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Abstract approved: 

Previous studies on low frequency flicker noise in bipolar junction transistors 

(BJT) are reviewed. The original BJT flicker noise sources are mainly attributed to the 

fluctuation in base surface recombination and the fluctuation in the mobility or diffusivity 

of free charge carriers. Our experiments were done to verify a newly established low 

frequency noise model in BJTs that depends not only on emitter current, but also on 

emitter-collector voltage. Two experimental systems were used for noise measurement. 

The automated system is effective for the measurement of flicker noise of BJT operating 

in the low frequency range (around 1Hz), while the analog system is efficient for the 

noise measurement of BJT operating in the high frequency range (around 1 KHz). Normal 

commercially available BJTs (PNP2907 A and NPN2222A), special low noise and low 

power BJTs (PNP4125, NPN4124), and PMOSFETs were used in our measurements. 

The results of our experimental measurements indicate that BJT low frequency 

flicker noise is not only dependent on its emitter-collector current as described in the 
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SPICE models, but is also strongly dependent on emitter-collector voltage which is not 

included in the SPICE models. Substantial power dissipation occurs in BJT's. A new 

model is thus proposed to demonstrate that the noise current is not just simply a function 

of collector current but rather power dissipation (I * V). Temperature fluctuations caused 

by significant heat generation and heat conduction due to high power dissipation have 

been suggested to result in the flicker noise in transistors. 

A detailed comparison of experimental data with the calculated data from the 

model has been made to verify the newly proposed model. It is demonstrated that the new 

noise model fits our experiment measurements very well in the high frequency range. 

However, there is some discrepancy between the experimental data and the calculated 

data in the low frequency region. Future work needs to be continued to refine the BJT 

flicker noise model by both theory and experiments. 
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EXPERIMENTAL VERIFICATION OF A NEW MODEL FOR BIPOLAR 

TRANSISTOR FLICKER NOISE 


1. LITERATURE REVIEW OF PREVIOUS STUDIES ON LOW 
FREQUENCY NOISE IN BIPOLAR TRANSISTOR 

There are two main groups of noise sources: interference noise and inherent noise 

(device noise). Interference noise includes substrate and power supply noise, while 

inherent noise is composed of three main kinds of fundamental noises - thermal noise, 

shot noise and flicker noise. 

Flicker noise is a dominant low frequency nOIse source In electrical devices. 

Because its spectral density increases without limit as frequency decreases, flicker noise 

is also known as lIf noise. Firle and Winston have detected lIf noise at frequencies as 

low as 6x 10-5 Hz. When it was first observed in vacuum tubes, this noise was called 

"flicker effect" because of the flickering observed in the plate current. lIf noise is quite 

common, and has been detected in vacuum tubes, transistors, diodes, and resistors. No 

electronic amplifier has been found to be free of flicker noise. 

During the last few decades, a large number of studies have been published on 

low frequency noise, particularly flicker noise, in bipolar junction transistors (BlT). lIf 

noise on bipolar transistors has mainly been discussed in terms of what are the actual 

sources of the low frequency flicker noise and which component dominates the flicker 

noise. Two main theories have been used to explain the origin of lIf noise: fluctuations 

due to base surface recombination and fluctuations in the mobility or diffusivity of free 

charge carriers. 
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The surface state model (~N) was first proposed by McWhorter [1] in 1955, who 

related lIf noise to the density of interface states in MOSFETs. According to his model, 

lIf noise is attributed to the random trapping and detrapping processes of charges in the 

oxide traps at the Si-Si02 interface. The input referred voltage noise is independent of the 

gate bias voltage (V(IS - VI) and the noise spectral density is proportional to the interface 

trap density. On the basis of McWhorter's surface state model, Fonger [2] introduced in 

1956 the base surface recombination model for the flicker noise in bipolar junction 

transistors. The model considers that the fluctuation of the surface recombination base 

current is caused by the fluctuation of the surface recombination velocity. More 

specifically, fluctuations in the occupancy of surface traps disturb the surface 

recombination velocity, which in turn generates fluctuations in the base surface 

recombination current (Ibs). The noise spectral density is then considered to be related 

with the fluctuation in base surface recombination current. 

Fonger's model has been accepted by many scientists and confirmed by some of 

their laboratory experiments. Sah and Hielscher [3] and Abowitz et al. [4] have shown 

more experimental evidence supporting the surface noise theory. Hsu [5,6] found that the 

l/f noise in p-n junctions is proportional to the surface density of surface states. Van der 

Ziel [7] interpreted the lIf noise in p-n junctions in terms of fluctuations in the surface 

recombination velocity, which is proportional to the surface state density. The study 

conducted by Nishida [8] also provided experimental evidence supporting the surface 

trapping model. 

In 1969, however, Hooge [9], one of the pioneers in noise research, first found 

that lIf noise is inversely proportional to the total number of mobile charge carriers in 
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homogeneous samples, and thus the surface effect is excluded as the main source of lIf 

noise. Based on Hooge's hypothesis, Kleinpenning [10] and Van der Ziel [11] developed 

a bulk mobility fluctuation model (~J..l) that considers that lIf noise is a result of the 

fluctuation in bulk mobility, which is induced by fluctuations in phonon population 

through phonon scattering. In pnp transistors, the mobility fluctuation lIf noise is 

attributed to the holes interacting with phonons when flowing from the emitter into the 

collector and the electrons flowing from the base into the emitter [12-14]. Analytical 

expressions for mobility fluctuation collector and base lIf noise in advanced pnp BJTs 

have been presented by also considering the effects of nonuniform dopping profiles. 

