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ABSTRACT 
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The importance of high frequency noise performance is increasing in advanced bipolar and 

complementary metal-oxide semiconductor (BiCMOS) technologies because of the high demands 

of radio frequency (RF) and mixed-signal integrated circuits used in the 5G communication, 

automatic-driving sensors and internet of things (IOT) applications. While the characterization and 

modeling of high frequency noise of BiCMOS transistors have been a topic for many years, some 

important issues have not been clarified. For example, the noise correlation is not well predicted 

for bipolar devices, the excess noise factor is not well understood for MOSFET devices and the 

temperature dependence of high frequency noise in BiCMOS devices is not well studied. Focused 

on these issues, this research establishes the approach to extract the noise transit time from the 

high current compact model (HICUM), demonstrates an efficient methodology for high frequency 

noise prediction for silicon-germanium heterojunction bipolar transistors (SiGe HBTs) and 

validates the prediction methodology over size, bias and temperature. 

One of the issues of high frequency noise modeling of bipolar transistors is the noise correlation 

effect. This research explores the physical origin of high frequency noise correlation, studies the 
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noise model of SiGe HBTs and creates an approach to extract the noise transit time from the 

HICUM compact model. The extracted noise transit time is validated by the tuner-based noise 

measurement results of sample SiGe HBTs by comparing the four noise parameters between the 

calculated and measured data over transistor size, bias and temperature. The results show that the 

noise transit time can be independent of frequency but dependent on bias and temperature. 

Furthermore, a complete high frequency noise prediction system is established. 

Based on the extraction methodology of the noise transit time from the HICUM model, this 

dissertation demonstrates a low-cost and time-friendly methodology to predict the full high 

frequency noise properties of the bipolar devices directly from the S-parameter measurement, DC 

measurement and the parameters from the HICUM model without the tuner-based noise 

measurement. Compared with the conventional tuner-based noise measurement, this methodology 

can save the measurement time as well as achieve a good accuracy. 

For MOSFET devices, the importance of excess noise factor is increasing with the transistor size 

scaling down to sub-100nm for high frequency noise modeling, but it has not been well studied so 

far. This research analyzes the excess noise factor based on the device physics and characterization 

results, investigates the noise sources contribution and models the high frequency noise based on 

Y-parameter methodology. 
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CHAPTER 1 

INTRODUCTION 

In order to satisfy the communication and social connection demands for people’s daily 

lives, wireless communication techniques have rapidly developed in recent decades. State-of-the-

art research has concentrated on many RF and mixed-signal integrated circuit applications, such 

as 5G communication, internet of things (IoT) and auto-driving radar sensors. As the circuit 

designs increasingly move into the RF and millimeter-wave frequency range, the silicon-

germanium heterojunction bipolar transistor (SiGe HBT) has been developed with high cut-off 

frequency (𝑓𝑇/𝑓𝑚𝑎𝑥), good noise performance and excellent integration ability with Si CMOS for 

system-on-a-chip solutions. In the meantime, with the development of nanoscale MOSFET 

technology, the 𝑓𝑇/𝑓𝑚𝑎𝑥 are also increasing rapidly, which can be available for RF and millimeter-

wave circuit designs with the benefits of high-level integration capability. In conclusion, advanced 

SiGe HBT and CMOS technologies are both widely used in RF and millimeter-wave circuit 

designs. Therefore, the characterization and modeling of scaled SiGe bipolar and CMOS 

(BiCMOS) technologies are becoming significantly important. 

1.1 Motivation 

SiGe BiCMOS technology is increasingly preferred in RF and millimeter-wave circuit 

designs with its good system-on-a-chip flexibility and cost advantage for large volume production. 

For RFIC applications, RF noise performance is one of the critical design characteristics, which is 

important in wireless commutation transceivers. For example, in a low noise amplifier (LNA), the 

noise figure of the first stage transistor in the circuit affects the total noise figure of the system. 
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Therefore, the LNA should be designed with lower noise and higher gain. As another example, in 

an analog digital convertor (ADC), the signal to noise ratio (SNR) will be dominated by the 

transistor noise level. In conclusion, the noise performance of the transistors affects the 

performance of the wireless circuits and it needs to be well characterized and modeled to meet the 

requirements of RFIC designs. 

The most common high frequency noise characterization method is tuner-based source-

pull noise measurement. But this kind of noise measurement is usually time consuming and the 

tuner itself is expensive. Therefore, this measurement method does not have the capability for 

handling a large amount of measurement demands especially in the process technology 

development stage. Therefore, it is meaningful to find an efficient noise prediction methodology 

with a comparable or better accuracy. 

Compact models are used to predict the high frequency noise properties of the BiCMOS 

devices. Unfortunately, the available compact models of bipolar devices cannot reasonably predict 

the noise properties over the size, bias and temperature because of the deficiency in the calculation 

of high frequency noise correlation. Therefore, this dissertation investigates the noise correlation 

and describes a noise prediction methodology based on HICUM model and Y-parameter data for 

SiGe HBTs. At the same time, the high frequency noise is not well modeled for MOSFET devices 

especially for short-channel analog MOSFET devices because of the uncertainty in the excess 

noise factor. Therefore, our research is valuable for clarifying the noise correlation effect for 

bipolar transistors and analyzing the excess noise factor for MOSFET devices to improve the 

compact noise models. 
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In conclusion, this research is proposed for meeting the demand of time-friendly and 

accurate high frequency noise prediction of advanced BiCMOS devices. At the same time, the 

research gives a better cognition of the high frequency noise modeling of BiCMOS devices, based 

on the noise analysis over the size, bias and temperature. This research will benefit the areas of 

process development, device modeling and characterization and circuit design. 

1.2 Overview 

The following chapters provide the detailed methodology of high frequency noise 

prediction and parameter extraction of BiCMOS devices. To demonstrate this methodology, this 

dissertation includes the information about the RF noise measurement system, RF noise de-

embedding techniques and RF noise modeling with compact models. The experimental results are 

indicated in the dissertation to validate the models. 

Chapter 2 gives an introduction of the background knowledge and fundamental concepts 

about the high frequency noise in BiCMOS transistors, discusses multiple noise sources and the 

derivation of four noise parameters.  

Chapter 3 introduces the on-wafer noise measurement system and the de-embedding 

techniques for the characterization of high frequency noise of on-wafer devices. 

Chapter 4 discusses the noise correlation effect and the extraction of noise transit time of 

SiGe HBTs based on HICUM compact model. At the same time, the validation of Y-parameter 

noise calculation methodology and the noise correlation model based on the experimental results 

are discussed.  
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Chapter 5 discusses the RF noise calculation and modeling of MOSFET transistors. This 

chapter also explains the analysis of excess noise factor over the temperature and transistor size 

based on the experimental results. 

Chapter 6 concludes with a summary of the research and future works. 



 

 
 

5 

CHAPTER 2 

FUNDAMENTALS OF NOISE 

Noise is generated by many sources in the world including artificial and natural sources. 

In the electrical area, noise always comes with the signal and can be a challenge for the RFIC 

designers. For example, the received signal of a cell phone can be interfered by the background 

white noise as shown in Fig. 2.1. Besides this, other noise sources come from the device itself, and 

these noise sources limit the performance of electronics, by affecting the sensitivity and robustness 

of the system. These noise sources need to be well characterized. 

 

Figure 2.1. Noise sources. [1] 

This dissertation will mainly discuss the noise at high frequency such as thermal and shot 

noise, which are the dominating noise components in the RFIC frequency range. 
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2.1 Thermal Noise 

Thermal noise or Nyquist noise is the electronic noise generated by the thermal agitation 

of the charge carriers (usually the electrons) inside an electrical conductor in thermal equilibrium 

with a random walk Brownian motion, which happens regardless of any applied voltage. Johnson 

discovered and verified that the power density of the thermal noise is nearly constant in the 

frequency spectrum [2] and its value is only dependent on the electrical resistance and temperature. 

The internal noise voltage source or current source is described by the Nyquist equation [3] 

〈𝑣𝑛
2〉 = 4𝑘𝑇𝑅∆𝑓 

〈𝑖𝑛
2〉 =

4𝑘𝑇∆𝑓

𝑅
 , 

where 𝑘 is the Boltzmann’s constant, 𝑇 is the absolute temperature, 𝑅 is the resistance and ∆𝑓 is 

the bandwidth. The thermal noise is white like, which means it has a flat spectrum over the 

frequencies with a zero-average amplitude in time. However, the power spectral density of thermal 

noise is not zero. It can be described as a voltage or current source, 

𝑆𝑛𝑣 = 4𝑘𝑇𝑅 

𝑆𝑛𝑖 =
4𝑘𝑇

𝑅
 . 

These spectral densities of the thermal noise are proven to be constant up to 1 THz. 

Therefore, in the frequency range we are interested in (2 GHz to 18 GHz) the thermal noise can be 

determined from measuring the temperature and resistance. Thermal noise is associated with every 

physical resistor and it is the most basic component of the noise sources of electronic devices. 

 

(2.1) 

(2.2) 

(2.3) 

(2.4) 
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2.2 Shot Noise 

Shot noise is associated with a Poisson stream of electricity and the individual carrier 

injection through the pn junction [4]. The transition of the charges needs to overcome a potential 

barrier. Each of the events causes a random current pulse to occur at the external terminal. The 

power spectrum density of this random process is given by [4] 

𝑆𝑛𝑠ℎ = 2𝑞𝐼 , 

where 𝑞 is the electron charge and 𝐼 is the junction current. The noise power spectrum density of 

the shot noise is temperature independent and its value is only proportional to the 𝑑𝑐 current 

passing through the junction. 

Shot noise is usually considered as a current source connected in parallel to the small signal 

junction resistance. It is usually the dominant component of the bipolar noise sources at high 

frequency.  

2.3 Flicker Noise 

Flicker noise or low-frequency noise is ubiquitous in almost every electronic device. It is 

the dominant noise in the low frequency range and its power spectral density is proportional to 

1/𝑓, so it is also called 1/𝑓 noise. In some theories, the flicker noise source is attributed to the 

fluctuation in the carrier mobility. However, a unified theory for the mechanisms of 1/𝑓 noise is 

still an open topic. 1/𝑓 noise exists in the low frequency range compared with the RF noise that is 

discussed in this dissertation. Two major models are used to describe the 1/𝑓 noise: the surface 

model developed by McWhorter [5] and the bulk model developed by Hooge [6]. The resulting 

noise spectral density function of McWhorter is given by 

(2.5) 
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𝑆1/𝑓 ∝ (∆𝑁̅̅ ̅̅ )2 ∫
1

𝜏

4𝜏

1 + 𝜔𝜏2
𝑑𝜏 =

𝜏2

𝜏1

(∆𝑁̅̅ ̅̅ )2 ∙
1

𝑓
          ( 𝑓𝑜𝑟 

1

𝜏2
≪ 𝜔 ≪

1

𝜏1
) , 

where 𝑁 is the number of electrons and 𝜏 is the trapping time constant. The McWhorter’s model 

is usually used for the MOSFET modeling. 

For BJTs, the Hooge’s bulk model is more appropriate. The noise spectral density function 

is given by 

𝑆1/𝑓 =
∝𝐻∙ 𝐼∝

𝑓𝛾 ∙ 𝑁
 , 

where ∝𝐻= 2 × 10−3 is the Hooge constant, ∝ and 𝛾 are material constants and 𝑁 is the number 

of carriers. Since the flicker noise is proportional to 1/𝑓, the power density becomes negotiable 

compared with thermal noise and shot noise beyond the corner frequency of approximately 100 

KHz for bipolar and 100 MHz to 1 GHz for MOSFET devices as shown in Fig. 2.2. Therefore, in 

this dissertation, the high frequency noise modeling will only include the thermal noise and shot 

noise for both bipolar and MOSFET devices. 

 

Figure 2.2. Transistor noise power spectral density. 

