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CHAPTER I 

INTRODUCTION 

The Problem 

Lee (2) demonstrated that the noise of a double-injection diode 

(DID) consists of a thermal noise component and a frequency dependent 

component. The experimental investigation consisted of obtaining by 

laboratory measurement the thermal component of the noise of the double

injection diode under various D-C operating conditions in a frequency 

range of lOKHz to 22MHz. 

Before noise spectra could be measured, a preamplifier with a very 

high input impedance, very low internal noise,cwiderbandwidth and an 

internal noise calibration source had to be designed and constructed. 

Once the preamplifier was constructed, noise spectra of the device were 

obtained experimentally. 



CHAPTER II 

. EXPERIMENTAL APPARATUS 

The Apparatus 

To make noise measurements, a noise analyzer is needed. This 

analyzer consisted of a pr.eamplifier, a noise calibration source, a wave 

analyzer for noise detection and frequency selectivity, various biasing 

power supplies and an integrator for averaging the wave analyzer output. 

Figure 1 shows the noise analyzer layout. 

The oscilloscope was used to monitor the output of the preamplifier 

so any spurious oscillations could be detected. The wave analyzer was 

used as a tunable filter to investiga~e the noise over the frequency 

range of lOKHz to 22MHz. The wave analyzer output was integrated to 

smooth the fluctuations. A digital voltmeter was used to get readings 

of the integrator output. The various power supplies supply the proper 

biasing for the preamplifier, noise calibration and bias for the DID. 

Preamplifier and Input Circuitry 

The preamplifier had to have sufficient gain and low noise to 

amplify the noise of a 500 resistor so it could be detected by the wave 

analyzer usigg the lOµV input sensitivity setting. Van der Ziel (1) 

shows by Nyquist's Theorem that the thermal noise for a resistor is 

given 9Y 
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'vZ = 4KTRM 2.1 

where 

K = Boltzmann's Constant 

T = Temperature in degrees Kelvin 

6f = Bandwidth in hertz 

R = Resistance in ohms 

J' r = VRMS = [4KTR6f]1fa 2.2 

0 
For R = 500, T = 300 K, and 6f = 3000 Hz 

VRMS ~ 51 nV 

A design goal was that the preamplifier should be sensitive enough 

to detect the noise of a 500 resistor, or the equivalent input noise of 

the preamplifier should be of the same magnitude of a 500 resistor's 

noise. 

The preamplifier must also be able to match a very large source 

impedance variation without increasing the preamplifier's contribution 

to the total noise. The device impedance will vary from a few hundred 

ohms to many thousand ohms. Because of the wide variation of source 

impedance, a low noise Field Effect Transistor (FET) was used in the 

preamplifier input stage in order to utilize its high input impedance. 

The equivalent input noise voltage can be represented as an 

equivalent input noise resistance. Van der Ziel (3) has shown that the 

equivalent noise resistance of a junction FET is given by 

R = Q/g 2.3 
eq m 

where g is the transconductance of the FET and Q ~ 2/3. A SFB8558 low 
m 

noise FET was used in the input stage of the preamplifier. This par-

ticular transistor had a gm= 17mA/V at v68 = OV, which corresponds to 

4 



an expected value of R of approximately 400. Figure 2 shows that the eq 

measured value of R equals approximately 530 which is sufficiently 
~ 

cfuose to the expected value of 40Q. 

Lee (2) showed that for the HOS-312A wave analyzer detector, the 

true RMS noise voltage is given by 

2 
VRMS =-!---~~Vindicated 

~ TI 

2.4 

5 

An arbitrary requirement was set that the noise of a 50Q resistor should 

be indicated by a midscale reading on the lOµV setting of the wave ana-

lyzer with a bandwidth of 3000 Hz. (A 5µV reading corresponds to a true 

RMS value of 5.65µV.) 

The necessary voltage gain of the preamplifier can be found by 

dividing the true RMS value of an indicated 5µV by the RMS noise voltage 

of a 500 resistor. 

(40.8 db) 2.5 

There is some leeway in the necessary voltage gain because the wave ana-

lyzer has a more sensitive scale setting. 

A FET-Bipolar transistor cascade amplifier was used for the input 

stage driving a Bipolar-Bipolar transistor cascade amplifier for addi-

tional gain. The second cascode amplifier drives a Darlington common 

emitter amplifier cable driver. This type of cable driver was chosen 

after experimenting with different types of emitter followers. The 

input of the wave analyzer was terminated with 50Q to minimize capaci-

tive loading of the cable driver. 

