIGURE 22. Stereo Expander Block 

increasing signals progressively 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 SIN is' degraded by 24 dB over 
that of the expander, minimum SIN 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 

. ;~~:~ 0-.--------+1 

Fi~:~ 0-+--'------+1 

R~~:~ 0-.... --.....,.---+1 

~~~o-+-------+I 

FIGURE 23. Four-Channel Expander 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, SIN 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 (±10V 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. 

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 t9 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, R 1, the switch ON resistance and the input 
voltage, VIN. Scaling of the output voltage is accom· 
plished with' the feedback resis!Or, setting the gain of the 
amplifier. 

AV= 
R2 + RON2 ' 

R1 + RON1 
(1) 

A 4·bit multiplying D/A converter can be built using a 
quad current mode switch, 4 binary weighted resistors 
(R, 2R, 4R, SR) 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, etcl. current splitting resistors are 

. used such that the same resistor array (R, 2R, 4R, SR) 
is used for the additional bits, minimizing the number of 
resistor values required for higher order converters. 

Gl 

FIGURE 2. 4·8it Multiplying D/A Converter 
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FIGURE 3. 8·Bit Multiplying DIA 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. 
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Practical I imitations 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, IDSS. High cl!rrents also 



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 = R F = 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 RS 
should be less than lOOn (20 typ). 

Resistor tolerance will be determined by converter 
resolution, i.e., the number if bits (N). For example, 
an B·bit· binary D/A converter will have 2N_l 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 B-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, l/B, 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 Bth 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 B-bit 
binary/BCD GPA with gains of 0.996 (binary) with 
R F = 5k and 0~99 (BCD) with RF = Bk. For other gains, 
only the feedback resistor need be changed. 

[ 2 (ER)2 (E2R)2 (€nR)2]112 % error = E f + 2 + 22 + - - - + 2i1 
(2) 

or [2 (0.2)2 (0.2) 2 ( 5 ) 2]1/2 
% error = (0.1) + 2 + 4 + - - - + 256 = ~0.1 9B% 

Ef = tolerance of feedback resistor 
€R = tolerance of most significant resistor 
En R = tolerance of Nth resistor 
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FET Curve Tracer 

Junction field·effect transistors (JFETs), unlike ):Jipolar 
transistors, do not easily lena themselves to analytic 
solutions of bias networks. By their very nature, JFETs 
are voltage controlled devices. Gate to source voltage 
(control voltage V GS) 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. 

HORIZONTAL 
O.5V/ms 

10' 

*1W NPN, PNP 

f. 
t rnA/V 

200 
5mA/V 

, ~fO 

't.fO f5V 

-15V 

O.lpF 

1SDk 

National'Semicondl\ctor 
John Maxwell 
February 1977 

fO 

o ./ V 

I 
/ 

-2.5 -2 -1.5' -1 -0.5 

VGS (V) 

J 

FIGURE 1. Typical N·Channel FET Transfer Curve 

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

f5V 

10k 10 

A1-A4 - LM324 
01-02 - 1N914 
02* 92PU01 
03* 92PU51 

f5V 

fk 

499 

150 

-15V 

VERTICAL 

FIGURE 2. FET Curve Tracer 
