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flTRODUCT ION 

The design of low noise transistor amplifying circuits is a 

challenging problem which has been of engineering interest since the 

invention of transistors in 19+8. There are essentially two 

approaches to the problem both of which have merit. (i) An empiri- 

cal method which depends on the measurement of transistor noise as a 

function of the operation circuit parameters. (2) An analytic 

method is based on a noise equivalent circuit for the transistor. 

Both approaches will yield approximately the same results; however 

the doveloiont of an equivalent circuit divos a bettor understand- 

ing of the physical sources of transistor noise. 

Noise in transistors may be divided into three classes (1) 1/f 

noise, important below about i kc; (2) shot noise, important from 

i kc to about 1/8 the alpha cutoff frequency; (3) thermal noise, 

present at all frequencies but usually well below shot noise in 

modern transistors. Wtìen the transistor is merged with other circuit 

components to form a useful amplifier, there will be some additional 

noise produced by the external resistances. At this point the 

equivalent circuit becomes more complex and the empirical approach 

becomes important. 

A useful empirical approach is to measure the noise fLure as 

function of the circuit operating parameters. A discussion of noise 

measuring techniques is presented along with the design of a pre- 

amplifier required for the measurement. Two methods of measuring 

the noise figure are presented both of which require special tech- 

niques ar equipiient. It is for this reason that a signal to noise 



measurement is iven as a method of determination of the optiium 

noise perfortance. 

A comparison bet'reen the noise fiure riinimuxn and the signal 

to noise ratio niaxínuin indicates that they occur at nearly the saine 

operating point. A test circuit is outlined for obtaining the signal 

to noise ratio data which does not require any special equiinent 

beyond the vacuuri tube voitheter, signal generator, and preamplifier. 

Signal to noise ratio data also indicates that the best signal to 

noise performance is not obtained when the source resistance is 

equal to the amplifier input resistance. 

A limited anount of generalization is suggested by the measure- 

ments and the equivalent circuit analysis. Some of the important 

transistor parameters to consider for low noise amplifier design 

are (1) the base resistance (2) the alpha cutoff frequency (3) the 

current gain. A curve of the minimum noise perforsiance as a function 

of the alpha cutoff freouency and the maximum frequency to be ampli- 

fied is plotted. This curve is useful in selecting a transistor for 

a particular low noise application. Comparison of the corrunon emitter, 

common base, and corunon collector circuits indicated the noise figures 

to be approximately equal. The choice of circuit configuration may 

then be based on other design considerations. If a high power gain 

circuit is required the common emitter circuit is indicated. If 
matching to a lor impedance is required, the couunon base circuit 
would be better. 



TRANSISTOR CDWUIT DESIGN FOR 
OPTDWM NOISE PERFORMANCE 

BACKGROUND 

1. What is Noise 

The circuit design engineer will be better qualified for the 

tì.sk of low noise circuit design if he understands the reasons for 

the presence of noise in a transistor. An understanding of the 

physical process involved in the generation of noise is accomplished 

by following through the developiient of the noise equivalent circuit. 

In a general sense the noise may be described as an electrical mani- 

festation of random events taking place within the device which dis- 

turb the charge equilibrium of the external circuit. The result of 

the charre disturbance is a fluctuating current flowing in the ex- 

ternal circuit and is called a noise current. The amplitude and 

phase of this fluctuating current cannot be predicted with certainty, 

but a probability may be assigned to any magnetude of the noise 

current. It is for this reason that mean square amplitudes are more 

conveniently used in the analysis of noise since the square ampli- 

tude is simply the variance of the 'obabiity function of the noise. 

2. Random Events 

The random events contribute to essentially three classes of 

noise. The classes are (1) 1/f noise, (2) shot noise, arid (3) ther- 

mal noise. Each of the three classes of noise is related to a 

particular set of random events, each group of which are due to 

different physical causes in the transistor. The physical sources of 
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transistor noi5e and the associated random events may be represented 

by equivalent resistances and current generators in a noise model of 

the device. The develojnent of this model gives an insight into the 

physical causes of noise which will greatly aid the circuit design 

engineer designing low noise amplifying devices. 

Once an equivalent circuit is developed the design engineer 

wi.l1 have an analytical basis for the design of low noise amplifiers. 

Conventional circuit theory may be applied to the analysis of the 

equivalent circuit model and the derivation of an analytic expres- 

sion of the noise figure may be obtained . With a 1owledge of the 

noise figure as a function of the equivalent circuit parameters and 

the operating point of the transistor the circuit design engineer 

may predict the variation in the noise performance when the pararie- 

tors and the operating point are changed. This technique will yield 

the results necessary for the synthesis of a low noise transistor 

amplifier; hover in order to apply circuit theory to the noise 

equivalent circuit, there will be certain special terms which must 

be understood. The necessary ternis are defined in terris of conven- 

tional circuit terms and are an extension of these terms. 
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SPECIAL TERMS 

1. Noise Bandwidth 

Noise volta{-es and currents derived for a noise node1 will be 

found to be deDendent on the noise bandwidth. An illustration of 

the noise bandwidth is shown in fi-u.re one. 

yCf)f 

Fiure (1): The noise bandwidth of a response curve. 

Y(f) = Volthge Amplitude vs Frequency 

f jyi) = __________ = ror RI4 (i) 

y2 y2. 

The noise bandwidth is defined to be the width of a rectangle 

of area equal to the area under the square amplitude curve and 

height equal to the maximum of the amplitude curve. (1 , p. 15) 

This definition is stated in the form of an equation in (i ) . 
The 

noise bandwidth can be obtained by plotting the output voltage 

squared as a function of frequency and obtaining the area under 

this curve . This bandtñ.dth , . f , is then the area divided by the 



rnaxiinuri height of the curve. In sorne practical situations the noise 

bandwidth and the half power bandwidths may turn out to be nearly 

equal; however this is not the general case. The noise bandwidth 

will generally be wider than the half power bandwidth; the differ- 

ence will depend on the skirts of the frequency response curve. The 

noise bandwidth is related to the available noise power from a noise 

source. 

2. Available Power 

The available power from a source is the maximum por which 

can be delivered by this source to a matched load resistance. If 

the source is an impedance instead of a resistance, the available 

power is obtained when the load impedance is a conjugate match to 

the source impedance. (, p. 205) To compute the available noise 

power from a noise voltae source in series with a noise free 

source resistance the circuit will be as shown in figure two. 

Figure (2): Circuit for the computation of the 

available noise power. 
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Foot mean square current 

The total mean square currnnt is given by Equation (2). 

\/= V4k' 

- = 4kTRLf 
(2) 

This value of current times the load resistance will give Equation 

(3) the available power of the circuit. 

= kTAf 

T = Absolute temperatUre 
-23 Joules 

k = Boltzman' s constant i .38 x 10 
Dog 

Equation (3) indicates the available power is not dependent on the 

value of the load resistance. The actual power from the circuit 

will depend on the value of the load resistance. The concept of 

available power is then a special case and to realize the available 

power froiii a network the source iipedance must be a conjugate match 

to the load impedance. Available power ratios may be used to define 

an available cower gain for an amplifying circuit. 

13 . Available Power Gain 

The available power gain of a circuit is the gain which may be 

obtained then the load im'redanco is a conjugate match with the 

amplifier output imtedance and the source impedance is a conjugate 

. match with the input impedance (Li., p. 206) . This is the maximum 

gain an amplifying device can have and as in the case of the 



available power definition it is independent of the source and load 

i.mpedances. The concepts of available power and available gain are 

essential to the definition of the noise factor. 

4. Noise Factor 

The noise factor of an amplifier is defined as the ratio of 

the total available noise power at the output of the amplifier to 

that part of the output power which is due to the available thermal 

noise power of the eource.(1+, p. 207). From the definition of the 

noise factor, an equation may be stated as in Equation (4). 

F + a =1 + a (4) 

F 
S 

F = the noise factor 

= the available noise power from the source 

referred to the output of the amplifier 

1a = Available noise power internal to the amplifier 

The available thermal noise power from the source will be 

P5 kT o f and when this power is referred to the amplifier 

output terminals, it will be multiplied by the available power 

gain Ga of the amplifier. The noise figure exession may be 

restated in terms of the available gain Ga and the available noise 

power from the source resistance as in Equation (5). 

F1 + 
GakTAf (5) 

k = Boltzrian's constant 1.38 x io_23 
joules/deg. kelvin 

An alternative definition for the noise factor may be derived in 

terms of the input strnal to noise ratior S/Nm and the output 



signal to noise ratio, S/N 
out 

S/NJ = S/P5 = S/kT5Lf Input signal to noise ratio 

S/N = S = Output signal to noise ratio 

a 

P+P 
= i = S/Nj. F= s a S ______ _______ 

P S S/N 
s s out 

P +P 
s a 

The noise factor may no be stated as in Equation (6) in terms of 

signal to noise ratios. 

F= S/Nj 
S/N 

out 

(6) 
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The interpretation of Equation (6) is that the noise factor of an 

amplifier is the signal to noise power ratio at the input divided by 

the signal to noise power ratio at the output (Ref. 10). This def i- 

nition also points out the fact that the noise factor will always be 

a number greater than one. The noise factor is sometimes conven- 

iently expressed in decibels and called noise figure. The noise 

fiure is then the noise factor expressed in units of decibels as 

stated in Equation (7). 

Noise figure = 10 Log10F db (7) 

The noise figure is not a very good comparative unit when very low 

noise axnplifyi.ng devices are discussed. In this case an effective 

noise temperature is defined. 