Figure 3 shows the preamplifier schematic with the noise calibration 

and the DID biasing at the input. Figure 4 shows the voltage gain of 

the preamplifier which meets the desired gain requirement. 
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Input Circuitry 

The input circuitry consist:eddof the DID biasing resistors and 

coupling capacitor, the noise calibrator tube and its biasing resistors 

and coupling capacitor, the inductors L1 , L;;i, L3 , L4 , switches 81 and 82 

and the tuning capacitor C1 • The biasing resistors for the DID and the 

noise tube isolate the power supplies from the input and establish a 

high impedance supply for both. 81 is used to short the input and 82 is 

used to select one of the four coils or no coil. The coils are used at 

high frequencies to null out the preamplifier input capacitance. The 

coils had to have a very high Q so the equivalent parallel resistance of 

the tuned circuit would be very large. This would allow noise measure-

ments of high impedance devices. All of the coils had Q's above 120 and 

were made by winding copper wire on lucite rods. The capacitance.of the 

input circuitry was found to be 26 pF with minimum tuning capacitance. 

It was determined that four coils would be needed to cover a range from 

7.5MHz to 22MHz with the measured input capacitance and the capacitance 

variation of C1 • 

Noise Calibration 

The unknown noise of a device can be found by comparing the noise 

of the device to that added by a temperature-limited diode whose shot 

noise output is given by 

r = 2q I tif 
c 

where I is the D-C current flowing in the diode. 
c 

2.6 

Worch (4) gives a relation for finding the equivalent noise cur-

rent (Ieq) of an unknown device where this current is equal to the 
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current flowing in a temperature-limited diode whose noise output is the 

same as the unknown device 

- I 
eqz 2.7 

where I is the equivalent noise current of the amplifier and the input eqz 

circuitry with the device not connected to the input. 

where 

I eqz 

('11) is the mean square shorted input amplifier noise and is 
s 

related to the total noise of the amplifier; 

2.8 

(vf) is the mean square amplifier noise with the device at the 

input. This corresponds to the device noise and the amplifier 

noise; 

(°vJ) is the mean square amplifier noise with a noise diode plate 

current I with the device at the input. This corresponds to the 
c 

calibration source noise, the device noise and the amplifier noise. 

The values of V, V1 , and V2 were read three times at each £re
s 

quency and averaged for each of the conditions. First I is found 
eqz 

with the device not connected to the input, then the measurements are 

redone with the device connected to the input so I can be found. 
eq 



CHAPTER III 

EXPERIMENTAL RESULTS 

This chapter presents the noise spectra of the silicon cube law 

DID. The noise spectra were measured for seven D-C bias conditions over 

a frequency range of lOKHz to 22MHz. 

Background 

A simple first ord·er equivalent circuit was presented by Lee (2) 

for a double-injection diode and is shown in Figure 5. 

Figure 5. Equivalent Circuit for a DID 

where rf_, 
CX) 

is the equivalent resistance of the DID at high frequencies, 

r 1 and L1 are involved in generation-recombination noise and C0 is the 

device capacitance. 



Lee (2) also presented an expression for the equivalent noise 

current I 
eq 

I eq 
I h + b/fn 
eqt 3.1 

n 
where Ieqth is the equivalent thermal noise current and b/f is the 

frequency dependent component of the noise. 

Results 

The 1-V characteristics of diode 2.8 is shown in Figure 6. The 

cube law region is above 100µA bias current for the.device. 

12 

There were seven noise spectra measured for the diode for differ-

ent D-C bias conditions ranging from a bias of lOµA to 4mA and a 

frequency range of lOKHz to 22MHz. These noise spectra are shown in 

Figure 7. In all cases the equivalent noise current at high frequencies 

approached a flat asymptote. As the device current was increased, the 

noise asymptote also increased. 

Computer Evaluation of the Data 

A Least-Squares program was used to fit a curve of the form of 

Equation 3.1 to the measured data. This program printed the fitted 

points and the constants Ieqth' b, and n with the expected error associ

ated with each constant. Because the thermal noise is the desired 

quantity, some of the low frequency points were dropped to improve the 

quality of the curve fit. Table I shows the fitted values of Ieqth' b 

and n for the different bias conditions. Figure 7 shows the fitted 

curve (solid lines) and the measured points. 
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TABLE I 

THE FITTED VALUES OF I eqth' 
b AND n 

Device Current I 
eqth 

b n 

(µA) ( µ,A) 

10 0.971 ± 0.007 0.0017 ± 0.0005 1.35 ± 0.06 

100 3.00 ± 0.11 0.053 ± 0.006 1.47 ± 0.02 

250 5.39 ± 0.06 0.117 ± 0.01 1.68 ± 0.03 

600 9.39 ± 0.01 0.48 ± 0.06 1.65 ± 0.05 

1000 13. 7 ± 0.17 1.51 ± 0.18 1.54 ± 0.07 

2000 22.7 ± 0.4 6.5 ± 0.6 1.41 ± 0.07 

4000 36.6 ± 0.5 23.4 ± 0.95 1.34 ± 0.06 

The equivalent noise current of a resistor R can be represented by 

I 
eqR 

2KT 
= --

qR 
3.2 

This relation can be de~ived by using the Norton equivalent of a noise 

source and the relation for shot noise. 