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voltage. The IN amplifier uses 1/4 of the quad op amp 
and 3 switch able feedback resistors for drain current 
scaling: lk for 1 mAN, 200n for 5 mAN and 100n 
for 10 mAN. An NPN-PNP emitter-follower buffer is 
used with the IN amplifier to handle high FET curr~nts 
(to 100 mAIo 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 
51 k input resistor, 02 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 more 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 R 1, 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 
m,?st F ETs 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 10 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 
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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. 

'r-----O' RESET 

0.1 j.lF 

150k 

±1~~o-,"",M~""" 

FIGURE 3. Linear Ramp Generator 
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J!l .8 JFET Glossary of Symbols 
E 
~ 

(J) 

'0 DC PARAMETERS 

BVoGO(V) 
or.BVGOO 

BVSGO(V) 
or BVGSO 

BVGSS (V) 
or BV, Y(BR)GSS 

lOGO (pA) 
or IGOO 

10 (pA) 
or 10(ON) 

10(OFF) (pA) 

lOSS (mA) 

'G(pA) 
.or IG(ON) 

IGSS (pA) 

Drain-Gate Breakdown Voltage with Source Open­
Circuited 

The breakdown voltage of the drain-gate junction, 
measured at a specified current with the source 
open-circuited. 

Source-Gate Breakdown Voltage with Drain 
Open-Circuited 

The breakdown voltage of the source-gate junction, 
measured at a specified current, with the drain 
open-circuited. 

Source-Gate Breakdown Voltage with Drain­
Source Shorted 

The breakdown voltage of the source-gate and 
drain-gat' junctions, measured at a specified 
current with the drain-source shorted. 

Orain-Gate Leakage Current, Source Open-Circuited 

The leakage current of the drain·gate junction, 
measured at a specified voltage, with the source 
open·circuited. . 

Drain ON Current 

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

Drain Cutoff Current 

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

Drain Saturation Current 

The drain current, measured at a specified drain­
source voltage with the source shorted to the gate 
(VGS= 0) 

Gate Leakage Current with Drain Current Flowing 

The gate leakage current, measured at a specified 
drain current and drain·gate voltage. 

Gate-Source Reverse Leakage Current with Drain· 
Source Shorted 

\ 

The gate·source reverse leakage current measured 
at a specified gate·source voltage. 
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ISGO (pA) 
or IGSO 

ros(·Q) 
or rds. ROS. 
rOS(ON) 

VOS(ON) (mV) 

VGS(V) 
orVGS(ON). 
VG 

VGS(F) (V) 

VGS(OFF) (V) 
orVp 

Source-Gate Reverse Leakage Current with Drain 
Open-Circuited 

The leakage current of the source-gate junction, 
measured at a specified voltage, with the drain 
open-circuited. 

Drain-Source ON Resistance 

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

Drain-Source ON Voltage 

The drain-source ON voltage, measure~ at a speci­
fied gate-source voltage and drain current. 

Operating Gate-Source Voltage 

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

Forward Gate-Source Voltage 

The 'forward gate-source voltage, measured at 
specified current. 

Gate-Source Cutoff (Pinch-Off) Voltage 

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

SMALL SIGNAL PARAMETERS 

Ciss (pF) 
or Ciss. Cgss 

Coss (pF) 
or Cos. Cdss 

Common-Source Input Capacitance 