On the basis of surface state and mobility fluctuation models, many scientists 

have investigated the location and sources of lIf noise in BJTs for a few decades. These 

two theories to explain the lIf noise have also been verified under different experimental 

circumstances. Plumb and Chenette [15] found that a single flicker-noise generator in 

parallel with the emitter-base admittance could provide an adequate description of lIf 

noise performance. Their measurement results agree with the lIf noise model that 

attributes most lIf noise in transistors to surface recombination of minority carriers in the 

base region. Jaeger and Brodersen [16] not only confirmed that one noise generator is 

associated with the surface noise of the emitter-base junction, but also found that the 

second lIf noise generator is related with the active base region of the transistor which 

was also reported earlier by Knott [17]. However, Stoisiek and Wolf [18] revealed that 

the lIf noise in planar NPN transistors cannot be explained by McWhorter's surface 

tunneling model. The lIf noise depends on the magnitude of the base current, on the area 

of the emitter, and on the base width. Fluctuations of the resistance of the neutral base 
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regIOn are considered to be the origin of the lIf noise. In a recent study of modem 

submicrometer bipolar transistors [13], it is shown that the internal emitter and base 

series resistances have a large influence on the low frequency noise behavior. The values 

of these resistances are much higher than the values in common transistors. New 

calculations of the low frequency noise have also been presented by taking the internal 

series into account. At emitter currents higher than 100/JA, the lIf noise from the series 

resistances has been found to be dominant. 

Based on various studies, Van der Ziel [11] summarized four possible lIf noise 

sources in BJTs as follows: (1) lIf noise in the recombination current IR of the emitter

space region, either at the surface or at dislocations, which is usually attributed to 

fluctuations in the surface recombination velocity; (2) mobility fluctuation lIf noise in the 

hole current IEp flowing from the emitter to the collector; (3) mobility fluctuation lIf 

noise in the electron current lEn flowing from the base to the emitter; (4) resistance 

fluctuation lIf noise in the base resistance rb of the transistor. Since IB is small in a high ~ 

transistor, the source (4) has a small effect. In addition, lEn is about two magnitude 

smaller than IEp in a good pnp transistor, the effect of source (3) is also small in 

comparison with source (2). Thus the two most important lIf noise sources in BJTs are 

recombination lIf noise in the emitter space charge region and mobility fluctuation lIf 

noise in the collector current. In older transistors, the predominant lIf noise source was 

the recombination current due to the large surface recombination velocities. However, 

with the advent of planar silicon technology, the surface effects have been greatly 

reduced, and the remaining flicker noise has been mainly attributed to mobility 

fluctuations [19]. Subsequently, Van der Ziel and his colleagues [20,21] implemented a 
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simple technique to determine the exact location of magnitude of lIf sources in silicon 

transistors. By short-circuiting the base and the collector to the ground and comparing the 

base and collector noise spectra for the case of zero feedback from the emitter with those 

for the case of strong feedback with a resistor RE inserted in the emitter lead, one can 

evaluate the relative strength of three independent noise current generators: ibc between 

base and emitter, ibc between base and collector, and iec between emitter and collector. 

While many or all of the above models may describe, or explain in part, low 

frequency noise in bipolar transistors, an additional complexity occurs with modem small 

dimension devices. These can or may be operated at very high power densities and thus 

can generate very high junction temperatures. This will result not only in a large heat 

conduction, but also a temperature fluctuation in the active region of the device. 

Although it is a well known fact that temperature fluctuations can explain (to a ce11ain 

extent) the lIf-like noise in thin metallic films [22], very few studies have been reported 

on BJTs. Mueller [23] has been able to show that microscopic temperature produced by 

the p-n junction diode current can cause flicker noise. 

Recently Forbes [24, 25] has found the existence of strong power dissipation on 

BJTs. Under this situation the current lIf noise depends on collector-emitter voltage 

(VCE) or power (product of voltage and current). The power dissipation at high currents 

and voltages in BJTs will result in significant heat generation and heat conduction toward 

the heat sink. Thus the lIf noise will be generated due to the temperature fluctuations. 

The BJT noise models in SPICE manuals and as available from references haven't taken 

this (VCE) component into account in their models. The SPICE models for the lIf noise 

give the mean square collector current noise simply as a function of the DC base or 
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collector current. Thus Forbes et al. [251 have established a new model to demonstrate 

that the current noise is not just simply a function of collector current but rather power 

dissipation. However, the detailed comparisons haven't been made between the results 

calculated from the new model and the experimental data. 
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2. OBJECTIVES 


Noise research plays an important role in the development of analog circuit design 

techniques. For an electrical circuit system, the highest signal level that can be processed 

is limited by the characteristic of the circuit structure, but the smallest detectable level is 

set by noise. Noise directly determines the dynamic range of the electrical circuit system 

and greatly affects electrical circuit performance. 

Flicker noise, or lIf noise, is a dominant low frequency noise source in electrical 

devices. Especially at low frequencies, the flicker noise in bipolar junction transistors 

(BJT) determines the device amplifying limitations. As low power and low voltage 

electronic devices are becoming more and more widely used, the effect of low frequency 

flicker noise becomes increasingly important. It is important for a circuit designer to 

minimize this effect to improve circuit performance, and thus the study of flicker noise is 

needed. 