5. Effective Noi5e Temperature 

The effective noise temperature is defined by assuming the 

noise power fri the ampitfier 
a 

may be considered in terms of 

available thermal noise power. The available noise power is defined 

by iquation (3), P kTf. This definition is st-atad in Equa- 

tion (8). The factor Ga is multiplied by the equivalent power be- 

cause the source of the thermal noise is considered to be at the 

input of the amplifier. 

= kT ma (8) 

Te = the effective noise temperature 
decrees kelvin. 

Substituting for 
a 

in Equation (5) ives Equation (9) for the 

effective noise temperature (Ref. 1, p. 26). 

F = i + kTAfG 
(9) 

kTLfGa 

Te = (F - 1)T5 

The noise temperature is a convenient unit for very low noise 

amplifier comparisons. As an eurip1e, if the noise factor is 1.01 

and the source is at standard temperature of 290°K, the noise tern- 

perature would be 2.9°K. 

6. spectral Density 

The power spectral density function for the noise power of an 



amplifier is a plot of the square of the noise voltage as a function 

of frequency. It is a method of showing the frequency dependence 

of the noise power. For the case of Whito noise, thermal and shot 

noise are of this type, the por spectral density is a constant 

function of frequency. The equation for the available power from a 

resistor expresses the power spectral density for thermal noise, 

SV (f) = 2kT. This is seen to be independent of frequency and value 

of resistance (Ref. 2, p. 621). 

7. Gaussian Probability Function 

A class of random variables which depend on a large number of 

independent random events will follow the Gaussian probability 

density function. This is the case for all of the classes oí' noise 

considered in the transistor. Equation (lo) is the analytic ex- 

pression for the Gaussian probability density function (Ref. 1, 

p. 41). 

i 

(io) p(E) ep-- 22 
J 

t 

E E 

Figure (3): A plot of the Gaussian probability density 

function. 

E = The instantaneous noise voltage 



lo 

The mean or d.c. component 

a- The standard deviation or r.m.s. 
component 

Equation (10) may be used to determine the probability that the 

instantaneous noise voltage is less than or equal to a particular 

value. This probability is found by integrating Equation (10) from 

- to the particular value of instantaneous noise voltage. The 

area under the probability density cue , defined by (E) dE), 

wi.11 give this probability. This area or probability is used so 

often that it is designated by a special function called the 

cumulative probability distribution function as defined in Equa- 

tion (ii) (Ref. 1, p. 2). 

E' 1 

P(E={EE3= fer2] 
/-G- 

-co L 2ô 

(11) 

Equation (11) may be integrated by expressing it in a form similar 

to the error function. The error function, erf, is expressed by 

Equation (12). 

2 

erfx= 2 [e 

b 

E -E 
Let x= o 

dx (12) 

and dx i dE 

making the substitutions in (11) gives 



o 
r 2 

vr J 
e_X + 

- 

re_x2 

O 
r 2 

_____ ( ecix = i and i 
I 

e clx = i erf x 

vJ -p. vJ 
o 

The final reu1t for the Gaussian probability distribution function 

is stated in Equation (13). 

P(E') = E = i [i + eri 
E 

- 
E01 

(13) 

The erf is tabulated and may be used conveniently with Equation (i 3) 

to determine the probability or fraction of time that the noise 

voltage will exceed a particular value. ro quantities must be 

Imown to rmake use of the equation. The standard deviation 

and the mean value of the noise voltae are required to solve for 

the probability in Equation (i 3) . Both of these quantities may be 

measured for a particular noise wave form. The mean value is the 

d.c. component and the standard deviation is the root mean square 

value of the noise aveforni. A plot of the Gaussian cumulative 

distribution function is shown in firure )4 

Figure (14.) 
: The Gaussian probability distribution 

function (Ref. 2, p. 612). 
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The preceding terms which have been defined will be essential 

to the develoçvient of a noise model for the transistor. The first 

step in the develoçient of a noise equivalent for the transistor is 

to consider the physical processes internal to the transistor which 

produce noise currents. The physical causes of noise will be 

classified according to their observed characteristics. One such 

class of transistor noise is thermal noise arising from the ohmic 

resistance of the semiconductor material. 
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CLASSES OF TRANSISTOR NOISE 

1. Thermal Noise 

The presence of a noise voltage across the terminal of a re- 

sistor may be observed with sensitive measuring equipent. The 

cau3e of this voltage is found to be the random motion of thermally 

excited electrons and lt is, therefore, classed as thermal noise. 

The name Johnson noise is also used to classify this noise; however, 

thermal noise Is a more descriptive title. Thermal noise is an 

electrical representation of the heat energy derived from the 

athosphere surrounding the resistor which acts as a source of 

electrical energy when connected in a circuit (Ref. 14). This 

suggests a convenient means for representing thermal noise in an 

equivalent circuit. 

Thermal noise is an electrical source and will be represented 

by an ideal voltage source in series with a noise-free resistor as 

in figure 5. The alternate representation of thermal noise is ob- 

tamed by application of Norton's Theorem to the voltage equivalent 

circuit (Ref. 14). 

Ia=kTGLf 

:-z kYRAf 

Voltage Equivalent Current Equivalent 
Figure 5: Equivalent circuit for thermal noise in a 

resistor, (Ref. 14). 
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k = Boltzman's constant l.38X1023 Joules/Deg. K 

T the absolute temperature (deg. K) 

= the noise bandwidth 

mean square noise voltage 

mean square noise current 

The mean square current or voltage is simply the square of the 

usual root mean square value as defined for conventional waveforms. 

= by definition. 

Thermal noise has a flat power spectral density which is the 

reason it is sometimes called white noise. This is an analogy to 

white light which contains all frequency components (Ref. U, p. 14). 

The analytic expression for the spectral density is s(f) 2kT and 

it can be seen to be independent of frequency. Some observations 

can now be made concerning thermal noise from a resistance. 

The mean square voltage caused by thermal excitation of elec- 

trons is directly proportional to the absolute temperature, the 

noise bandwidth, and the value of the resistance. 

v24kThf (14) 

Equation (14) is the general expression for the thermal mean square 

noise voltage from any resistance and it may be used to represent 

the noise voltage generated in the ohmic resistance of a semi- 

conductor. In transistors the ohmic resistance of the base region 

will contribute thermal noise to the output terminals which will be 

atnplified by the corunon emitter power gain of the transistor. 
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Thermal noise is one of the important causes of noise in a transis- 

tor which will be included in the noise equivalent circuit. A 

second important class of noise to be included in the equivalent 

circuit is shot noise. 

2. 3hot Noise 

Both transistors and diodes exhibit a type of noise classed as 

shot noise because of its similarity to vacuum tube noise of the 

same naine. Vacuum tube shot noise, first reported by Schottky in 

1918 (Ref. l4.), has a well established theory which is useful in 

the developiient of the noise model for the transistor. The shot 

noise present in a vacuurri tube is caused by the random emission of 

electrons from a heated cathode while transistor shot noise comes 

from a completely different physical source. 

The noise currents present in a p-n diode will be considered 

first and the results may be extended to account for transistor 

noise. Diffusion of carriers through a p-n junction is a discrete 

process and the resulting diffusion current is caused by a large 

number of random events. The random events may be summarized into 

three classes. 

F 
I 

nl1 ___ - 
(2)< 

t 
D 

(3)< 
f 

Fiure 6: Random diffusion of holes in a p n junction. 



Figure 6 schematically represents the individual random diffusion of 

holes in a p-n junction which may be described with a listing 

corresDondin( to the figure. 

Random Events: (Ref. 23, p. 91) 

(1) Holes diffuse from the p to n regions giving rise to a 

short random current pulse of q/t in the external circuit. 

(2) Holes diffuse from the p to n regions and then return to 

the p region. Two short random current pulses of + q/t 

are produced in the external circuit. 

() Holes diffuse from the n to p regions causing a short 

negative current pulse of - q/t. 

The three groups of random events account for the fluctuating con- 

ponent of the diode current (Ref. 23, p. 91). They nay be accounted 

for analytically by making use of some fundamental relationships 

from vacuum tube shot noise theory. 

Prior analytical work on vacuum tube shot noise has given the 

result that the mean square shot noise current in a temperature 

limited diode will be as stated in Equation (15) (Ref. 1, p. 59). 

i2 = 2qIiAf (is) 

q = The electron charge 

i2 = The mean square noise current 

I = The d.c. current through the diode 

= The noise bandwidth 

with the aid of equation (15), expressions may be stated for the 
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random events which cause shot noise in a p-n diode. Before the 

equation may be applied, it will be necessary to know the d.c. 
b 

diffusion currents in the junction diode. 

An equation may be written for the diffusion current from the 

n to p regions (Ref. 23, p. 86). 

Ipo 
= coPn (16) 

In Equation (16) Pn is the number of holes in the n region at the 

junction. P is related to the number of holes on the p side 

of the junction by Equation (17). 

____ (17) 
n p 

kT 

V = The bias potential difference between the p and 

n regions. 

Equation (17) may be substituted for P in Equation (16) to obtain 

(18) for the hole diffusion current from the n region to the p 

region. 

I =cP exp 
_qV 

(18) 
Po op 

co = The probability of diffusion in number of holes 

per unit time. 

À similar equation may be written for the hole diffusion from the p 

to n regions as in Equation (19) (Ref. 23, p. 87). 

'p 1 = 
exp 

q(v- Vd) (19) 

Vd The contact potential difference 



The net diffusion current will be the difference in the two hole 

diffusion currents of Equations (18) and (19). 