(2.6) 

(2.7) 
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2.4 Noise Figure 

Noise figure (𝑁𝐹) or noise factor (𝐹) is an important parameter to describe the noise 

performance of the electronic devices. This parameter is defined by the signal-to-noise power ratio 

(𝑆𝑁𝑅) between the input and output of a network [7] 

𝐹 ≜
(𝑆𝑁𝑅)𝑖𝑛

(𝑆𝑁𝑅)𝑜𝑢𝑡
 , 

where the ambient temperature is 𝑇0 = 290 𝐾. 

Modern usage of noise figure (𝑁𝐹) is usually in 𝑑𝐵 format which is convenient in RF 

engineering and is described by 

𝑁𝐹 = 10 ∙ log(𝐹) . 

2.5 Four Noise Parameters 

The noise factor of an electronic device is not only determined by the noise sources inside 

of the device but also determined by the admittance of the source driving it. The noise behavior of 

the transistor can be described by the well-known four noise parameters [8]  

𝐹 = 𝐹𝑚𝑖𝑛 +
𝑅𝑛

𝐺𝑠
· |𝑌𝑠 − 𝑌𝑜𝑝𝑡|

2
 , 

where 𝑌𝑠 (𝑌𝑠 = 𝐺𝑠 + 𝑗𝐵𝑠) is the source admittance, 𝑌𝑜𝑝𝑡 is the optimum admittance point that gives 

the minimum noise factor 𝐹𝑚𝑖𝑛, and 𝑅𝑛 is the equivalent noise resistance which indicates how fast 

the noise will increase as 𝑌𝑠 deviates from the optimum admittance point. 

Fig. 2.3 shows examples of the 2D and 3D noise figure plots of a sample SiGe HBT 

transistor. To do this kind of measurement a tuner is needed at the input of the device under test 

(2.8) 

(2.9) 

(2.10) 
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(DUT) to sweep the input impedance for each of the frequency point. Therefore, using the tuner-

based system to measure the noise is time-consuming especially for a wide frequency range. 

       

Figure 2.3. 2D and 3D plots of the noise figure dependent on source reflection coefficient 𝛤𝑠. 

2.6 Two-port Noise Calculation 

The two-port network representation simplifies the circuit calculation by putting the 

complex circuits inside a black box. This theory can be used for analyzing the high frequency noise 

of the electronic devices. As shown in Fig. 2.4, the two-port theory provides a thinking perspective 

that the noisy two-port network can be represented by a noise-free two-port block with an 

equivalent input noise voltage source 𝑣𝑛 and a noise current source 𝑖𝑛. Then, the Y-parameters can 

be a useful tool to transform the modeled internal noise sources to the input of the noise-free block. 

In this section, the derivation of four noise parameters based on the two-port theory and Y-
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parameters will be discussed and the details for noise calculation methodology of SiGe HBTs and 

MOSFETs with actual noise sources will be discussed in Chapters 4 and 5.  

 

Figure 2.4. Representation transforming of a linear noisy 2-port network [9]. 

To calculate the noise factor, the network is connected with a source admittance 𝑌𝑠 and a 

noise current source 𝑖𝑠 . The source connected network is shown as Fig. 2.5 and the noise 

calculation procedure is followed [8]. 

 

Figure 2.5. Network for noise calculation [8]. 

Then the mean-square of the total short-circuit noise current at the output can be obtained 

by 

𝑖𝑠
2̅ + |𝑖 + 𝑌𝑠𝑒|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑖𝑠

2̅ + 𝑖2̅ + |𝑌𝑠|2𝑒2̅̅ ̅ + 𝑌𝑠
∗𝑖𝑒∗̅̅ ̅̅ + 𝑌𝑠𝑖∗𝑒̅̅̅̅  . (2.11) 
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Based on the noise factor definition, the noise factor can be written as  

𝐹 = 1 +
|𝑖 + 𝑌𝑠𝑒|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑖𝑠
2̅

 . 

In the meantime, a mean-square current fluctuation of the source termination can be given 

in the unit of 𝐴2/𝐻𝑧 and the quantity can be given by 

〈𝑖𝑠
2〉 = 4𝑘𝑇𝐺𝑠∆𝑓 , 

where 𝐺𝑠 is the source conductance. 

To simplify the noise factor equation, we can split the noise current into two parts: one is 

correlated with the voltage source and the other is uncorrelated with the voltage source. The 

uncorrelated current is defined as 𝑖𝑢 and the correlated one is defined as 𝑖 − 𝑖𝑢 

𝑒𝑖𝑢
∗̅̅ ̅̅ ̅ = 0 

(𝑖 − 𝑖𝑢)𝑖𝑢
∗̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = 0 

𝑖 − 𝑖𝑢̅̅ ̅̅ ̅̅ ̅ = 𝑌𝑐𝑜𝑟𝑒 ,  

where 𝑌𝑐𝑜𝑟 (𝑌𝑐𝑜𝑟 = 𝐺𝑐𝑜𝑟 + 𝑗𝐵𝑐𝑜𝑟) is the correlation admittance.  

Then the cross-product 𝑒𝑖∗̅̅ ̅̅  is obtained by 

𝑒(𝑖 − 𝑖𝑢)∗̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑌𝑐𝑜𝑟
∗ 𝑒2̅̅ ̅ . 

The mean-square voltage fluctuation of 𝑒 can be given in the unit of 𝑣𝑜𝑙𝑡2/𝐻𝑧 and the 

quantity can be given using the Nyquist equation by 

𝑒2̅̅ ̅ = 4𝑘𝑇𝑅𝑛∆𝑓 , 

where 𝑅𝑛 is the equivalent noise resistance. 

In the meantime, the uncorrelated current noise source can be given by 

𝑖𝑢
2̅̅ ̅̅ = 4𝑘𝑇𝐺𝑢∆𝑓. 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 
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The total noise current is obtained by 

𝑖2̅ = |𝑖 − 𝑖𝑢|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑖𝑢
2̅̅ ̅̅ = 4𝑘𝑇[|𝑌𝑐𝑜𝑟|2𝑅𝑛 + 𝐺𝑢]∆𝑓 . 

Therefore, the noise factor equation can be written as 

𝐹 = 1 +
𝐺𝑢

𝐺𝑠
+

𝑅𝑛

𝐺𝑠

[(𝐺𝑠 + 𝐺𝑐𝑜𝑟)2 + (𝐵𝑠 + 𝐵𝑐𝑜𝑟)2] . 

This noise factor has a minimum value 𝐹𝑚𝑖𝑛 at an optimum source admittance 𝑌𝑠 = 𝑌𝑜𝑝𝑡 

(𝑌𝑜𝑝𝑡 = 𝐺𝑜𝑝𝑡 + 𝑗𝐵𝑜𝑝𝑡), where 

𝐺𝑜𝑝𝑡 = √
𝐺𝑢 + 𝑅𝑛𝐺𝑐𝑜𝑟

2

𝑅𝑛
 

𝐵𝑜𝑝𝑡 = −𝐵𝑐𝑜𝑟 

and the minimum noise factor is 

𝐹𝑚𝑖𝑛 = 1 + 2𝑅𝑛 (𝐺𝑐𝑜𝑟 + 𝐺𝑜𝑝𝑡) . 

Then the noise factor can be written as  

𝐹 = 𝐹𝑚𝑖𝑛 +
𝑅𝑛

𝐺𝑠
[(𝐺𝑠 − 𝐺𝑜𝑝𝑡)

2
+ (𝐵𝑠 − 𝐵𝑜𝑝𝑡)

2
] , 

where the four noise parameters are defined.  

Based on the knowledge above, we can analyse the two-port equivalent circuits shown in 

Fig. 2.4. The chain matrix 𝐶𝐴 is represented by the equivalent input noise sources [10], and is 

useful for the analysis of cascaded networks 

𝐶𝐴  =  [
𝐶𝑣𝑛𝑣𝑛

∗
∗ 𝐶𝑣𝑛𝑖𝑛

∗
∗

𝐶𝑣𝑛
∗ 𝑖𝑛

∗ 𝐶𝑖𝑛𝑖𝑛
∗

∗ ] . 

Noise sources are described as power spectral densities, which are defined as the Fourier 

transform of their auto- and cross-correlation functions [10] 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 
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𝑠𝑖𝑠𝑗
∗̅̅ ̅̅ ̅̅ = 2∆𝑓𝐶𝑠𝑖𝑠𝑗

∗
∗           (𝑖, 𝑗 = 1,2) . 

Based on equations (2.23) and (2.24), 𝑌𝑐𝑜𝑟 can be written by 𝐹𝑚𝑖𝑛 , 𝑅𝑛 and 𝑌𝑜𝑝𝑡 as 

𝑌𝑐𝑜𝑟 =
𝐹𝑚𝑖𝑛 − 1

2𝑅𝑛
− 𝑌𝑜𝑝𝑡 . 

Then the chain matrix elements can be solved as 

𝐶𝑣𝑛𝑣𝑛
∗

∗ =
1

2∆𝑓
∙ 〈𝑣𝑛

2〉 = 2𝑘𝑇 ∙ 𝑅𝑛 

𝐶𝑖𝑛𝑖𝑛
∗

∗ =
1

2∆𝑓
∙ 〈𝑖𝑛

2〉 = 2𝑘𝑇 ∙ 𝑅𝑛|𝑌𝑜𝑝𝑡|
2
 

𝐶𝑣𝑛
∗ 𝑖𝑛

∗ =
1

2∆𝑓
∙ 𝑌𝑐𝑜𝑟〈𝑣𝑛

2〉 = 2𝑘𝑇 ∙ 𝑌𝑐𝑜𝑟𝑅𝑛 =  2𝑘𝑇 ∙ (
𝐹𝑚𝑖𝑛 − 1

2
− 𝑅𝑛𝑌𝑜𝑝𝑡) . 

Then the ABCD representation of the correlation matrix is given by 

𝐶𝐴 =  2𝑘𝑇 [
𝑅𝑛

𝐹𝑚𝑖𝑛 − 1

2
− 𝑅𝑛𝑌𝑜𝑝𝑡

∗

𝐹𝑚𝑖𝑛 − 1

2
− 𝑅𝑛𝑌𝑜𝑝𝑡 𝑅𝑛|𝑌𝑜𝑝𝑡|

2
] . 

The four noise parameters can then be obtained as [8]  

𝑅𝑛 =
〈𝑣𝑛

2〉

4𝑘𝑇
 

𝑌𝑜𝑝𝑡 = √
〈𝑖𝑛

2〉

〈𝑣𝑛
2〉

− [ℑ (
〈𝑣𝑛𝑖𝑛

∗ 〉

〈𝑣𝑛
2〉

)]

2

+ 𝑗ℑ (
〈𝑣𝑛𝑖𝑛

∗ 〉

〈𝑣𝑛
2〉

) 

𝐹𝑚𝑖𝑛 = 1 +
〈𝑣𝑛𝑖𝑛

∗ 〉 + 〈𝑣𝑛
2〉𝑌𝑜𝑝𝑡

∗

2𝑘𝑇
 , 

where 𝑘  is the Boltzmann constant, 𝑇  is the absolute ambient temperature and 𝑌𝑜𝑝𝑡 = 𝐺𝑜𝑝𝑡 +

𝑗𝐵𝑜𝑝𝑡. 

 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 
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2.7 Conclusion 

This chapter introduced the fundamentals of noise theory and the internal noise source 

models for electronic devices. This chapter also discussed the definition of the noise figure and 

four noise parameters, which are the important parameters to represent the noise performance of a 

transistor. In the end, this chapter indicated the two-port theory and the Y-parameters method for 

calculating the four noise parameters. Based on the knowledges in this chapter, Chapter 4 and 

Chapter 5 will introduce the methodologies for high frequency noise calculation for SiGe HBT 

and MOSFET devices. 
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CHAPTER 3 

HIGH FREQUENCY NOISE MEASUREMENT 

To model the high frequency noise and validate the model accuracy of BiCMOS transistors 

generally requires measuring the transistor’s S-parameters and four noise parameters over bias, 

size and temperature. Some of the model parameters, such as the 𝑑𝑐 current and zero-bias output 

conductance (𝑔𝑑𝑠0 ), are measured and extracted from the I-V data. In this research, we are 

interested in the high frequency noise performance of transistors. Therefore, the noise 

measurement frequency range is chosen to be from 2 GHz to 18 GHz. 

