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ABSTRACT

Digital-processing systems require interfaces to the analog world. A Low Noise Am-

plifier (LNA) is the first active stage of a radio frequency receiver module, with the

prevalent goal of minimizing the noise figure of the whole system. In fact, the key

performance issue for a low noise amplifier is to deliver the undistorted but ampli-

fied signal to the signal-processing unit while adding a minimal amount of noise.

Firstly, this work presents a review of the figures of merit of a low noise ampli-

fier and the design philosophy to give the reader some background into typical

performance measures. A brief overview of different architectures is carried out: it

investigates the best circuit solutions considering the specific field of application.

Silicon-germanium (SiGe) technology is discussed, evaluating its physical characte-

ristics and its potential. The main purpose of this work is the design of a linear

low noise amplifier as the first stage of a X-band phased array radar system, using

the SiGe BiCMOS technology of Infineon Technologies. The gain, noise figure, li-

nearity, input matching, reverse isolation and stability of the amplifier operating

at 10 GHz are investigated using Spectre, ADS and Sonnet simulators and the

results are compared with the target specifications. Two slightly different topolo-

gies with inductive degeneration are implemented, in order to optimize the noise

performance of the amplifier. The designed structures have a differential topology

and they are linked to an output buffer, with a 3.3V supply voltage and an ESD

protection system. At the operating frequency, the first low noise amplifier pro-

posed has a S11 value of −19.5 dB, a gain of 18.6 dB, a noise figure NF=1.88 dB,

and an IIP3=−2.1 dBm, with a power consumption of 60 mW for the core. Main-

taining the same power consumption, the second inductive degeneration topology

presents a S11=−15.6 dB, a gain of 18.8 dB, a noise figure NF=1.65 dB, and an

IIP3=−1.2 dBm at the operating frequency.

In addition, a wide-band amplifier is analyzed and implemented, evaluating the

differences between a narrow-band and broad-band low noise amplifier design. A

transimpedance stage with ESD protection is considered. At the operating fre-

quency of 10 GHz, it shows: S11=−12.1 dB, S21=11.3 dB, and NF=3.1 dB. Al-

though at 10 GHz the noise performance of the wide-band amplifier is lower com-

pared to the case of a narrow-band solution, with this structure the input matching

(S11<−10 dB) is obtained within a frequency range from 2.8 GHz to 14 GHz.

The analysis and the optimization of the low noise amplifiers are examined and

described in detail. The full-custom layout, including parasitic extraction, of each

discussed circuit is also presented.
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Chapter 1

Introduction

1 Presentation

1.1 Motivation

During last decades, an extraordinary development of radio frequency apparates

has taken place and by now satellites, radars, mobile phones and many others

electronic devices are part of our daily life. However, behind each of these wireless

communication services there are circuits which have taken years of research and

investments by many companies around the world. The growth of the telecommu-

nications industry has been driven by continued demand for increasingly efficient

products, and the result is their very stringent performance requirements. Hence,

these transmission and reception systems have to be implemented optimizing the

most important figures of merit for the specific field of application. A typical block

diagram of a radio frequency transceiver structure used for wireless communication

is shown in Fig. 1.1.

SWITCH 

DATA OUT 

DATA IN 

 LNA MIXING DETECTION 
BASEBAND 

SIGNAL 
PROCESSING 

PWR
AMP 

MODULATION 

Figure 1.1: Radio frequency transceiver
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Considering Fig. 1.1, the transmitter is made of the modulator and power amplifier

blocks, while the low noise amplifier, mixing block, detection circuitry, and base-

band signal processor make the receiver. The purpose of the receiver front-end,

which consists of the low noise amplifier and the mixing system, is to amplify the

weak signal received from the antenna and convert the carrier frequency down to

a range that is more easily processed. Finally, detection and baseband signal pro-

cessing techniques are dependent on the type of transmission modulation. The first

stage of a receiver is typically a low noise amplifier, whose main function is to pro-

vide enough gain to overcome the noise of the subsequent stages, but, at the same

time, low power consumption and high linearity are always the design targets.

The need to transmit high power to far distances in the desired direction, and to

improve the receiver sensitivity, increases the number of antenna elements which

are used in phased array antenna systems. A phased array antenna is composed

of lots of radiating elements each connected to a phase shifter. Beams are formed

by shifting the phase of the signal emitted from each radiating element, to provide

constructive and destructive interference, steering the beams in the desired direc-

tion. Military systems require high power transmission, therefore these systems are

highly expensive. However, phased array systems for civil applications are focused

on reducing costs, improving the efficiency by implementing transceiver modules

with affordable integrated circuit technology. In particular, phased array radar sys-

tems are playing an increasingly important role in every day life.

The elementary radar system consists of a transmitter unit, an antenna for emit-

ting electromagnetic radiation and receiving the echo signal, an energy detecting

receiver, and a processor. The following Fig. 1.2 illustrates this kind of system.

TRANSMITTER 

UNIT 

ENERGY 

DETECTING 

RECEIVER 

PROCESSOR 

TARGET 

Figure 1.2: Radar system
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A portion of the transmitted signal is intercepted by a reflecting object and it

is reradiated in all directions. The antenna collects the returned energy in the

backscatter direction and it delivers the signal to the receiver. The distance to the

receiver is determined by measuring the time taken for the electromagnetic signal

to travel to the target and back.

To understand the importance of developing a complete radar system, and im-

plementing each functional block, the main fields of application are listed below.

• Automotive

The applications of radar in the automotive area are manifold. They are con-

cerned with security systems, adaptive cruise control, headway alert, collision

warning, mitigation and brake support [1].

• Air Traffic Control and Air Navigation

Radar is used to provide air traffic controllers with position and other infor-

mation on aircraft flying within their area of responsibility. High resolution

radars are used in airports to monitor aircrafts and ground vehicles. In ad-

dition, the weather avoidance radar is used on the aircrafts to detect and

display areas of heavy precipitation and turbulence [2].

• Ship Safety

It is one of the least expensive, most reliable and largest applications of radar.

Radar is found on ships and boats for collision avoidance and to observe

navigation buoys, especially when the visibility is poor [3].

• Imaging

Imaging radar systems are attractive for a wide variety of commercial and

scientific appliciations like nondestructive testing, material characterization,

security scanning, and medical screening [4].

• Space

The large ground radar bases are used for detection and tracking of satellites.

Radars are also used for rendezvous and docking and they were used for the

landing on the moon [5].

• Military

Radar is an important part of air-defence systems. It performs the functions

of surveillance and weapon control. Surveillance includes target detection,

target recognition, and target tracking [6].
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1.2 Objective

Considering the concepts presented in the previous paragraph, the aim of this the-

sis is to design a X-band (8÷12 GHz) low noise amplifier intended for phased array

radar systems, using the SiGe BiCMOS technology of Infineon Technologies.

The transceiver module is the heart of a modern phased array radar system. This

module exists at each antenna element and it independentely controls the ampli-

tude and the phase of the radar signal of each element in the array. The extreme

level of control allows the antenna beam pattern to be changed dynamically and

the resulting beam can be actively scanned. The transceiver module integrates an

electronic phase shifter, a pre-amplifier and a power amplifier, a low noise ampli-

fier, the limiter, and a circulator. All the components are assembled in one single

module, typically realized using a monolithic microwave integrated circuit. In Fig.

1.3, the block diagram of a typical transceiver module of a phased array radar

system is shown.

RX IN  
TX OUT 

PHASE 
SHIFTER 

SWITCH CIRCULATOR 

 LNA 

PWR
AMP 

LIMITER 

PRE 
AMP 

Figure 1.3: Radar transceiver module

The circulator is the element which allows the antenna to be shared between the

transmitter and the receiver. A limiter is added between the antenna and the

low noise amplifier, with the aim to reduce very strong incoming signals from

jammers or large targets close to the radar and to protect the receiver against

circulator failure. The low noise amplifier sets the noise figure of the system, but

all losses between the antenna and this functional block add to the overall noise

figure and they have to be minimized. In order to maximize the sensitivity of the

transceiver module, every effort is made to locate the first low noise amplifier and

the power amplifier as close as possible to the antenna to minimize attenuation

of long transmission lines. The phase shifter supplies the incremental phases to

each element. Since the phase shifting is required in both transmit and receive

operations, the phase shifter is a passive reciprocal device. Finally, the pre-amplifier
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and the high-power amplifier are often the biggest and most expensive parts of

this module. The radar receiver is required to amplify the received signals without

adding too much supplementary noise or introducing any form of distortion, to

optimize the probability of detection of the signal, to provide a large dynamic

range and to reject interfering signals, so that the required information can be

optimally detected. Thus, the low noise amplifier becomes a critical block for the

entire system.

In the design of a low noise amplifier, there are common goals that the designer

should take care of. These are: minimizing the noise figure, obtaining the maximum

possible gain with enough linearity, stability, impedance matching at the input and

output terminals. All these design targets cannot be considered separately, so it is

useful to specify the importance of each one to perform the best tradeoff between

the figures of merit. Tab. 1.1 illustrates the tentative target specifications for the

X-band phased array low noise amplifier discussed in this thesis.

f [GHz] S11 [dB20] S21 [dB20] NF [dB10] IIP3[dBm]

10 < −10 > 15 < 2 > −5

Table 1.1: Target specifications

Considering the targets summarized in Tab. 1.1, they are intended in a bandwidth

of 2 GHz with a central frequency of 10 GHz, thus in the frequency band 9÷11 GHz.

Even if they are not explicitly specified, also the parameters S22, which is the

output reflection coefficient, and S12, the reverse transmission coefficient, should

assume sufficiently low values.

The SiGe BiCMOS technology is a silicon-based technology that takes advantage

of the maturity of the silicon processing techniques and results into very low cost

components, because it allows to improve the performance of the devices, while

maintaining the conventional CMOS manufacturing process. Hence, SiGe HBT

BiCMOS technology is chosen here for implementing the monolithic transceiver

modules required for X-band phased array radar applications.
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1.3 Literature review

Before evaluating the specific design of a low noise amplifier, the typical fields of

application of a phased array radar system are taken into consideration, to under-

stand the importance of these systems in everyday life. Some information on this

kind of system are available in [1], [2], [3], [4], [5], and [6].

The design of an electronic system starts by defining target specifications and me-

thods used to evaluate the performance. The first part of this work has the purpose

to explain the main figures of merit to consider during the design of a low noise

amplifier. In [7] an evaluation of the distortion in transistor circuits is presented

and the parameters used to measure the linearity are introduced. In particular, the

minimum value of the IIP3 is usually defined by the specification on the linearity

of the desidered low noise amplifier. Another important figure of merit, especially

for a low noise amplifier, is the noise figure, a concept introduced by H. T. Friis in

[8], which is related to the signal noise ratio at input and at output of the system

to analyze. Gain, noise and linearity are the most important features of a low noise

amplifier, as its purpose is to feature high gain and low noise. However, there are

tradeoffs between these parameters: optimizing one of them may worsen another

feature. Hence, the design should focus on the most important specifications.