During the last few decades, a large number of studies have been published on the 

low frequency noise ([1]- [46]), particularly flicker noise of bipolar junction transistors. 

Several empirical models for lIf noise have been reported. Most of them are related to 

Hooge's mobility fluctuation (bulk effect) model [9] or to McWorther's carrier density 

fluctuation (surface state) model. Hooge's model relates the noise to the inverse volume 

of the samples, while McWorther's model relates the noise to the density of interface 

states in MOSFETs. 

For the analytical determination of flicker noise in bipolar transistors, Fonger [2], 

In his original paper, suggested that it is the fluctuation of the surface recombination 
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velocity that causes this noise. On the other hand, Kleinpenning [10] and Van del Ziel 

[11] developed a mobility fluctuation model to explain lIf noise in junction diodes and 

transistors. However, the currently widely used model to quantify the lIf noise of BJT is 

originally developed by Plumb and Chenette [15]. The flicker noise is expressed as: 

2 n 1 fin = K*IB 

where K is a constant; IB is the base current; n is a number between one and two; and f is 

the operating frequency. The equation is used in SPICE, PSPICE, and HSPICE for analog 

circuit simulations. In this model, lIf noise is only affected by the current and frequency. 

Although in the same paper Plumb and Chenette [15] described another noise component 

that depended on the collector emitter voltage, no model was given for expressing this 

component. 

Forbes et al. [24, 25] have recently detected the strong dependence of 1If noise on 

collector-emitter voltage and thus the power dissipation is a consideration. They 

suggested the 11f noise could result from the power dissipation because at high currents 

and voltages power dissipation of BJT causes significant heat generation and heat 

conduction towards the heat sink. They have also established a theory to take 

consideration of the effect of currents and voltages on the BJT flicker noises. However, 

no comparisons have been made between the theory and the lIf noise measured 

experimentally on bipolar transistors. The validation of this theory needs to be 

implemented through a large amount of experimental data. 

The objective of this study is : (1) to confirm that the power dissipation of low 

frequency noise exists on bipolar transistors by experimental measurements; (2) to 

compare the calculated values from the model with the experimental data to validate the 
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new flicker noise model; (3) to compare our experimental results with the published data 

to demonstrate the effectiveness of our measurements. 

Thus this thesis is organized as follows: 

In Chapter 3, the new theory or model is introduced for the lIf noise on bipolar 

junction transistors. 

In Chapter 4, we describe two nOIse measurement systems: the automated 

measurement system for measuring BJT operating in the low frequency range and the 

analog measurement system for measuring BJT operating in the high frequency range. 

We also introduce how and what sets of data are collected. 

In Chapter 5, the experimental data is displayed to demonstrate the dependence of 

lIf noise on power dissipation in BJT transistors and then compared with calculated 

data based on the new theory. The new model is verified. The experimental data is also 

compared with the published data to validate our measurement systems. 

In Chapter 6, future work is recommended to refine this new flicker noise model. 

The structure of a new automated noise measurement system is suggested and described. 

In Chapter 7, conclusions are made from this study. 
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3. THEORY 


Forbes et al. [24,25] have studied the problem of flicker noise III bipolar 

transistors due to temperature fluctuations in heat conduction through a substrate. The 

relationship of BJT noise and its contributing components can be expressed by the 

following equation: 

(1) 

d 
In above expression, !1T =VcEI- represents the temperature increase due mostly 

KA 

to power dissipation in the transistor base-collector junction. V CE is the collector-emitter 

E, 
voltage; I is the collector current and d is distance to the heat sink. !1 V = (-.~ - V[)c) is the 

q 

voltage difference caused by the change of the base- emitter junction voltage. Voc is the 

base-emitter junction forward bias voltage; Eg is the bandgap energy; and q is the electron 

a 
charge. = d 2 is a constant demonstrating that the comer frequency is determined by UJnh 

transistor physical mechanisms, where a is thermal diffusivity and is also related to other 

factors such as the thermal conductivity K, heat capacity Cp and density p. The relationship 

is shown as following equation: 

a 1 
(2) 

T is normal temperature and (!) is radian frequency. 

From the above equations, we can get: 



11 

(3) 


Because Cp P is 1.63 JJ(Kcm3
) and K is 1.5 JJ(sec·cm-K) for silicon material, we 

can get the following equation: 

(4) 

where A is the active device area and expressed in cm2
. 

By combining equations (1) and (4), we finally define the BJT flicker noise model 

as following: 

(5) 

It clearly indicates that i 
ll 

2 is dependent on the collector-emitter voltage. 

To determine the active device area A, we define W=LOllr to be the frequency at 

which ill 2 = 2qI, and then we will get: 

(6) 

Thus the active device area can be calculated based on the following equation: 

(7) 
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4. LABORATORY MEASUREMENTS OF FLICKER NOISE IN BIPOLAR 

JUNCTION TRANSISTORS 


By usmg several kinds of bipolar junction transistors, different sets of flicker 

noise measurements were made. They include (1) flicker noise at different frequencies: 

(2) flicker noise at different CUlTents or voltages at both low and high measurement 

frequencies. The representation frequency (fd or BJT comer frequency was also 

obtained through experimental measurements. We will first discuss two different systems 

used in our measurements, and then address how the data of flicker noise is obtained. 