= c0P e - d 
(20) 

In a similar manner an expression may be derived for the total 

electron diffusion current and is stated in Equation (21) (Ref. 23, 

p. 87). 

= c1 N exp 
- qV 

- ii 
(21) 

kT L 

c1 = The probability of diffusion in number of electrons 

per unit time. 

= The number of electrons just inside the n region. 

The total diode current will be the suri of the electron and 

hole diffusion currents. Both currents will be positive since a 

hole current in the forard direction and an electron current in 

the opposite direction will add. The total diode current may now 

be expressed as in Equation (22) when 10(c P + c1 
) exp d op n - 

1=1 e[ 
o (22) 

Equation (22) is dependent on the fact that all of the diode current 

is due to the diffusion process and that the voltage V is dropped in 

the junction transition region and not through the body of the 

semiconductor. Both assumptions are reasonably accurate (Ref. 23, 

p. 
914). 

A diode admittance can now be defined with the aid of 
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Equation (22) and by defining the admittance as Y =dI. Differen- 
dv 

tiation and substitution for I + I In (22) gives Equation (23) for 

the junction admittance. 

y= (I+I)q 
kT 

(23) 

The diode currents and admittance s are now defined and the noise 

equivalent representation of the random events may be completed. 

The I + I terni from equation (22) represents the hole diffu- 

sion current from the p region to the n region. I wifl represent 

the hole current from the n to p regions opposite to the forward 

direction of current flo'r. When the two currents are added with 

consideration of sign, the total current will be 
1t 

(I + I) -ICI. 

Each of the diffusion currents will exhibit full shot noise since 

they are Independent fluctuations (Ref. 23, p. 90). The total mean 

square current representing events of types (1 ) and (3) in figure 6 

will be Equation (24). 

p-n 
= 2q (I + I) f f 2qI0Lf (24) 

The events of group (2) of figure 6 may be considered to con- 

tribute thermal noise. This noise contribution is accounted for by 

the real part of the junction admittance. The mean square current 

from this source will then be as stated in equation (25) (Ref. 23, 

p. 88). 

i2 = 4kT(G - G0) A f (25) 
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The conductance terms in Equation (25) are defined in terms of the 

junction admittance of Equation (23). 

andG0o 
kT 

G - G ql 

The complete mean square current which will represent all three of 

the basic events may be stated in Equation (26) (Ref. 23, p. 93). 

p-n n-p pJn 
= 2o(I + I0)f + 2q10 f + +kT(G - 

(26) 

One other physical effect which must be accounted for in an 

equivalent noise circuit is the theiial noise caused r the ohmic 

resistance of the body of the semiconductor material. This resist- 

ance is actually current dependent as was suggested by Moli (Ref. 12); 

however, for the noise model, it will be assumed constant. For the 

small sicnal case this approximation is valid. The resistance of 

the bulk material, r, will. exhibit thermal noise voltage of mean 

square value 4kTrf. 

3. Shot Noise Ecjuivalent Circuit for a Diode 

The noise equivalent circuit for the p-n diode may now be 

constructed with a mean square current generator of Equation (26) in 

parallel with the junction admittance of Equation (23): 
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a 

Figure 7: Noise equivalent circuit for a p-n diode (Ref. 23, 

p. 93). 

The noise equivalent circuit is based on the following assumptions: 

(1) Current pulses from the groups of random events are independent. 

This assumption is correct except at high frequencies. 

(2) A single diffusion will displace a charge of + or - q in the 

external circuit. 

(3) All of the voltage drop occurs at the junction and the resistance 

drop through the bulk naterial is negligible. 

The equivalent noise model for the p-n diode may be extended to the 

two junction transistor by consideration of the random events which 

cause current fluctuations in a transistor. 

P -' >(1) 
>-(a) 

(3) 

(4) 

(5) 

Figure 8: Random diffusion events in a p n p transistor. 
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The individual random events may be described by a listing which 

corresponds to figure 8. 

14. Random Events in a Transistor (Ref. 23, p. 119) 

(1) Hole injected into the base diffuse to the collector. 

(2) Holes move into the base and recombine wi.th electrons. 

(3) Holes injected into the base diffuse into the base and 

return to the emitter. 

(Li.) Holes diffuse from base to emitter. 

(5) Holes move from the base to the collector. 

The random events (2), (3), and (Li.) are the same as for the p-n 

diode .it events (i) and (5) are the result of the presence of the 

base collector junction. The emitter current from events (2) and 

(Li.) will consist of two parts, a part 
'e 'ee 

due to holes diffus- 

Ing from emitter to base and a part 
ee 

caused by holes diffusing 

from base to emitter (Ref. 23, p. 117). An equivalent mean square 

noise current generator in parallel with the junction nay be used to 

represent the noise current at the emitter-base junction. 

5. Shot-Noise Equivalent Circuit for a Transistor 

The noise equivalent circuit for the emitter-base junction is 

shown in Figure 9 below. 
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= 2(Ie+Ie2+cIAf 

Tee') 

Ye kT 

Ye ic 

b i i 

Figure 9: Noise equivalent circuit for the emitter-base 

junction. 

The collector event (5) of Figure 8 may be represented by 

making use of the p-n diode results. A fluctuation in the collector 

current will have mean square value as stated in Equation (27). 

I = 2qIzf (27) 

The total collector d.c. hole current 

The collector junction admittance will be defined 

by Equation (28). 

yc 

C 

Figure 10: Noise equivalent circuit for the collector 

base junction. 
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The base region will have a resistance equal to the bulk resis-. 

tance of the semiconductor material. Thermal noise will be con- 

tributed by this resistance which when referred to the collector 

will be multiplied by the common emitter power gain of the tran- 

sistor. The mean square voltage for the thermal noise contributed 

by the base ohmic resistance will be as stated in Equation (29). 

e 

e4kTrbbIf (29) 
b 

Figure 11: Noise equivalent circuit for a transistor 

representing shot and thermal noise. 

C 

The two current generators in the equivalent circuit will show some 

correlation at higher frequencies (Ref. 23, p. 116). This may be 

taken into account in a more accurate equivalent circuit by adding 
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a frequency dependent term to the collector generator. Base resis- 
tance modulation effects are also not accounted for in the equiva- 

lent circuit (Ref. 12). 

Some observations may be made from the noise equivalent dr- 
cuit. Both current generators I and vary directly '.iith the 

d.c. currents in the emitter and collector. This indicates that 

the mean square noise current can be reduced by reducing the emitter 

current. The base ohmic resistance adds thermal noise power thich 

will be multiplied by the coîunon emitter power gain of the tran- 

sistor when referred to the collector. The equivalent circuit of 

figure 11 is not accurate at very low frequencies where 1/f noise 

predominates over shot and thermal noise. 

6. 1L Noise 

A third class of noise has been observed in semiconductors 
-4 , . at frequencies as low as 2.5 X 10 cycles/sec. The distribution 

of mean square voltage as a function of frequency follows a 1/f law 

increasing with decreasing frequency. This low frequency noise is 
given the descriptive naine 1/f noise. A theory for this noise is 

not well established arI several arguments are proposed in the 

literature to explain the observations. One theory is that pro- 

posed by Mc'!orter (Ref. 1, p. 106). 

Mcorter's arguments are based on the fact that surface im- 

purities absorbed into the surface can cause the surface doping to 

be independent of the body doping. The body doping may be n type 

while the surface is p type. If this is the case, then a space 



charge layer will exist between the surface (20 to 50 Angstroms 

thick), and the body of the material. At the surface aflowed 

energy states of two types, "fast" and "slow," may exist between 

the valence and conduction bands. The "slow" states are greatly 

affected by the gaseous ambient and by the environmental history 

of the surface (Ref. i , p. 106). Captured holes may remain in one 

of the slow states for seconds up to minutes which causes the 

conductivity of the sample to be niodulated at a very low range of 

frequencies. This will cause very low frequency fluctuations in 

current when a current is passed through the seiiconductor. 

Some conclusions on 1/f noise which have been derived from 

experiments reported in the literature will be listed. 

(1) 1/f noise is very temperature sensitive 

(2) . humid athosphere will increase the noise by several 

orders of magnitude. 

(3) Noise increases strongly with increased current. 

() The noise is more prominent for junctions biased in the 

forward direction. 

The fourth conclusion would indicate the emitter base junction to 

be the most serious source of 1/f noise for a transistor since it 

will generally be forward biased. 

Fonger (Ref. 18, p. 365) has found that 1/f noise may be reduced 

considerably by proper surface treatment. The treatment should be 

such that it will reduce the recombination velocity at the surface. 

This will also increase the current gain for the transistor. 1/f 

noise has been observed to be greater in npn transistors than in pnp 
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because of the difference in surface characteristics of the base 

region (Ref. 18, p. 365). 

A 1/f noise distribution is not unique to semiconductors. The 

saine noise distribution is found in carbon resistors and is usuafly 

called current noise. Stansbury (Ref. 19) has observed current 

noise in some carbon composition resistors to be as much as O db 

(loo times), greater than thermal noise. No physical explanation 

is given for the observations but it may be assumed to be a con- 

ductivity fluctuation since it varies directly with the direct 

current. The magnitude of current noise voltage is typically 

i /- volt , but it may be as high as 1O,volts . Since 

volt-decade volt-dec. 

the noise is a decreasing function of frequency, it becomes 

unimportant above about 100 kc. At hicher frequencies the thermal 

noise will be greater. Both thermal and 1/f noise follow a 

Gaussian distribution because they are the summation of a large 

number of independent random events. 