The significant interaction between devices and circuit determines the importance

of the fabrication technology on the device characteristics and the final imple-

mented system. For this reason, it is important to investigate the technology used

to develop the low noise amplifiers presented in this work, the SiGe BiCMOS

technology. In [9] the development of the bipolar transistor is discussed, from its

invention to the most advanced versions. The SiGe technology is obtained by adding

germanium to the base of the bipolar transistor. A brief review of the history of

this technology is presented in [10] and a detailed review of SiGe epitaxial base

technology can be found in [11] and [12]; in particular, in [11] the requirements and

processes for high-quality SiGe film preparation are discussed, with an emphasis on

fundamental principles, while [12] is focalized on process integration and on some

device structures. The evaluation of the SiGe BiCMOS technology, the frequency

behavior of the devices, and a study of their models gives some more insight to

be used during the analysis of the circuits here presented. More details about the

specific SiGe technology and the European Dotfive project can be found in [13],

[14], and [15].

The design of a low noise amplifier has to consider the purpose of the circuit and

its application. In fact, there are several options and degrees of freedom, it can

be either single-ended or differential, single-stage or multi-stage. For example, the
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single-ended low noise amplifier architecture has at least one important shortco-

ming, the sensitivity to parasitic ground inductance. A differential topology can

solve this problem, but for the same total power consumption the noise figure of

a differential solution is usually higher than its single-ended counterpart. A multi-

stage low noise amplifier may achieve a higher gain, but it is more difficult to

guarantee its stability. The criteria for choosing between different options depends

on the application and on the specific design requirements. From an architecture

point of view, in the literature most of the low noise amplifiers intended for phased

array radar systems are designed using an inductive emitter degeneration. A single-

ended structure is often implemented. In accordance with the desired performances

of the system, it is possible to design the circuit evaluating the appropriate fre-

quency response, with a narrow-band or a wide-band topology. In particular, in the

case of a narrow-band solution, it is important to understand the effect of the emit-

ter degeneration, as explained in [16], where the effects of resistive, capacitive and

inductive degeneration for single-ended and differential circuit topologies are ana-

lyzed. The operation frequency of the circuit affects the complexity of the system:

at high frequencies parasitics become significant. Important references about the

study of devices and amplifiers are reported in [17], [18] and [19].

Electrostatic discharge (ESD) has become one of the most important reliability

issues in integrated circuit products and the design has to take it into considera-

tion. A reference for the study of this topic is in [21], where the use of diodes and

inductors is discussed to realize some ESD protection topologies. In particular, in

this work the Human Body Model (HBM) is considered [20].

In the design of narrow-band low noise amplifiers, inductive degeneration solutions

are pursued. The references used in this work are [22], [23], [24], [25], [26], [27], and

[28]. In particular, references [23] and [24] study the optimal bias current and sizing

of the devices in order to obtain the best noise performance and the impedance

and noise matching at the input of the system. In [22], an ESD protection network

based on inductors is introduced. This approach is used in this work to propose

a low noise amplifier topology without any series base inductor, which is the pri-

marily responsible of the degradation of the noise performance. In addition, some

results to compare the proposed solutions can be found in [29], [30], [31], [32], [33],

[34], [35], [36], [37], and [38].

Considering an electronic circuit, resistors are sources of thermal noise, hence their

use has to be minimized. On the other side, inductors are commonly used in inte-

grated circuits, but large chip areas are required, increasing the cost of fabrication.

The quality factor Q is the most important parameter of an inductor and it speci-
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fies the performance of the device [39]. Today’s inductors are fabricated using the

top metal level. The layout parameters, such as metal width, metal spacing, num-

ber of turns, and metallization thickness are the main features in the design and

fabrication process of an inductor. A careful design of the inductors is necessary

to minimize the amplifier noise; some references are available in [40] and [41].

Wide-band amplifiers are important functional blocks in wireless communication

systems as well as in microwave communication systems and instrumentation.

There are two main design approaches to obtain wide-band low noise amplifier

realizing the input matching: using a bandpass filter concept or implementing a

resistive feedback technique. Resistive feedback is generally considered inferior, be-

cause it degrades the gain and noise figure. However, a proper study of the shunt-

shunt resistive feedback can minimize the noise contribution without affecting gain

and matching. The main key advantage of a resistive feedback low noise amplifier

is offered by the area savings, because there are not on-chip spiral inductors. In

this thesis, the design of a transimpedance amplifier is presented, and also in this

case a tradeoff between the figures of merit has to be considered. The references

considered during the design of the wide-band low noise amplifier here presented

are [42], [43], [44], [45], while [46], [47], [48], [49], [50], [51] are used to compare the

obtained results.

2 Figures of merit

In a receiver, a low noise amplifier is used principally to overcome the noise of

subsequent stages. The main specifications of a low noise amplifier are noise figure,

gain, bandwidth, linearity, power consumption, input and output matching. It has

already been noticed that it is not possible achieve highest gain, lowest noise figure

and lower power consumption at the same time, but there are always tradeoffs

between the specifications. The analysis of an electronic system has to consider

the figures of merit which characterize each functional block, with the purpose to

guarantee the respect of the given specifications. Hence, the following subsections

have the purpose to remind the definitions of these parameters.
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2.1 Gain

One of the most basic parameters for an amplifier is its gain. It is important to

know which kind of gain is considered. In the radio frequency field, power gain

is commonly used. It is defined as the ratio between the power delivered to the

load and the available power from the source. Other times it is prefered to use the

voltage gain, the ratio between the output and input voltage. Then, it is possible

to consider the following expressions:

Power Gain→ G =
POUT
PIN

→ GdB = 10log(G) (1.1)

V oltage Gain→ G =
VOUT
VIN

→ GdB = 20log(G) (1.2)

The power or voltage gain of a single block depends not only on the characteristics

of the functional block, but also on the input and output impedances. If the mat-

ching conditions between cascaded blocks are guaranteed, the gain of the system

formed by the cascade of the blocks is given by:

Gtot = G1 ∗G2 ∗ ... ∗GN → GtotdB = G1,dB +G2,dB + ...+GN,dB (1.3)

2.2 Linearity

The distortion is a phenomenon related to the fact that the amplifiers contain non

linearities, which origin spurious frequency contributions. Any difference in the

shape of the input and the output waveforms versus time, not considering scaling

factor, is called distortion. Complete and depth analitycal analysis about distortion

for a single transistor, differential pairs and single stage amplifiers are available in

[7]; in the following, the purpose is to briefly present the figures of merit to consider

with the aim to measure the distortion in a generic system.

The spurious harmonics can be calculated using a Taylor series expansion around

the operating point. Imposing x(t) = Acos(ωt) as the input of the amplifier, its

output y(t) can be expressed as function of x(t) by the power series indicated in

(1.4).

y(t) = α0 + α1x(t) + α2x
2(t) + α3x

3(t) + ... (1.4)
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The coefficient α0 represents the dc component of output signal, α1 is the linear gain

of the system, whereas α2, α3, ..., describe the distortion of the system. Remember-

ing the trigonometric relations cos2x = 1
2
(1+cos2x) and cos3x = 1

4
(3cosx+cos3x),

and replacing the definition of x(t) in (1.4) truncated at the third order, the output

signal y(t) becomes:

y(t) = α1Acos(ωt) + α2A
2cos2(ωt) + α3A

3cos3(ωt)

=
α2A

2

2
+

[
α1A+

3α3A
3

4

]
cos(ωt) +

α2A
2

2
cos2(2ωt) +

α3A
3

4
cos(3ωt)

(1.5)

In (1.5), the terms with the same frequency of the input determine the funda-

mental tone, while the other terms are harmonics due to the non linearity of the

system. From (1.5), the second order distortion causes a dc offset, while the third

order distortion produces a gain variation. It is interesting to notice that at the

fundamental frequency the term α3A
3 can be neglected compared to α1A, if the

amplitude of the input is sufficiently small.

Harmonic Distortion

A figure of merit to evaluate the non linearity of a system is the harmonic distortion.

The distortion is measured considering the ratio between the i-th harmonic power

and the fundamental tone power. Thus, it is possible to introduce the second-order

and third-order harmonic distortion parameters:

HD2 =
second harmonic amplitude

fundamental amplitude
=

1

2

α2

α1

A (1.6)

HD3 =
third harmonic amplitude

fundamental amplitude
=

1

4

α3

α1

A2 (1.7)

It is also possible to evaluate the total harmonic distortion THD , considering the

contribution of all harmonics, as indicated in (1.8):

THD =

√
Σi(n− th harmonic amplitude)2

fundamental amplitude
(1.8)
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Intermodulation

If the interest is to quantify the effects to the output of two input tones, with the

amplitudes A1 e A2 (generally A1 = A2), at frequencies f1 and f2, respectively, the

appropriate solution is a two-tone test. At the output, harmonic components arise

at all combinations of ω1 = 2πf1 and ω2 = 2πf2, and their multiples. Imposing the

input signal x(t) = A1cos(ω1t) + A2cos(ω2t) and replacing in (1.4), we get:

y(t) = α1[A1cos(ω1t) + A2cos(ω2t)] + α2[A1cos(ω1t) + A2cos(ω2t)]
2+

= +α3[A1cos(ω1t) + A2cos(ω2t)]
3 + α4[A1cos(ω1t) + A2cos(ω2t)]

4 + ...
(1.9)

Then, expanding the second term of (1.9), we obtain:

α2[A1cos(ω1t) + A2cos(ω2t)]
2 = α2

A2
1

2
[cos(2ω1t) + 1] + α2

A2
2

2
[cos(2ω2t) + 1] +

+ α2A1A2 [cos[(ω1 + ω2)t] + cos[(ω1 − ω2)t]]

(1.10)

The reader can observe the creation of second-order terms for each input, a dc

offset and harmonics at sum and difference frequency. This is true for all even order

distortion; for example, a fourth order intermodulation generates tones at 2ω1+2ω2

and 2ω1− 2ω2. Hence, it is possible to evaluate the intermodulation products. The

second-order intermodulation distortion (IM2) is defined as the ratio between the

component at frequency ω1 ± ω2 and the one at ω1 or ω2, imposing A1 = A2 = A:

IM2 =
α2A

2

α1A
=
α2A

α1

= HD2 + 6dB (1.11)

In the same way, considering the third term in (1.9), the intermodulation products

at frequencies 2ω1 ± ω2 and 2ω2 ± ω1 are obtained, defining IM3:

IM3 =
3
4
α3A

3

α1A
=

3

4

α3

α1

A2 = HD3 + 9.5dB (1.12)

Clearly, to be able to measure the intermodulation tones, harmonics produced by

the distortion have to fall in the frequency band of the system. Positioning the tones

at the edge of this band, intermodulation tone at difference frequency, related to

even distortion, is close to dc, while odd distortion components are close to the

two test tones. Fig. 1.4 illustrates the harmonic components for a two tones test,

with fundamentals at ω1 and ω2.
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Figure 1.4: Two tones test

1dB compression point

The 1 dB compression point is defined as the input signal level which decreases by

1 dB the gain at the fundamental frequency. Considering the expression (1.5), with

low amplitude levels the term α1A dominates, but as the input signal increases,

the 3α3A3

4
term becomes more significant and the amplifier begins to compress (α3

is generally negative). When the sum of the two terms is 1 dB smaller than the first

term alone, the 1 dB compression point is reached; in this analysis it is assumed

that the effect of higher-order terms is not significant.