4.1 Flicker Noise Measurement Systems for Bipolar Transistors 

Two different approaches were used to determine the BJT flicker noise in our 

study. One is an automated noise measurement system, which was used to measure the 

flicker noise of BJT at low frequencies. The schematic of the automated noise 

measurement system is shown in Figure 4.1 and Figure 4.2. The system consists of fi ve 

parts- transistor under test, the first order filter, the fourth order filter, digital multi meter 

and personal computer. Its structure is shown as follows: 

The 4-th order The I-st order Transistor 
Filter  Filter under test 

G = 45 dB G= 2dB 

The system measures the amplified differential BJT collector voltage variation 

over a time period, and then the fast Fourier transform (FFT) method was used to process 

the experimental data hy using MATLAB. The desired BJT noise (for example: mean 

DMM ~ 
Personal 


Computer 

FFT 
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square collector current noise, mean square base current noise and input-referred voltage 

noise) was then obtained in the frequency domain. 

The operation of the automated noise measurement system is described in the 

section which follows. The voltage drop across the transistor collector resistor (Rc) was 

measured as a noise signal by a voltmeter. The amplifiers were chosen from normal 

commercially available integrated circuit (Ie) operational amplifiers and used in the first 

order linear filter and the fourth order Butterworth filter. The first order filter is used to 

amplify the weak transistor collector noise signal and provide a gain of 45db with cut-off 

frequency of 21KHz. A Tektronix DM5010 programmable digital multi meter (DMM) 

functions to sample the experimental data in a time domain. The amplified noise signal 

from the first order filter was transferred to the fourth order Butterworth filter in the third 

section of the measurement system. The fourth order filter was specially designed to 

lower the signal comer frequency. Since the sampling frequency of DMM is only 26 Hz, 

the fourth order filter lowered the comer frequency from 21KHz to 4.2Hz and provided a 

2db gain. Therefore, the total system can measure the flicker noise at frequencies below 

4.2Hz and can provide a total gain of 90db. The sampled data is then stored in a file and 

processed by FFf in MATLAB. 

To obtain accurate noise measurements using this automated system, a resistor 

that has the same resistance as the BJT transistor was used to replace the BJT so that the 

background noise of the measurement system could be measured. The background noise 

should be subtracted from the measured transistor noise. 

To reduce any power supply noise effect at the BJT collector node, the BJT was 

connected upside down with power supply to its emitter instead of directly to its 
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collector. In order to reduce additional noise in the measurement system, capacitors were 

selected to put between the transistor base and ground, emitter and base, and power 

supply and ground. 

The other measurement set is an analog measurement system, which measures the 

flicker noise of BJT operating in the high frequency range (>=lkHz). The system 

schematic is shown in Figure 4.3. A Princeton applied research model 184 current 

sensitive preamplifier was used as a frequency selective RMS voltmeter. The transistor 

measured was set up similarly to that in the above automated measurement system. The 

collector CUITent noise can be directly measured at a particular frequency as a current 

signal by the RMS voltmeter. Due to power line frequency harmonics, the BJT collector 

current noise at frequency lower than 1kHz can not be measured easily. 
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4.2 Noise Measurement on Bipolar Transistors 

First. tv, 0 normal commercially available bipolar junction transistors-- PNP2907 A 

and NPN2222A were used to study the characteristics of their flicker noise variation at 

di fferent operating frequencies. An automated noise measurement system was used to 

measure the noise of BJT operating in low frequencies around I Hz, while the analog 

noise measurement system was used to measure the noise of BJT operating in relatively 

high frequencies around 1 KHz. When the automated measurement system was used, both 

transistor collector current and voltage were maintained to be constant at ImA (Ic=lmA) 

and S.ISv (Vce=S.lSv) respectively, the BJT collector cunent noise was then measured 

as frequency varied. The data obtained was processed by FFT in MATLAB. The 

frequency was chosen to be from 0.001 to 5 Hz. A similar method was used in analog 

measurement system to measure noise on transistors operating at a higher frequency from 

400 Hz to 4 kHz. Here, however, the BJT noise at different frequencies can be directly 

obtained from the frequency selective RMS voltmeter. The relationship between BJT 

collector current noise and operating frequencies is shown in Figure 4.4. 

Various measurements were done to study dependence of BJT flicker noise on 

different factors. Noise measurements were conducted on several different types of 

devices sllch as commercially available normal bipolar transistors PNP2907A and 

NPN2222A, and special low noise and low power bipolar transistors including PNP4125, 

NPN4124, and the PMOSFET in CD4007. Several types of noise characteristics were 
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measured such as mean square current noise versus current and mean square current 

noise versus voltage. 

The automated nOIse measurement system was used for a serIes of above 

measurements when the transistors operated at low frequency (around 1Hz). The noise 

measurements were made by either keeping constant transistor collector current (Ic) 

while varying voltage (Vce) or maintaining constant voltage while changing currents. 

One example of our measurements is described as following. Transistor NPN2222A was 

used; its collector current was maintained at 1 mA; and its collector-emitter voltage was 

varied from -4 V to -25 V at increasing intervals of -3 V. Mean square collector CUtTent 

noise versus voltage was then obtained. A pot1ion of measurement results are shown in 

Figure 4.5. 

To investigate the relationship of noise and voltage on MOSFET's, measurements 

were also made on PMOSFETs with different sizes. The automated noise measurement 

system was used and the method chosen is similar to that of the BJT noise measurement. 