SIMPLIFIED NOISE EQUIVALENT CCUIT 

1. Common-Emitter Noise Factor 

A siinplified noise equivalent circuit which will yield satis- 

factory results will be worthwhile for circuit design considerations. 

This equivalent circuit will be a compromise between a complex near 

ect equivalent circuit and one which is oversimplified to the 

point where the results are of no value. A good compromise circuit 

is found in the equivalent tee circuit with noise current generators 

added as shown in figure 12. 

Figure 12: Transistor equivalent tee circuit with shot 

and thermal noise generators added (Ref. 16). 

The current generators in the equivalent circuit are defined by 

Equations (30) and (31). 

C 
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Diffusion fluctuation 

(30) 

= 2qI Li 
- 

(31) 

Recombination fluctuations 

The alpha of the transistor is frequency dependent and is defined 

by Equation (32). 

oo 
(32) 

The sources of noise in the equivalent tee circuit ray be 

su'ninarized to just three causes: 

(i) Fluctuations in the diffusion rates of the minority 

carriers. 

(2) Fluctuations in the reconibination rates. 

(3) Thermal noise from the base resistance. 

This represents major causes of noise in a transistor above approxi- 

mately i kc/sec. Below this frequency 1/f noise would be dominant 

and this noise is not accounted for in the equivalent tee circuit. 

High frequency effects are partially accounted for with the fro- 

quency dependent expression for the current gain. 

The equivalent tee circuit is the same as the circuit of 

figure 11 iith the exception that the collector current renerator 

has a frequency dependent term added to account for the decrease 

in current gain at higher frequencies. The admittance ternis in the 

first equivalent circuit are replaced with resistors in the tee 

circuit. This is where the two circuits differ, r is not 1/Y 
e e 
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The tee circuit is a different model from the circuit of figure 11, 

but it will give the same value for the noise fiure. 

Some simplification may be made on the tee equivalent circuit 

for the derivation of the common-emitter noise factor. The noise 

factor is by definition a power ratio of the total output noise 

power and the output noise power caused by the thermal noise of the 

source resistance, Equation (5). The load resistance of the ampli- 

fier will be common for the calculation of both of these output 

powers and it would cancel out of the noise factor expression. It 

is for this reason that the load resistor may be left out and the 

noise factor calculated on the basis of mean square noise currents. 

One other simplification results if the collector resistor in the 

equivalent tee circuit is large compared to the collector load 

resistor. The collector resistance is considered an open circuit. 

Figure (13): simplified equivalent tee circuit useful for 

the calculation of the noise factor. 



The noise factor is given by the ratio of mean square currents as 

stated in Equation (33) (Ref. 16). 

a 

F = Ct = i + 

'-Cs 

Jhere F = noise factor 

Lbce 
(33) 

Cs 
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Source M.d. noise current referred to the collector. 

Collector LS. noise current. 

Thermal noise from the base resistance 14.3. 

current referred to the collector. 

Total M.3. noise current flowing in the 

collector ioop. 

The law of superposition holds for noise currents so each of the 

noise generators may be considered separately to determine the 

effect they have at the collector. 

Figure (14): Circuit for the computation of the collector 

noise current caused by the source thermal noise. 

b 
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A loop equation may be written around the base-emitter loop and 

solved for 
'b 

as in Equations (34), (35), and (36). 

V=(R +r)I +r 'b (34) 
s s b b e 

'b = 
V 
s 

R +r + re 
s b 

i - 

and :t5 pi 

L R+rbr 
i2 

+ e I 

(35) 

(36) 

Equation (36) expresses the collector mean square noise current 

caused by the thermal noise of the source resistance. Noise 

current caused by the emitter current generator may be computed 

after a transformation from a current generator to a voltage 

generator is made . The mean square current generator may be 

replaced by a mean square voltage generator, V, which will give 

an equal power to the emitter circuit. The transformation is indi- 

cated in Equation (37). 

e e re 
- 

__[_ r 

re 
(37) 

This voltage will appear in series with V and from the result in 

Equation (36) the mean square collector current from this source can 
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be obtained by substituting L r for V. Equation (38) repre- 

sents the noise current caused by the noise generator in the emitter 

circuit when referred to the collector. 

2 
( ce= o o e (38) 

re -i 2 [R+rb+ 
1-.<] 

The mean square noise current caused by the base thermal resis- 

tance can be computed from the equivalent circuit of f iure 15. 

Figure (15): Circuit for conmuting the coflector noise 

current caused by the base thermal noise. 

The following equations are obtained from an analysis of the 

circuit of figure 15. 

eb = 'b (R3 + rb) + 'b r (39) e 



'cb o'b 

eb 

R+rb+ re 

- (40) 

+r + 
r0 

b 

Equation (40) represents the collector noise caused by the base 

resistance thermal noise. One noise current remains to be computed 

and that is the noise caused by the collector noise current gener- 

ator. The circuit of Figure (16) will be used to determine this 

noise current. 

Figure (16): Circuit used for cOEnputing the collector 

noise caused by the collector generator i. 

The base current will be divided between two resistors as shown in 

Figure (17). 
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Figure (17): Base current divider. 

The base current caused by i may be n'itten by inspection of 

Figure (17) as in Equation (41). 

1b 
reiep 

R +r +r 
s b e 

(41) 

The thtal collector current must be the sum of the currents from 

the two collector enerathrs as indicated in Equation (42). 

Assiiried sign for 0is negative. 

jep = 
1p o 'b 

(42) 

Substituting Equation (41) for 
'b 

gives equation (43). 

ri. :i=i- o 
e cp 

R +r +r 
s b e 

(43) 

Equation (43) may be solved for as in Equation (44). 

i [i+ 3r 
cp 

R +r +r 
s b e 
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i (R +rb+r) p s 

R +r + (1 +) re s b 

(44) 

The mean square current fran i is as stated in Equation (45). 

- (R + r + re) (45) PS b 
cP - 

[RS+rb+(1 +)rj 2 

The results of Equations (36), (38), (40), and (45) are substituted 

into the noise factor equation (33) to Obtain the following results: 

F - i = 
;i + - + 

cb ce 

ic s 

-;i (R5 + rb + re)2 

k fr +(1 
s b o 

L 
RS+rb+ re 

2 2 2 

+o eb Po re 1e 

L 
RS+rb+ re 2 

(46) 

A substitution may be made in Equation (46) which will simplify the 

expression to a large extent as stated in Equation (47). 

i +o= (47) 



1ith the substitution of Equation (7) into Equation (+6) the ex- 

pression will reduce to Equation (L8). 

" 22 2 

F - i 

(R + rb + re) + D0 b o re 1e 

D2 
-;:2 

(18) o s 

The final substitutions can now be made into Equation (L8) from 

the following set of equations: 

r2 4kTR 
s s 

(9) 
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1here V2 is the thermal noise from the source resistance. 
s 

The collector noise generator current is restated in equation (50). 

= 
2qI 1 - I 

o( 

2 

() 

L 
oÇ 

The emitter and base noise generators are restated in Equations 

(51) and (52). 

j_ = f (ii) 

e 14kThb f (52) 

The collector current is actually the sum of the base current times 

Po plus the leakage current divided by i -c<. 

IC = o'b 
'co (53) 

I -c< 



If the leakage current is high, this term would need to be cori- 

sidered; but for this analysis, the leakage term will be assumed 

small and neglected. 'co « 0 1b 
i -ç 

'C = o 'b 
(54) 

Equations (49), (50), (51), and (52) are substituted into the noise 

fiure Equation (48) as in Equation (55) below. 

F-1 
(R5 + rb 2q1 [ f2 

+ 4kThf + r 2qIf 

' 4km f 
o s 

At low frequencies - ) 

2 
(i - 

F-1 = s + rb + re 
2 

2qI(.1_0Yf + 4kTrf + r 2qIAf 

4kTRf 

Also 
'c '<ø 

'e 
neglecting leakage current 

'co 

(R + r + r 
2 

2q 
'e C 

i -¿) 2 + p24kTrbAf + p r 2I f F-1= s b e) 

4kTR5f 

Performing the algebra on the above equation gives: 

F-1 = rb + re) 
2 

2i o< (1 _t<,)_1 

+ 
p r 2i 

2 4km R 
2 

o s s 'o s 
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F = i + rb + 2qI(R+ rb + re)2 
14kTh 

s s 

oÇ(i <)1 r 
'e 

E3 

2 IkTR 2 
/ s j po______ 

(i)2 
(i 

2 

(55) 

= i + rb + 2I [r + (R5 + rb + re) ____ L44cTR 
s s 

i _0<0 = 

o V\ o 

F = i + rb + [r7 ( + r + re)2 1 
(56) 

- 2kTR 
.5 

PO 
s 

Some additional sirtplification may be made on quation (56) if a 

substitution for 
'e 

in terms of re is ruade. 

r = kT = 0.026 at room temperature. (57) e 
le 

This is substituted into the noise factor Equation (56) to obtain 

Equation (58). 

F = i + rb + i 
Er2 (R5 + rb 

re)21 W 2rR Le 
s es 

F i + rb + re/2 + (R5 + rb + re)2 
(58) 

R 2rR 
s es 



The validity of the comon emitter noise factor was established by a 

measurement of the hybrid parameters for a 2N5144 transistor. The 

values of rb, and re are determined by Equation (59), (60), and 

(61) (Ref. 9, p. ¿f0). 

rb = hie 

+ 

+ hie) (59) 

r = hre (60) 
e 

oe 

0< h1. 
(61) 

° j+h 
fe 

Results for 2N5144 a.re: 

rb 55 k 

re 28.5 

0Kb = 0.95 

'e 
= 0.1 ma 

V = 5 Volts 

The comon emitter noise factor is computed for R5 = i k by 

using Equation (58). 