The common-source input capacitance me9sured 
between the gate and source with the drain A-C 
shorted to the source at specified drain-source and 
gate-source voltages. 

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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Crss (pF) 
or Crs. Cdg 

en (nV/v'Hz) 
or en. Vn• En 

9fg (mV) 
or Vfg 

9fs (mV) 
or 9m. Vfs. 

RelVfsl 

9iss (/LV) 
or Vis 

, 

goss (/LV) 
or Vos 

Gpg (dB) 

GPS (dB). 

in (pA/y'HZ) 

Common-Source Reverse Transfer Capacitance 

The common-source reverse transfer capacitance, 
measured between the drain and gate at specified 
drain-source and gate source voltages. 

Equivalent Input Noise Voltage 

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

./ 

Common- Gate Forward Transconductance 

The common-gate forward transconductance with 
the output A-C shorted. This is a complex quanti-
ty (9fg + ibfg). 

Common-Source Forward Transconductance 

The common source forward transconductance 
with the output A-C shorted. This is a complex 
quantity (9fs + ibfs)' 

Common-Source Input Conductance 

The common-source input conductance with the 
output A-C., shorted. This is a complex quantity 
(9is + ibis)' 

Common-Source Output ~onductance 

The common source output conductance with the 
input A-C.. shorted. This is a complex quantity 
(gos + ibos)' 

Common-Gate Power Gain 

The common-gate power gain is the ratio of out-
put power to input power. 

Common-Source Power Gain 

The common-source power gain is the ratio of out-
put power to input power. 

Equivalent Input Nojse Current 

The equivalent input noise current measured with 
the input open-circuited under specified operating 
conditions. 
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NF (dB) 

!d(ON) 

!d(OFF) 

\ tf 

Spot Noise Figure 

Noise figure = 10 109'10 F were F is noise factor 
which is the ratio of the total output 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 
circuit conditions must be specified. The transition 
times of the input must be negligible compared to 
the measured times. 

Turn-On Delay Time 

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

Rise Time 

The time interval during turn-on in which the 
drain current pulse changes from 10% to 90% of 
its maximum amplitude. 

Turn-Off Delay Time 

The time interval during turn-off from the point 
when the turn-off pulse at the gate changes from 
100% to 90% of its full amplitude to the time 
when the drain current has changed from 100% to 
90% of its maximum amplitude. 

Fall Time 

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

DUAL FET PARAMETERS 

BVG1 G2 (V) 
or BVG1-2 

CMRR (dB) 
orCMR 

Gate to Gate Breakdown Voltage 

The breakdown voltage of the gate to gate junc­
tions, measured at a specified current. 

Common-Mode Rejection Ratio 

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 1091O AVDG 
AVos 
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Total Output Noise Power 
F = -::---=-----,,:-:--=--­

Source Output Noise Power 

VOD c>--wv-... -u vDUT 

IDION) = VDD-VDSION) 
RL 

100 f-:=r:::+~ 90 I--

ID(ON) (II) 

Gl 

~ 
SUB 

G2 

c:.. 
"TI 
m 
-4 
C) 

0' 
tJ) 
tJ) 
Q) 

~ 
o -en 
'< 
3 
C" o 
'ii) 



U) 

'0 
.c 
E 
>-en 
~ 

0 
>-... 
CO 

\ U) 
U) 

.2 
e,:, 
~ 
W 
LL .., 

9151-2 (%) 
or 9fs1/91s2 

goss 1-2 (/.IV) 
or gosl-2 

IOSSl-2 (%) 
or IOSl-2. 
IOSS1/IOSS2 

IG1-2(pA) 

IG1. G2 (pA) 

VGS1-2 (mV) 
or Q.VGS. Vos. 