3.1 Tuner-based Noise Measurement System 

 

Figure 3.1. Tuner-based on-wafer noise measurement system block diagram. 
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Figure 3.2. Tuner-based on-wafer noise measurement system. 

To fully characterize the noise parameters of a device, a tuner is needed at the input to sweep 

the input admittance. Fig. 3.1 and Fig. 3.2 show how to realize the tuner-based on-wafer noise 

measurement system. Fig. 3.1 is a block diagram of the tuner-based measurement system, which 

can measure the device full noise paramerters: 𝐹𝑚𝑖𝑛, 𝑅𝑛 and 𝑌𝑜𝑝𝑡 over the frequency of interest. 

The automated tuner is used to vary the source admittance. RF switches are used to change the 

configuration between the S-parameter measurement by PNA (E8361C) and the noise 

measurement by the noise source and the noise figure meter. The semiconductor parameter 

analyzer is used to provide appropriate bias to the device. 
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Fig. 3.2 is a photograph of the actual measurement system implemented at The University 

of Texas at Dallas. This system includes on-wafer probes with a temperature chuck which can vary 

the device temperature from 25 °C to 150 °C. 

The controller software of the noise measurement system is ATS (Automated Tuner 

System) from Maury Microwave Corporation. 

3.2 De-embedding Techniques 

To eliminate the surrounding parasitics on the wafer, de-embedding techniques should be 

applied on the measured S-parameter data as well as the measured four noise parameters. In this 

chapter, we will introduce the de-embedding techniques by OPEN&SHORT dummy structures, 

which are necessary for calculating the noise performance of intrinsic devices. 

3.2.1 De-embedding of S-parameters 

 

Figure 3.3. Equivalent pads circuit diagram [11]. 
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The S-parameter measurement is performed on the DUT and OPEN&SHORT dummy 

structures. With the obtained S-parameter results [𝑆𝐷𝑈𝑇], [𝑆𝑂𝑃𝐸𝑁] and [𝑆𝑆𝐻𝑂𝑅𝑇], the surrounding 

parasitics are removed based on the procedures described in [11] as follows. 

1. Convert [𝑆𝐷𝑈𝑇], [𝑆𝑂𝑃𝐸𝑁] and [𝑆𝑆𝐻𝑂𝑅𝑇] to [𝑌𝐷𝑈𝑇], [𝑌𝑂𝑃𝐸𝑁] and [𝑌𝑆𝐻𝑂𝑅𝑇]. 

2. The parallel elements 𝑌𝑃𝐺𝑆, 𝑌𝑃𝐺𝐷 and 𝑌𝑃𝐷𝑆 can be extracted from the [𝑌𝑂𝑃𝐸𝑁] as 

𝑌𝑃𝐺𝑆 = 𝑌11,𝑂𝑃𝐸𝑁 + 𝑌12,𝑂𝑃𝐸𝑁 

𝑌𝑃𝐺𝐷 = −𝑌12,𝑂𝑃𝐸𝑁 

𝑌𝑃𝐷𝑆 = 𝑌22,𝑂𝑃𝐸𝑁 + 𝑌21,𝑂𝑃𝐸𝑁 . 

3. Subtract the parallel parasitics from [𝑌𝐷𝑈𝑇] and [𝑌𝑆𝐻𝑂𝑅𝑇] 

𝑌𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 = 𝑌𝐷𝑈𝑇 − 𝑌𝑂𝑃𝐸𝑁 

𝑌𝑆𝐻𝑂𝑅𝑇
𝑆ℎ𝑢𝑛𝑡 = 𝑌𝑆𝐻𝑂𝑅𝑇 − 𝑌𝑂𝑃𝐸𝑁 . 

4. Convert 𝑌𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 and 𝑌𝑆𝐻𝑂𝑅𝑇

𝑆ℎ𝑢𝑛𝑡 to 𝑍𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 and 𝑍𝑆𝐻𝑂𝑅𝑇

𝑆ℎ𝑢𝑛𝑡 . 

5. Subtract the series parasitics 𝑍𝐺 , 𝑍𝑆 and 𝑍𝐷 from 𝑍𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 by 

𝑍𝐷𝑈𝑇
′ = 𝑍𝐷𝑈𝑇

𝑆ℎ𝑢𝑛𝑡 − 𝑍𝑆𝐻𝑂𝑅𝑇
𝑆ℎ𝑢𝑛𝑡  . 

6. Convert 𝑍𝐷𝑈𝑇
′  to 𝑆𝐷𝑈𝑇

′ . 

3.2.2 De-embedding of Noise Parameters 

To validate the noise modeling, an accurate noise measurement result is necessary. Based 

on the noise correlation matrix [10] and the representation transformation matrix [10], the impact 

of surrounding parasitics can be removed for the measured four noise parameters. The same S-

parameter results as before ([𝑆𝐷𝑈𝑇], [𝑆𝑂𝑃𝐸𝑁] and [𝑆𝑆𝐻𝑂𝑅𝑇]) need to be measured  to perform the 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 
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noise de-embedding. The noise correlation matrix of the equivalent noise-free two-port block 

(shown in Fig. 2.4) can be represented by the four noise parameters as 

𝐶𝐴 = 2𝑘𝑇 [
𝑅𝑛

𝑁𝐹𝑚𝑖𝑛 − 1

2
− 𝑅𝑛𝑌𝑜𝑝𝑡

∗

𝑁𝐹𝑚𝑖𝑛 − 1

2
− 𝑅𝑛𝑌𝑜𝑝𝑡 𝑅𝑛|𝑌𝑜𝑝𝑡|

2
] , 

where 𝐶𝐴 is the correlation matrix, which can be used for the noise de-embedding calculation with 

the procedure below [11]. 

Each representation can be transformed into another by the matrix [10] and the translation 

equation is  

𝐶𝑇 = �⃗⃗� ∙ 𝐶 ∙ �⃗⃗�′ , 

where 𝐶 is the matrix before translation, 𝐶𝑇 is the translated matrix, �⃗⃗� is the transform matrix and 

�⃗⃗�′ is the Hermitian conjugation (transpose and complex conjugate) of �⃗⃗�. 

Table 3.1. Transformation matrix between 3 representations [10]. 

 

(3.7) 

(3.8) 
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The noise de-embedding procedure is as follows: 

1. Convert 𝐶𝐴 matrix of the DUT to its 𝐶𝑌 correlation matrix by  

𝐶𝑌 = �⃗⃗� ∙ 𝐶𝐴 ∙ �⃗⃗�′ , 

where �⃗⃗� is calculated from the 𝑌𝐷𝑈𝑇 based on Table 3.1. 

2. Calculate the admittance correlation matrix of OPEN by 

𝐶𝑌
𝑂𝑃𝐸𝑁 = 2𝑘𝑇 ∙ ℜ{𝑌𝑂𝑃𝐸𝑁}. 

3. Subtract parallel parasitics from 𝑌𝐷𝑈𝑇 and 𝑌𝑆𝐻𝑂𝑅𝑇 

𝑌𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 = 𝑌𝐷𝑈𝑇 − 𝑌𝑂𝑃𝐸𝑁 

𝑌𝑆𝐻𝑂𝑅𝑇
𝑆ℎ𝑢𝑛𝑡 = 𝑌𝑆𝐻𝑂𝑅𝑇 − 𝑌𝑂𝑃𝐸𝑁 . 

4. De-embed 𝐶𝑌 by 

𝐶𝑌_𝐷𝑒 = 𝐶𝑌 − 𝐶𝑌
𝑂𝑃𝐸𝑁 . 

5. Convert 𝑌𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 and 𝑌𝑆𝐻𝑂𝑅𝑇

𝑆ℎ𝑢𝑛𝑡 to 𝑍𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 and 𝑍𝑆𝐻𝑂𝑅𝑇

𝑆ℎ𝑢𝑛𝑡 . 

6. Convert 𝐶𝑌_𝐷𝑒 to impedance representation by 

𝐶𝑍 = �⃗⃗� ∙ 𝐶𝑌_𝐷𝑒 ∙ �⃗⃗�′ , 

where �⃗⃗� is calculated from the 𝑍𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 based on Table 3.1. 

7. Calculate the impedance correlation matrix of SHORT by  

𝐶𝑍
𝑆𝐻𝑂𝑅𝑇 = 2𝑘𝑇 ∙ ℜ{𝑍𝑆𝐻𝑂𝑅𝑇

𝑆ℎ𝑢𝑛𝑡 }. 

8. Subtract the series parasitics from 𝑍𝐷𝑈𝑇
𝑆ℎ𝑢𝑛𝑡 by 

𝑍𝐷𝑈𝑇
′ = 𝑍𝐷𝑈𝑇

𝑆ℎ𝑢𝑛𝑡 − 𝑍𝑆𝐻𝑂𝑅𝑇
𝑆ℎ𝑢𝑛𝑡 . 

9. Convert 𝑍𝐷𝑈𝑇
′  to ABCD representation 𝐴𝐷𝑈𝑇

′ . 

10. De-embed 𝐶𝑍 by 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

(3.16) 
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𝐶𝑍
′ = 𝐶𝑍 − 𝐶𝑍

𝑆𝐻𝑂𝑅𝑇  . 

11. Convert 𝐶𝑍
′  to 𝐶𝐴

′  by 

𝐶𝐴
′ = �⃗⃗� ∙ 𝐶𝑍

′ ∙ �⃗⃗�′ , 

where �⃗⃗� is calculated from the 𝐴𝐷𝑈𝑇
′  based on Table 3.1. 

Therefore, the four noise parameters of an intrinsic transistor can be calculated from the 

noise correlation matrix 𝐶𝐴
′  by 

𝑁𝐹𝑚𝑖𝑛 = 1 +
1

𝑘𝑇
(ℜ{𝐶𝐴,12

′ } + √𝐶𝐴,11
′ 𝐶𝐴,22

′ − (ℑ{𝐶𝐴,12
′ })2) 

𝑌𝑜𝑝𝑡 =
√𝐶𝐴,11

′ 𝐶𝐴,22
′ − (ℑ{𝐶𝐴,12

′ })2 + 𝑗ℑ{𝐶𝐴,12
′ }

𝐶𝐴,11
′  

𝑅𝑛 =
𝐶𝐴,11

′

2𝑘𝑇
 

3.3 Conclusion 

This chapter introduced the tuner-based high frequency noise measurement system and the 

de-embedding techniques for S-parameters and noise parameters. The measured results will be 

used for parameter extraction and high frequency noise model validation. 

 

 

 

 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 
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CHAPTER 4 

NOISE CALCULATION OF BIPOLAR TRANSISTORS 

This chapter discusses the noise sources modeling, the noise correlation analysis and the 

high frequency noise calculation of the bipolar transistors based on Y-parameter method. From the 

noise origin and device physics, the noise transit time is directly extracted from the compact model 

without the need for any noise measurement. Compared with the conventional experimental noise 

transit time extraction method, this methodology presents a more accurate extraction of noise 

transit time and better prediction of noise correlation. This research is focused on the advanced 

high speed SiGe HBT device with the 𝑓𝑇 up to 115 GHz. 

4.1 Noise Sources in SiGe HBTs 

 

Figure 4.1. Y-parameter equivalent circuit for SiGe HBTs [9]. 〈𝑖𝑛𝐵
2 〉 and 〈𝑖𝑛𝐶

2 〉 are correlated. 

___________________________________________ 
1 © 2018 IEEE. Portions reprinted or adapted, with permission from: 

P. Cheng and H. Shichijo, “High frequency noise characterization and modeling of SiGe HBTs”, 

in IEEE Trans. Microw. Theory Techn., vol. 66, no. 12, pp. 5169–5175, Oct. 2018. 
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4.1.1 Thermal Noise Sources 

For the SiGe HBT device, the high frequency noise is contributed by two kinds of noise 

sources: thermal noise and shot noise. As shown in Fig. 4.1, the thermal noise is mainly contributed 

from the base and emitter series resistances, which can be modeled as the noise voltage sources in 

series at the base and emitter terminals by 

〈𝑣𝑛𝐸
2 〉 = 4𝑘𝑇𝑅𝐸 ∙ ∆𝑓 

〈𝑣𝑛𝐵
2 〉 = 4𝑘𝑇𝑅𝐵 ∙ ∆𝑓 , 

where 𝑘 is the Boltzmann’s constant, 𝑇 is the absolute ambient temperature and 𝑅𝐵 and 𝑅𝐸 are the 

terminal resistances of the transistors including the intrinsic and extrinsic parts. 