Intercept Points

The intercept points are another way to characterize the distortion. The intercept

point is the signal level at which the intermodulation distortion is unity. In the

third-order case:

α1A =
3

4
α3A

3 → IIP3 =

√
4

3

α1

α3

=
A√
IM3

→ IIP3dB = AdB −
1

2
IM3dB (1.13)

!"#$"#%

$&'()%

*+$"#%

$&'()%

,-).#%&)/()%

01-)/%&)/()%

2/3%

4&5$)(..-&+%

6&-+#%

**67%

Figure 1.5: 1 dB compression point and IIP3
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2.3 Noise figure

In electronic circuits, noise is represented by any random interference unrelated to

the signal of interest. The main types of noise can be listed as follow:

• Thermal Noise

The random thermal movement of electrons in resistive materials creates

thermal noise, which is white noise and it can be minimized by keeping the

temperature low and the bandwidth as smaller as possible.

• Shot Noise

This is white noise generated by random release of electrons or by the random

passage of electrons and holes across a potential barrier.

• Burst Noise

This type of noise is related to the presence of heavy-metal ion contamination.

It also can be caused by a monolithic impurity in a pn junction.

• Flicker Noise

This is caused mainly by traps associated with contamination and crystal

defects. Its effect decreases at high frequencies.

The most widely used parameter to quantify the noise performance of a system is

its noise figure, which has been introduced by H. T. Friis in 1944 [8]. The noise

figure is a measure of how much a device degrades the Signal to Noise Ratio (SNR).

Considering the SNR at the input and the SNR at the output of a system, the noise

figure NF is defined as indicated in (1.14):

NF =
SNRinput

SNRoutput

=
Si/Ni

So/No

(1.14)

In (1.14), Si is the input signal power, So is the output signal power, Ni is the

noise power due to the source, and No is the total output noise power including

the circuit noise contribution and noise transmitted from the source. For an ideal

noiseless amplifier S0 = GSi and No = GNi, where G is the power gain of the

system. Hence, it is possible to consider the noise contributions of an amplifier

Niamp at the input, as indicated in Fig. 1.6.
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G     + 
Si  Ni 

Niamp 
NOISELESS 

SO  NO 

Figure 1.6: Equivalent noise circuit

Now, replacing the expression (1.14), it is possible to obtain the following result:

NF =
Si
Ni

Ni +Niamp

Si
= 1 +

Niamp

Ni

(1.15)

From (1.15), it is clear that the noise figure is more than one and it depends on

the noise of the source and on the noise of the amplifier (referred to the input).

Considering a cascaded system, the relationship between the overall noise figure

and the noise figure of each stage, characterized by a power gain Gi, is given by:

NF = NF1 +
NF2 − 1

G1

+
NF3 − 1

G1G2

+ ...+
NFn − 1

G1G2...Gn−1
(1.16)

An important consequence of this formula is that the overall noise figure of a radio

receiver depends mainly on the noise figure of the first amplifier stage. Subsequent

stages will have a relatively minor effect on the SNR of the whole system.

2.4 S-parameters

In order to realize the impedance matching between the antenna and the low noise

amplifier, as well as between the low noise amplifier and the subsequent block, mat-

ching networks are generally implemented, using active and passive components.

The S-parameters allow to evaluate the input and output matching. Considering

the two-port network of Fig. 1.7, its scattering matrix, related to the incident and

reflection waves ai and bi, is defined.

[
b1

b2

]
=

[
S11 S12

S21 S22

][
a1

a2

]
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S11 = b1
a1

∣∣∣∣
a2=0

S12 = b1
a2

∣∣∣∣
a1=0

S21 = b2
a1

∣∣∣∣
a2=0

S22 = b2
a2

∣∣∣∣
a1=0

Figure 1.7: S-parameters

In particular, S11 and S22 are the reflection coefficients at port 1 and port 2,

respectively, while S12 and S21 are the transfer coefficients between the two ports.

Thus, if the interest is in the input and output matching of a block, the reflection

coefficients, the ratio between reflected and incidented wave, have to be considered.

2.5 Stability

To check the stability of a functional block, several methods can be used. A common

method considers the scattering matrix and two coefficients Kf and b1f :

Kf =
1− |S11|2 − |S22|2 + ∆2

2|S12S21|
(1.17)

b1f = 1 + |S11|2 − |S22|2 + ∆2 (1.18)

∆ = S11S22− S12S21 (1.19)

A specific block is unconditionally stable if Kf > 1 and b1f > 0. These parameters

indicate if the stability has been reached, but not if a functional block is more or

less stable than another one or how to realize the stability condition. Finally, if the

complete system is considered, it is not possible to say if it is stable or not only

looking at the stability of each single block.
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3 SiGe BiCMOS technology

A knowledge of the technology used to fabricate integrated circuits is important for

several reasons. The advancement of the technology has become indispensable be-

cause it provides the advantage of the planar process to fabricate complex circuits

at low cost. Since integrated circuit technology presents a completely different set

of cost, the optimum choice to solve a given design problem and realize a specified

function requires a knowledge of the factors influencing the cost.

Analog integrated circuits are designed in bipolar technology, CMOS technology,

and technologies that combine both types of devices. The necessity to associate

digital functions on the same integrated circuit with analog functions has resulted

in an increasing use of CMOS technologies for analog integrated circuits. How-

ever, bipolar technology is now used, and it will continue to be used, in a wide

range of applications requiring high-current drive capability and high levels of ana-

log precision performance. Silicon-Germanium Heterojunction Bipolar Transistors

(SiGe HBTs) are becoming increasingly popular because of their advantages over

conventional silicon and GaAs transistors, requiring less power and giving greater

functions with fewer chips at higher frequencies. Finally, BiCMOS technology offers

bipolar devices for radio frequency and analog functions and CMOS transistors for

the ever-increasing digital interface requirements. Thus, by using SiGe BiCMOS

technology, radio frequency front-end, baseband, and digital signal processing cir-

cuits for telecommunications systems can be integrated together on the same chip.

In this section, a review of bipolar transistors and relatively recent technologies are

presented, focusing on heterojunction bipolar transistors and BiCMOS technology.

However, for obvious reasons related to the industrial know-how, it is not possible

to analyze in detail the specific SiGe BiCMOS technology used in this work.

3.1 Bipolar transistor

Compared to CMOS devices, bipolar transistors exhibit higher transconductance

per bias current, faster switching speeds, and excellent properties for many analog

applications. At a basic level, the bipolar transistor consists of two pn junctions,

with a base made as thin as possible. In fact, considering a npn bipolar transistor,

if the base region is thin enough, the base current consists primarily of the back-

injected hole current from base to emitter, while the electrons from the emitter do

not have sufficient time to recombine in the base.

For small signal applications, the transconductance gm is probably the most im-

portant parameter to consider of a bipolar transistor. It is defined as:
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gm =
∂IC
∂VBE

=
∂

∂VBE
ISe

VBE
VT =

IC
VT

(1.20)

From (1.20), the transconductance depends linearly on the bias current. The transit

frequency fT is another parameter to consider in a bipolar transistor. It is defined

as the frequency at which the small signal current gain (considering a shortcircuit

load) drops to unity. Thus, it is a measure of the maximum useful frequency at

which a transistor can be used as an amplifier. The small signal current gain β(f)

at high frequencies is defined in (1.21):

β(f) ' gm
jω(Cπ + Cµ)

(1.21)

Therefore, from (1.21), considering |β(jω)| = 1, it is possible to derive the expres-

sion of the transit frequency fT :

fT =
gm

2π(Cπ + Cµ)
(1.22)

This transit frequency fT can be expressed as a function of the transit time τ =

τb+τc+τe, the average time taken by the minority carriers to cross the quasi-neutral

region, as indicated in (1.23):

fT =
1

2πτ
=

1

2π(τb + τc + τe)
(1.23)

Another more important figure of merit is the maximum oscillation frequency fmax.

It is the frequency at which power gain is 1, indicating the maximum frequency at

which useful power gain can be expected from a device. The maximum oscillation

frequency fmax is related to the transit frequency fT and its definition is shown in

(1.24), where Rb is the base resistance:

fmax =

√
fT

2πRbCµ
(1.24)

Equations (1.23) and (1.24) show that the frequency response of a bipolar transistor

is determined by the intrinsic speed of the carriers through the device, as well as

the parasitic resistances and capacitances of the transistor. So, the base width

can be made very small to increase the intrinsic frequency response. Since the base
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contact is physically removed from the active base region, a significant series ohmic

resistance is observed between the contact and the active base. This resistance can

have a significant effect on the high frequency gain and on the noise performance

of the device. Transistors designed for low noise and high frequency applications,

where low base resistance is important, have a double or triple base contact. Thus,

considering the desidered noise performance for the low noise amplifiers described

in this work, the signal transistors are designed with two or three base strips, with

the aim to reduce the base resistance, and then the overall noise figure.

3.2 SiGe Heterojunction Bipolar Transistor

The heterojunction bipolar transistor differs from the traditional homojunction

transistor because one of its two junctions is formed between different semiconduc-

tor materials. In particular, in SiGe HBTs germanium is added to the base of the

bipolar device. In a homojunction bipolar transistor the emitter doping is selected

to be much greater than the base doping, with the aim to obtain an emitter injec-

tion efficiency close to unity. Hence, the base is relatively lightly doped while the

emitter is heavily doped. Considering (1.23), the transit frequency fT of a device

is also limited by τb, the time required for minority carriers to cross the base. In

radio frequency applications, it is important to maximize the transit frequency to

obtain excellent performance. Thus, to increase fT , the base width has to be re-

duced. However, the base doping is fixed to maintain a constant emitter injection

efficiency, with the result to increase the base resistance. In addition, this base

resistance forms a time constant with base-emitter dynamic capacitance, limiting

the speed of the device. Therefore, a tradeoff between high transit frequency and

low base resistance has to be evaluated. One way to overcome this tradeoff is to

add some germanium to the base of bipolar transistors to form heterojunction

transistors. The key idea is that the different materials on the two sides of the

junction have different band gaps. In particular, the band gap of silicon (1.12eV) is

greater than for germanium (0.66eV), and, forming a SiGe compound in the base,

the band gap is reduced in this region. The relatively large band gap in the emit-

ter can be used to increase the potential barrier for holes, which can be injected

from the base back to the emitter. Therefore, this structure does not require an

emitter doping much greater than the base doping for a unity emitter injection

efficiency. Then, the emitter doping can be decreased and the base doping can

be increased, allowing to obtain low base resistance even when the base width is

reduced to increase transit frequency. In addition, the width of the base-collector

depletion region is reduced in the base when the transistor operates in the forward
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active region, decreasing the effect of base width modulation and increasing the

Early voltage of the device. Finally, decreasing the emitter doping, the width of

the base-emitter depletion region in the emitter increases, reducing the junction

capacitance between base and emitter and increasing the maximum speed of bipo-

lar device. Hence, SiGe heterojunction transistors offer three key advantages over

the conventional bipolar transistors:

• A reduction in base transit time resulting in higher frequency performance

• An increase in collector current density, allowing high current gain with low

intrinsic base resistance

• An increase in Early voltage

On the other side, the advantages of heterojunction bipolar transistors over homo-

junction devices come at the price of an increased complexity of fabrication, which

also increases the costs.