IVGS1-VGS21 

Q.VGS1-2 (/.IvtC) 
or Q.\VGS1-
VGS21/Q.T 
Q.Vos/Q.T 

Common-Source Forward Transconductance Ratio 
(Match) , 

The transconductance ratio = 9fsl/9fs2 x 100 (%) 
measured at,specified drain-gate voltage and drain 
current. 

Common-Source Output Conductance (Match) 

Output conductance match = Igos1-gos21 measured 
at specified drain-gate voltage and drain current . 

Drain Saturation Current Ratio (Match) 

The drain saturation current ratio = IDSS1/ 
I DSS2 x 100% measured at specified drain-source 
voltages. 

Differential Gate Leakage Current 

Differential gate leakage current = IIG1-IG21 
measured at specified drain-gate voltage and drain 
current. 

Gate to ,Gate Reverse Leakage Current 

The gate to gate reverse leakage measured at a 
specified voltage monolithic dual with diode isola­
tion shown. 

Differential Gate-Source Voltage 

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

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. 

Q.Vos = !(VGS1-VGS2)IT1 - (VGS1-VGS2)IT2! 
Q.T Tl-T2 
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Physical Dimensions All dimensions expressed as (mi:~i:::erS) ::r 

~----------------------------~------~----~--------------------~~ 

0.165-0.185 
(4.191-4.699) 

0.490 

U2.45) 
MIN 

0.lI5-o.ll5 
~---------+~(8.001-8.509) 

olA 

L~~:~~:) 
MAX 

---1. 

I:::::)J l 
MAX ~ ~ ~ ~ ~ 0.120-0.160 

~ ~ Il.048-4.064) 
~ DIA 
(0.l81-0.48l) 
DIA 10 LEADS 

Package 1 
lD·Lead TO·S Metal Can Package IHI (Low Profile) 

NS Package Number H1DA 

(1l.84l-14.091)· • ~ 
0.545-0.555 I I 

DIA ~:r 
T 0.022-0.0l0 

0.500-0.560 (0.559-0.762) 

u,~~9~~~ 
(DAOB-DA83) 

DIA 12LEADS 

Package 3 
l2·Lead TO·S Metal Can Package (G) 

(AH2ll4/ AH2ll4C .only) 
NS Package Number H12C 

0.545-0.555 r Ul.B4l-14.091)-----! 
OIA I 

r-~ 0.148-0.181 
Il.159-4.591) J 

0.500t . O::!:.Olo 

(12.'00~~ ~ ~ ~ ~ (0.559-0.162) 

-ll-~ 
10.406-0A8l) 

0.595-0.605 
(15.113-15.361) 

7·3 

OIA -'-----"r- 0.026-0.0l6 

l 

Package 2 
l2·Lead TO·S Metal Can Package (G) 

NS Package Number H12B 

0.178-11.191 0.188-0.210 • R
(:~::=:!~:) 

mn:::1n1tr m 0.500 

ODD (~j~O) 
0.016-0.019 -II-- O.OlO 

(0.406-0.48l) 10.762) 
MAX 

PIN FET N(02) FET P (11) 

1 s S 
2 D G. 
3 G D 

Package 4 
3·Lead TO·1S (02, 11) Metal Can Package 

NS Package Number HD3D 

(i' 
Q) -c -, 

3 
CD 
:::I en 
0' 
:::I en 



t/) 
c 
.2 
U) 
c 
G) 

E .-c -co 
.~ 
U) 
~ .c 
0. 

,-$§~i " 
1 SEATING 

(:::::=:::~~) Q 
-L- ~PLANE 

0.500 

~) ~~" ~ 
0.045 0.016-0.019 ~ I-
(1.143) (0.406-0.483) 

MAX 

PIN FET 

1 S 

2 D 

3 G 

Package 5 
3·Lead TO.J9 (09) Metal Can Package (H) (High Profile) 

NS Packaga Number H03G 

0.178-0.191 0.188-0.Z10 RI:~::=:~!:I 

.. ,,:,~:;" InltT' W 0.500 

mom l~i~OI 
0.016-0.019 -II-- 0.030 

10.406-0.483) (0.76ZI 
MAX 

0.100 

PIN FET 

1 S1 
2 D1 
3 Gl 
5 S2 
6 D2 
7 G2 

Package 7 
6·Lead TO·71 (12) Metal Can Packaga 

NS Package Number H06A 

7·4 

0.Z09-0.Z19 

0.178-0.195 0.14Z-0.159 RlI5.309_5.563) 

51:::11::.953) g (3.607-4.039) 

PLAN~ 51 
0.500 

o 0 0 I1Z.70) 

0.016-0.019 -II-- 0.030 
10.406-0.4831" 10.76ZI 

MAX 

~ 
PIN FET(07) 

1 S 

2- D 

3 G 

Package 6 
3·Lead TO·52 (07) Metal Can Package 

NS Package Number'H03J 

0.178-0.191 H (~:~~!=~~~!I 

.. ,,:::;]nltT~ m 0.500 

o 0 0 (~i10I 
0.016-0.019 -II-- 0.030 

(0.406-0.4831 (0.76Z) 
MAX 

PIN FET P(23) FET N(25) 

1 S S 

2 G D 

3 D G 

Package B 
4·Lead TO·72 (23,25) Metal Can Packaga (HI 