4.1.2 Shot Noise Sources 

 

Figure 4.2. The origin of shot current noise [12]. 

(4.1) 

(4.2) 
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As described in Chapter 2, the current shot noise is generated at the pn junction caused by 

the random process of the carrier’s overcoming the potential barrier. However, in a bipolar device, 

the current shot noise is only significant at the EB (emitter-base) junction, because the CB 

(collector-base) junction is usually reverse-biased for low-noise purpose, where additional shot 

noise is negligible due to a drift process until the breakdown occurs. Therefore, one only needs to 

analyze the shot noise generated at the EB junction for the shot noise source modeling. 

In the EB junction, the majority holes flowing from the base to the emitter across the 

junction causes the base current shot noise 2𝑞𝐼𝑏, which is caused by the random process of carriers 

overcoming the potential barrier at the EB junction. Similarly, the majority electrons injected 

through the EB junction causes the shot current noise 2𝑞𝐼𝑐.  

Because the CB junction guarantees no additional shot noise because of a drift process, the 

current shot noise 2𝑞𝐼𝑐 observed at the collector terminal is the transported noise current from the 

EB junction. The two shot-like noise currents generated at EB junction are described as [12]  

〈𝑖𝑝𝑒
2 〉 = 2𝑞𝐼𝐵 

〈𝑖𝑛𝑒
2 〉 = 2𝑞𝐼𝑐 , 

where 〈𝑖𝑝𝑒
2 〉 is caused by the hole current injection to the emitter and 〈𝑖𝑛𝑒

2 〉 is caused by the electron 

current injection to the base as illustrated in Fig. 4.2. The correlation of 〈𝑖𝑝𝑒
2 〉 and 〈𝑖𝑛𝑒

2 〉 is zero 

because the electron and hole injection are independent. 

The collector current noise is described as the transport of 〈𝑖𝑛𝑒
2 〉  with a time delay 𝜏𝑛 

𝑖𝑛𝑐 = 𝑖𝑛𝑒𝑒−𝑗𝜔𝜏𝑛  , 

where 𝜏𝑛 is the delay time associated with the transport of emitter-injected electron shot noise 

current. 

(4.3) 

(4.4) 

(4.5) 
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Figure 4.3. The origin of noise current correlation. 

The base noise current is contributed by three elements corresponding to the three 

mechanisms shown in Fig. 4.3:  

1. Noise induced by the velocity fluctuation of minority hole in the emitter (𝑖𝑛𝐵1). 

2. Noise induced by the velocity fluctuation of minority electron in the base region (𝑖𝑛𝐵2). 

This hole noise current equals to the deviation of electron noise currents between the two 

sides of the neutral base region. 

3. Additional base noise current due to the transport of electron noise current across the CB 

SCR (𝑖𝑛𝐵3), which is located at the end side of the neutral base region. 
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Therefore, the base shot noise current is correlated with the transported electron noise 

current with a time delay 𝜏𝑛. 

Based on the base and collector shot noise current models, the noise power density of the 

noise sources and shot noise cross-correlation in common-emitter configuration are given by the 

transport noise model [12] [13]  

〈𝑖𝑛𝐵
2 〉 = [2𝑞𝐼𝑏 + 4𝑞𝐼𝑐(1 − ℜ{𝑒−𝑗𝜔𝜏𝑛})] ∙ ∆𝑓 

〈𝑖𝑛𝐶
2 〉 = 2𝑞𝐼𝑐 ∙ ∆𝑓 

〈𝑖𝑛𝐵
∗ 𝑖𝑛𝐶〉 = 2𝑞𝐼𝑐(𝑒−𝑗𝜔𝜏𝑛 − 1) ∙ ∆𝑓 , 

where 𝐼𝑐  and 𝐼𝑏 are the 𝑑𝑐 collector and base current respectively and 𝑞 is the electron charge. 

〈𝑖𝑛𝐵
∗ 𝑖𝑛𝐶〉  describes the cross-correlation of base and collector noise current, which is highly 

affected by the noise transit time 𝜏𝑛. 

4.2 Noise Transit Time 

 

Figure 4.4. Transport noise model for SiGe HBTs [adopted from 12, 19]. 

(4.6) 

(4.7) 

(4.8) 
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As discussed in the last section, the shot noise is generated only at the EB junction, and the 

base current shot noise 2𝑞𝐼𝑏 caused by the majority holes randomly crossing the potential barrier 

and the electron shot noise current at the EB junction are independent and not correlated. However, 

as the emitter electron noise current transports through the quasi-neutral base and the CB SCR 

(space charge region), it induces a hole density fluctuation in the base which gets added to the base 

current noise [14]. Therefore, it creates a correlation between the base current noise and collector 

current noise and the total time delay of the emitter electron noise current transported to the 

collector is described by noise transit time 𝜏𝑛.  

As the analysis by Prichard [15] shows, the base related delay time in the diffusion limited 

case is much smaller than the base transit time by a factor of 0.2. However, this excess phase shift 

factor should be modified to 0.7-0.8 because of the Ge grading effect on the base transit time [16] 

[17]. Therefore, in this dissertation an approximation of this factor to 1 is used to calculate the base 

related delay time. On the other hand, the base related delay time is not very critical since the base 

transit time is much smaller than the CB SCR transit time in modern SiGe HBTs, until they reach 

high-injection region.  

As shown in the transport noise model, the noise transit time 𝜏𝑛 is critical to determine the 

correlation effect in the noise calculation and modeling. Therefore, the dependence of 𝜏𝑛  is 

discussed in this dissertation by characterizing the sample SiGe HBT device over temperature and 

bias.  

The origin and location of EB noise generation are also studied by Decker et al. [18] using 

the simulation based on the Impedance Field Method. They have shown that the location of the 

generated electron noise is very close to the edge of the depletion region of the EB junction as 
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shown in Fig. 4.5. Therefore, it is reasonable to approximate 𝜏𝑛 as the sum of the neutral base 

transit time and the transit time across the collector-base junction SCR [19]. On the other hand, 

the transistor transit time 𝜏𝑡 is the sum of the time delay from the emitter to collector as shown in 

Fig. 4.4. 

𝜏𝑛 = 𝜏𝑏 + 𝜏𝑏𝑐 

𝜏𝑡 = 𝜏𝑒 + 𝜏𝑏𝑒 + 𝜏𝑏 + 𝜏𝑏𝑐 + 𝜏𝑐 , 

where 𝜏𝑏, 𝜏𝑐 and 𝜏𝑒 are the time constant at the natural base, collector and emitter respectively; 

𝜏𝑏𝑐 and 𝜏𝑏𝑒 are the time delay at the SCR at base-collector and base-emitter, respectively. 

 

Figure 4.5. Electron noise power originates near the EB junction [18]. 

To normalize 𝜏𝑛 we define a parameter, noise ratio, which is equal to 𝜏𝑛/𝜏𝑡. Typically, 𝜏𝑡 

can be calculated from 1 2𝜋𝑓𝑇⁄ , where 𝑓𝑇 is the current cutoff frequency of the transistor, which 

can be extracted by S-parameter measurement.  

(4.9) 

(4.10) 
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As illustrated in the Fig. 4.6, the noise correlation affects both the value and slope of the 

𝑁𝐹𝑚𝑖𝑛 over the frequency. The value and slope of 𝑁𝐹𝑚𝑖𝑛 are both decreasing with larger noise 

ratio. Therefore, the noise ratio needs to be well characterized for accurate noise modeling 

especially at high frequency range. 

 

Figure 4.6. The effect of noise ratio of 𝑁𝐹𝑚𝑖𝑛 for a sample SiGe HBT at 𝑉𝑏𝑒 = 0.9𝑉 and 𝑉𝑐𝑒 =

1𝑉 at room temperature.  

Some papers proposed methods for the experimental extraction of the noise transit time, 

but the extraction results are either not accurate or hard to measure. Yau and Voinigesou describe 
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a method in [9] where the noise transit time can be obtained from the slope of the phase of 

transconductance vs frequency 

𝜏𝑛 = −
𝜕

𝜕𝜔
𝑝ℎ𝑎𝑠𝑒[𝑔𝑚(𝜔)] . 

Based on the extraction method in [20], the transconductance 𝑔𝑚 is given by 

𝑔𝑚 =
1 − |𝐴𝑐|

|𝐴𝑐|
(

1

𝑅𝜋
+ 𝑗𝜔𝐶𝜋) 

𝑅𝜋 = ℜ {
𝐴𝑐,11|𝐴𝑐|

𝐴𝑐,12 − |𝐴𝑐|𝑅𝑏𝑖
} , 

where [𝐴𝑐] is the ABCD matrix of the intrinsic part of the HBT which can be calculated from the 

measured S-parameter data, 𝑅𝑏𝑖 is the intrinsic base resistance and 𝐶𝜋 is calculated from the slope 

of 𝐼𝑚(
𝐴𝑐,12

|𝐴𝑐|
) when plotted versus 1/𝜔. The value of 𝜏𝑛 extracted by this method is almost equal to 

the total time delay from emitter to collector.  

A similar method is discussed in [21]. They extract the transit time from the phase delay 

of the emitter and collector current gain by modeling it as a low-pass function 

𝛼(𝑓) = 𝛼0

𝑒−𝑗𝜔𝜏

1 + 𝑗
𝑓
𝑓𝛽

 , 

where 𝛼 is defined as the transport factor and can be extracted from the Z-parameters by 

𝛼 =
𝑍12 − 𝑍21

𝑍22 − 𝑍21 − 𝑅𝑐
 . 

Then one can calculate the 𝜏 at low frequency by 

𝜏 = −
𝑑 (𝑝ℎ𝑎𝑠𝑒(𝛼(𝑓)))

𝑑𝜔
 . 

(4.11) 

(4.12) 

(4.13) 

(4.14) 

(4.15) 

(4.16) 
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This method also gets a delay time very close to the total transit time from emitter to 

collector which is calculated from 1/2𝜋𝑓𝑇 as shown in Fig. 4.7. 

 

Figure 4.7. Extracted transit time based on Basaran’s method [21] applied to our SiGe HBT. 

Also, in the papers [22] [23], they characterize the noise transit time by fitting the 𝑁𝐹𝑚𝑖𝑛 

between the calculated noise from model and the measured noise parameters. For this kind of 

extractions, it still needs the tuner-based noise measurement as well as it needs an accurate noise 

measurement result which is hard to implement compared with the S-parameter measurement. 

However, this method can still give a reference for the extraction method.  

In addition to these methods, in [24], they extract the noise transit time directly from the 

Z-parameters. This kind of extraction cannot give an accurate result because the analysis of time 

constant is oversimplified and needs too many assumptions for the small-signal equivalent circuit. 
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This method is also over-estimating the noise transit time, which is almost equal to the total transit 

time from emitter to collector. 

In conclusion, one needs to explore an accurate and easily approachable methodology to 

extract the noise transit time. Therefore, we have developed an extraction method based on the 

HICUM compact model. 

4.3 Extraction of Noise Transit Time from HICUM Model  

We now discuss the methodology of extracting 𝜏𝑛 based on parameters from the HICUM 

compact model [25]. The parameters used in the noise transit time extraction are based on the 

HICUM v2.3 model.  

Since the time delay constants of the transistor are highly dependent on the bias conditions, 

we need to separate the operating conditions to low-current region, medium- and high-current 

regions with the assumption that at the low-current region the time constants are only voltage 

dependent and at the medium- and high-current regions the time constants are both voltage and 

current dependent. 