3.3 BiCMOS Technology

Until relatively recent years, it has been necessary to use many technologies to

design a radio frequency transceiver. For example, GaAs technology for power am-

plifiers, low noise amplifiers and other radio frequency components, but CMOS de-

vices for the baseband operations. Hence, combining high speed HBTs with CMOS

devices into a SiGe BiCMOS technology higher performance can be achieved.

BiCMOS technology is a combination of bipolar and CMOS technologies together

on a single process. Bipolar process gives high speed and low noise transistors.

On the other hand, CMOS technology is more suited for digital circuits. The in-

tegration of bipolar and CMOS technologies is advantageous when it is used to

optimize microelectronics circuits for different applications such as telecommuni-

cations, mixed-signal, and radio frequency apparates.

In conclusion, it is possible to summarize the advantages of BiCMOS technology:

1. Good performance in analog applications

- High analog precision components

- Well controlled device characteristics
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2. Good performance in digital applications

- Accurate digital control

- Availability of small size devices

3. High-speed performance

- Very low transit time

- Parasitic resistances and capacitances minimized

- Advanced processing to minimize the size

4. Good power switching performance

- Low series resistance

- High breakdown voltage

- Good performance with high currents

In the light of the foregoing discussion on BiCMOS technology, all circuits described

in this work are designed in a BiCMOS SiGe process of Infineon Technologies

similar to that described in [13], [14], and [15], with a transit frequency fT , a

maximum oscillation frequency fmax, and a gate delay of approximately 250 GHz,

350 GHz, and 2 ps, respectively. In addition, six metal layers, MIM capacitors, two

different polysilicon resistors, and precision tantalum nitride resistors are available.
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Design

The aim of this chapter is to analyze the design of a low noise amplifier that satisfies

the design specifications previously discussed. In particular, an inductive degene-

ration topology with a cascode stage is the most suitable solution for the purpose.

In addition, the Electrostatic Discharge (ESD) protection is also implemented, al-

lowing the analysis and the design of two slightly different low noise amplifiers.

Specifically, first of all a typical low noise amplifier topology is presented, with

a structure often considered in the literature. Then, another solution is analyzed

with the goal of improving the performance. Furthermore, the study and the design

of a transimpedance low noise amplifier with a resistive feedback network is also

discussed, in order to obtain a structure with a wider input matching and gain

bandwidth. The latter goes beyond the desire of a structure that complies with the

discussed specifications, but it allows to assess the difference between narrow-band

and wide-band solutions, which are used in different applications.

1 Design topologies

Evaluating the three basic amplifier configurations, common emitter, common base,

and common collector, the first one is the only which offers both current and voltage

gain. This is advantageous for a low noise design. Common base configurations offer

low input impedance, but high output impedance. Shunt feedback can be used to

reduce the output impedance, but it has limited applicability at high frequencies,

because a high open-loop gain is required to obtain an adequate loop gain; multiple

stages may also be considered, but stability issues generally limit the number of

stages. Finally, common collector configurations are used at low frequencies, but at

high frequencies the output impedance becomes inductive and the configuration is
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prone to parasitic oscillations. For these reasons, common emitter configuration is

preferred to realize a low noise amplifier, especially for high frequency applications.

The dominant noise contributors are thermal noise due to the resistors and shot

noise through pn junctions. Ideal reactive elements do not generate noise, but they

may affect the overall noise performance, while resistive feedback adds additional

noise sources and it is often avoided in low noise amplifier design. However, resistive

feedback may be used to increase the linearity of the system, to set the gain and

the input and output impedance over wide-bandwidths. In this work, considering

the specifications, it is necessary to use reactive networks, to realize the input and

output matching, remembering that the use of real reactive components degrades

the noise performance. Thus, an accurate design of the inductors becomes neces-

sary.

Before evaluating the specific design solutions, we present the classical low noise

amplifier topologies, considering advantages and disadvantages of narrow-band and

wide-band structures, the differences between single-ended and differential solu-

tions, the effect of emitter degeneration, and the necessity to implement an elec-

trostatic discharge protection.

1.1 Wide-band and narrow-band low noise amplifiers

A low noise amplifier can be designed adopting a wide-band or narrow-band to-

pology, depending on the application and on the desired frequency response. This

choice determines the design of the input matching network and each type of spe-

cified design has his own advantages and disadvantages. A narrow-band solution

has a tuned input and output matching network, and it can reach good noise per-

formance using less dc power than a wide-band topology. The main disadvantage

is the difficulty to achieve bandpass amplification and input matching with an

accurate center frequency. On the other side, a wide-band solution needs a flat

frequency response and a larger input matching is paid in terms of a higher power

consumption. Considering the specific phased array radar system, a broad-band

system is not required, so it is desiderable to use narrow-band techniques for the

low noise amplifier. Thus, an emitter degeneration structure is designed to generate

a real term in the input impedance and to obtain the possibility to tune the am-

plifier. This is the most prevalent method used for SiGe HBT amplifiers, allowing

to achieve the best noise performance.
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1.2 Single-ended and differential solutions

A single-ended amplifier architecture has at least one important shortcoming com-

pared to a differential topology. It is sensitive to parasitic ground inductance. Con-

sidering a common emitter structure, the ground return of the signal is supposed to

be at the same potential of the emitter. However, there is inevitably a difference in

these potentials because there is always some impedance between the two points.

Hence, small amounts of additional parasitic reactance between the two grounds

can have a large effect on the amplifier performance. In addition, a single-ended

structure can be inclined to signal dependent currents from other stages, forming a

parasitic feedback loop that destabilizes the amplifier. Dedicated additional ground

pins can mitigate these problems, but generally a differential solution is preferred.

In this way, any parasitic reactances in series with the bias current source is largely

irrelevant. Another important attribute of the differential topology is its character-

istic to reject common mode disturbances. This is particularly important at chip

level, where both the supply and substrate voltages are noisy. Hence, the symmetry

of the circuit is critical and it is the first target to be pursued during the layout

realization. Finally, the power consumption is twice compared to a single-ended

amplifier to achieve the same noise performance, but the linearity is improved.

1.3 Inductive degeneration

In many radio frequency building blocks, the common emitter configuration and

the differential pair stage are commonly used. To improve the linearity of the

structure, using a feedback solution, it is possible to add a degeneration emitter

impedance ZE, as shown in Fig. 2.1, where a single-ended stage is presented, but

the discussion is easily extended to the case of a differential pair. As analyzed in

the next paragraphs, this solution also allows to set the input impedance of the

stage. As explained in [16], emitter degeneration can be resistive, capacitive or

inductive, and stages with reactive degeneration have lower noise figure than those

with resistive degeneration. In [16], it is possible to evaluate the procedure to find

the expression of IM3, which uses the Volterra’s series. Considering the results of

the single-ended model, the expression of the third order intermodulation IM3 is

reported in (2.1), allowing to quantify the linearity:

|IM3| ∝ 1 + sCbeZB(s) + sCbeZE(s) (2.1)
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Figure 2.1: Emitter degeneration structure

Evaluating (2.1), where Cbe is the base-emitter capacitance that includes also any

external capacitance connected between the base and emitter terminals, with in-

ductive degeneration the term sCbeZE(s) is, for s=jω, real and negative, reducing

the third order intermodulation. On the other side, capacitive degeneration would

increase the intermodulation, because the term sCbeZE(s) becomes a positive real

number, for s=jω, which adds to the ”1” term. It is also important to highlight

that |IM3| directly depends on the base-emitter capacitance. Finally, in [16] it is

also shown as the linearity depends on the third power of the ratio of the small

signal transconductance to the bias current.

1.4 Electrostatic discharge protection

In the field of integrated circuits design there is a growing interest on the effects of

Electrostatic Discharge (ESD) on chip performance. Electrostatic discharge prob-

lems are increasing in the electronics industry because of the trends toward higher

speed and smaller device sizes, thus they have to be taken into consideration.

Static charge is an unbalanced electrical charge at rest. When this static charge

moves from one surface to another, it becomes an electrostatic discharge, a minia-

ture lightning bolt of charge that moves between two surfaces with different poten-

tials. Thus, it becomes a current that can damage or destroy junctions, gate oxide,

and metallizations in an integrated circuit. Only the HBM is considered here [20].

In the design of low noise amplifiers, the input pads are usually connected to the

base terminals of the transistors, which leads to a very low electrostatic discharge

robustness if no appropriate ESD protection is used. In the following, the goal is

to introduce the reader to the main electrostatic discharge protection solutions for
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integrated circuits, the same topologies adopted to prevent this kind of damage for

the low noise amplifiers discussed in this thesis.

Diodes are commonly used for ESD protection. The conventional double-diode

topology is shown in Fig. 2.2, where two diodes connected to the input pads are il-

lustrated. If D1 or D2 are in the forward biased condition, they can provide efficient

discharging paths from input pad to VDD and from VSS to input pad, respectively.

SS

DD

2

1D
Input Pad

Low
Noise
Amplifier

V

V

D

Figure 2.2: ESD protection diodes 1

The solution illustrated in Fig. 2.2 is adopted when the circuit has no internal

ac coupling. Conversely, if the circuit is internally coupled, the solution generally

adopted for electrostatic discharge protection is shown in Fig. 2.3.