However, instead of keeping constant collector cutTent, drain cutTent was maintained 

constant while drain-source voltage was changed. To facilitate the comparison, the 

measurement results are also shown in Figure 4.5. 

Similar experiments were done by means of the analog measurement system to 

study the transistor noise dependence characteristic at higher operating frequency 

(around 1 kHz). BJT collector cutTent was selected to be 1.5 mA, 5 mA and 10 mA 

separately. For each cutTent condition, BJT collector-emitter voltage was varied. The 

relationship of mean square collector current noise (Sic) and voltage (Vce) is shown in 

Figure 4.6 . 
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The lIf noise comer frequency is an important noise parameter. The approximate 

comer frequency can be directly obtained from the relationship between noise and 

frequency in this study. Based on the definition of comer frequency, the frequency at 

which the lIf noise and white noise curves intersect is called the comer frequency. The 

white noise function is defined to be y = 2qI in this study. Thus from Figure 4.4, the 

approximate comer frequency was obtained based on the intersection point of 2qI and the 

average line of measured flicker noise at different BJT operating frequencies. 

To obtain the representation frequency (fL) or comer frequency, its related 

parameters were measured. The relationships that are mainly needed are BJT collector 

current noise versus collector current (Figure 4.7), and base current noise versus base 

current (Figure 4.8). Special low noise and low power bipolar transistors PNP4125 and 

NPN4124 and normal bipolar transistors PNP2907 A and NPN2222A were chosen for 

these measurements. The BJT transistor emitter voltage (Vee) was maintained to be 

constant at 5V while transistor collector current (Ie) was varied from IOOIlA to 1.5mA. 

The collector current noise and base current noise were then measured under these 

different combinations of voltages and currents. The feature parameter--~ value (~ = 

Ic/lb) can be calculated directly. After noise data was analyzed, the relationships were 

obtained between BJT transistor collector current noise (Sic) and collector currents (Ie), 

and between base current noise (Sib) and base current (Ib). The mean square current 

noise versus square current relationship (Figure 4.9 and Figure 4.10) can also be obtained 

directly. These figures for different types of devices can serve for the calculation of the 

representation frequency (fd or bipolar junction transistor comer frequency. 
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5. RESULTS AND DISCUSSION 


5.1 Comparison of the Effect of Collector Current on Flicker Noise between Our 
Measurements and the Published Data 

In order to verify the validity of our measurement systems, we first compared our 

measurement results with the published data. Motchenbacher and Connelly [26] 

displayed in Figure 5.9 their measurement mean square current noise data under different 

currents and operating frequencies. The special low power and low noise BJT transistor 

PNP4250 was used in their study. To facilitate the comparison of their data and our 

measurements obtained by the automated measurement system, only data for a 1 Hz 

operating frequency is shown in Figure 4.9. Based on Figure 4.9, it is apparent that the 

relationship of collector current noise (Sic) and the square of collector current (Ic2
) is 

very similar for transistor PNP4250 from Motchenbacher and Connelly [26] and for 

transistors PNP2907 A and NPN2222A from our measurements. Our results covered a 

much larger range of Ic2 than those from Motchenbacher and Connelly. 

A comparison is shown in Figure 4.10 of the noise data from Stoisiek and Wolf 

[18] with our results. A group of points with Ic2 from 10-12 to 10-4 are selected from 

Figure 5 of the study by Stoisiek and Wolf [18]. To facilitate the comparison, their 

corresponding values based on base current noise versus base current were transformed 

into points based on collector current noise versus the square of collector current. Figure 

4.10 clearly shows that the flicker noise is dependent on collector current. The data sets 

from Stoisiek and Wolf and our measurements on two kinds of transistors, PNP and 

NPN, have shown the same relationship between current and noise. 
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Based on the above compansons, it seems that our measurement results are 

compatible with previous similar studies. Thus it indicates that our measurement systems 

operate properly and the data obtained is valid. 

5.2 Effect of Operating Frequency on Flicker Noise and Corner Frequency 

The measurement results of BIT flicker noise are shown in Figure 4.4 with 

different frequencies. It clearly demonstrates that BIT flicker noise is affected by its 

operating frequency. For both bipolar transistors PNP2907 and NPN2222A, the flicker 

noise, which is measured by either the automated system in the range of low frequency 

around 1 Hz or analog system in the range of high frequency around lk Hz, appear to be 

inversely proportional to operatir.lg frequency. With different combinations of currents 

and voltages, the noise trends are very similar over different operating frequencies in that 

different lines are almost parallel. This phenomenon showing the effect of operating 

frequency on flick noise has also been reported by previous researches and has been 

expressed as an important contributing factor in an original SPICE model for electrical 

circuit simulation [27]. 

The corner frequency is an important parameter in that it is the intersection point 

between the flicker noise and the white noise curves. When frequency is higher than the 

corner frequency white noise dominates, otherwise flicker noise dominates. More 

importantly for this study, the corner frequency is a parameter used to calculate the active 

A2 area for verification of our new noise model. Based on the definition of corner 

frequency, it can be directly obtained from Figure 4.4. By choosing the average line for 

the flicker noise of the transistor NPN2222A at a current of 1 rnA, the intersection 

http:operatir.lg
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frequency between the flicker noise curve and the white noise curve at 2qIc, is estimated 

to be approximately 40 kHz. We use this value of the comer frequency for the 

verification of our model in the later part of this section. 