In the low-current region, the low-current transit time 𝜏0 and the bias independent low-

current emitter time constant 𝜏𝐸𝑓0 are given in the model.  

In the medium to high current region, with the increasing of 𝐼𝑐, the time constants in the 

natural collector and neutral emitter increase. Therefore, there is an additional time delay ∆𝜏𝑓ℎ in 

neutral base and collector regions and ∆𝜏𝐸𝑓 in the neutral emitter region given by [26]  

∆𝜏𝑓ℎ = 𝜏ℎ𝑐𝑠𝑤2 [1 +
2𝐼𝐶𝐾

𝐼𝐶√𝑖2 + 𝑎ℎ𝑐

] (4.17) 
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∆𝜏𝐸𝑓 = 𝜏𝐸𝑓0(𝐼𝐶 𝐼𝐶𝐾⁄ )𝑔𝜏𝐸  , 

where 𝜏ℎ𝑐𝑠 is the collector saturation transit time, 𝑤 is the collector current dependent injection 

region width, 𝐼𝐶𝐾 is the Kirk-effect current, 𝑔𝜏𝐸 is the exponent factor for current dependence of 

neutral emitter storage time, 𝑖 = 1 − 𝐼𝐶𝐾 𝐼𝐶⁄  and 𝑎ℎ𝑐 is the smoothing factor. 

At medium to high current densities, the base-collector space charge region (SCR) becomes 

quasi-neutral, which is the so-called Kirk-effect. To describe the effect, a continuously 

differentiable current 𝐼𝐶𝐾 can be written as [26] 

𝐼𝐶𝐾 =
𝑣𝑐𝑒𝑓𝑓

𝑟𝐶𝑖

1

√1 + (𝑣𝑐𝑒𝑓𝑓 𝑉𝑙𝑖𝑚⁄ )2
[1 +

𝑥 + √𝑥2 + 10−3

2
] 

𝑥 =
𝑣𝑐𝑒𝑓𝑓 − 𝑉𝑙𝑖𝑚

𝑉𝑃𝑇
 , 

where 𝑣𝑐𝑒𝑓𝑓 is the effective collector voltage, and 𝑟𝐶𝑖 is the low-field internal collector resistance. 

The 𝑣𝑐𝑒𝑓𝑓 is given by the smoothing function with 𝑣𝐶𝐸𝑖 and 𝑣𝐶𝐸𝑠 as 

𝑣𝑐𝑒𝑓𝑓 = 𝑉𝑇 [ln (1 + exp (
𝑣𝐶𝐸𝑖 − 𝑣𝐶𝐸𝑠

𝑉𝑇
− 1)) + 1] . 

The temperature dependence of 𝑟𝐶𝑖, 𝜏0 and 𝜏ℎ𝑐𝑠 is determined by a few parameters in the 

model respectively [26]  

𝑟𝐶𝑖(𝑇) = 𝑟𝐶𝑖0 (
𝑇

𝑇𝑟𝑒𝑓
)

𝜁𝐶𝑖

 

𝜏0(𝑇) = 𝜏0(1 + 𝛼𝜏0(𝑇 − 𝑇𝑟𝑒𝑓) + 𝐾𝜏0(𝑇 − 𝑇𝑟𝑒𝑓)
2

) 

𝜏ℎ𝑐𝑠(𝑇) = 𝜏ℎ𝑐𝑠0 (
𝑇

𝑇𝑟𝑒𝑓
)

𝜁𝐶𝑖−1

 , 

(4.18) 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

(4.23) 

(4.24) 
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where 𝛼𝜏0 and 𝐾𝜏0 are the first and second order temperature coefficients of reference temperature 

𝑇𝑟𝑒𝑓, and 𝜁𝐶𝑖 is the temperature exponent factors of the mobility of the internal collector region. 

Making the collector current dependent injection region width 𝑤 as a continuous function 

of current can avoid the charge stored (minority holes injected into collector) becoming 

nonphysical at 𝐼𝐶 < 𝐼𝐶𝐾. The collector current dependent injection region width is then described 

by 

𝑤 =
𝑖 + √𝑖2 + 𝑎ℎ𝑐

1 + √1 + 𝑎ℎ𝑐

 , 

where 𝑎ℎ𝑐 is the smoothing factor for current dependence of base and collector transit time. 

Based on the equations (4.17) and (4.18), the biasing dependent additional time constant 

∆𝜏𝑓ℎ and ∆𝜏𝐸𝑓 can be calculated from the model. Then we can calculate the noise ratio based on 

the definition 𝑛𝑜𝑖𝑠𝑒 𝑟𝑎𝑡𝑖𝑜 = 𝜏𝑛/𝜏𝑡 as follows. 

Based on the definition and device physics we presented in Chapter 4, section 4.2, the total 

transistor transit time 𝜏𝑡 is the sum of low-current transit time and the additional time delays at 

neutral emitter, base and collector 

𝜏𝑡 = 𝜏0 + ∆𝜏𝑓ℎ + ∆𝜏𝐸𝑓 

and the noise transit time 𝜏𝑛 is obtained by subtracting 𝜏𝐸𝑓0, ∆𝜏𝐸𝑓 and the additional time delay in 

the neutral collector 𝑓𝜏ℎ𝑐∆𝜏𝑓ℎ from the transistor transit time 𝜏𝑡 

𝜏𝑛 = 𝜏𝑡 − (𝜏𝐸𝑓0 + ∆𝜏𝐸𝑓 + 𝑓𝜏ℎ𝑐∆𝜏𝑓ℎ) . 

The noise ratio is then given by [27, 28] 

𝑛𝑜𝑖𝑠𝑒 𝑟𝑎𝑡𝑖𝑜 =
(𝜏𝑡 − 𝜏𝐸𝑓0 − ∆𝜏𝐸𝑓 − 𝑓𝜏ℎ𝑐∆𝜏𝑓ℎ)

𝜏𝑡
 , 

(4.25) 

(4.26) 

(4.27) 

(4.28) 
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where 𝑓𝜏ℎ𝑐 is a partition parameter (default is 0.6) of the time delay between the base and collector 

components at high-current region. 𝜏𝑏𝑒 is ignored since its contribution is usually small in the bias 

range of interest. 

Table 4.1. The HICUM model parameters for noise transit time extraction. 

 Parameter Name Description of the parameter 

Group 1 

𝜏0 Low-current transit time 

𝜏𝐸𝑓0 Bias independent low-current emitter constant 

𝜏ℎ𝑐𝑠 Saturation time constant at high current densities 

Group 2 

𝑉𝐶𝐸𝑠 Internal C-E saturation voltage 

𝑉𝑙𝑖𝑚 Voltage separating ohmic and saturation velocity regime 

𝑉𝑃𝑇 Collector punch-through voltage 

Group 3 

𝑓𝜏ℎ𝑐 Partitioning factor for base and collector portion 

𝑔𝜏𝐸 

Exponent factor for current dependence of neutral emitter 

storage time 

𝑎ℎ𝑐 

Smoothing factor for current dependent of base and 

collector transit time 

𝑟𝐶𝑖0 Internal collector resistance at low electric field 

Group 4 

𝛼𝜏0 The first order temperature coefficient 

𝐾𝜏0 The second order temperature coefficient 

𝜁𝐶𝑖 Temperature exponent for 𝑟𝐶𝑖0 
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The model parameters used in the noise transit time extraction are from the HICUM v2.3 

model summarized in Table 4.1. 

As an example, Fig. 4.8 is the extracted noise ratio from the HICUM model parameters of 

a sample SiGe HBT device over the collector current density. The noise ratio is the key parameter 

for noise correlation prediction for bipolar transistors. 

 

Figure 4.8. Extracted noise ratio for the sample SiGe HBT over the 𝐽𝐶 . 

4.4 Resistances Extraction for SiGe HBTs  

Base resistance and emitter resistance of the bipolar device affect the transistor’s four noise 

parameters, especially the base resistance which is at the input of the device. Therefore, it is 
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important to extract the access resistances at the base and emitter terminals. In the past, people 

proposed many methods to accurately extract the resistances of transistor from 𝑑𝑐  or 𝑎𝑐 

measurement. In this chapter, we will discuss the methods we selected to extract the base and 

emitter resistances from the measurement data.  

4.4.1 Emitter Resistance Extraction 

The emitter resistance can be extracted from the Z-parameter data which is transformed 

from the measured S-parameter data in low frequency range (typically under 5 GHz). It is obtained 

from the intercept of ℜ(𝑍12) versus 1 𝐼𝑐⁄  curve [29]. The equivalent circuit is shown in Fig. 4.9. 

 

Figure 4.9. Equivalent circuit for emitter resistance extraction [29]. 
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At a very low frequency (below 5GHz), the circuit can be simplified to a simple T-type 

circuit, where the real part of 𝑍12  is equal to 𝑅𝑒 + 𝑅𝑒𝑒 . 𝑅𝑒  can be presented by the 

transconductance as  

𝑅𝑒 ≈
1

𝑔𝑚
=

𝑘𝑇

𝑞𝐼𝐶
 . 

Then we can obtain the emitter resistance by 

ℜ(𝑍12) ≈
𝑘𝑇

𝑞𝐼𝐶
+ 𝑅𝑒𝑒 , 

where 𝑅𝑒𝑒 is the emitter resistance used for RF noise calculation. 

 

Figure 4.10. Extracted emitter resistance for the sample SiGe HBT.  

Figure 4.10 shows the emitter resistance extraction result of a sample SiGe HBT device. 

The extracted value is 16.2 ohm. Kraus and Schröter [30] mention that this low-frequency small-

(4.29) 

(4.30) 
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signal method we have used can eliminate the constraint of high-injection and the impact of self-

heating and gives similar results to the 𝑔𝑚 method and therefore should be acceptable. 

The emitter resistance can also be extracted by the method from [31], 

𝑅𝐸 =
ℑ{ℎ11}

ℑ{ℎ21}
−

1

𝑔𝑚
  

𝑤𝑖𝑡ℎ 
1

𝑔𝑚
= ℜ {

1

ℎ21
} ∙

𝑉𝑇

𝐼𝑏𝑒𝑖
 , 

where H-parameters are obtained from the Y-parameters after removing the transfer branches 

using utilitarianized S-parameters [31]. By plotting 
1

𝑔𝑚
 vs 

ℑ{ℎ11}

ℑ{ℎ21}
 over base biasing current at 2 GHz, 

the 𝑅𝐸 can be obtained from the intercept. 

As shown in Fig. 4.11, the extracted 𝑅𝐸 value by this method is around 16 ohm. 

 

Figure 4.11. Extracted emitter resistance for the sample SiGe HBT. 

(4.31) 

(4.32) 
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4.4.2 Base Resistance Extraction 

Various methods for the base resistance extraction are proposed in the literatures [32, 33]. 

In this section, we introduce and demonstrate these extraction methods based on a sample SiGe 

HBT transistor. 

Usually, the base resistance is divided into an intrinsic part 𝑅𝐵𝑖 and an extrinsic part 𝑅𝐵𝑥  

𝑅𝐵 = 𝑅𝐵𝑖 + 𝑅𝐵𝑥 , 

where 𝑅𝐵𝑥 is independent of the bias condition and temperature but 𝑅𝐵𝑖 is dependent on the bias 

condition and temperature. 

In this section, we discuss three main methods to determine the base resistance: tetrode test 

structure, Impedance Circle and H-parameters. 

In paper [34], Schroter and Lehmann indicate the method that uses the data from the 𝑑𝑐 

measurement of a rectangular tetrode test structure to determine the base resistance of the bipolar 

transistor. Based on the device physics and layout, the normalized resistance between the two base 

contacts can be written as 

𝑅𝐵 = 𝑅𝑠𝐵𝑖

𝑤

𝐿𝑒
+ 𝑅𝐵𝑥 , 

where 𝑅𝑠𝐵𝑖 is the intrinsic base sheet resistance, 𝑅𝐵𝑥 is the extrinsic base resistance, 𝑤 is emitter 

width and 𝐿𝑒  is the effective emitter length. 𝑅𝑠𝐵𝑖  and 𝑅𝐵𝑥  can be determined by the linear 

regression of customized test tetrodes data with different emitter width 𝑤. Then the base resistance 

can be calculated based on the geometry of the bipolar transistor. For this sample SiGe HBT device, 

the extracted value of base resistance by this method is 380 ohm which is over-estimated 

comparing with model fitted data and other 𝑅𝐵extraction results as discussed below. 