1

SSV

D 2D

Input Pad
Low
Noise
Amplifier

Figure 2.3: ESD protection diodes 2

The addition of the electrostatic discharge protection can degradate the circuit

performance with several undesired effects. The parasitic capacitance of the ESD

devices is one of the most important issues in radio frequency circuits. Hence, the di-

mensions of the ESD protection devices should be decreased to reduce this parasitic
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capacitance. However, electrostatic discharge robustness needs to be maintained,

so the minimum device dimensions cannot be decreased unlimitedly. One solution

to reduce the parasitic capacitance is to use topologies with series ESD protection

diodes: the overall equivalent capacitance is decreased compared to the previous

circuits. However, this benefit is achieved at the price of increasing the number

of the devices. Another way to mitigate the performance degradation caused by

protection devices is offered by the possibility to tune the parasitic capacitance

using inductors. References on these solutions are available in [21] and [22]. In par-

ticular, in [22] the possibility to use only one inductor as ESD protection is also

presented. Inductors exhibits high impedance at high frequency, so this inductor

can be placed between the input pad and VSS: since the frequencies of ESD are

much lower than that of the input signal, the inductor can act as a low impedance

path for the electrostatic discharge current while it shows a high impedance path

to the radio frequency signal. Implementing this circuit topology, a dc blocking

capacitor is indispensable, with the aim to provide a separated bias for the low

noise amplifier circuit. The solution described is illustrated in Fig. 2.4.

blockC

ESDL

SS

Input Pad
Low
Noise
Amplifier

V

Figure 2.4: ESD protection inductor

However, considering each analyzed case, the insertion of devices with the purpose

to realize the ESD protection, essential to avoid damage to the chip, has to be

studied in conjunction with the development of the functional block. It is important

to remember that more complex solutions require more area and they inevitably

introduce additional parasitics, which may have consequences for the functionality

of the circuit. In particular, in the design of a low noise amplifier the devices added

for this purpose, diodes or inductors, modify the input impedance of the system

with direct consequences also for the noise performance of the circuit.
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2 Narrow-band low noise amplifier design

Considering the target design specifications, traditional low noise amplifiers for

these purposes are implemented using reactive matching networks, to transform the

input impedance to the signal source impedance and the optimum noise impedance

of the amplifier to the source impedance. The real part of the optimum noise

impedance, which is inversely proportional to frequency and transistor size, and

the real part of the input impedance are usually quite different, so this approach

compromises the input reflection coefficient of the amplifier with the goal of mini-

mizing its noise figure. In fact, the real part of the optimum noise impedance and

the real part of the input impedance of the amplifier can be independently tuned

using transistor sizing and reactive feedback respectively, while the imaginary part

of the input impedance and the imaginary part of the optimum noise impedance

can be tuned using series inductors. After this considerations, we have to remem-

ber that geometry and optimum bias current of transistors are very important

variables, while the passive matching networks determine the size and the cost of

the chip.

Based on these properties, once set the optimum current density, the low noise am-

plifier design can be performed in two main steps: active matching, that is to set the

transistor size to make the real part of the optimum noise impedance equal to the

source impedance, and reactive feedback matching, to match the input impedance,

resonating the imaginary part of the input impedance, and tune out the imaginary

part of the optimum noise impedance.

The most used structures in these cases are the common emitter and cascode am-

plifier topologies with inductive emitter degeneration, shown in Fig. 2.5, which

allow to achieve noise figure values close to the minimum noise figure of the single

input transistor, at least over a narrow bandwidth. The topologies in Fig. 2.5 make

use of a series-series feedback network, which consists of the emitter inductance. In

addition, an external base-emitter capacitance can be used to increase the degrees

of freedom in the design, improving the linearity of the stage. However, it is not

always necessary, also because it degrades the noise performance of the structure.

In addition, the cascode stage is inserted with the aim to reduce Miller effect, iso-

lating the input network from the output, condition to be sought in the design

of this kind of systems. For these reasons, an inductive degeneration differential

topology, with a cascode stage and tuned input and output networks, is considered

to implement the low noise amplifier discussed in this work.
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Figure 2.5: LNA1 - Topology

2.1 Active device matching

As discussed in [23], a low noise amplifier can be represented as a two-port network

driven by a signal source with an admittance YS = GS + jBS. Following the noise

formalism, the noise figure of this two-port network can be expressed as indicated

in the following expression (2.2), using the IEEE noise parameters:

NF = NFMIN +
Rn

GS

|YS − YSopt|2 (2.2)

In (2.2), NFMIN is the minimum noise figure of the amplifier, ideally identical

or close to the minimum noise figure of the signal transistor, and Rn is the noise

resistance of the amplifier. The second term of NF is zero when the signal source

admittance YS equals the optimum source admittance YSopt. In this condition, the

noise figure of the two-port becomes the minimum noise figure NFMIN . Thus, it is

necessary to take into consideration two design steps to minimize the noise figure

of the low noise amplifier:

• The minimum noise figure NFMIN has to be made as low as possible to reduce

the contribution of the first term in (2.2); the lowest limit is the minimum

noise figure of the transistor.

• The optimum source admittance YSopt has to be equal to the signal source

admittance YS to minimize the second term in (2.2).
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With the purpose to obtain these two conditions, it is necessary to bias the tran-

sistors at the optimum current density for the minimum NFMIN and to size the

devices for the desidered optimum noise impedance.

Here, an analytical method used to minimize the noise figure of the system is in-

troduced from a theoretical point of view, and a mathematical expression for the

optimum current density JCopt as a function of frequency is found.

Considering [24], it is possible to derive the expressions of NFMIN and YSopt for

this HBTs amplifier topology:

NFMIN = 1 +
n

β0
+

f

fT

√
2IC
VT

(rE + rB)

(
1 +

f 2
T

β0f 2

)
+
n2f 2

T

β0f 2
(2.3)

YSopt =
f

fTRn

(√
IC

2VT
(rE + rB)

(
1 +

f 2
T

β0f 2

)
+

n2f 2
T

4β0f 2
− j n

2

)
(2.4)

In (2.3) and (2.4), n is the collector current ideality factor, approximately equal

to one, β0 is the dc current gain, f is the operating frequency, fT is the transit

frequency, rE and rB the series emitter and base resistance, respectively, and VT is

the thermal voltage. These parameters are nonlinear functions of the emitter width

wE through the term IC(rE + rB). Hence, two parameters have to be determined

to achieve the minimum value of NFMIN and to obtain YSopt = YS: they are the

dc collector current IC and the transistor size. It is clear that it is not so easy

to determine the two parameters simultaneously, but for the integrated circuits

process the minimum size of the device is fixed. In particular, the minimum emitter

width can be adopted. In [24] it is discussed how NFMIN remains invariant to

changes in emitter length; therefore, the minimum noise figure NFMIN is pratically

independent on emitter length, which is adjusted only to modify the optimum noise

resistance RSopt, making it equal to the source resistance RS, at the minimum noise

current density and at operating frequency. Thus, considering [25], it is possible to

rewrite the NFMIN as a function of the dc collector current density JC , as indicated

in (2.5), where (rE +rB)u is the sum of emitter and base resistances for a minimum

size transistor:

NFMIN(JC) = 1 +
n

β0
+

f

fT

√
2JC
VT

(rE + rB)u

(
1 +

f 2
T

β0f 2

)
+
n2f 2

T

β0f 2
(2.5)
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To achieve the minimum value of the noise figure NF , it is necessary to minimize

the minimum noise figure NFMIN of the amplifier. By differentiating NFMIN with

respect to JC , we get:

∂NFMIN

∂JC
= 0→ JCopt (2.6)

From [19], considering CjE and CjC the base-emitter and base-collector junction

capacitances, (CjE + CjC)u the sum of the aforementioned capacitances for a mi-

nimum size device, and τb the base transit time, the transit frequency fT is given

by (2.7):

fT =
1

2π
(
τb +

CjE+CjC
gm

) =
1

2π
(
τb +

(CjE+CjC)u
JC

nVT

) (2.7)

Considering (2.5) and substituting the parameter fT with the expression indicated

in (2.7), it is possible to take the first derivative of NFMIN with respect to the

current density JC . Hence, setting the condition (2.6) to find the minimum of the

function NFMIN , the optimum current density JCopt is obtained:

JCopt = 2π(CjE + CjC)unVT

√
β0f 2

1 + 4π2β0τ 2b f
2

(2.8)

Analyzing (2.8), for frequencies below fT , the term 4π2β0τ
2
b f

2 << 1. Thus, (2.8)

can be approximated as:

JCopt ' 2πf(CjE + CjC)unVT
√
β0 (2.9)

Finally, substituting JCopt into (2.5), the expression of NFopt is obtained:

NFopt = 1 +
n

β0
+

f

fT

√
4πf(CjE + CjC)un

√
β0(rE + rB)u

(
1 +

f2T
β0f2

)
+
n2f2T
β0f2

(2.10)

Although the presented mathematical method gives the possibility to understand

the influence of the technological parameters on JCopt and NFopt, it is not a very

accurate design process because it is necessary to know perfectly the value of these

parameters. Thus, it is useful to plot the simulated minimum noise figure NFMIN

versus collector current density JC at the operating frequency of 10 GHz, as shown

in the following Fig. 2.6.
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Figure 2.6: LNA1 - Optimum noise current density
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Considering Fig. 2.6, the minimum noise figure has an absolute minimumNFMIN =

NFopt = 1.07 dB for an optimum noise current density JC = JCopt = 0.78 mA/µm2.

In addition, Fig. 2.7 illustrates the frequency response ofNFMIN for different values

of JC , to evaluate this parameter in a frequency range around 10 GHz.

For HBTs the optimum current density JCopt increases with frequency, as it is

possible to observe from the analytical expression (2.9). Moreover, it is dependent

on the amplifier configuration; in fact, for a single transistor stage, it is typically

smaller than the optimum current density of a cascode stage. In addition, JCopt is

always lower than the value corresponding to the fT or fmax peak; thus biasing a

transistor for low noise performance, a penalty in power gain is to be expected.

Once the optimum bias current density JCopt has been selected, the next step is

to size the transistor such that the optimum noise impedance of the low noise

amplifier becomes equal to the signal source impedance. Analyzing [24], while the

optimum noise resistance RSopt is different from the input resistance, the optimum

noise reactance XSopt is equal to the complex conjugate of the input reactance of

the system, and, as discussed in the next paragraph, a reactive matching network

allows to cancel out the imaginary parts of the input and optimum noise impedance.

As discussed in [23], this procedure is approximated, but it allows to achieve at

the same time impedance matching and noise matching with an excellent degree

of accuracy. Hence, it is possible only to consider the optimum noise resistance

RSopt to calculate the appropriate size of the devices. An expression for RSopt

to achieve NFMIN of any bipolar device with arbitrary geometry in a common

emitter configuration may be found in [25]; in particular, this expression highlights

the RSopt dependency on the emitter stripe ratio of the device geometry relative

to the unit device, indicated with N , and on the number of parallel devices M to

increase the overall device size.

RSopt(N,M) =
1

NM

fTf
(
n2VT

2JC
+ (rE + rB)u

)
√

JC
2VT

(rE + rB)u

(
1 +

f2
T

β0f2

)
+

n2f2
T

4β0f2

JC
2VT

(rE + rB)u

(
1 +

f2
T

β0f2

)
+ n2

4

(
1 +

f2
T

β0f2

)

 (2.11)

From (2.11), the second term inside the square brackets is constant for a fixed JC ,

thus the optimum noise resistance RSopt can vary with N and M . This means that

by selecting these parameters, it is possible to set RSopt = 50 Ω (in a single-ended

amplifier). Note that the product NM gives the final device size relative to the

unit device. In order not to change the value of NFopt while varying N and M , the

optimum current density JCopt should be maintained, so, once the final device size

is chosen, the bias current IC is automatically determined.
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The design method just analyzed allows to achieve the best noise performance as-

suming that the power consumption is flexible: the optimum device size, combined

with the optimum current density, sets the power consumption of the low noise

amplifier, fixing the bias current of the structure. Although there are not restric-

tions about the power consumption, the design of a low noise ampifier should try

to get the best performance with the lowest power dissipation. Hence, considering

both the linearity of the amplifier, which is proportional to the bias current, and

the power consumption, it is possible to set the current IC of each transistor and

to calculate the size of the devices maintaining the optimum current density JC .

As discussed, for linearity and power consumption reasons, a current IC = 9 mA is

set for the signal transistors of the amplifier.