FL49.3 = 16.9db 

Measured F = 18 db 

The measured and coriputed values compare within i . i db and it may be 

concluded that the noise equivalent circuit gives the correct 
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expression for the noise figure. 

2. Design Conclusions 

Some conclusions can be st.ated based on the equation for the 

conxT1on-emitter noise figure, Equation (58). The noise f igure will 

decrease with increasing values of re. Since reK<rb larger values 

of re w-lU increase the denominator of the last term in Equation 

(58) and will leave the numerator unchanged. The emitter resistor 

varies inversely with emitter current as shown by Equation (57); 

therefore , for low emitter cui'ents , the emitter resistance win be 

high arid the noise figuro will be lowered. This will not continue 

to be true at extremely low values of 
'e 

because the alpha of the 

transistor will decrease and the requirement that re«rb no 

longer be true. 

The second conclusion which is suggested by the Equation (58) 

is that alpha for the transistor should be high ii' a low noise 

figure is to be obtained. A high alpha transistor is one which has 

fewer hole-electron recombinations taking place in the base. Physi- 

cally, this means that noise created by the hole-electron recombina- 

tion fluctuations will be reduced. 

The third conclusion which Equation (58) allows is that the 

base resistance term rb should be small for a low noise figure 

transistor. The contribution from this term is thermal noise in 

series with the base which is anpitfied by the base to collector 

power gain of the transistor. A typical value for this power gain 

is 1,000 for a common-emitter amplifier (Ref. 9, p. 54). 
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This is the reason the base thermal noise is so significant in the 

noise figure expression. 

3. Optiinun Source Resistance 

An optimum value of source resistance may be derived from the 

expression for the comnon emitter noise factor by taking the artial 
derivative with respect to R. and setting the expression equal to 

zero. The assumption that re «rb will, be made so that Equation 

(58) will simplify to (62). 

F i +rb r(1-0) +b(1_) +R5(1_0) (62) 

ç2<'oreRs 2ore 2Xore 

Taking the partial derivative of Equation (62) gives Equation (63). 

F =_rb R - s 
R2 s 

R3 R5 
opt 

- r (i-o<) 
2o< r RZ oe5 

R2 2cKOrOrb r (i-o(0) 
5opt 

1-< 
o 

Rs 40<orerb + 
11/2 

opt 
Li_0 

rb] 

+ 1_go 
2 c(ore 

(63) 



43 

For the 2N5!-14 the optimum source resistance is as stated in 

Eouation (64). 

2tI=O.lfl1a rb=5.75k re28.5 o(=0.95 

R3 
6.3 k 

'e 
= 0.1 ma (64) 

4. Frequency Variation of Noise Factor 

The high frequency variation of the noise figure is not 

accounted for in the noise figure expression, Eauation (58), but 

this variation may be found by substituting the frequency dependent 

expression for aloha. the current gain. The result of this substi- 

tution is expressed in Equation (65). 

Fi+ 
11/2 

r + r (1_o(o)(re + rb + R5)' L Çl-DJ F1+ b eJ2 ______________________ 
2rRo4. 

s es 
(6) 

Equation (65) shows that the high frequency noise is reduced if the 

alpha cutoff, f , is high. It also indicates the advantage of an 

alpha near one. If this is true the term in front on the last ex- 

pression of Equation (65) will control; it is 1 - 
, 

and the high 

frequency term in brackets will lose influence in controlling the 

equation. The 3 db increase in noise figure will occur .then the 

term inside of the brackets of (65) is equal to t;ro. This will 

occur -îhen f \fi - .ç 
Ç<. . 

For a higher 3 db noise fimire 

corner frequency one of tro parameters rill control, either the low 



frequency alpha or the alpha cutoff frequency. This is a design 

requirement for low-noise high-frequency circuits. High alpha and 

high alpha cutoff frequencies will improve the high frequency noise 

performance. 

A corrnarison of the exoressions of common emitter, common-base 

and common-collector noise factors indicates the three circuits to 

give equal noise performance (Ref. 13). This is surprising but 

useful information since a designer may now choose the conDion-emitter 

circuit with the hi-hest Dorer gain without having an increases in 

noise factor. 

5. Noise Fiire Includin 3iasing Resistors 

The usual application of transistors in ariplifying circuits re- 

quires biasing resistors to establish the stand-by current. These 

resistors will have an effect on the noise performance of the ampli- 

fier, but it will be sho'im that this effect can be reduced to a 

point where the increase in noise figure is small. One method of 

conputing the noise figure is to consider the biasing resistors in 

a similar manner to the source resistance as in the derivation of 

the noise factor of the tee equivalent circuit. FIgure (18) shows a 

transistor amplifier incluìing the bisin circuit. 



Figure (18): Coriplete transistor amplifier with the 

biasin: circuit. 

The circuit of figure (18) can be simplified by coribining R1 and R2 

into an equivalent parallel resistor in shunt with the transistor 

base. If the emitter capacitor is large, the capacitive reactance 

will be much Uer than the resistance value of R on the amplifier 

noise performance can be ignored for this calculation. A derivation 

of the noise factor including the biasing resistors is given in the 

appendix which arrives at an approximate result. The result of this 

derivation indicates that the noise figure of the 2N5144 transistor 

wifl be changed from 16.9 db to 17.7 db when the biasing resistors 

are included in the noise f inure equation. This can be seen to be 

an insignificant chanre for this transistor. The change is more 

important for a low noise figure transistor but will still remain 

smafl if the bias network equivalent parallel resistance is large 

compared to the source resistance. The ratio of interest for the 
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design engineer may be stated in an approximate equation whici will 

yield good results. This approximation is stated in Equation (66). 

r 12 
F' -1 1R5 

I7-1 
F-1 Ls] 

(66) 

Equation (66) may be used as a design equation for the selection of 

the base biasing resistors when the source resistance is la-iown. If 

the base biasing resistors are lrfe compared to the source resist-. 

ance, R5, Equation (66) will approach one. This means the noise 

figure of the amplifier will be equal to the result when the biasing 

resistors are not included in the analysis. It may be concluded 

from this discussion that the effect of the biasing resistors on 

the noise figure is nall; however carbon resistors will exhibit 

another class of noise thich has not been accounted for in the 

derivation. 

6. Current Noise in Carbon Resistors 

Current noise is a class of noise found to be present in carbon 

resistors jhich rilJ. vary directly with the direct current f1owin 

through the resistor and ïill exhibit a 1 ¡f voltage distribution 

(Ref. 19). Figure (19) shows a typical curve of noise voltage as a 

function of frequency. For this particular curve the data ias taken 

on a 10 kiohin carbon composition resistor with 20 volts d.c. applied. 
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Figure (19): Current noise from a carbon composition 

resistor (Ref. 19). 
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If a resistor of this type is used in the base biasing network of 

a transistor, the noise performance of the asnpli.fier will be much 

different than then only the noise terris of the equivalent circuit 

are considered. The greatest effect of the biasing resistor 

current noise will be obtained when the noise figure of the tran- 

sistor is low, on the order of 2 to 5 db. Current noise from the 

base resistors wi.fl be tncreased by the porer gain of the amplifier 

which is typically a factor of 1O or 30 db. An increase in the 

noise figure from current noise will be noted because noise from 

the biasing resistors must be considered as noise arising within 

the amplifier circuit and not source noise. 

Current noise from the emitter stabilizing resistor will not 

be as damaging to the noise figure as the base resistors since it 

will effectively be in sones rith the emitter and multiplied by 

the common-base power gain . This gain is typically on the order of 



io2 or 20 db (Ref. 9, p. 60). Another factor which reduces the 

effects of the emitter resistor is the emitter by-pass capacitor. 

This will usually be a large capacitor which will effectively short 

circuit the a. c. signal from emitter to ground. The by-pass capaci- 

tor will not be a good short circuit at low frequencies and this will 

cause the current noise from the emitter resistor to be more im- 

portant in this frequency range. One other effect which is intro- 

duced by the emitter resistor is that it will cause negative 

feedback at low frequencies. 

Some misunderstanding exists as to the effect of negative 

feedback on the noise performance of an anpilfier. Such feedback 

may occur as the result of an emitter resistance that is not corn- 

pletely by-passed with a large capacitor. It has been found 

theoretically and verified with experiments that the effect of 

negative feedback will increase the noise figure (Ref. i i ) . 

the emitter resistor is not by-passed, the minimum noise figure will. 

increase and the source resistance required to obtain this minimum 

will also be increased (Ref. 11). This indicates the problem in- 

volved in the design of a low noise high input impedance transistor 

amplifier. 

When a high mut impedance design is required, some type of 

feedback is usually required to raise the input impedance of the 

first amplifier. - type of circuit which illustrates a low noise 

high input impedance design is shown in figure (20). 
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Figure (20): Low noise high input ixnpedance transistor 

amplifier (Ref. 3). 

The input impedance of this amplifier will be greater than one 

xiiegohni over a frequency range of 10 cy to 100 kc/sec (Ref. 3). 