(4.33) 

(4.34) 
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In [32], an impedance circle method is proposed to determine the base resistance. This 

method is based on the model and calculation on the H-parameters. The real and imaginary parts 

of 𝐻11 are described as 

𝑥 = ℜ(𝐻11) = 𝑅𝐵 +
𝑔𝑏𝑒

𝑔𝑏𝑒
2 + (𝜔𝐶𝑖)2

 

𝑦 = ℑ(𝐻11) = −
𝜔𝐶𝑖

𝑔𝑏𝑒
2 + (𝜔𝐶𝑖)2

 , 

where the contour plot of the ℜ(𝐻11) and ℑ(𝐻11) at different frequencies can be a semi-circle with 

the center of the circle equal to 𝑅𝐵 + 1/2𝑔𝑏𝑒 and the radius of the circle equal to 1/2𝑔𝑏𝑒. By 

fitting the circle equation to the impedance circle contour, the intercept of the circle is the base 

resistance. Fig. 4.12 shows the extraction result of the sample SiGe HBT by this method. 

 

Figure 4.12. Impedance circle base resistance extraction for the sample SiGe HBT. 

(4.35) 

(4.36) 
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Another 𝑅𝐵 extraction method is used to validate the results. 𝑅𝐵 can be obtained from the 

high freqeuncy region of the real part of 𝐻11 parameter. As shown Fig 4.13, the measured 𝑅𝐵 value 

is 120 ohm. Comparing the measured 𝑅𝐵 with the simulated results from HICUM model, we find 

that the model overestimates the base resistance by about 50 ohm, which can affect the noise figure 

modeling as well as the other three noise parameters. The discrepancy between the measured and 

simulated values is most likely due to the device variations since the simulation model is only for 

nominal device. 

 

Figure 4.13. Base resistance extraction based on H-parameters for the sample SiGe HBT.  

The bias and temperature dependences of 𝑅𝐵 at 𝑉𝑐𝑒 = 1 𝑉 are shown in Fig. 4.14 at room 

temperature (25 °C) and 𝑉𝑏𝑒 = 0.9 V. We have applied the circle impedance method [32] to the 
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simulated S-parameter data from HICUM model, and the extracted 𝑅𝐵 shows an excellent fit to 

the model card operating point values over bias and temperature, verifying the validity of the 

method. The discrepancy between the measured and simulated values is again attributed to the 

device variation. 

 

Figure 4.14. Temperature and bias dependence of base resistance for the sample SiGe HBT.   

In conclusion, the rectangular test tetrode method can give a more straightforward 

prediction of the physical values for the base resistance as well as the extracted parameters can be 

used for bias and temperature dependence modeling of the intrinsic base resistance. But it needs a 

good geometry function to link the test tetrode to the actual device, which usually have some errors. 

The impedance circle method is based on the measured H-parameters which are simple to achieve 

from the S-parameter measurement. At the same time, this method can give a reasonable and 

accurate 𝑅𝐵 extraction results. 
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4.5 Noise Calculation for SiGe HBTs  

So far, we have extracted the noise transit time to calculate the shot noise sources and 

correlation effect in the transport noise model (equations from (4.6) to (4.8)) and the base and 

emitter resistances to calculate the thermal noise sources. Then these internal noise sources are 

transformed to the input of the device as an equivalent voltage noise source and an equivalent 

current source with a noise-free two-port Y-parameter block based on the Y-parameter method 

discussed in reference [9]. Then the four noise parameter can be calculated based on the theory in 

Section 2.6. 

In summary, the entire high frequency noise calculation procedure for the SiGe HBT 

transistor is given by 

1. Measure the S-parameter and 𝑑𝑐 data with a common emitter bias of the device under 

test (DUT). 

2. Measure the S-parameters data of OPEN/SHORT dummy structures. 

3. De-embed the measured S-parameter data of the DUT based on the OPEN/SHORT 

dummy structures. 

4. Calculate the noise transit time of the DUT based on the extracted HICUM model 

parameters. 

5. Extract the base and emitter resistances of the DUT from the de-embedded S-parameter 

data. 

6. Calculate the internal noise sources and transform them to the input of the two-port 

block based on the Y-parameter method. 
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7. Calculate the four noise parameters of the DUT based on the two-port noise calculation 

theory. 

4.6 Experimental Results 

The utility of these calculation methodologies of noise transit time and high frequency 

noise properties has been validated using experimental data of SiGe HBTs. The SiGe HBTs use a 

130 nm BiCMOS process with emitter dimensions of 0.15x1.77 μm2 and 𝑓𝑇/𝑓𝑚𝑎𝑥 of approximately 

110/160 GHz. Based on the measurement data, we present the model extraction, noise calculation 

and measurement results in this section. 

The tuner-based noise measurement setup consists of a Maury MT983BL automated tuner, 

an HP 8970B noise figure meter set and an Agilent PNA (E8361C) as shown in Section 3.1. The 

system is controlled by Maury software ATSv5. To eliminate the effect of parasitic elements from 

the pads, we do the de-embedding using open/short dummy structures for both the measured S-

parameter and noise parameter data [11]. The RF probes used in the on-wafer measurement have 

a 150𝜇𝑚 pitch width, which are manufactured by Cascade Microtech. 

Based on the extraction method described in Section III, we can calculate the noise transit 

time 𝜏𝑛  and noise ratio from the HICUM model. To validate the extraction results, we have 

measured the full noise properties of the SiGe HBT and obtained the 𝜏𝑛 and noise ratio by fitting 

the 𝑁𝐹𝑚𝑖𝑛  between the tuner-based measurement and Y-parameter calculation over bias, 

temperature, size and scaling generation. 

From the measured temperature dependence of Gummel Plot in Fig. 4.15 we can find that 

𝐼𝑏 and 𝐼𝑐 increase, but beta decreases with temperature. The decrease of beta with temperature is 
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a unique characteristic of SiGe HBT compared to silicon bipolar transistor and is a result of the 

bandgap narrowing in the heavily-doped base region [35]. The measured 𝐼𝑏 and 𝐼𝑐 are used in the 

high frequency noise calculation.  

 

Figure 4.15.  Measured temperature dependence of Gummel Plot. 

Fig. 4.16 shows the simulated 𝑓𝑇 vs 𝑉𝑏𝑒 over the temperature for the sample SiGe HBT 

device. We can find that as the temperature increases, the peak 𝑓𝑇 gets lower and moves to low 

𝑉𝑏𝑒 region. 
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Figure 4.16. Simulated 𝑓𝑇 vs 𝑉𝑏𝑒 over the temperature for the sample SiGe HBT. 

Fig. 4.17 shows the comparison of measured and modelled S11 and S22 for 1 GHz to 18 

GHz sweep with 𝑉𝑐𝑒 = 1 𝑉, 𝑉𝑏𝑒 = 0.9 𝑉 at room temperature. We find that the modelled S11 

deviates from the measured, which can be explained by the discrepancy in the extracted base 

resistance by about 50 ohm from the modelled data as shown in Fig. 4.13. But it does not change 

the conclusion of our analysis, because the effect of the base resistance thermal noise is properly 

accounted for from the extracted (measured) base resistance. Since the device is small (0.15×1.77 

𝜇𝑚2), the S11 and S22 are close to SHORT in the frequency range. 
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Figure 4.17.  Measured vs simulated S11 and S22 for the sample SiGe HBT. 

We have also compared the S21 between the modelled and measured data as shown in Fig. 

4.18. The real part of the simulated S21 is matched with the measured data. But the imaginary part 

of the simulated S21 is deviated from the measured data especially at high frequency region. 

 

Figure 4.18.  Measured vs simulated S21 for the sample SiGe HBT. 
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4.6.1 Noise Prediction over Temperature 

Fig. 4.19 shows the comparison between the calculated 𝑁𝐹𝑚𝑖𝑛 and measured 𝑁𝐹𝑚𝑖𝑛 at the 

temperature from 25 ° C to 125 ° C. A good agreement has been obtained between the measured 

and calculated 𝑁𝐹𝑚𝑖𝑛 over an entire frequency range and over a wide temperature range. We find 

that the inclusion of the noise transit time 𝜏𝑛 and the correlation between the base and collector 

noise sources reduce the overall 𝑁𝐹𝑚𝑖𝑛 and its slope with frequency and temperature and improve 

the fit with the measurement. Also, we find that 𝜏𝑛 which is independent of frequency can give a 

good fit to the experiments. 

 

Figure 4.19.  Sample SiGe HBT 𝑁𝐹𝑚𝑖𝑛 measured vs calculated with fitted noise transit time (𝜏𝑛) 

at 𝑉𝑏𝑒 = 0.9 𝑉 and 𝑉𝑐𝑒 = 1 V. [28] © 2018, IEEE 
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The values of the best fitted noise ratio and the corresponding calculated 𝑁𝐹𝑚𝑖𝑛 at 10 GHz 

are used as references in Fig. 4.20 and Fig. 4.21, respectively. 

 

Figure 4.20.  Temperature dependence of extracted vs fitted noise ratio, transistor transit time (𝜏𝑡) 

and noise transit time (𝜏𝑛) with 𝑉𝑏𝑒 = 0.9 V and 𝑉𝑐𝑒 = 1 V. [28] © 2018, IEEE 

Fig. 4.20 shows the temperature dependence of 𝜏𝑡 ,  𝜏𝑛  and the noise ratio (NR). 𝜏𝑡  is 

extracted from the measured S-parameter data, and 𝜏𝑛 and the noise ratio (broken line) are the best 

fitted values from the tuner-based noise measurement. The noise ratio in solid line is calculated 

from the HICUM model. As the device goes into a high-current region at around 50 ° C, both 𝜏𝑡 

and 𝜏𝑛  start to increase rapidly. Although the noise ratio calculated from the HICUM model 
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predicts its general behavior with temperature, the agreement with the fitted value is not very good, 

pointing to the difficulty in accurately calculating 𝜏𝑛  in the high-current region at high 

temperature. 

 

Figure 4.21. Temperature dependence of 𝑁𝐹𝑚𝑖𝑛 from measurement, calculation from fitted 𝜏𝑛 and 

extracted 𝜏𝑛 at 10 GHz with 𝑉𝑏𝑒 = 0.9 V and 𝑉𝑐𝑒 = 1 V. [28] © 2018, IEEE 

Fig. 4.21 shows the 𝑁𝐹𝑚𝑖𝑛 comparison over temperature for the tuner-based measurement, 

the calculation based on the best fitted noise transit time 𝜏𝑛 and the calculation based on the noise 

transit time 𝜏𝑛 from the HICUM model at 10 GHz. The error bars indicate +/-2σ uncertainty in the 
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measurement. The overall percentage error of the prediction of 𝑁𝐹𝑚𝑖𝑛 based on the calculated 𝜏𝑛 

from the HICUM model is no more than 20% over temperature. 

 

Figure 4.22. Collector current dependence of four noise parameters over temperature at 10 GHz 

with 𝑉𝑏𝑒 = 0.9 V and 𝑉𝑐𝑒 = 1 V. 

Fig. 4.22 shows the collector current dependence of four noise parameters from extracted 

𝜏𝑛  over temperature at 10 GHz with 𝑉𝑏𝑒 = 0.9 V  and 𝑉𝑐𝑒 = 1 V . We find that the four noise 

parameters are only related with the bias collector current and the noise parameters of room 

temperature can predict the higher temperature data. 

In order to clarify the relative contributions from the base resistance thermal noise (4𝑘𝑇𝑅𝐵) 

and the correlated noise, Fig. 4.23 plots the contribution of the base resistance thermal noise and 
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the correlation term to the total noise power of the input noise voltage source in the chain 

representation (〈𝑣𝑛
2〉 in Eqs. (2.33)-(2.35)) [9].  