Fixed the bias current, the theoretical approach to set the optimum size of the

devices, as for the calculation of the optimum density current, is quite complex

and not so accurate considered the uncertainty on the values of parameters which

appear in (2.11). However, an alternative solution is offered by the possibility to

use the simulator to determine the size of the transistors. Adopting the minimum

emitter width of this technology for the best noise performance, considering tran-

sistors with two emitters, and imposing the bias current IC = 9 mA, it is possible

to evaluate the minimum noise figure NFMIN and the current density JC for diffe-

rent values of parallel devices M , and emitter stripe ratio N . In particular, N is a

variable parameter with the length of emitter lE; then, determining the size of the

devices, maintaining the optimum current density JCopt, it is possible to achieve a

value of RSopt as close as possible to the source resistance. By simulation, the value

of the parameter GMIN may be obtained. Its expression is defined in (2.12). From

(2.12), it is possible to evaluate the values of YSopt and ZSopt, as shown in (2.13).

GMIN =
YS − YSopt
YS + YSopt

(2.12)

YSopt = YS
(1−GMIN)

1 +GMIN

→ ZSopt = ZS
1 +GMIN

1−GMIN

(2.13)

Therefore, the size which minimizes GMIN to realize the condition ZSopt ' ZS

has to be adopted for the best noise matching. The results about NFMIN , current

density JC , and ZSopt obtained varying the value of the emitter length lE and the

number of parallel blocks M , are summarized in the following Tab. 2.1. A reference

emitter length lREF is considered in Tab. 2.1.
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lE[µm] NFMIN[dB] JC[mA/µm2] ZSopt[Ω]

M=2 4 lREF 1.38 2.56 167

5 lREF 1.29 2.05 156

6 lREF 1.23 1.70 149

7 lREF 1.18 1.46 145

8 lREF 1.15 1.28 142

9 lREF 1.13 1.14 141

10 lREF 1.11 1.02 142

M=3 4 lREF 1.24 1.70 147

5 lREF 1.17 1.36 141

6 lREF 1.13 1.14 142

7 lREF 1.11 0.97 143

8 lREF 1.10 0.85 147

9 lREF 1.08 0.76 153

10 lREF 1.08 0.68 160

M=4 4 lREF 1.17 1.28 140

5 lREF 1.12 1.02 142

6 lREF 1.10 0.85 148

7 lREF 1.09 0.73 157

8 lREF 1.08 0.64 166

9 lREF 1.08 0.57 173

10 lREF 1.09 0.51 187

M=5 4 lREF 1.13 1.02 142

5 lREF 1.10 0.82 152

6 lREF 1.09 0.68 162

7 lREF 1.09 0.58 174

8 lREF 1.10 0.51 188

9 lREF 1.11 0.45 202

10 lREF 1.13 0.41 215

Table 2.1: LNA1 - Active device matching
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Analyzing Tab. 2.1, the best size result that allows to observe the value of the

optimum current density and to reach the value of NFopt is M = 3 and an emitter

length corresponding to the last but one line of the section related to three parallel

devices. Anyway, it is clear that other pairs of values M and lE allow to achieve

similar results in terms of NFMIN and JC . For example, setting M = 4 or M = 5,

with a suitable choice of the emitter length, it is possible to reach the minimum

noise figure NFMIN = 1.09 dB with a value of ZSopt close to 160 Ω. However,

considering the implementation of the reactive matching network, as discussed in

the next paragraph, the parameters M = 3 and lE = 9 lREF allow to obtain a

lower base inductance value to realize the impedance matching. In fact, taking the

inductor non idealities into account a low value of base inductance generally limits

the increase of the system noise figure. The optimal design is hence based on the

parameters reported in Tab. 2.2.

lE[µm] NFMIN[dB] JC[mA/µm2] ZSopt[Ω]

M=3 9 lREF 1.08 0.76 153

Table 2.2: LNA1 - Optimum sizing

Finally, fixed the size of the devices, a transistor structure with three bases is cho-

sen to limit the noise performance degradation.

After the active device matching, the design process considers the impedance mat-

ching, which depends on the topology implemented. Purely reactive components

do not contribute noise and inductors do not dissipate dc power, so ideal induc-

tors and capacitors are preferred as matching elements. These components occupy

considerably more die area than transistors. Thus, using as few passive elements as

possible is advisable. The design of the input network has to achieve the impedance

matching and to tune out the imaginary part of the optimum noise impedance to

obtain a minimum noise figure for the low noise amplifier. In addition, as analyzed

in [24], a structure with the inductive degeneration does not modify the value of

RSopt, but it affects the optimum source reactance XSopt. As already discussed,

by connecting a base inductor LB, simultaneous noise and input impedance mat-

ching is obtained. In the next subsections, the design procedure to realize the input

matching of the low noise amplifier is presented.
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2.2 Passive component matching

The second main step of the low noise amplifier design consists in the input

impedance matching. Considering the cascode structure shown in Fig. 2.5, the

expression of the input impedance ZIN of the amplifier with inductive degene-

ration can be determined using the equivalent circuit of the signal transistor, as

illustrated in Fig. 2.8.
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Figure 2.8: LNA1 - Equivalent input circuit

Ignoring the intrinsic base and emitter resistance of the transistor and considering

ideal inductors as a first-order approximation, from the equivalent circuit shown

in Fig. 2.8 it is possible to calculate the input impedance as indicated in (2.14):

ZIN(s) = s(LB + LE) +
1

sCπ
+
gmLE
Cπ

(2.14)

Equation (2.14) shows that the input network of the low noise amplifier can be

considered as a series resonant RLC network, as shown in Fig. 2.9.
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Figure 2.9: LNA1 - Input resonant network
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Considering the source resistance RS, the quality factor QIN of the input matching

network is given by the following expression:

QIN =
1

ω0(gmLE +RsCπ)
(2.15)

From the equation (2.15), the reader can easily understand that the insertion of

a capacitance in parallel to Cπ decreases the quality factor of the input network

and increases the input matching bandwith. However, this possibility is traded

for a reduction of the noise performance of the system, even if an increase of this

capacitance allows to reduce the base inductance LB.

The input impedance ZIN can be decomposed into real and imaginary part as

shown in (2.16):

ZIN(jω) =
gmLE
Cπ

+ j

[
ω(LB + LE)− 1

ωCπ

]
(2.16)

From (2.16) the real part of the input impedance is not dependent on frequency.

Since the source impedance is purely resistive, RS = 50 Ω, the real part of the

input impedance should be designed to be equal to this value, while the imaginary

part should be tuned out. It is clear that the purpose of LB is precisely to cancel

the imaginary part of the input impedance, but it is important to consider that its

insertion has effects on noise performances, linearity and gain of the amplifier. In

the analysis just presented the parasitic resistances of the inductors and the intrin-

sic base and emitter resistance are ignored, as the effect of coupling capacitance

(adding in series to the input resonant circuit) used to separate the radio frequency

signal path and the bias of the circuit. In most practical cases, the emitter induc-

tance LE is small and its associated series resistance can be ignored, while LB is

always large enough such that its series resistance cannot be neglected. However,

these contributions are taken into consideration throught the simulation process.

Equation (2.16) illustrates the role of the degeneration inductor: by adding LE the

real part of the input impedance can be set to achieve the impedance match, and the

amount of degeneration needed depends only on the value of ωT = 2πfT = gm/Cπ.

Thus, the value of the inductance LE can be determined as follow:

LE =
RSCπ
gm

=
RS

2πfT
(2.17)
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Considering (2.17), from the simulation it is possible to extrapolate the value of

the capacitance Cπ, which is related to the choice of the transistors used, while gm

is determined by the bias current. Therefore, considering the optimization process

realized through the simulator, the value LE = 90 pH is set.

Once the value of LE is determined, it is possible to set the value of the series

inductor LB to tune out the imaginary term in (2.16) at the operating frequency

f0 = 10 GHz. Its value is given by (2.18):

LB =
1

ω2
0Cπ
− LE =

2πfT
(2πf0)2gm

− LE =
fT

2πf 2
0

− LE (2.18)

Considering also the effect of coupling capacitance, set to 1 pF, a suitable value

of base inductor is LB = 1 nH. Then, the design process of the input matching

network is complete. Fig. 2.10 and Fig. 2.11 illustrate the trend of the real and

imaginary part of the input impedance ZIN , Rin and Xin, respectively, and the

S11 parameter, considering the implemented differential solution with a source

resistance RS = 100Ω.
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Figure 2.10: LNA1 - Input impedance
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Figure 2.11: LNA1 - S11 parameter

At the operating frequency of 10 GHz, the real part of the input impedance is set

to Rin = 97 Ω, while the imaginary term is Xin = 0.72 Ω. The input reflection

coefficient is S11 = −36 dB at 10 GHz, and it is less than −10 dB in a bandwith of

about 6 GHz, from 7.25 GHz to 13.25 GHz.

2.3 Load Tuning

A parallel resonant circuit tuned at the operating frequency of 10 GHz is used as

load network. An additional benefit of using an inductor is offered by the possibility

for the output voltage to swing above the supply rail, thus improving the linearity

compared to the case where a resistive load is used.

The total load capacitance is determined by the overall capacitance connected to

the output node, the output capacitance of the cascode transistor CCASC and the

input parasitic capacitance CEF of an emitter follower connected to the output.

In Fig. 2.12, the equivalent single-ended circuit of the output reactive network is

shown.

Hence, considering the operating frequency, the results obtained by the simulator

about CCASC and CEF , and setting LP = 1 nH, the explicit output capacitance is

fixed to the value CP = 80 fF.
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Figure 2.12: Output resonant network

At the resonance frequency f0, the maximum power gain PMAX expression of the

low noise amplifier is given by (2.19):

PMAX =
1

4

(
fT
f0

)2(
RP

RS

)
(2.19)

If the purpose of the design is to maximize the power gain, only one variable to set

is available, the load resistance RP , once the transistors of the stage are fixed and

fT is determined; this means to design a high Q network. Therefore, considering

CTOT = CP + CCASC + CEF , the following expressions determined the design of

the output network, which allow to fix the resonance frequency and to evaluate the

quality factor Q related to the bandwith:


f0 = 1

2π
√
LPCTOT

Q = 2πf0CTOTRP

Finally, with the purpose to obtain a suitable gain, bandwidth and IIP3 the value

of RP has to be setted. In particular, observing the variations of IIP3 and S21

parameter when RP changes, an appropriate value for this resistance is RP = 110 Ω.

Considering a differential topology, a more compact solution is shown in Fig. 2.13.
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Figure 2.13: Differential output resonant network

Therefore, the capacitance of the output network is set to 40 fF and the resistance is

220 Ω. Finally, an IIP3=−2.6 dBm is obtained and the trend of the S21 parameter

is shown in Fig. 2.14. At the operating frequency 10 GHz, observing the figure

below, S21 = 19.5 dB and BW−3dB = 6.4 GHz.
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Figure 2.14: LNA1 - S21 parameter
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2.4 Output buffer

The low noise amplifier has to be measured using standard 50 Ω equipment. Thus,

it is necessary to add a buffer at the output. This buffer does not have to modify

heavily the output network and it has the purpose to set the output impedance

of the system to the value of 50 Ω, for the single-ended circuit. The implemented

emitter follower is illustrated in Fig. 2.15. In this circuit Q1 is the input transistor,

while Q2 is the transistor of the current mirror, which allows to set the current of

the branch by modifying the value of RDEG. In particular, transistors Q1 and Q2

are both designed with the minimum emitter width of this technology. The current

of the branch is set to 7 mA. Finally, the condition R0 = 50 Ω is imposed to realize

the output impedance matching.