5.3 Comparison of the Representation Frequency Calculated from Our 
Measurement with the Published Data 

fL is the representation frequency. Its value does not necessarily match the comer 

frequency, but there is close correlation. Two methods are used to calculate the 

representation frequency in this study. 

The first one is based on the relationship of base current noise versus base current 

obtained from our measurements (Figure 4.8). The function is displayed in Figure 4.8. 

Based on the formula presented by Motchenbacher and Connelly [26], the spectral 

density of 111" noise can be described as : 

.2 Y •lIB =2xq X fL xIB / t (1) 

Thus the representation frequency, fL, can be directly calculated from equation (l). An 

example is given as following. 

From Figure 4.8, we get curve functions for bipolar transistors PNP4125 and 

NPN4124 as y =8xlO-18x06668 and y =2xlO- 15 x l 1098 respectively. By utilizing equation 

(1), with f = I Hz, we get: 

2xq X fL = 8xlO-18 for PNP4125 

152xq X fL =2xlO for NPN4124 

Thus we get fL =25 Hz and fL =6.25KHz for PNP4125 and NPN4124 respectively. 
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The second method is similar to the first one except that the relationship used is 

that of colIector current noise and collector current (Figure 4.7). Formula (2) is used to 

calculate the representation frequency. 

(2) 

where Kc = 2xq x fJ ~y-2, and then fL can be calculated. An example IS gIven as 

following. 

Based on P· 47,we get curve f' 4x 10-15 x06862' and y = Ix lOll 1087" fIgure . unctIOns y = -, x' " or 

PNP4125 and NPN4124 respectively. Thus when f = 1 Hz, for PNP4125, we have: 

Kc = 4xlO- 15 
, y = 0.6862, and then fL= Kcx W-2

/ (2xq) = 29 Hz (~is selected to be 

100) 

When f = 1 Hz, for NPN4124, we have: 

Kc = lxlO- 13 
, y = 1.0873, and then fL = Kcx~ y-2/ (2xq) = 2.5 kHz (~ is selected to be 

200) 

We have compared the fL values calculated from the above two methods with 

those listed in Table 5-1 (fL = 4 kHz and 11 kHz for PNP4125 and NPN4124 

respectively) by Motchenbacher and Connelly [26]. As is indicated, our representation 

frequency is close to that from the published data for transistor NPN4124, while a great 

discrepancy exists for transistor PNP4125. Since the ~ value isn't actually constant under 

different current conditions and it is difficult to select an appropriate ~ value, the second 

method caused more error. Thus the first method will be used for the calculation of 

representation frequency. 
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5.4 Dependence of Flicker Noises on Voltage and Power 

At low operating frequencies, the relationship between flicker noise and power is 

shown in Figure 5.1. It indicates that the collector current noise Sic has a strong power 

dissipation dependency for bipolar transistors. When the collector current is maintained 

constant on bipolar transistors PNP2907 (5mA or lOmA) and NPN2222A (lOIlA, lOOIlA, 

ImA, or lOmA), the collector current noise Sic is significantly higher when the voltage 

increases. However, for transistor NPN2222A at current of 50mA, there is no significant 

change of collector current noise with the increase of voltage or power. This indicates 

that the power dissipation might have reached a saturation point and the transistor may 

have entered a break down region. In contrast with BJT transistors, PMOSFET doesn't 

demonstrate significant dependence on power dissipation, and the drain current noise Sid 

is relatively constant regardless of the increase in drain-source voltages. 

Figure 4.6 shows the relationship between flicker noise and power at higher 

operating frequencies. As in Figure 5.1, the BJT flicker noise is strongly dependent on 

collector-emitter voltage and appears to be proportional to collector-emitter voltage. This 

means that BJT flicker noise still has a strong dependence on power dissipation for 

transistors operating at higher frequencies. 

Based on our measurement results, this strongly indicates that the BJT flicker 

noise is not only dependent on transistor collector current but also strongly dependent on 

collector-emitter voltage, and thus BJT flicker noise has shown a dependence on power 

dissipation. However, we haven't detected any similar phenomenon with high power 

dissipation in PMOS transistors. It is likely due to the fact that for BJT transistors the 
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characteristics change with respect to temperature, while for MOSFET transistors, 

mobility has reached a saturation value and has less dependence on temperature because 

of the high electric fields under the gate. 

Plumb and Chenette [15] once described a component of BJT flicker noise which 

depended on collector-emitter voltage, but no model or equation was ever given for this 

component. Forbes et al. [24, 25] have proposed a theory and established a model to 

quantify the effect of collector-emitter voltage or power dissipation on BJT flicker noise. 

They have shown that at high power dissipation there is a large increase in the low 

frequency noise and the device temperature is very high. Base on their theory, the low 

frequency should be a strong function of the device temperature and power dissipation. 

They suggested that high power dissipation will result in significant heat generation and 

heat conduction toward the heat sink, and thus the lIf noise will be generated due to the 

temperature fluctuations. Muller [23] has also demonstrated that microscopic temperature 

fluctuation produced by the shot-noise nature of the p-n junction diode current can cause 

lIf noise. Therefore, we will next use our experimental measurements to verify the model 

proposed by Forbes et.al. 

5.5 Experimental Verification of a New BJT Flicker Noise Model 

In the theory section, we have described a new BJT flicker noise model, which is 

(1) 

to take into account the effect of power dissipation on flicker noise. The only unknown 

parameter in the above equation is A 2, but it can be easily calculated by the following 
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equation since we have obtained the comer frequency value (Wl/f) from Figure 4.4. 