NS Packaga Number H04C 



PIN FET 

1 51 
2 Dl 
3 Gl 
4 Case 

5 52 
6 D2 
7 G2 

Package 9 
6-Lead TO-7S (241 Metal Can Package (HI 

NS Package Number H06B 

0.160 
(4.0641 

~~rmr 0.180 ~ 
(4 5721 (2.5401 

+=- jMAX 
0.025 -

(0.6351 
MIN 

0.014-0.016 II 0.150-0.1BO 
(0.356-0.4061-11-- (3.810-4.5721 

3LEADS 0.100 
--t 1-'0' NO (2.5401 
I, DIA 'PIN CIRCLE 

3~' 

PIN FET 

1 D 

2 5 
3 G 

Package 11 

~ 
II 0.015 

--11-- (0.3811 
3 LEADS 

3-Lead TO-92 (77) Plastic Package 
NS Package Number Z030 

7-5 

0.175-0.185 

'~""'= ~1-
10.5g~1 ~ ~(15.0881 
HOLE MAX 

--1 0.045-0.055 

0.085-0.095 
---R 
(2.159-2.4131 

PIN 71 

1 G 

2 D 

3 5 

72 

G 
S 

D 

0.045-0.055 
11.143-1.3971 

0.003-0.013 
---R 
(0.076-0.3301 

74 
5 

G 
D 

FET case 71 and 72 are interchangeable without com­
promise in performance except some RF application 
atVHF 

Package 10 
3-Lead TO-92 (71, 72, 741 Plastic Package 

NS Package Number Z03A 

rlr"::41 

0.160 
:-j I· (4.5721 

(4.5721 12.5401 0I:~ 0.100 

,:h ."=1 
MIN -1 

0.014-0.016 II ~ II 0.015 
(0.356-0A06I-11-- (3.810-4.5721 --11--(0.3811 

3 LEADS .t!l!!L 3 LEADS 

--t@f'0'NOM(2'5401 
I DIA PIN CIRCLE 

3,2 .... 1 

PIN 71 72 74 
1 G G 5 
2 D 5 G 
3 5 D D 

TO-1S lead form available on special order or standard 
on some products converted from TO-106 package. 

Package 12 
3-Lead TO-92 (TO-1S Lead Forml Plastic Package 

NS Package Number Z03E 

S? 
3 
CD 
:::I 
(J). 

o· 
:::I 
(J) 



en c 
o 

'en. c 
Q) 

E 
C 
'i 
(J 

'~ 
.c 
Q. 

~
(:::::~:::) 

OIA 0.315-0.335 
(8.001-8.509) 
DIA 

0.165-0.185 

(4.191-4.699) L~~ 
0.035 ----r INSULATOR 

0.500 (0889) L-~ 
(12.70) MAX ~~ ~ ~~ (1.016) MIN MAX 

t 

0.31'0 
(7.874) 

-II- 0.016-0.019 
(0.406-0.483) 

Package 13 
B-Lead TO-99 (24 Alternate) Metal Can Package·(H) 

NS Package Number HOSB 

C, :~i~)~ 
14 1:1 12 11 ii1 m ml -.-

0.280 
(7.112) 
MAX 

'-r.-r-m--r;-r--r.r-TiT"l'1iT'T;r'---L 

0.165 
0.037-0.050 (4.191) 

PIN 

1 

2 
3 

4 

5 

6 

7 

8 

rUl ".;~~ 
0.008-0.012 J 

. (0.203-0.305) 
0.325 +0.025 , 

I-~~, 0.050'0.010 1 
MAX 

p~0.045'O.015 T ,·,43 ±0.381) 

Lo.015-0.o19 -lL 0.125 
f8.255 +0.635\ ~) 
~ -0.381/ 

(0_381-0A83) (3_175) 
0_100'0_010 MIN 

(2.540 ,0_254) 

Package 14 
14-Lead Cavity DIP (D) 

NS Package Number D14A 

'0.310 r (7_874) ---j 0_020,0_010 

I F MAX !!!!II (0_508 ,0_254) llf'!!:"~!5!!!~E=~~~~ B- 0_008:~~~~N~ 
(0203-0.305) 

+0_025 
~_325-D_OI~ 0_100±0_010---l 

fU55 +0.635\, ' 12_540 ±0_254), 
I -D.3811 

'---0_015--11_019 JI-­
(0.381-0_483) 

Package 15 
16-Lead Cavity DIP (D) 

NS Package Number D16A 

7-6 

(3_175) 
MIN 

FET 

51 
D1 
G1 

Case 

52 
D2 
G2 

5ub 



17.5691 
MAX 

~~r.r~~~,~--L 
0.054 

0.485 'i~~21 ~ 

I~I&'~~~I R mvvvw I:::~~=:::::I 
0.008-0.015 J 

(0.203-0.3811 I 0.300 I 0.050 '0.010 Ij L 0.015-0.023 II 0.125 
I-- (7.6201--1 (1.270,0.2541 r-- (0.381-0.5841-11-- (3.1151 

REF 0.100 '0.010 MIN 

(2.540 '0.2541 

Package 16. 
14-Lead Side·Brazed Cavity DIP (D) 

NS Package Number D14E 

PIN NO.1 
IOENT~ 

. f---,,~~--j dl:r I I MAX I MAX . 

R~ nr-r-~=;::;=;=;::;=;:::;=~ - ---..LI:::~:=:::::I 
0.008-0.015 J 

(0.203-0.3811 I 0.300 I 0.050,0.010' Ij L 0.015-0.023 .JL 0.125 
r-,7.620) --i (1.270 '0.2541 r- 10.381-0.5841 (3.1151 

REF . . 0.100,0.010 MIN 

(2.540 ,0.2541 

Package 17 
16·Lead Side·Brazed Cavity DIP (D) 

NS Package Number D16C 

0.785 

0.025 

10.6351 
RAO 

I o.llo 
• .'7.874) 

r-~~~~~~~~~~~~ ~t:~ 
0.291 

(7.3911 
MAX 