DEG

 2

 1Q

OUTO

  BIAS V

INV

DDV

R V

Q

R

Figure 2.15: Output buffer

2.5 Noise performance

In the previous paragraphs, the study of the minimum noise figure and the evalua-

tion of the optimum bias current for best noise performance has been presented,

considering the analytical solution and the simulator results. Generally, high va-

lues of the intrinsic base and emitter resistance must be avoided, so transistors

with more base strips are used. Thus, following the design analyzed procedure,

it is possible to obtain the condition NF = NFMIN at the operating frequency.

However, evaluating the expression of NFMIN and the values in Tab. 2.1, further
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contributions to the overall noise figures NF can be attributed to a non-optimum

noise matching.

The purpose of this subsection is to report the results obtained regarding the

noise performance. Fig. 2.16 shows NFMIN and NF as a function of frequency

for the designed low noise amplifier designed; in particular, at 10 GHz the value

NF = 1.16 dB is achieved.
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Figure 2.16: LNA1 - Noise performance

From Fig. 2.16, the reader can observe that the minimum value of the NF is cen-

tered at f ' 8 GHz. Through the simulator, it is possible to evaluate the optimum

value of LB for noise performance at 10 GHz, maintaining the value of LE, and it re-

sults LB ' 700 pH; in this case, the noise figure NF would be equal to the minimum

noise figure NFMIN = 1.08 dB. However, changing LB the center frequency of the

S11 dip is modified, and varying the values of the components of the input network,

or adding an external capacitance between base and emitter of the transistor to

center this peak at 10 GHz, worst noise performance is achieved. These results and

considerations demonstrate that noise matching and impedance matching are not

uncorrelated. In particular, an in-depth noise analysis shows the relation between

the imaginary parts of the noise impedance and input impedance, as discussed

in [23]. In addition, it can be demonstrated, using the theory of correlated noise

sources in series-series feedback circuits, that if the degeneration inductor LE is
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a lossless inductor it will not change the value of the optimum noise resistance

RSopt, but it will affect the optimum noise reactance XSopt; in particular, when the

degeneration inductor LE is added to the circuit the optimum noise reactance be-

come X ′Sopt = XSopt−2πfLE, where XSopt can be derived from (2.4). However, the

presented design procedure yields satisfactory results, considering that the noise

figure at 10 GHz is 0.08 dB greater than the minimum noise figure NFMIN .

2.6 Inductors design and electromagnetic model

Inductors are an essential part of many radio frequency systems. The electromag-

netic behavior of these components can only be fully described through the nu-

merical solution of Maxwell’s equations. The main characteristics of an inductor

to be taken into consideration during its design are the topology, the desired area,

the inductance and the operating frequency. From this information, an integrated

layout that lies within some tolerance of the desidered specifications and exhibits

an optimal quality factor is produced. The purpose of this section is to explain the

main concepts of a real inductor and to evaluate the effect on the low noise ampli-

fier performance using the electromagnetic models obtained by Sonnet simulation.

An inductor is a component that stores energy in the form of a magnetic field. Con-

sidering Maxwell’s equations, as a current flows through an inductor, it creates a

directional magnetic field surrounding the inductor, and its presence opposes any

change to the current. Thus, energy is stored in the induced magnetic field which

allows current to persist in the absence of electrical energy, and the inductance is a

measure of how much energy can be stored in the magnetic field of a given device.

The quality factor Q represents the ratio of the stored energy to the amount of

energy dissipated in the inductor per cycle, providing an index of efficiency for the

device, as defined in [39]:

Q = 2π
Estored
Edissipated

(2.20)

An integrated inductor at high frequency exhibits significant capacitive effects with

adjacent conductors and with the substrate, so it behaves like a second order system

and there is a frequency at which the system resonates, called self resonance fre-

quency f0. Another method to define the Q factor for resonant system can be

derived from its bandwidth. In fact, considering ω0 = 2πf0 and the -3dB band-

width, the quality factor of the system is defined in [39], as reported in (2.21):

Q =
ω0

∆ω
(2.21)
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Considering series and parallel resonant networks, like in the design of input and

output network of the low noise amplifier discussed in the previous paragraph, the

quality factor Q is given by the following expressions: Qseries = ω0L
R

Qparallel = ω0CR

The resulting definitions of Q for these systems agree with the intuition that a high

quality resonator does not dissipate much energy at the resonance frequency.

Integrated inductors can be implemented as planar devices, and they are realized

during metallization circuit process, which offers 6 metal layers in this technology.

As discussed in [40], polygon spirals with more than four sides have higher Q

than square spirals for the same area, and circular inductors allow to achieve the

best performance. However, pratical CAD and fabrication problems limit mask

preparation to allowed angles of 45◦ or 90◦, hence octagonal and square inductors

have to be used instead of circular structures.It is also possible to connect more

metal layers as shunt connection to reduce the series resistance, and to improve the

low frequency Q of the inductor. However, the parasitic capacitive coupling can

reduce the self resonance frequency and the resistive contribution of vias used for

the connection between different metal layers limit the benefits of this technique.

Fig. 2.17 shows the shunt connection of an inductor using the two top available

metal layers. For the reasons discussed, the inductors developed in this work have

octagonal or square shapes, adopting a single layer for the spiral and adjacent

layers for the underpass connections.

Figure 2.17: Shunt-connected inductor
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The parasitic effects and the non-ideal behavior of an integrated inductor has to be

considered during the design of the device, with the purpose to limit undesidered

loss mechanisms. Thicker and higher conductivity metal layers improve the qual-

ity factor Q at low frequencies, whereas a higher resistivity substrate and thicker

oxide help to isolate the device from the substrate at high frequencies. The opti-

mization of the geometry of an inductor is quite difficult, because there are several

parameters to take into consideration, including the area of the spiral, the metal

width and spacing, and the number of turns. Much of the optimization process

depends on the operating frequency: at low frequency, it is usually better to use

the minimum space available to maximize the magnetic coupling, but at high fre-

quency proximity effect requires a larger value of spacing. Similar consideration

can be apply to the area of the spiral and to the number of turns; in fact, at lower

frequencies wider metal width determines a low value of series resistance, but at

higher frequencies the quality factor is dominated by the substrate losses and a

smaller area is favorable.

In the following, the main undesidered effects are briefly analyzed, as eddy cur-

rents, skin effect and proximity effect.

A magnetic field created by a conductor can intersect a nearby conductor and it

may induce small circular currents, called eddy currents. These currents generate

a magnetic field which opposes the original field, dissipating energy in form of heat

as they flow through the conductor, and decreasing the efficiency of the energy

storage.

At high frequency, most of the current flows much more strongly near the surface

of the conductor, causing the apparent cross-section area of the conductor to de-

crease, and consequentely causing the increase of the ac resistance. A measure of

the skin effect is the skin depth δ, shown in (2.22), defined as the depth in the

conductor at which the current density falls to 1/e of its value at the surface. In

this expression µ is the permeability and σ the conductivity of the material, while

f is the operating frequency.

δ =

√
2

ωµσ
=

√
1

πfµσ
(2.22)

If the skin depth is significantly larger than the conductor thickness at a given

frequency, then the skin effect is negligible at that frequency. Thus, the rule of

thumb is to design inductors with a conductor thickness smaller than the skin

depth at operating frequency.
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The proximity effect is another istance of eddy currents, in which nearby conductive

material experiences induced eddy currents due to the magnetic field of a separate

conductor. Therefore, also the distance between conductors in a spiral inductor has

to be taken into consideration.

The main parameters to consider during the design of an inductor are the number

of turns n, the conductor width w, the conductor thickness h, the spacing between

conductors s, and the spacing to ground sg. The following Tab. 2.3 summarizes the

first approximation effects of these design parameters on the inductance L, series

resistance R, self resonance frequency f0 and substrate coupling capacitance Csub.

L[H] R[Ω] Csub[F] f0[Hz]

n ↑ ↑ ↑ ↑ ↓

w ↑ ↑ ↓ ↑ ↓

h ↑ − ↓ ↑ ↓

Table 2.3: Inductor design rules of thumb

The rules of thumb analyzed in Tab. 2.3 have to be verified with the electromag-

netic simulator. In fact, at high frequency increasing the width of conductors w

may not yield a reduction of the resistance, considering the skin effect.

The spacing s between conductors dominates the self resonant frequency of a spiral

and the determination of the smallest value that allows useful operation at a given

frequency can be an important tool in the design.

Finally, considering the distance from the substrate sg, the loss mechanism remains

the same of proximity effect, so this distance can often be set large enough to avoid

significant loss.

Following the discussed rules of thumb, using the electromagnetic simulator, more

than one version for each inductor of the circuit is realized, trying to get the best

performance. The topologies for the base and degeneration inductors are shown in

Fig. 2.18, while Fig. 2.19 illustrates the load inductors structure. For the degene-

ration inductors, a differential structure is realized, as shown in Fig. 2.18;
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P4P2 E1 E2

P1 P3mid

Figure 2.18: LNA1 - Base and degeneration inductors

Figure 2.19: LNA1 - Load inductors

Through the electromagnetic simulator, it is possible to obtain a lumped parameter

model, which characterizes the integrated inductor with the minimum number of

discrete components. The resulting electrical structure is a π−circuit, as illustrated

in Fig. 2.20. The series branch of this circuit corresponds to the winding of the

inductor, and it is composed by the inductance L, the series resistance RS and the

lateral coupling capacitance CL. In addition, the resistance RSUB and capacitance

CSUB to the substrate and the oxide capacitance COX can be split into two equal

parts to complete the equivalent circuit, as shown in the figure below.
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Figure 2.20: π − circuit model of inductors

Considering the design of the input and output resonant networks of the low noise

amplifier, the finite quality factorQ of inductors determines the necessity to slightly

modify the value of the components that appear in these networks.

Tab. 2.4 summarizes the parameters of the base inductor, differential degeneration

inductor and load inductor, obtained through the Sonnet electromagnetic simula-

tor. In particular, this table illustrates the value of the inductance L at 10 GHz, the

number of turns n, the width w used for metal layer 6, the self resonance frequency

f0, the quality factor Q, and the required area for each inductor.

The thickness of metal layer 4, 5, and 6 is fixed at 0.39 µm, 1 µm, and 2.8 µm re-

spectively.