A 3 db noise figure is reported for a source resistance of 100 

kilohrîis. This value of source resistance represents a rriisniatch of 

i O to 1 with the input impedance of the amplifier . When the source 

impedance is matched to the amplifier input impedance, the noise 

figure is found to be 7.5 db (Ref. 3). This represents an increase 

in the minimum noise factor of 2.8 to one and points out the fact 

that the impedance match between the source resistance and the 

amplifier input impedance is not obtained at the point of minimum 
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noise figure. 

NOISE MEASURIENT 

1. Noise Figure Measureiients 

Transistor noise factor measurement requires some special 

equinent and techniques. but the resulting data will prove valuable 

to the circuit design engineer. Basically there are two methods for 

measuring the noise factor. One method which can generally be used 

when a noise generator is not available is called the single fre- 

quency or C.1. method. The test circuit is shown in Figure (21) and 

the measurement is explained following the figure. 

C/4 L/8,TED 
5ICN/L 

SoUcE 
(s N E -WA VE) 

TeAN5/S TOR 
UNDER 
TEST 

(AMPLi ER 
C RC UIT) 

POVV'ER 

tvlE,q 5OR/NG 

E vic 

Figure (21 ) : Single frequency method of determining the 

noise factor (Ref. 10). 

The equation for the noise factor is stated in Equation (67). 

F 
N0 

(67) 

kT0GAf 
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Where N0 = Available noise oor from the source 

therrial noise. 

T0 = The absolute tenioerature 

k = Boltznian Constant (1.38 X 1O< Joules/Des) 

G0 = Available gain of the amplifier 

F. = The average noise factor 

The p'ocodure for obtaining the noise figure is based on 

Equation (67). iith the signal generator connected to the input of 

the test amplifier but with the output set at zero, the output power 

P1 will be all from the thermal noise of the source resistance and 

the internal noise of the test amplifier. When the signal poer of 

the source is set to P, the output power from the amplifier will be 

P2. The power gain of the amplifier will be given by Equation (68). 

G0 = (68) 

1there: 12 _ P1 Signal - Noise at the output 

PS = Signal input power 

Equation (68) is substituted into Equation (67) and the noise 

factor expression becomes Equation (69). 

F (69) 

kT0 P2 - P1 

P 
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Dividing throu.;h P. gives Equation (70). 

P1 (70) 

P2 

-1'kTf 
L 

Jo 

Equation (70) will simplify by choosing the source power P, so that 

the output p° P2 15 2F1. For this case Equation (70) simplifies 

to Equation (71) (Ref. lo). 

F ____ 
f 

(71) 

The power ratio, P2 
= 2Pi, 

can be obtained by using a 2:1 or 3 db 

attenuator. The circuit with the attenuator is shown in Figure (22) 

ar. is the sane circuit as recorunended by the I.R.E. standard on 

methods of measuring noise (Ref. 10). 

CAL/.8R4TED Ti?AN.SISTO' ATTE/VeJ/ITO,j' 
I 

POWER 
S/G/V4L :JNDdQ j_ : i (5db) jMEAsoR/NG 

SOt:1RcE TEST PE VICE 

Figure (22): Block diagram of recomniended test circuit for 

measuring the noise figure with an attenuator 

(Ref. 10). 
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The C. J. method of measuring noise factor suffers from the handicap 

that an accurately calibrated source is required and the noise 

bandwidth L f of the test aniplifier must be knoNn or determined 

by measurement. These problems are avoided if a calibrated noise 

generator is available for the measurement. 

A noise generator method of measuring the noise factor ias used 

for the determination of the noise factor of the type 2N5)14 tran- 
sistor. A block diagram of the test circuit is shown in Figure (23) 

and it may be noted that a preamplifier has been added from the 

previous circuit, Figure (22). 

VACUUM 
YU8E 

rNOfE 
k Q. T 
ME TE 

SOC/ACE TRANSISTOR 

L_____ _________ '77db _____ __________ F 

________ 
O5CRLO- 
5 C opE 

Fiure (23): Noise figure test circuit using a noise 

generator. 

This method of measurement is essentially the saine as the CA4. 

method except a noise generator replaces the signal generator. The 

procedure for obtaining data is the same as with the signal generator 
source. With the noise generator off and the 3 db attenuat.or 

shorted the output power is Pl . The power level is noted by a 

reading on the vacuuii tube voltiieter V1 . The noise generator output 



power is again P1 with the 3 db attenuator switched in the circuit. 

The vacuum tube voltmeter reading will be the sanie as the previous 

reference, V1, and the reading of the output meter of the noise 

generator will indicate the input voltage required to double the 

output power. The expression for the average noise factor is the 

same as in the C. '1. case except the power in the numerator is the 

available power fron the noise generator. The noise figure can be 

computed by Equation (72) below (Ref. io). 

P 
n 

kT0 Af 
(72) 

Where: P the available power from the noise source 

as given in Equation (73). 

V2 FÇ. = Noise source resistance P-n 
= M.S. noise voltage s 

(713) 

a. Noise ñ'eamnplifier 

A preamplifier is required to increase the thermal noise 

and shot noise level at the output of the test amplifier to a point 

where the vacuum tube voltmeter will. give a reasonable response. A 

calculation of the thermal noise power available at the input of the 

test amplifier, Eouation (74), was made to determine the approxnate 

gain requirement of the preamplifier. 

th 
kT0Af (7L.) 

th 
.2 X io17 tts 



Where: th = the thermal noise power from the source 

Lf = the noise bandwidth 2Okc 

If a vacuum tube voltvieter reading of 50 millivolts is arbitrarily 

selected as the mini'ium output voltage level across an output L'il- 

pedance of 600 ohms, the preamplifier gain can be calculated. The 

output impedance will be the 600 ohm input impedance of the 3 db 

attenuator. An output power requirement can be computed for this 

level of output voltage as in Equation (75). 

po = 
= ( x io 

6 X 10 

P0 = 4.16 X 10 tts (75) 

The required power gain of the preamplifier is estimated in 

Equation (76). 

G = Po 
9.95 X 1010 (76) 

This is an approximate gain requirement of or 110 db from the 

input of the test amplifier to the output of the preamplifier. The 

test amplifier iill be assumed to have a power gain of i 00 or 20 db 

ninimum which leaves a gain requirement of 90 db for the preamplifier. 

A typical power gain for a grounded-emitter transistor amplifier 

wi.11 be aoproximately 30 to 40 db (Ref. 9, p. 54). This points out 

the fact that three stages will be required to give the 50 milhivolt: 

output. 



A three stage preanipitfier s designed using 2N5144 transistors 

and conventional R-C coupling. The circuit design made use of some 

of the theory of low noise aniplifier design by choosing a low 

operating current of the first stage. The circuit diagram for the 

preaìmpliuier is shown in Figure (314) This amplifier was designed 

using fixed base voltage bias and emitter stabilizing resistors 

decreasing the sensitivity to changes in transistors and circuit 

component variations. The amplifier was built inside a 3 X 4 inch 

chassis which enclosed all of the components except the transistors. 

Input and output leads to the preamplifier were shielded cables to 

prevent ambient noise pick-up. 

3. P.zuplifiers in Cascade 

A consideration in the design of the noise preamplifier is the 

effect of the preamplifier noise figure on the measured ioise figure 

of the transistor being tested. This may be estimated from a rela- 

tion for the noise figure of a cascade of amplifiers which was first 

derived by Friis. (Ref. 5). The cascade formula is stated in 

Equation (77) and a sketch illustrating the various noise figures 

is shown in Figure (24). 

P/RST 2hd. 3rd. 
STAGE 5TAG 

F,G3 

Figure (24): Noise figure for a cascade of amplifiers 
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F -1 F -1 
FF1+ 2 3 

G1 G1G, 
(77) 

In the preliminary desirn of the preamplifier the gain of the test 

amplifier was assumed to be 100 or 20 db. From Equation (77) the 

noise figure of the second stage would have to be i 00 tiznes the 

noise figure of the first stage to cause a 2:1 or 3 db change in 

the cascade noise figure F'. If the first and second stage noise 

factors, F1 and F2, are equal, the error in the total noise factor, 

F', will be only 1 or O.O44 db when noise froi the second stage 

is neglected. This is basically the reason that the noise intro- 

duced by the preamplifier is not important unless the gain of the 

first stage is low and F2» F1. Since the preamplifier tran- 

sistors were the sane type as the test transistor F2 = F1. 

¿f. Noise Factor Vs. nitter Current 

A test circuit for the measurement of noise factor, F, as a 

function of emitter current 
'e 

is shown in Figure (25). 

-22 VOLT.S 

25At N51 
loo k 

RB 

ouRc5J k 

25, 
3v 

Figure (25): Test circuit for the measurement of F vs. 



In order to maintain collector to emitter d.c. voltage Vce constant 

for a varying emitter current, the collector resistor Re must be 

changed at each operating point. This could seemingly be accom- 

plished by using a potentiometer in the circuit; however, when 

this was tried, extremely high noise figures, )O db +, were obtained. 

The reason for this very high noise figure data is that the contact 

noise from the d.c. current passing through the per contact of 

the potentiometers increased the amplifier noise. ,then carbon 

resistors were used to obtain the test data and a 10 db to 15db 

drop in the noise figure was obtained. 

Data for F vs. 
'e 

on the 2N5L4 is plotted in Figure (32). It 

niay be noticed that the noise figure goes through a minimum at 

approximately 0.2 milliamperes emitter current. This forni of curve 

is predicted by theory ; however the minimum noise figure point will 

not be the same for different values of source resistance (Ref. 11). 

Signal to noise ratio data was taken on the same transistor for a 

comparison. 