~~~~~~~~--L 

0.290-0.320 0.160 

Fii'¥t~'J (0.203-0.3051 

'--~--l ~ IJ (9.119,0.635) 12.5401 r-
MAX BOTH ENOS 

Package 18 
14·Lead Cavity DIP (J) 

NS Package Number J14A 

7·7 

0.200 

"tJ 
:::r 
'< 
(J) 

o· 
OJ -
c _. 
3 
CD 
:::l 
(J) 

ci' 
:::l 
(J) 



U) 
C 
o 
'(j) 
'C 
'Q) 

E 
c -B ,-
~ 
.c 
0. 

0.785 

MAX 0.310 

0.025 
(0.635) 

RAO 

t:-:(l9.939)~ 
& 15 14 13 12 11 10 9 r (7.874) --r MAX GLASS 

0.160 

0.291 
(7.391) 
MAX 

~r.n~orn~o.nT~ 

GLASS 
SEALANT 

0.200 
(5.080) 1 0.290-0.320 ~(4'164) 

~~~~'J' 
MAX 0.020-0.070 ! ~Tn" 

(9.779 ±0.635) f-- (I~~~ ~ 
--I 0.385 +0.025' 0.050 'j L 0.018 ±0.002 --II-­

(0.457 ±0.051) 

O.loo±O.Olo 

(2.540 ±0.254) 

0.092 
. (2.337) 

OIA 
NOM 

PIN NO. llNOENT 

Package 19 
16-Lead Cavity DIP (J) 

NS Package Number J16A 

0,400 

(6.350 ±O.lm 

0.045 
bffi..;~;=r.rI--.l 

0.030 
(1.143) 
TYP 

0.300-0.320 (0.762) 

19:-.. , IJ 
I I (0.229-0.381) J 

' 032 +0.025' 0.045 ±0.015 
. 5 -0.015 (1.143 '0.381) 

(8255 +0.635) 0.100 
-0.381 (2.540) 

TYP 

0.130 ±0.005 

]:. 

Package 20 
S-Lead Molded Mini,DIP (60.67) (N) 

NS Package Number NOSA 

0.092 
(2.337) 

OIA NOM 

PIN NO.1 INDENT 

0.300-0.320 0.030 

. MAX C::~~I "j' 
0.040 

0.125 
(3.175) 

MIN 

PIN 

.i 
2 
3 

4 

5 

6 

7 

8 

0.130 ±0.005 

60 
NC 
Sl 
01 
G1 
S2 
02 
G2 
NC 

~ fJ- Jt ! -+- 0.009-0.015 0.020 

I (0.229-0.381) U-L ~l- (0.508) 

I 0.075 ±0.015 . 0.018 ±0.003 0.125 MIN 

, • (1.905 ±0.381) ~ (0.457 ±0.076) (~~~5) 
0.325 ~:~~: ~y~O) 

18 255 +0.635) 
~. -0.381 

Package 21 
14-Lead Molded DIP (N) 

NS Package Number N14A 

7-8 

67 

Sl 
01 
NC 
G1 
S2 
02 
NC 
G2 



0.870 

(22.098)~ 
MAX • 

13 12 11 10 9 

t 
0.250 ,0.005 

0.030 

~rr=TIflf,Ff.rr=F.T~~~~(~0.127) 

0.300-0.320 (0.762) 
(
. ___ MAX 

I 7.620-8.128) W • ._ 0.065 ~ "S" ....... . 
i -~ 0.009-0.015 tJr:=:r-----!!!~.LLiL 
I . I (0.229-0.381! ~ 

0.325+0.025 ' 0.075'0.015 ~I~ -f. O.t ~ (1.905 ,0.381) --I _ 0.01UtO.003 0.125 (0.508) 

(8.255 +0.635) (0.457;0.076) (3.175) MIN 

--lJ.381 MIN 

Package 22 
N1S-Lead Molded DIP (N) 

5 Package Number N1SA 

0.275 

(2.032) GLASS, 

(~~:)J 
(SnUARE) . 1 H-- 0.050 '0.005 

II. (1.270,0.127) 

~ 10.080 . 

0.004-0.006 MAX 

(0.102-0.152)til+ ~1 . IIII (0.254-0.635) 

PIN NO.1 
10ENT 

1--(0.508-1.016) 

"~,,l 
8 0.750-0.770 

,,. .: ]'"'' 
~~ 0.015-0.019 

(0.381-0.483) 

Package 23 
14-Lead Flat Package (F) 
NS Package Number F14A 

0.390 

f--(9.906j~ 
0.080 

-j I-- (2.032) 

0.004-0.006 I I MAX 

(0.102-0.152) -r1rr-
0.007-0.018 MAX GLASS 

_ (0.178-0.457)- l-- --1 f- 0.050 '0.005 I I (1.270'0.127) 