Table II shows values of the device current, values of I h that 
eqt 

were extracted with the computer program, values of rf from 
__. (X) 

Bilger (5) and calculated values of I 
eqr f_.cx, 



TABLE II 

I h AND I COMPARISON 
eqt eqr f-> 00 

Device Current I eqth r f ..... oo I 
eqr f-> oo 

(µA) (µA) (RQ) ( µA) 0 

(T=300 K) 

10 0.971 ± 0.007 54 0.96 

100 3.00 ± 0.11 18 2.88 

250 5.39 ± 0.06 11 4.71 

600 9.39 ± 0.01 6.5 7.97 

1000 13. 7 ± 0.17 4.2 12.3 

2000 22.7 ± 0.4 2.6 19.9 

4000 36.6 ± 0.5 1. 5 34.5 

I - I 
eqth eqrf 

1eqth 

0. 0102 

0.04 

0.126 

0 .151 

0.102 

0.123 

0.0575 

-> 00 

I-' 
0\ 



CHAPTER IV 

ERROR ANALYSIS 

With any experimental investigation there is a degree of uncertainty 

associated with the data. This uncertainty comes from errors which fall 

into three classes: statistical, calibration, and reading errors. 

Statistical errors are always present and must be taken into account. 

Calibration errors are from equipment inaccuracies and can sometimes be 

minimized, and they must be accounted for. Reading errors are human 

errors and can be reduced with patience on the part of the observer. 

Statistical Errors 

The form of statistical errors involved in the measurements was 

the relative standard error in the mean value of bandwidth limited white 

noise. 

The relative standard error of a mean value measurement of band-

width limited white noise comes from Bendat (6) 

4.1 

In applying this to the noise measurements, consider the equivalent 

noise current 

I eq 

r-r 
= [ ~ v7] Ic - I 

eqz 
4.2 



I remains relatively constant but V, V1 and V2 are all fluctuating 
c s 

quantities measured on the same equipment with the same settings so 

their relative errors can be considered the same. 

v 
s 

=--=-- Ci 4.3 

Assuming~>> v2 and v1 >> Vf and I >> I it can be shown that 
~ s eq eqz' 

.6.Ieq = 2 J-; et 
I eq 

Fort= 5 sec and .6.f 3000 Hz 

.6.I 
~ = 1 66"' I • ~ 

eq 

4.4 

4.5 

18 

The total minimum expected statistical error is ± 1.66% with: these 

assumptions. 

Equipment Errors 

There must be a standard against which all equipment is calibrated. 

The standard used is a Dymec 2401B Integrating Digital Voltmeter which 

has a specified accuracy of± 0.01%. It is assumed that the DVM is 

still within these specified accuracy limits. 

Two Triplett 630NA meters were used as standards in the lab. The 

specified accuracy of these meters was± 1.5%. Their accuracy was 

checked by passing a current through a known resistance (5.0KQ ± 0.05%) 

and monitoring the voltage drop of the resistor with the Dymec DVM. The 

two meters were found to have an accuracy within the specified limits of 

± 1. 5%. 

The noise tube plate current meter was checked next with the two 

Triplett meters. Various values of plate currents were used and their 
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values recorded. These values were compared to the readings of the 

Triplett meters. The plate current meter always had a reading 0% to 4% 

higher than the Triplett meterss average with most of the readings being 

1% higher than the Triplett reading. The total minimum error associated 

with the plate current of the noise diode will be the combined errors of 

the Triplett meters and the difference between the Triplett meters and 

the plate current meter. The total minimum error assigned to the plate 

current is +2.5% -0.5%. Any relative error in I will cause the same 
c 

error in I eq 
(See Equation 2.Z)) 

The total minimum error assigned to the data is the sum of the 

statistical errors and the equipment errors. This total comes to a 

minimum error of +4.2% -2.2%. 

Linearity Checks 

Other forms of equipment errors include the possibilities of non-

linearities in the integrator or in the preamplifier output. 

Integrator nonlinearities were checked for by applying a known D-C 

voltage to the input and recording the output voltage. Input voltages 

ranged from OV to l.OV (1 volt is the maximum output from the wave 

analyzer). The input and output voltages were recorded and the gain of 

the integrator was found. The values of the input, output and integra-

tor gain are shown in Table III. Based on these values the integrator 

was considered linear. 