〈𝑣𝑛
2〉 = 〈𝑣𝑛𝐵

2 〉 + |1 +
𝑌22

𝑌21
|

2

〈𝑣𝑛𝐸
2 〉 + |𝑅𝐵 + 𝑅𝐸 [1 +

𝑌22

𝑌21
]|

2

〈𝑖𝑛𝐵
2 〉 + |𝑌21

−1 − 𝑅𝐸 [1 +
𝑌22

𝑌21
]|

2

〈𝑖𝑛𝐶
2 〉 

                  −
2

|𝑌21|2
ℜ{(𝑌21𝑅𝐵 + 𝑅𝐸[𝑌21 + 𝑌22]) × (1 − 𝑅𝐸[𝑌21 + 𝑌22])∗〈𝑖𝑛𝐵𝑖𝑛𝐶

∗ 〉} , 

where 〈𝑣𝑛𝐵
2 〉  is the base thermal noise term and 

2

|𝑌21|2 ℜ{(𝑌21𝑅𝐵 + 𝑅𝐸[𝑌21 + 𝑌22]) × (1 −

𝑅𝐸[𝑌21 + 𝑌22])∗〈𝑖𝑛𝐵𝑖𝑛𝐶
∗ 〉} is the correlation term. 

 

Figure 4.23.  Plots showing the relative contributions of the base resistance thermal noise and the 

noise correlation to the total noise of the input referred noise voltage in the chain representation at 

25 °C and 125 °C. 

The correlation effect is smaller than the base resistance thermal noise at 25 °C, but the 

situation is reversed at 125 °C. The rapid increase of the correlation effect from 25 °C to 125 °C 

is due to the increase in 𝜏𝑛 as shown in Fig. 4.20. Please note that the base resistance thermal noise 

(4.37) 
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at 125 °C is actually lower than at 25 °C because the base resistance value is lower at 125 °C. The 

reason is that with the biasing of 𝑉𝑏𝑒 = 0.9 V, the base current at 125 °C is much higher than at 

25 °C which causes the base resistance to decrease due to the conductivity modulation. This more 

than offsets the slight increase of the external base sheet resistance at 125 °C. Please note also that 

the figure plots only the input voltage noise power 〈𝑣𝑛
2〉. The input current noise power (〈𝑖𝑛

2〉, which 

is not shown) does not have the contribution from the base resistance thermal noise. 

 

Figure 4.24.  Temperature dependence of contributions of the base resistance thermal noise and 

the noise correlation to the total noise of the input referred noise voltage in the chain representation 

at 10 GHz. 
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Fig. 4.24 shows the temperature dependence of noise contributions of the input referred 

noise voltage at 10 GHz. We can find that the noise contribution of correlated shot noise sharply 

increases and becomes the dominant component when the device’s temperature gets above 65 °C.  

4.6.2 Noise Prediction over Bias Current 

Next, we present the prediction results over bias current based on the same SiGe HBT 

transistor. 

 

Figure 4.25.  Bias current dependence of extracted vs fitted noise ratio, transistor transit time (𝜏𝑡) 

and noise transit time (𝜏𝑛) with 𝑉𝑐𝑒 = 1 V at 25 °C. [28] © 2018, IEEE 
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Fig. 4.25 shows the bias current dependence of 𝜏𝑡, 𝜏𝑛 and the noise ratio (NR) at room 

temperature. A good agreement is obtained between the noise ratio calculated from the HICUM 

model (solid line) and the best fitted results from the measurement (symbol x), which validates the 

extracted 𝜏𝑛  from the HICUM model. The agreement is much better than the case for the 

temperature dependence (Fig. 4.20). 

 

Figure 4.26.  SiGe HBT bias current dependence of measured vs calculated noise ratio with 𝑉𝑐𝑒 =

1 V at 10 GHz at 25 °C. [28] © 2018, IEEE 

Fig. 4.26 shows the comparison of bias current dependence of 𝑁𝐹𝑚𝑖𝑛 at 10 GHz between 

the tuner-based measurement and the Y-parameter calculation based on the best fitted 𝜏𝑛. Good 
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agreement has been obtained over the entire frequency range (2GHz to 18GHz) and over bias. At 

𝐽𝑐 of around 12 mA/µm2, the device goes into a high-injection region, and the noise ratio again 

increases. The overall percentage error of the prediction of 𝑁𝐹𝑚𝑖𝑛 based on the calculated 𝜏𝑛 from 

the HICUM model is no more than 14% over the bias. 

We now discuss the validation of bias dependence of the noise parameters. Fig. 4.27 shows 

the 𝑟𝑛, 𝐺𝑜𝑝𝑡 and 𝐵𝑜𝑝𝑡 comparison between the measurement and calculation from the fitted and 

extracted 𝜏𝑛 over bias at 10 GHz at room temperature. Similarly to 𝑁𝐹𝑚𝑖𝑛 shown in Fig. 4.26, 𝑟𝑛,  

𝐺𝑜𝑝𝑡  and 𝐵𝑜𝑝𝑡  all have good agreement between the calculated and measured results. The 

deviation in 𝐵𝑜𝑝𝑡 is larger than the other parameters, and is most likely caused by an uncertainty 

in the emitter resistance value. 

 

Figure 4.27.  Bias dependence of four noise parameters from measurement, calculation from fitted 

𝜏𝑛 and extracted 𝜏𝑛 at 10 GHz with 𝑉𝑐𝑒 = 1 V at 25 ° C. [28] © 2018, IEEE 
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4.6.3 Noise Prediction over Frequency 

 

Figure 4.28.  Comparison of four noise parameters between measurement (solid) and calculation 

(dotted) based on 𝜏𝑛 from HICUM model with 𝑉𝑏𝑒 = 0.9 V and 𝑉𝑐𝑒 = 1 V at room temperature. 

[28] © 2018, IEEE 

Fig. 4.28 shows a good agreement of the four noise parameters between the calculation 

from the HICUM model and the results from the tuner-based measurement over frequency. From 

the figure, we find that 𝑁𝐹𝑚𝑖𝑛 increases with frequency, the normalized equivalent noise resistance 

(𝑟𝑛 = 𝑅𝑛/50) is constant with frequency, the real part of the optimum source admittance (𝐺𝑜𝑝𝑡) 

increases with frequency and the imaginary part of the optimum source admittance ( 𝐵𝑜𝑝𝑡 ) 

decreases with frequency.  
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Again, the discrepancy between the calculated and measured 𝐵𝑜𝑝𝑡  comes from the 𝑅𝐸  

extraction deviation. Fig. 4.29 shows the 𝑅𝐸 dependence of extracted optimum source susceptance 

(𝐵𝑜𝑝𝑡) over frequency. 𝐵𝑜𝑝𝑡 gets a better fits by reducing the value to 1/2 of the extracted. Since 

the 𝑅𝐸 value we used gives good fit to the rest of the parameters, we did not readjust its value. It 

is difficult to use one value to fit all the parameters.  

 

Figure 4.29.  𝑅𝐸 dependence of extracted optimum source susceptance (𝐵𝑜𝑝𝑡) over frequency. 
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4.6.4 Noise Prediction over Transistor Size 

We now discuss the validation of the prediction method over size. The SiGe HBT devices 

we used have the same emitter length but emitter width varies from 0.28 𝜇𝑚 to 0.42 𝜇𝑚. Fig. 4.30 

shows the 𝑁𝐹𝑚𝑖𝑛 over bias for both devices. 

 

Figure 4.30. Size dependence of measured (solid) and calculated (dotted) 𝑁𝐹𝑚𝑖𝑛 over collector 

current density 𝐽𝑐. 

Excellent agreement is achieved between the measured and calculated 𝑁𝐹𝑚𝑖𝑛  for both 

0.28𝜇𝑚 and 0.42𝜇𝑚 width devices over collector current density. We find that the smaller emitter 

width device has a lower noise figure at the same collector current density, because a smaller base 

resistance for the smaller width device directly translates into a smaller 𝑁𝐹𝑚𝑖𝑛. 



62 

4.6.5 Noise Prediction over Technology Scaling 

We now discuss the validation of the prediction method over technology scaling. The 

device used for the measurement and calculation were fabricated with a more advanced technology 

with the 𝑓𝑇  up to 220 GHz.  As shown in Fig. 4.31, the calculation method works well for 

predicting the full noise properties over bias current.  

Figure 4.31. Technology scaling dependence of measured (solid) and calculated (dotted) four noise 

parameters over bias current. 

4.7 Comparison with HICUM Noise Model 

In HICUM noise model, the correlation between base and collector noise is also discussed. 

According to the model manual [25], the correlation term is given by  

〈𝑖𝑛𝐵
∗ 𝑖𝑛𝐶〉 = 2𝑞𝐼𝑐𝑗𝜔𝜏𝐵𝑓𝛼𝑖𝑡 ∙ ∆𝑓 , (4.38)
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where 𝜏𝐵𝑓 is base transit time and 𝛼𝑖𝑡 is the correlation factor with a default constant value (1/3). 

The collector shot noise is given by 

〈𝑖𝑛𝐶
2 〉 = 2𝑞𝐼𝐶 ∙ ∆𝑓 . 

The base current related noise spectral density is 

〈𝑖𝑛𝐵
2 〉 = 2𝑞𝐼𝑗𝐵𝐸𝑖 [1 + 2𝛼𝑞𝑓𝐵𝑓(𝜔𝜏𝐵𝑓)

2
] ∙ ∆𝑓 . 

This can be compared with the transport model 

〈𝑖𝑛𝐵
2 〉 = [2𝑞𝐼𝑏 + 4𝑞𝐼𝑐(1 − ℜ{𝑒−𝑗𝜔𝜏𝑛})] ∙ ∆𝑓

〈𝑖𝑛𝐶
2 〉 = 2𝑞𝐼𝑐 ∙ ∆𝑓

〈𝑖𝑛𝐵
∗ 𝑖𝑛𝐶〉 = 2𝑞𝐼𝑐(𝑒−𝑗𝜔𝜏𝑛 − 1) ∙ ∆𝑓 .

The HICUM noise model includes only the effect of base transit time, and not the delay 

time due to the CB space-charge region. 

According to the HICUM manual 𝛼𝑖𝑡 is a constant value, but based on our measurement 

results 𝛼𝑖𝑡 should be dependent on temperature and bias. 

4.8 Conclusion 

In this chapter, we discussed the origin and the impact of the noise transit time on the noise 

correlation. Then, we proposed the method to extract the noise transit time from HICUM model. 

Also, this chapter demonstrated the extraction of base and emitter resistances and the completed 

procedure for noise calculation with a sample SiGe HBT transistor. 

(4.39)

(4.40)

(4.41) 

(4.42) 

(4.43) 
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CHAPTER 5 

NOISE CALCULATION OF MOSFETS 

5.1 Noise Sources in MOSFETs 

This section discusses the high frequency noise of MOSFET devices for the channel length 

from 130 nm to 40 nm. For MOSFET devices, thermal noise is the dominant component at high 

frequency range. The equivalent noise model of MOSFET devices can be treated as a modulated 

resistor and the channel noise coupling to the gate through the gate capacitance. Van der Ziel [36] 

has proposed a thermal noise model for MOSFET device, which includes the drain current noise, 

induced gate current noise and their cross-correlation coefficient as follows [36]  

𝑆𝑖𝑑 = 4𝑘𝑇𝛾𝑔𝑑𝑠0 

𝑆𝑖𝑔 = 4𝑘𝑇𝛿𝑔𝑔 

𝑆𝑖𝑑
∗ 𝑖𝑔

= 𝑐√〈𝑖𝑑
2〉〈𝑖𝑔

2〉

𝑔𝑔 = ζ
𝜔2𝐶𝑔𝑠

2

𝑔𝑑𝑠0
 , 

where  𝛾 is the excess noise factor which explains the microscopic excess noise effect, 𝑔𝑑𝑠0 is the 

output conductance given by 
𝜕𝐼𝐷

𝜕𝑉𝐷𝑆
 at 𝑉𝐷𝑆 = 0, 𝑔𝑔 is the real part of the gate-to-source admittance

and c is the cross-correlation coefficient. 