1-~~ (0.508-1.016) 

II 

PIN NO. 1 11111514131211109 T 
IDENT'-......I 0.275 

,. . (6.985) 

23.567·UI 

---l '-- 0.015-0.019 
(0.381-0.483) 

Package 24 

0.880-0.900 
(22.352-22.860) 

t 

~~-Lead Flat Package (F) 
Package Number F16A 
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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 
U.S. 

_~National 
a Semiconductor 



DATA BOOKSHELF ORDER FORM. 
Please send me the volumes of the National Semiconductor DATA BOOKSHELF that I have.selected 
below. I 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,AudioHandbook, 4/76 ..................................... Total $,_-,-_ 

___ copies@$3.00,CMOS Databook, 3/75 ..................................... Total "",$ __ _ 

___ copies@$4.00,lnterface Databook, 10/75 ............................ ~ ... Total $, __ _ 

___ copies@$4.00,linearApplications,Vol. 1,2/73 ....................... Total $, __ _ 

___ copies@$4.00,linearApplications,Vol. II, 7/76 ...................... Total $_--

___ copies@$4.00,linear Databook, 6/76 ...................................... Total $, __ _ 

___ copies@$3.00,Memory Databook, 1/76 ................................... Total $, __ _ 

___ copies@$5.00,PACEDesigner'sGuide, 1977 ........................ Total .p..$ __ _ 

___ copies@$4.00,MOS/LSI Databook, 1977 ................................ Total $, __ _ 

___ copies @ $5.00, 8080A Microprocessor 
System Design Manual, 3/77 ........................... Total $ __ _ 

___ copies @ $5.00, PACE Microprocessor Assembly 
Language Programming Manual, 1/77 ............ Total $ __ _ 

___ copies @ $5.00, PACE Microprocessor System 
Design Manual, 3/77 ........................................ Total "",$ __ _ 

___ copies @ $3.00, Power Transistor Databook, 1977 ................... Total $ __ _ 

___ copies @ $5.00, SC/MP Microprocessor 
Applications Handbook, 1977 .......................... Total $-,-, __ 

-'--__ copies @ $5.00, SC/MP Microprocessor Assembly 
Language Programming Manual. ..................... Total .p..$ __ _ 

-,--__ copies @ $3.00, Special Function Databook, 4/76...................... Total $ __ _ 

__ ,-copies@$4.00,TTLDatabook, 2/76......................................... Total $, __ _ 

___ copies@$3.00,VoltageRegulator Handbook, 5/75: ................. Total •• "",$ __ _ 

MAIL TO: 

Subtotal $ 

(California Residents Add 6% Sales Tax*) $ 

Grand Total $ 

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

Postage will be !!!lId by National Semiconductor Corp. Plaaae allow 6-8 _ka for delivery • 

. *(San Francisco Bay Area Residents Add 6V2% Sales Tax) 