TABLE III 

INTEGRATOR GA IN 

E E E 
Gain 

out 
source out 

E (Volts) (Volts) source 

o. 101 9.79 96. 9 

0.201 19. 61 97.6 

0.301 29.39 97.6 

0.401 39.23 97.8 

0.507 49.67 98.0 

0.608 59.53 97.9 

0.707 69.23 97.9 

0.801 78.34 97.8 

0.909 89.04 98.0 

0.987 96.60 97.9 

The next step was to check the linearity of the preamplifier 

output. This was done by placing a known resistance at the preampli-

fier input and changing the noise tube bias current. Remember the 

squared noise current is proportional to the bias current I . If the 
c 

20 

source resistance was much larger than the equivalent noise resistance, 

then the output noise of the preamp would be proportional to the noise 

current, or (V t) 2 a: I . Figure 8 shows V2 vs I and was measured at a 
OU C m C 

frequency of lMHz. Figure 9 shows V2 vs I measured at 22MHz. Here V 
m c m 

is the wave analyzer reading. In both cases the plot was linear so it 
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can be assumed the preamp has a linear output. A 1,000 ohm resistor was 

used on the input in both cases. 

O,'f 

0.3 

C\l ,-.... 

~ 0,2. 
'-' 

"l>s 

o., 

0,0 

-100 0 100 300 

I (µ, A) 
c 

Figure 8. V2 vs I at lMHz 
m c 

ReiHstor Calibration 

Remember the thermal noise voltage of a resistor is given j;}y 

~ = 4KTR M 4.6 

Consider the Norton equivalent of the noise instead of the Thevenin 

equivalent and equate the noise powers. 

~ 

y_ = °r R = 4KT M 
R 

Solving for? we find 

°?' = 4KT AJ 
R 

4. 7 

4.8 
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Cl! ,,..._ 
:> 0,l s ......,, 

Cl! s 
:> 

0,1 

I (µ,A) 
c 

Figure 9. v2 vs I at 22MHz 
ID C 

If the noise is considered like a shot noise source or 

r = 2q I M 
eqR 

4.9 

then the resistor's noise can be represented as an equivalent noise 

current. This can be found by equating equations 4.8 and 4.9 or 

2KT 
I =

eqR qR 

For T = 300°K and R = 10000 

4.10 

22 

I R = 51.69µA eq 
4.lOa 

This is very close to the V2 = 0 crossing on the I axis of the 
ID C 

output linearity checks. These values are higher than the expected 

values because of I associated with the input. A Linear Least-eqz 

Squares program was used with the Hewlett-Packard 9100A desk computer to 

get the slope and the intercept points for Figures 8 and 9. 



The theoretical equivalent noise current of a resistor can be 

found by equation 4.10. By letting a resistor be the unknown source, 

its measured value of I R can be found by using equation 2.7. Figure eq 

10 shows the noise spectra of three resistors 1000, 10000 and 10,0000. 

The expected and measured I R values are shown in Table IV. 
eq 

R 

TABLE IV 

EXPECTED AND MEASURED VALUES OF I 
eqR 

Calculated I 
eqR 

Measured I 

(ohms) (µA) (µA) 

100 ± 1% 51U.'' 529 

1,000 ± lto 51.ir 54.5 

10,000 ± 1% 5. l(J) 5.35 

eqR 

The measured values of I were the averages of the data points 
~qR 

23 

and in the three cases the measured values of I were not more than 5% 
eqR 

higher than the calculated values of I eqR 
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CHAPTER V 

CONCLUSIONS 

The noise spectra were observed to have a frequency-dependent 

component and a frequency-independent component (the thermal component). 

The thermal component of the noise was obtained by fitting a curve of 

the form 

I = I h + b/fn 
eq eqt 5.1 

to the noise spectra. I is the thermal noise component and b/fn is 
eqth 

the frequency-dependent component of the noise. 

The values of I h that were obtained using the curve-fit program eqt 

were compared to the calculated values of Ieqrf~oo· The values of 

I were calculated by using Equation 4.10 and the measured values eqrf~oo 

of rf~oo obtained from Bilger (5). The values of I h did not differ eqt 

by more than 15% of the Ieqrf~oo values. 

Recommendations for Further Study 

Because there is only one device available at this time, noise 

studies of silicon cube-law devices are limited. Varying the ambient 

temperature, extending the frequency range of noise measurements and 

using D-C bias conditions that are higher and lower than what were used 

would provide additional information about thermal noise of doufule-

ingection diodes. 
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