5. Signal to Noise Ratio Vs. Emitter Current 

The data for the signal to noise ratio was taken with the 

output signal of the preamplifier adjusted i db below limiting 

and a generator source resistance of 600 ohms. The test circuit 

block diagram used to obtain the data is shown in Figure (26). 
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5/GA/AL1 ATTENUATO«1 PrE5T PSE- T 
SOURCE -7Oo 7RNìSrOR AMPLIFIER V7 VM. 

2N5?4 +97db 

__ _ L__ 
Figure (26): Block diaraxn of the test circuit used to 

obtain the signal to noise ratio. 

A rnadmum signal to noise ratio of 34 db as observed with a sharp 

decrease as eniitter current was increased above about 0.1 rulli- 

anperes, Figure (33) . The point of minimum noise figure and the 

point of ma)ö11W1 signal to noise ratio fall very closely to the 

sanie eruitter current, compare Figure (32) and Figure (33) . This 

result allows the use of a rriiniruized noise ficure criterion for 

optimizing the signal to noise ratio at the output of an amplifier. 

At the maximum signal to noise ratio the source resistance and the 

amplifier input resistance are not equal. 

G. Input Resistance as a Enction of Euitter Current 

A test circuit for the measurement of the input resistance of 

the 2N544 transistor is shown in Figure (27). 



Figure (27): Test circuit for the measurement of the input 

resistance of the test transistor. 

The input resistance is calculated based on the assumption that 

the one megohin series resistor will be large compared to the input 

resistance. In this ease the input resistance is siriply 

= ï- x io6 ohms. A curve of the data obtained by this circuit 

vi 

as the emitter current was varied is plotted in Fiure (35). This 

curve shows that for 
'e 

= o i milliamperes the input resistance is 

5.6 kiohzns. For a source resistance of 600 ohms this represents 

ari impedance mismatch of 9 . 3 to i at the point of maximum signal 

to noise . ien the emitter current is one milliampere , the source 

resistance and the transistor input resistance are nearly matched, 

Figure (35) , 
but the signal to noise ratio at this value of emitter 

current is only 13 db. Some design conclusions may be reached 

based on this data. 

(i) Matching source and input impedance will not usually give 

the optimum noise performance. 
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(2) Maxnux signal to noise ratio and niinimuxn noise figure 

occur at nearly equal emitter currents. 

A measurement of the current -ain as a function of the d.c. 

emitter current indicated that the current gain as an increasing 

function of the emitter current, Figure (36) . At the point of 

maximum sicnal to noise ratio the current gain was 20; hoNever it 

increases to 25 at one millianpere 
e 

This data indicates that 

the point of maximum sirnal to noise ratio is not the same point as 

where the current gain is maxi.xrìized. The conclusion which may be 

reached from this data is stated. 

The signal to noise ratio is not improved by 

increasing the emitter current to obtain a 

corresDonding increase in current cain. 

7. 3pot Noise Factor Measurements 

.ai of the noise factor data taken and discussed was for the 

average noise factor averaged over the bandwidth of the amplifier. 

A spot noise factor is defined as a noise factor measured over a 

frequency band which is narrow compared to the pass band of the 

amplifier (Ref. p. 207). This data was not obtained experi- 

mentally because it recuires a narrow bandwidth filter ïith adjust- 

able center frequency tunable from approximately +O0 cycles/sec. to 

20 kiocycles/sec, A test circuit is recommended for obtaining 

the spot noise figure data, shown in Figure (28). 
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4/O/SE TEST N,qRRow ATrENVATOR VT.V.M. 

Figure (28): Recoriended test circuit for obtaining the 

spot noise factor. 

A typical curve of spot noise factor i. a function of frequency 

and is shown by curves in Figure (29) because of their information 

content. 

I 

OCTAvE 

Jkc/.cec. 

__________ 
LOG rREQJENcy 

Figure (29): Spot noise fiure vs. frequency for a 

typical transistor (Ref. 3) 

The spot noise figure as a function of frequency niay be coriput.ed 

fron the equation for the noise figure Equation (65) . This 

equation should give a high frequency break point, 3 db increase 

i_n noise figure)at f Ç (1 + where 0is the common 

emitter current gain hf . This frequency is ai indication of 
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the high frequency response required in the design of low noise 

amplifier circuits. A family of curves is plotted, Figure (37), 

as a function of f, and f , 'where f is the maxunuin frequency 

to be amplified. This curve may be used in designing low noise 

circuits for the selection of a minimum and a minimum cutoff 

frequency, f , when the frequency to be amplif led is known. If, 

for example, a low noise circuit is to be designed which will ive 

minimum noise performance up to a frequency of 10 Mc. / sec, and the 

P0 for the transistor is 50 then the alpha cutoff frequency should 

be 71 Mc/sec. Figure (37) is a theoretical plot and in the practical 

situation some noise figure measurements :ou1d be desired if the 

circuit design has extremely low noise requirements, less than 

2 db, and information on the noise figure is not available from 

the transistor nianulacturer. 

Transistors of the same type number often have a distribution 

of noise figures, Measurements made on ten type 2N338 transistors 

indicated a distribution of minimum noise figures between 8 db 

and 17 db, (Ref. 17). This data 'was taken at a frequency of i»i 

kc/sec., bandwidth of 127 cy/sec, and a source resistance of 1 

kilobri. This large variability of noise figure would indicate 

that for critical design requirements the individual transistor 

noise figures would need to be measured and transistors selected 

based on their noise performance. 



Conclusions 

The operating point for a low noise transistor amplifier wifl 

require eniitter currents in the range of 0.01 na to 0.1 ma depend- 

Ing on the particular transistor. The best operatin point to give 

the minimum noise figure may be found experimentally or it may be 

found from the equation for the noise figure as a function of the 

emitter current. Operating point control would also include the 

control of the collector to emitter voltage, but it has been ob- 

served for the 2N5'44 that the effect of the collector to emitter 

voltages less than about 20 volts is not important. 

Operating point stabilization becomes important when the tran- 

sistors are to be operated over a temperature range. This is 

usually accomplished by negativo d.c. feedback or by the use of 

temperature compensative elements. When negative d.c. feedback 

is used, stability is gained at the expense of an increase in the 

noise fjuro. This increase can be made very small if the ratio 

of the equivalent parallel resistance of the base biasing network 

is 10 times larger than the source resistance. 

The optimum source resistance depends on the emitter current. 

Low emitter currents will require larger values of source resistance 

for the best noise figure. If a high source impedance design is 

required, then the emitter current should be reduced for low noise 

performance. This is in a direction to match the source and input 

resistance; however, the point of minimum noise f igure is not the 

point of match for optimum power transfer. 
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The conwion-ernitter circuit will give equal noise performance 

to the comrion-base and corixnon-collect.or circuits and it is the 

circuit configuration which has the highest power gain. Corrunon- 

emitter circuits will then give the best signal to noise perforriance. 

This statement would be modified by the fact that the corrunon-emitter 

current gain and the common-base current gains are approximately 

equal at frequencies beyond the alpha cutoff frequency for the 

transistor. Beyond f common-emitter and common-base will have 

approximately equal noise performance. 

Three device parameters are of interest in the selection of a 

low noise transistor amplifiers 

(1) The alpha cutoff frequency 

(2) The low frequency current gain, 

(3) The base ohmic resistance, rb. 

The alpha cutoff frequency may be computed if the highest frequency 

to be amplified is known. The minimum requirement will be 

f(1 + hf). The base ohmic resistance should be low; a value 

less than 100 ohms for a good low noise transistor may be expected. 

When loir frequencies are to be amplified 1/f noise beciies 

important and is not included in the noise equivalent circuit. 

The low noise performance will depend to a large extent on the 

surface treatment of the transistor. Information on the surface 

leakage current would be an indication of the low frequency noise 

figure of the transistor. 
b 

Other circuit components which contribute to the noise per- 

formance are the biasing resistors. They exhibit current noise 
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which has been experimentally found to have a 1/f frequency depend- 

ence (Ref 19). Noise contributions from this source can usually be 

ne1ected below 10 kc/sec. At lower frequencies film resistors of 

the tin odde t3rpe or wire wound resistors would improve the low 

frequency noise performance. 

A basis for the design of low noise transistor amplifying 

circuits has presented which included some of the external effects. 

Design information is obtained from both the noise equivalent dr- 

cuit and the measurements. With this information the circuit design 

engineer can synthesize a transistor amplifier which will give 

optimum noise performance. 
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DERIVATION OF TIlE NOISE FACTOR 
DCLUDflG TR BASE BLB NETRK 

The derivation of the comnon eriitter noise factor proceeds 

from an equivalent resistance Req for R1 and R2. ___ _ÇTh\c ¿ 

itt 

Ir. 

e 

Fifure (30): Transistor noise equivalent circuit for corn- 

puting the effect of the base bias resistors. 

The equivalent biasing resistance Req is defined by Equation (73) 

and the mean square thermal noise voltage is given by Equation (79). 