(2) 

Thus to demonstrate the validity of this new model for BJT flicker noise, the 

mean square current noise of BJT is calculated from the above equation (1) for different 

transistors. The data calculated is shown in Figure 5.2 for transistors operating at the 

higher frequencies. We can, therefore, directly compare our measurement data with 

those obtained from the new model based on the plot in Figure 5.2. 

Figure 5.2 obviously shows that the calculated noise values from the new model 

fit our experimental data very well for both NPN and PNP transistors at a 1 kHz 

operating frequency. Thus the new theory is proved to be valid especially at higher 

operating frequencies. 

However, some discrepancy exists between the calculated and the experimental 

data at lower frequencies. This might be because that the noise current variations due to 

temperature fluctuations are not dominant at lower operating frequencies. 
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6. FUTURE WORK 


We have demonstrated that the new noise model fits the experimental results of 

BJT flicker noise when a transistor operates in the high frequency range. But some 

problems still exist when a transistor operates in the low frequency range. We describe 

here a continuation of the research to refine this new BJT flicker noise model by 

experiments. 

We haven't yet determined the BJT transistor flicker noise characteristic when a 

transistor operates in the mid-frequency range. It is necessary to study the BJT flicker 

noise variation with frequency over the mid-frequency range by building a corresponding 

measurement setup. 

In our original automated measurement system, a Tektronix DM5010 

programmable digital multi meter (DMM) was used to sample the experimental data. The 

DMM limited the operating speed of the measurement system and affected the quality of 

the collected measurement data. The task to improve the measurement system is focused 

on modifying this part of the system. The new measurement setup is based on using a 

faster analog-digital (D/ A) data converter. Instead of the DMM, a data acquisition 

(DAQ) system will be set up and LabVIEW software will be utilized. In this way, 

measured data could be obtained accurately, directly and much faster. 

A PC-based DAQ system is widely used for obtaining proper measurement 

results. The detailed description for DAQ system is as follows. The typical DAQ system 

consists of five elements: personal computer, transducers, signal conditioning, DAQ 

hardware and DAQ software. The relationship of these elements is clearly shown in 
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Figure 6.1. The function of each section of DAQ system is introduced as follows. The 

purpose for using transducers is to change physical phenomena into electrical signals. 

The electrical signals produced are proportional to the physical parameters that 

transducers are monitoring. To satisfy that the output of the transducer must be 

conditioned to provide signals suitable for the DAQ board, the section of signal 

conditioning is necessary. Its can serve to amplify low-level signals, isolate, filter, excite, 

and produce high-level signals for DAQ board. The most common type of conditioning is 

amplification. For the highest possible accuracy, the signal should be amplified so that 

the maximum voltage range of the conditioned signal equals the maximum input range of 

the analog-digital convelter. Very high resolution reduces the need for high amplification 

and provides wide dynamic range. The other common application for signal conditioning 

is isolating the transducer signal from the computer for safety purposes and to make sure 

that the readings from the DAQ are not affected by differences in ground potentials or 

common-mode voltages. Also the filtering section could function in removing unwanted 

signals from the required signal that we are trying to measure. Signals obtained from 

transducers must also be processed to be linearization. Then the DAQ board will accept 

signals that meets these requirements. The DAQ board functions in sampling and 

converting the analog signal. The basic specifications of DAQ board include the numbers 

of channels, sampling rate, resolution, and input signal range, which demonstrate both the 

capabilities and the accuracy of DAQ hardware. With a faster sampling rate, more test 

points will be obtained in a given time and a better representation of the original signal 

will be provided. The resolution of DAQ board is the number of the bits that the ADC 

uses to represent the analog signal. 
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The higher the resolution, the higher the number of divisions the voltage range is 

broken into, and the smaller the detectable voltage change. Range refers to the minimum 

and maximum voltage levels that the ADC can span. DAC boards offer selectable ranges 

so that the board is configurable to match a variety of different voltage levels. The 

application software that we use is LabVIEW. LabVIEW has an alternative graphical 

programming methodology. It is widely used to develop complete instrumentation, 

acquisition and control applications. 

In our work of modifying the automated measurement system, a DAQ system will 

be used to replace DMM. Functioning like the DMM, the DAQ system samples and 

converts the analog signals. The structure of new automated noise measurement system 

is shown as follows: 

Transistor The I-st order The 4-th order DAQ Personal 

under test 
~ Filter !'"""'!' Filter ~ System - Computer 

G =45 dB G=2dB FFT 

Since the input signal of DAQ board is the output signal of the fourth order filter 

In the original measurement system and the signal has already met input signal 

requirement of the DAQ board, the transducers and signal conditioning elements of the 

DAQ system need not be utilized. A PCI-6024E made by National Instruments will be 

selected as the DAQ board in the DAQ system. The National Instruments E series 

products have a high performance and reliable data acquisition capabilities in a wide 

range of applications. The output signal of the fourth order filter will be connected as a 

differential signal to the DAQ board. Lab VIEW software is going to used for 

programming measurement. The sampling rate and the number of sampling points can be 
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easily chosen in LabVIEW program. For comparison, the sampling rate that we first 

choose in Lab VIEW program will be the same as the original measurement system (26 

Hz). Measurement data can be saved as a data file in LabVIEW and then processed with 

the FFf in MATLAB. 