For short channel devices, the effect from the gate resistance is even important. The thermal 

noise voltage generated by the gate resistance can be transferred to the drain current via 𝑔𝑚 [37]  

∆𝑆𝑖𝑑 = 4𝑘𝑇𝑅𝑔𝑔𝑚
2 . 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5)
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At the same time, gate resistance impacts the induced gate noise as 

𝑅𝑔 𝑔𝑚 𝑔𝑑𝑠0 𝐶𝑔𝑠 

4 ohm 0.046 S 0.108 S 4.6e-14 F 

Figure 5.1. Calculated noise sources of a sample 130 nm MOSFET transistor. 

𝑆𝑖𝑔 = 4𝑘𝑇𝑅𝑔𝜔2𝐶2
𝑔𝑔 , (5.6) 

where 𝐶𝑔𝑔 is the total gate capacitance. 

For a sample 130 nm NMOS device, the drain current noise, gate resistance induced drain 

current noise and the gate resistance induced gate noise have been calculated and plotted in Fig. 

5.1. The extracted small-signal parameters of the sample device are listed in Table 5.1. 

Table 5.1. Extracted small-signal parameters of a sample 130 nm MOSFET. 
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From Fig. 5.1, we find that gate resistance induced gate noise can be ignored in this 

frequency range compared with drain current noise and gate resistance induced drain current noise. 

To evaluate the excess noise factor 𝛾, we first review the BSIM model. Based on the equations in 

[38], we simulate the excess noise factor for long-channel (3𝜇𝑚) device and obtain the well-known 

limiting values [38] as shown in Fig. 5.2:  

 

1. 𝛾 = 1 in the linear region. 

2. 𝛾 ≈ 2/3 in saturation above threshold. 

3. 𝛾 = 0.5 in saturation below threshold. 

 

 
Figure 5.2. Simulated excess noise factor for long-channel device (3𝜇𝑚). 
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5.2 Noise Calculation for MOSFETs  

As the MOSFET channel length is scaling down to sub-100nm, two effects increase the 

excess noise factor above 2/3 in saturation region above threshold: channel-length modulation and 

more significantly resistance effects [37]. Therefore, we will introduce a method to calculate the 

excess noise factor based on Y-parameter and tuner-based noise measurement. 

 

Figure 5.3. Y-parameter equivalent circuit for MOSFETs. 

Similarly to the SiGe HBT case, the internal noise sources shown in Fig. 5.3 can be 

transferred to the input of the transistor as noise voltage source (𝑣𝑛
2) and noise current source (𝑖𝑛

2) 

by calculating from the measured Y-parameters [9]. The equivalent input voltage source and input 

current source can be given by 

〈𝑣𝑛
2〉 = 〈𝑣𝑛𝐺

2 〉 + |1 +
𝑌22

𝑌21
|

2

〈𝑣𝑛𝑆
2 〉 + |𝑌21

−1 − 𝑅𝑆[1 +
𝑌22

𝑌21
]|

2

〈𝑖𝑑
2〉 (5.7) 
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〈𝑖𝑛
2〉 = |

𝑌11 − 𝑅𝑆 det[𝑌]

𝑌21
|

2

〈𝑖𝑑
2〉 + |

det[𝑌]

𝑌21
|

2

〈𝑣𝑛𝑆
2 〉 

〈𝑣𝑛
∗𝑖𝑛〉 =

det[𝑌]

𝑌21
(1 +

𝑌22

𝑌21
)∗〈𝑣𝑛𝑆

2 〉 + (
𝑌11 − 𝑅𝑆 det[𝑌]

𝑌21
) (𝑌21

−1 − 𝑅𝑆 [1 +
𝑌22

𝑌21
])

∗

〈𝑖𝑑
2〉 , 

where [Y] is the measured Y-parameters of the NMOS after the OPEN&SHORT pads de-

embedding. Therefore, the four noise parameters can be represented by the equivalent input noise 

sources based on the equations in [8]  

𝑅𝑛 =
〈𝑣𝑛

2〉

4𝑘𝑇
 

𝑌𝑜𝑝𝑡 = √
〈𝑖𝑛

2〉

〈𝑣𝑛
2〉

− [ℑ (
〈𝑣𝑛𝑖𝑛

∗ 〉

〈𝑣𝑛
2〉

)]

2

+ 𝑗ℑ (
〈𝑣𝑛𝑖𝑛

∗ 〉

〈𝑣𝑛
2〉

) 

𝐹𝑚𝑖𝑛 = 1 +
〈𝑣𝑛𝑖𝑛

∗ 〉 + 〈𝑣𝑛
2〉𝑌𝑜𝑝𝑡

∗

2𝑘𝑇
 , 

where k is the Boltzmann constant and T is the absolute temperature. 

Based on the equations (5.7) and (5.10), the drain noise current can be derived as 

〈𝑖𝑑
2〉 =

4𝑘𝑇𝑅𝑛 − 〈𝑣𝑛𝐺
2 〉 − |1 +

𝑌22

𝑌21
|

2

〈𝑣𝑛𝑆
2 〉

|𝑌21
−1 − 𝑅𝑆[1 +

𝑌22

𝑌21
]|

2  . 

At the same time, based on the definition of 𝛾, we have  

𝛾 =
〈𝑖𝑑

2〉

4𝑘𝑇𝑔𝑑𝑠0
 . 

Therefore, the excess noise factor 𝛾  can be calculated from the measured four noise 

parameters based on the procedure we discussed in this section. In the following section, we will 

discuss the experimental results of a sample NMOS transistor. 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 
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The gate, source and drain resistances can be extracted from the measured S-parameter 

data at 𝑉𝑑𝑠 = 0 by [39]  

𝑅𝑔 = |
ℜ(𝑌12)

ℑ(𝑌12)ℑ(𝑌11)
| 

𝑅𝑑 = |
ℜ(𝑌21) − ℜ(𝑌12)

ℑ(𝑌12)2
| 

𝑅𝑠 = |
ℜ(𝑌11)

ℑ(𝑌11)2
− 𝑅𝑔 −

𝐶𝑔𝑑
2

𝐶𝑔𝑔
2

𝑅𝑑| ∗
𝐶𝑔𝑔

2

𝐶𝑔𝑠
2

 . 

The extracted gate, source and drain resistances of the sample 130 nm MOSFET device are 

shown in Fig. 5.4. 

 

Figure 5.4. Extracted gate, source and drain resistances of the sample 130 nm MOSFET. 

(5.15) 

(5.16) 

(5.17) 
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In Fig. 5.5, the extracted excess factor 𝛾 is calculated for both 40 nm and 130 nm MOSFET 

devices. We find that the excess noise factor for 40 nm MOSFET is much higher than 130 nm 

which is also observed in [37], but the values are considerably higher than [37]. 

 

Figure 5.5. Extracted excess noise factor. 

In Fig. 5.6 and Fig. 5.7, the 𝑉𝑔𝑠 and 𝑉𝑑𝑠 dependences of  𝛾 are calculated based on the Y-

parameter and tuner-based measurement results. 

Figure 5.7. Calculated 𝛾 versus 𝑉𝑑𝑠 bias at 10 

GHz and 𝑉𝑔𝑠 = 1.2𝑉 for 130 nm MOSFET. 

 

Figure 5.6. Calculated 𝛾 versus 𝑉𝑔𝑠 bias at 10 

GHz and 𝑉𝑑𝑠 = 1.2𝑉 for 130 nm MOSFET. 
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5.3 Noise Model Validation of MOSFETs  

Then the calculated 𝑁𝐹𝑚𝑖𝑛 is validated over the frequency. A good agreement is achieved 

between the calculated and measured 𝑁𝐹𝑚𝑖𝑛 as shown in Fig. 5.8. 

 

Figure 5.8. Measured vs calculated 𝑁𝐹𝑚𝑖𝑛 over frequency for 130 nm MOSFET. 

For the MOSFET devices, we characterized the high frequency noise of a sample 130 nm 

MOSFET transistor over the temperature and frequency up to 18 GHz. The measurement results 

are compared with the calculation results based on the noise model we discussed in Section 5.2. 

The excess noise factor can be obtained by fitting the calculated 𝑁𝐹𝑚𝑖𝑛 from the tuner-based noise 

measurement. 

Fig. 5.9 shows the temperature dependence of 𝑁𝐹𝑚𝑖𝑛 comparison between the tuner-based 

measurement and the Y-parameter calculation based on the best fitted 𝛾. As shown in the figure, 
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both the value and slope of 𝑁𝐹𝑚𝑖𝑛 are increasing with the temperature. A good agreement has been 

obtained between the calculation and measurement over the temperature and frequency. 

 

Figure 5.9. Sample 130 nm NMOS 𝑁𝐹𝑚𝑖𝑛 measured vs calculated with fitted excess noise factor 

𝛾 at 𝑉𝑔𝑠 = 1.2𝑉 and 𝑉𝑑𝑠 = 1.2𝑉. 

Now, we will analyze the 𝛾 over temperature. Fig. 5.10 shows the temperature dependence 

of 𝑁𝐹𝑚𝑖𝑛 comparison between measurement and calculation and the fitted excess noise factor 𝛾 at 

10 GHz. We find that the 𝛾 is keeping constant at the temperature below 50 °C and sharply 

increasing at higher temperature. This result can be a reference for the development of excess noise 

factor extraction methodology in the future work. 
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Figure 5.10. Sample 130 nm NMOS 𝑁𝐹𝑚𝑖𝑛 measured vs calculated with fitted excess noise factor 

𝛾 at 𝑉𝑔𝑠 = 1.2𝑉 and 𝑉𝑑𝑠 = 1.2𝑉 at 10 GHz. 

5.4 Conclusion 

For RF CMOS devices, the origin and calculation methodology of excess noise factor are 

presented with the comparison of BSIM noise models. A good agreement of the noise parameters 

is obtained between the calculation and measurement. At the same time, this research calculated 

the excess noise factor based on the tuner-based noise measurement and S-parameter measurement 

and validated the high frequency noise model of MOSFET devices over bias with 130 nm and 

40nm channel lengths. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORKS 

6.1 Conclusions 

This work has contributed to the overall understanding of the characterization and 

modeling of high frequency noise of BICMOS transistors. The noise transit time and noise ratio 

of SiGe HBT have been calculated from the HICUM model and shown to give a good agreement 

with the fitted values from the measurement. It was found that the noise transit time can be 

independent of frequency but dependent on temperature and biasing. The results indicate that the 

noise transit time and noise correlation effect can be well predicted from the HICUM compact 

model based on the parameter extraction methodology over the temperature and biasing.  

In this work, the extraction of noise transit time from HICUM model has been discussed. 

Based on the transport noise model, the noise correlation effect of the high frequency noise of 

SiGe HBTs has been clarified. 

The noise ratio is extracted from the calculation and validated over bias, temperature, size 

and technology scaling with sample SiGe HBTs.  

For RF CMOS devices, the noise excess factor of NMOS has been calculated based on the 

Y-parameter noise calculation and tuner-based measurement. The Y-parameters noise calculation 

is derived based on the equivalent circuit. 

The high frequency noise measurement is validated based on the device physics for both 

bipolar and NMOS devices.  
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6.2 Future Works 

More works on investigating an experimental way (without the model) to more accurately 

determine the noise transit time can be considered in the future, since the extracted HICUM model 

parameters can introduce uncertainties in the noise transit time calculation. Therefore, a calculation 

method of noise transit time from the measured 𝑑𝑐 or S-parameters based on the device physics 

can be investigated in the future. 

At the same time, investigating the origin of excess noise factor for short channel MOSFET 

can be a future direction. Since in sub-100-nm technologies, microscopic excess noise starts to 

play a significant role and its incorporation in thermal noise models is unavoidable. The excess 

noise factor can be effected by velocity saturation, channel length modulation and non-equilibrium 

effects for short channel MOSFETs. Therefore, to clarify the origin of excess noise based on the 

device physics can be considered as a research topic in the future. 
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