R 
R1R9 

(78) 
eq 

R1 + R2 

= &IkTReqLf (79) 

The thermal noise term of Equation (79) will add to the output noise 

of the transistor in exactly the sane manner as the source resist- 

ance, R5. The derivation may be started by computing the mean 

square collector noise current caused by Req lriting the ioop 



equations for Figure (30) gives the following equations 

e = i R + ibrb + T-c,< 
rb (80) 

q t eq 

eqítReq+(it_ib)Rs (81) 

Solving (81) for 1 gives Equation (82). 

e0 + ibRs (82) 1- 
R +R 
eq s 

Substitution of Equation (82) into Equation (80) arI doing the 

algebra will yield Equation (83). 

e +j,R 
e = g os R 
q 

R +R eq+1b"b b r 
e 

1-L,( 
eq s o 

Solving for i gives (83). 

e 1- 
Req 

q R +R 
eq s 

1bR r 
eq s e 

n. +R rb iOC eq s o 

The collector current i is i 
cq o b 

cq o1b = 

e [i 

Req i 
oq R +R I 

eq sJ 
icq 

R r 
eQ s rb + _________ e 

R +R 1 

eq s 

(83) 

(8) 

71 



72 

The mean square collector current is as given by Equation (85). 

B2eJ R 12 

- ° qL R +R I 

e s_ 
8 

rRa r 
fOci 5 + + 

8 

IR +R b 1-c< 
s o 

Where iq is the mean square collector current from the biasing 

circuit thermal noise and it will give added noise power at the 

aznpli.f 1er output. The biasing resistor equivalent 
eq 

will appear 

in parallel with the transistor input when the mean square collector 

current caused by the thermal noise of the source resistance is 

calculated. The equivalent circuit for computing the effect of the 

source thermal noise is as shown in Figure (31). 

b 

/\ A r' 

Figure (31): Equivalent circuit for computing the collector 

noise current caused by the source thermal noise. 

The circuit of Fi-ure (31 ) will be analyzed by writing the 1oop 

equations as follows: 
r 

V = i R + (rb + 1b 
(86) 

s ts 



V = i R 
+ - ib) Req (87) s ts 

Solving (87) for 
1t 

gives (88). 

Vs+ibReq 
1t R +p. 

s eq 
(88) 
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Substituting (88) for i in Equation (86) gives Equation (89). 

V +i, R 
ir S o eq V5R + R5+ [rb+11ib s eq 

(89) 

Solving (89) for ib gives Equation (90). 

vsL 

R 
s 

I R +R 
s eq 

Req R5 re 

R +R + rò+T (90) 

s eq 

The base current in Equation (90) can be referred to the collector 

by multiplying by 3.. A mean square value is found by squaring the 

constants and taking the mean square values of the time fluctuating 

terms as in Equation (91). 

B2[1 R 

- o s R5+R0q 
(91) 1CSrR R rei 

2 

2 

L 
rb+ 

l°<oj 
+ Req 

The other values of mean square currents caused by the noise 

generators of the collector and emitter will be the same as in the 

derivation of the noise factor for the common-emitter anpitfier 

without biasing resistors except will be replaced by R5 I Req 

Let this resistance be defined by Equation (92) below. 
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HR 
R' 

s eq 
s R +R 

s eq 

(92) 

From Equation (40) an expression may be written for the collector 

mean square noise current caused by the base thermal noise. 

_-. ; eb 

1cb 2 
(93) 

re i 
[R' + rb + 

I [s 
o] 

An expression may also be written for the mean square noise current 

caused by the collector noise current generator fron Equation (45) 

with R.. replaced by R. This expression is given by Equation (94) 

below. 

- i +r +r)2 
2 s b e 

(94) 
CP r 

tRI f . + (1 + B ) r I 

L Th o ej 

The mean square collector current caused by the emitter noise 

current generator from Eouation (38) will be as stated (95) below. 

2 

2 2 - r i 
o e e 

ce r- i2 
R' rb + e i 

r t 

L 1_c(oj 

The final change in the calculations will require a change in the 

expression for the noise factor. This will be to add the noise 

current caused by Equation (85) , thermal noise from the biasing 

circuit. 



.-- -- +i +1 
F' = 

cg ce cp cb 
(96) 

F' = i 

Eg(85) + Eq (95) + g(9) + Eq (93) 

Eq(91) (97) 

The equations indicated in (97) will be substituted. 

2 

F'-1 

30eq 

Leg 

+rb + ___ 

222 ri 
+ o e e 

[R + r 

r0 
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7 
(R' + rb + r0)2 + PS 

re 2 
{Rt + rb 

+ i_o1 

- 
r I (98) el +rb f 

J ___________ 
r 

B2V2 E R 
eq [R+rb+le]) 

° 
LR +R s eq 

Performing the algebra on Eq (98) wIn giv (99). 

[R_12 - 2e +pr2 +i(R' fr 
F'-1 = 

q Leg si 
R fR o e e p s b e o b 

o s [ _ e 
(99) 

p2 V2 R 

L R f 

À convenient way of shoring the effect of the base biasing resistors 

on the noise figure is to take the ratio of F' - i to F - i. 

The expression, F - i , the noise figure minus one, without the 

base biasing network, is as stated in Equation (48) and is re- 

stated below in Equation (100). 



,) '_) 22+(R +r fr0)2 +e' ob F-1= 
o e e p s b 

(100) 

The ratio of Equation (87) to Equation (88) i given by Equation 

(89). 

F'-1 

F -1 

R 

I 

(101) 

+rj(R'+r +r)2fe2 
R 

22 
oee s b e o b 

s 
-o 

IR 
eq 

I [ri 
f 
i(R5+ rb + r)2+ 

2 

IP. fR 
L eo.j 

R is defined by Equation (92) and may be substituted in Equation 

(loi). 

R R' 
s s 

(102) 
R fR R 
eq s eq 

R R' 
eq s 

(103) 
R 

R fR s 
s eq 

The substitutions indicated by Equations (102) and (103) 'riU be 

made into Equation (loi ) to obtain Equation (104). 

I- 2 - 
I R' 1 

peI Ft_i o q 
j4' -í 

+pr2+(R1 fr 
o e e p s b e o b 

[12 
r i+i (R5 f rb f re)2 

s 
(1c4) 
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At this point some approxiiiations may be considered zhich will make 

the ratio of Equation (1 0) a more useful expression. One restric- 

tion ithich will be made is that the paraflel equivalent resistance 
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and R2 given by R0q will be at least 10 R5. This is 

reasonable except when very hir'h source resistances are involved. 

The assuription that R = lo R5 will yield an equivalent source 

resistance of R' as stated by Equation (105) below. 

R1R II R 
10 

R (105) 
s eqj s if s 

and 

R 
io 

R' 10/11 R 

also 
s _l 

R IOR 
s eq s 

Since R R3 the term (Rf, + rb + re)2 will be considered equal to 

(R5 + rb + re)2. with the assed values Equation (1) will 

simplify to Equation (106). 

2 (i 
2 

'ii\ 
2 

2 

I B0eg IT 

F-i 

F -1 

IT 
0r0 

e p s 

1106) 
e o 

Sce additional simplification can be made in Equation (106) by 

substituting (F - i ) in the denominator of the first term and 

inultip1yiní this factor by p V. This is a substitution from 

Equation (L8) The resulting equation will be as given in 

Equation (107) below. 

I 

+() 

2 

(107) F-1. o q 

F-1 
,2 

(F-1) 
2 

o 



ft? 

From the result on page 35, F - i = 48.3 and = LkTR5f. The 

mean square voltage e = 4kTReq f is from the bias network. 

When this substitution is made, Equation (108) results. 

r1 
2 

F -1 
4kTR ' 

LTd ri ii 
2 

LTJ 
F -1 r2 RAf 

Li i 

2 

bR 
+ 
[] (108) 

= s 

ri 

2 

L11J 
(L.8.:3) R5 

The first term of Equation (108) will be on the order of 1/500 

and will be very aU compared to the second term. when this 

terni is ignored , only a smafl error wil]. be thtroduced in the 

results . The ratio of Equation (1 08) will reduce to that ex- 

pressed in Equation (109). 

F'-i 
1.21 = 0.82 db_ 

( i 09) F-1 
whenR 10R 

eq 5 
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f/G £/IE (3.3) 1G NA L TO 4/Ø iSE RA T/O 
FO,Ç' A ¿N544 T'?ANS,s7O/' 
A S A FI/NC TION OR 'E 
'/OOOsi V 5VCLTS 

, C E 

EMIT TEI CU/FENT 
0.02 

Io 
o 1 

1.cs 1.c Io. i° r r 
t2' 

r7 r 

? 
I f I Il 



INPUT 

F/G&'ñE (3'') No/JE /'RE4/vìpz/F/,q 

/f42. 

-G VOLTS 

/O4 
4 

oui-PUT 

Ia/lit 



z 

F/GJ/E(35) iNPUT ,''ES/STANCE 
AS A FL/A/CT/ON OF 
EMITTER CURRENT 
FO1Ç' A 2N514 7RAI'I.Ç/S TOR 

WITH 

(míc-oqmp et-e) 



F/G/,i'E(3G) COMMON EMITTER CURRENT 
&/IN 8 AS A FtJNCT/oN OF 
EMITTER CURRENT 'E FOI 
A 2/V544 TI'ANS/STCR 

30 - Vce5VOLTS 

k 

u 

EM/YrEg C'I''RENT 
(rriIHa.riipe1es 

1.01 ,,35 1.06 itI c 
:)l.5 Or 1 I I i i Ii 



I 1/f/I I Y /' E /I J 

/ c 40 30 20 /0 

¿QQ_ - 

: 

: F/G(IRE(37) 

NO/SE P/G1/ß ßREAA 
J fÇ'EQoEtVcy) :, 

AS A 

F ¿IN C 7'ON Cì 7: ANL ,8 

aQ_ - 

ç FREQNCy (Mc/sec) 
O ¡5- I/o 1/5- Izo 125 3o 35_ 14Q 