The work of modifying the automated measurement system now will be separated 

into two steps. First we will replace the DMM with the DAQ system while keeping two 

sections--the first order filter and the fourth order filter in the original automated 

measurement system. The background noise and BJT transistor noise will be measured. 

The results will be compared with the original measurement system. The second step will 

be to change the two filters when we use DAQ system. With higher frequency filters 

and the advance DAQ system, we expect that measurement data will be obtained 

accurately and will cover a wide operating frequency range. 
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7. CONCLUSION 


It has been clearly demonstrated from both the theoretical model and our 

experiments that flicker noise (llf noise) in bipolar junction transistors has a strong 

dependence on collector-emitter voltage. In other words, a substantial power dissipation 

dependence of low frequency noise is revealed in BJT transistors. Temperature 

fluctuation in electron devices is another source of flicker noise. A detailed comparison 

between calculations from the new model for BJT transistor flicker noise and 

experimental measurements has been given in this study. It is clearly indicated that the 

new model fits the experimental data very well in the high frequency range and the 

theory appears to be valid. Future work to provide additional verification of the new 

model has been proposed and described. 
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A. MATLAB Program 

This program collects the Digital Multimeter (DMM) data, which is in the form of 

voltage variation (unit, V) at the collector of BJT transistor in time domain, and then 

changes it to the collector current noise (A 21Hz) by doing the fast Fourier transform 

(FFT). The results were plotted in frequency domain ranging from about 0.01 Hz to 4.2 

Hz. Then the average collector current noise at the 1.0 Hz of frequency was obtained by 

reading from the figure. 

% PSD of BJT l/f noise 
% data is taken from experimental research lab 

clear all; close all 

load 'BJT2222A-4.dat' % BJT data from Digital Multimeter 

Vout = BJT2222A-4; % Unit = V 
date = '4/29/00'; % the date when data is taken 

fs=26; % the sampling rate of DMM 
gain=90; % noise amplification ratio by LM741 
Rload=lOO; % load resistor 
Vnoise = vout./gain; % BJT collector voltage noise (V) 
Inoise = ( Vnoise./Rload);% BJT collector current noise (A) 
L = length(Inoise); % L is also a window size. As L get 

% larger, the magnitude of fft gets 
% closer to theoritical val 

%SETUP AXIS 
f = fs .* ( O:l/L:l-l/L); % up to f=fs (Hz) 
f = f(1:L/2); % up to fs/2 
time=(O:L-l)/fs; % unit = S 
%PSD of NOISE 
mag = (l/(L*fs))*abs( fft(Inoise) ) .A2; % unit = A2 /Hz 
mag = mag(1:L/2); % the desired mean square 

% collector current noise 

figure(l) ; % two figures in one page 
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subplot(2,l,l) ; 
% DMM output in time domain 

plot (time,Vout) ; grid on; 
axis([O,200,-O.024,-O.018]); % axis need to adjust 
title(sprintf('%s (%d pts, %s) , , L, da t e) ) ; 
xlabel('Time (8) '); % label of the X axis 
ylabel('DMM output (V) '); % label of the Y axis 
zoom on 

subplot(2,l,2) ; 
% measured mean square collector current noise in 
% frquency domain (A2 /Hz) 

loglog(f,mag, 'r'), hold on, grid on, 
axis([O.Ol,10,le-20,le-13]); %axis need to adjust 
title('P8D of BJT collector Current Noise (AA2/Hz) at 

Vgs=2. 5v') ; 
xlabel('Frequency (Hz) '); 
ylabel('P8D of BJT collector current noise (AA2/Hz) '); 
hold on, 
loglog(f,le-16./f.A1, 'b-. '), % l/f noise line 
zoom on 

gm = 3.ge-3; 

magi = mag./gm.A2; % change to input-referred noise 


figure(2); 
% measured input-referred voltage noise in frequency 
% domain (A2 /Hz) 

loglog(f,mag1, 'r'), hold on, grid on, 
axis([O.Ol,10,le-14,le-7]); %axis need to adjust 
title('Power spectral densit}T (P8D) of measured BJT 

input-referred noise.'); 
xlabel('Frequency (Hz) '); 
ylabel(Measured BJT noise (V A 2/Hz) '); 
hold on, 
loglog(f,3e-11./f.A1, 'b-.'), % l/f noise line 
zoom on 

HOLD OFF---------------------------. 


http:loglog(f,3e-11./f.A1
http:mag./gm.A2
http:loglog(f,le-16./f.A1
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The following figures show the DMM output (before being amplified) and the 

measured background noise for the automated system. From Figure A.2, we can 

determine that at the frequency of 1.0 Hz, the background noise is about 4.0e-18 V2/Hz. 
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Figure A.l. Digital Multimeter output in time domain for automated system ·background. 
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Figure A.2. Power spectral density (PSD) of measured background noise 
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B. Proof of formula (2) 

Formula (2) was used to calculate the representation frequency based on the 

relationship of collector current noise and collector current. 

Proof of formula (2): 1fc2 =Kc L}/ f 

Since SIB =1m2 =2q fL 1BY / f 

~2 SIB =2q fL ~ 2 1B Y / f 

So: SIC = Kc (~ 1B)Y / f == Kc (Ic) Y / f 

here Kc = 2q fL ~ 2-y 

then fL =Kc ~ y-2 / (2q) 