Finally, the input coupling capacitance is set to 1.5 pF, the load capacitance CP is

120 fF, which becomes 60 fF with the differential structure shown in Fig. 2.13, and

the load resistance is fixed at 250 Ω with the same differential topology.
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Base Degeneration Load

inductor inductor inductor

L[nH] 0.990 0.170 1.110

n 3 2 3

w[µm] 5.0 4.0 2.4

f0[GHz] 38 160 43

Q 15 7 11

area[µm2] 100x100 60x60 100x90

Table 2.4: LNA1 - Inductors features

Finally, Fig. 2.21 and Fig. 2.22 illustrate the trend of the S-parameters S11 and

S21, and of the noise figure NF and minimum noise figure NFMIN . Evaluating

Fig. 2.21, the dip of S11 at 10 GHz is −20.8 dB, and it is less than −10 dB in the

range 7.3÷13.3 GHz, while S21 = 18.8 dB at the operating frequency 10 GHz, with

a -3dB bandwidth of 6.5 GHz.
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Figure 2.21: LNA1 - S11 and S21 parameters
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Figure 2.22: LNA1 - NFMIN and NF

Considering Fig. 2.22, NF = 1.65 dB and NFMIN = 1.58 dB at the operating

frequency 10 GHz. Compared to the case of ideal inductors analyzed in the pevious

paragraph, the noise figure is increased of 0.5 dB, and the main contribution is

due to the base inductor LB. In this context, only a more accurate design of the

inductors can try to minimize this decreasing in noise performance. As evaluated in

the following paragraphs, the alternative may be to change the low noise amplifier

topology, avoiding the base inductor and searching for another solution to realize

the input matching and the noise matching.

2.7 ESD protection

The electrostatic discharge protection system implemented for this low noise am-

plifier is based on the diodes structure shown in Fig 2.3. With this technology,

three different sizes for the ESD protection diodes are available, contributing in

a progressive manner to introduce parasitic capacitance to the input node of the

system. To minimize the effects on the input network, the smaller devices are cho-

sen. The implemented topology is illustrated in Fig. 2.23, where a series connection

minimizes the total capacitance added. The insertion of ESD diodes imposes to ad-

just the parameters of the input network. Through the optimization process, the

ac coupling capacitance is set to 1.3 pF.
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Figure 2.23: LNA1 - ESD protection

The cascode stage is simplified, fixing M = 1 and adopting the same structure with

three bases, without observing a significant degradation. The plots of S11, S21,

and the noise performance are shown in Fig. 2.24 and Fig. 2.25. The S11 dip at the

operating frequency has a value of −19.5 dB and it is less than −10 dB in the range

7.4÷ 12.8 GHz; the S21 is equal to 18.6 dB at 10 GHz, with a -3dB bandwidth of

7 GHz. Finally, NFMIN = 1.84 dB and NF = 1.88 dB, with an increment of 0.23 dB

in noise figure, compared to the case without ESD protection.
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Figure 2.24: LNA1 - S11 and S21 with ESD protection
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Figure 2.25: LNA1 - NFMIN and NF with ESD protection

2.8 Biasing

The low noise amplifier presented in this work has a biasing realized by means of

current mirror circuits, whose topology is illustrated in Fig. 2.26.
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Figure 2.26: Current mirror
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The performance of the simple current mirror can be improved by the addition of

emitter degeneration: this solution permits to obtain a better matching between

the current of the reference branch and that of the branch to biasing, and it boosts

the output resistance of the system.

In a current mirror the emitter areas of transistors may be matched or ratioed.

Considering Fig. 2.26, if the aim is to obtain IOUT = kIREF the transistor Q2 has

to be k-times larger than Q1, and RE2 = RE1/k. In this way, all the dc voltage

drops across RE1 and RE2 would be equal. In fact, using the Kirchhoff’s voltage

law around the loop including Q1 and Q2 and neglecting base currents:

IREFRE1 + VT ln
IREF
IS1

= IOUTRE2 + VT ln
IOUT
IS2

(2.23)

From the equation (2.23), the expression for the current IOUT can be derived:

IOUT =
1

RE2

(
IREFRE1 + VT ln

IREF
IOUT

IS2
IS1

)
(2.24)

Since IOUT = kIREF , and reminding that IS1,2 ∝ AE1,2 (where AE1,2 is the emitter

area of Q1 and Q2, respectively), the last term into brackets in (2.24) goes to zero:

IOUT =
RE1

RE2

IREF = kIREF (2.25)

From this analysis, if the voltage drops across RE1 and RE2 are much greater

than VT , the current gain is determined primarily by the ratio RE1/RE2, and only

to a secondary extent by the emitter area ratio, because of the logarithmic term

in (2.24).

2.9 Alternative topology

In the paragraph dedicated to the evalution of the noise performance, it has been

noted as the resistance related to the base inductance is one of the main contribu-

tion to the noise figure of the low noise amplifier. Since a perfect input impedance

matching is not required, the idea is to avoid this inductance, eliminating a degree

of freedom of the design, but offering the possibility to improve the noise perfor-

mance. This is the key idea of the design presented in this section. The low noise

amplifier topology described in the following is illustrated in Fig. 2.27, where the

ESD protection inductance is also reported, connected to the base of the input

transistor, which has to be considered in the evaluation of the input matching

network.
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Figure 2.27: LNA2 - Topology

The design procedure is the same as presented in the previous paragraphs. How-

ever, with this structure the equivalent circuit of the input matching network is

different, as the values of the reactive elements, compared to the previous case.

In addition, if in the topology of Fig. 2.5 the capacitance CBE can be added to

increase the degrees of freedom in the design of the low noise amplifier, now it

becomes necessary to realize the input impedance matching.

As a first step, it is important to implement the active device matching, choos-

ing the optimum current density JCopt with the purpose to obtain the best noise

performance. Thus, in Fig. 2.28 the minimum noise figure NFMIN at 10 GHz is

plotted as a function of the collector current density JC . Observing this graph,

at the operating frequency, the minimum value NFMIN = 1.26 dB is obtained for

an optimum noise current density JCopt = 0.72 mA/µm2. The optimum current

density is approximately the same of the previous case, but the different topology

determines a higher value of the NFopt. Although this value is higher than that one

obtained with the first topology, the absence of the base inductor may determine

an advantage in terms of noise performance.
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Figure 2.28: LNA2 - Optimum noise current density

Once the optimum bias current density JCopt has been selected, the bias current is

fixed as in the previous case IC = 9 mA for each transistor considering the linearity

and power consumption, and also in order to easily compare the performance of

the two topologies of low noise amplifier.

The size of the devices, determined by the emitter length lE and the number of

parallel devices M , is chosen to achieve the value of JCopt and to set the optimum

noise impedance of the low noise amplifier equal to the signal source impedance. For

this reason, using the simulator, it is possible to obtain the value of the minimum

noise figure NFMIN , current density JC and optimum noise impedance ZSopt at the

operating frequency 10 GHz, varying the number of parallel devices and the emitter

length, as reported in the following Tab. 2.5. Analyzing this table, remembering

that the emitter width is set to the minimum value for the best noise performance

and each transistor has two emitters, the parameter M is fixed to 3 and a 10 lREF

value of emitter length is adopted, where lREF is a reference emitter length.

Also with this second topology of low noise amplifier there are some degrees of

freedom in the choice of the parameters M and lE. For example, consulting Tab.

2.5, also the choices M = 4 or M = 5, with a suitable emitter length, would be

valid, obtaining NFMIN and ZSopt values close to the best case just discussed.
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lE[µm] NFMIN[dB] JC[mA/µm2] ZSopt[Ω]

M=2 4 lREF 1.60 2.56 160

5 lREF 1.50 2.05 150

6 lREF 1.43 1.70 141

7 lREF 1.38 1.46 135

8 lREF 1.35 1.28 130

9 lREF 1.32 1.14 125

10 lREF 1.30 1.02 120

M=3 4 lREF 1.44 1.70 141

5 lREF 1.37 1.36 130

6 lREF 1.33 1.14 125

7 lREF 1.30 0.97 120

8 lREF 1.28 0.85 115

9 lREF 1.27 0.76 113

10 lREF 1.26 0.68 108

M=4 4 lREF 1.36 1.28 127

5 lREF 1.31 1.02 120

6 lREF 1.28 0.85 116

7 lREF 1.27 0.73 115

8 lREF 1.26 0.64 117

9 lREF 1.27 0.57 120

10 lREF 1.28 0.51 125

M=5 4 lREF 1.32 1.02 120

5 lREF 1.28 0.82 115

6 lREF 1.27 0.68 117

7 lREF 1.27 0.58 120

8 lREF 1.28 0.51 125

9 lREF 1.30 0.45 130

10 lREF 1.32 0.41 135

Table 2.5: LNA2 - Active device matching
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Tab. 2.6 summarizes the results obtained with the better choice for the number of

parallel device M and the emitter length lE.

lE[µm] NFMIN[dB] JC[mA/µm2] ZSopt[Ω]

M=3 10 lREF 1.26 0.68 108

Table 2.6: LNA2 - Optimum sizing

The next step, as with the first topology of low noise amplifier, is to realize the

input impedance matching. It is possible to consider the equivalent reactive input

network shown in Fig. 2.29, to evaluate the input impedance of the system.

ESD

E

mLg

L
ZIN

E

  +BEC πC

  +BEC πC

L

Figure 2.29: LNA2 - Input resonant network

From the equivalent circuit illustrated in Fig. 2.29, without considering the effect of

the ESD protection inductor LESD, the two following equations have be satisfied,

to realize the input impedance matching with the source resistance RS = 50 Ω at

the operating frequency:


gmLE

CBE+Cπ
= RS

ω0LE − 1
ω0(CBE+Cπ)

= 0

This analytical system has not a mathematical solution for appropriate values of

the reactive components, so considering the specifications about the parameter S11

and the noise figure NF it is possible to set the values of CBE and LE through the

simulator. However, since the ESD protection inductor LESD has a direct influence
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on the input matching network, it is also appropriate to consider its effect in the

operation of tuning just discussed. Considering Fig. 2.29, it is possible to calculate

the input impedance as indicated in the following expression (2.26):

ZIN(s) = sLESD//

(
sLE +

1

s(CBE + Cπ)
+

gmLE
CBE + Cπ

)
(2.26)

Then, evaluating the frequency response of ZIN(s), the value of the components

of input network are set in order to obtain an input resistance of about 50Ω,

considering the single-ended model, and an imaginary part close to zero. Thus,

from simulation, CBE = 150 fF and LE = 100 pF, with a coupling capacitance of

3 pF and LESD = 1 nH. The design of the output resonant network is performed

in a similar way as discussed for the first solution of low noise amplifier presented.

Considering the effect of the same buffer discussed in the previous paragraphs

linked to the output, referring to Fig. 2.27, it is setted LP = 1 nH, CP = 80 fF and

RP = 125 Ω. The implemented circuit uses a differential topology, and the output

network is illustrated in Fig. 2.13; thus, with this architecture the resistance value

is doubled, while the value of the capacitance is halved. Finally, regarding the

linearity performance, an IIP3=−0.85 dBm is obtained.

The real and imaginary part of the input impedance, S11 and S21 parameters, the

trend of NFMIN and NF are shown in figures Fig. 2.30, Fig. 2.31, and Fig. 2.32.
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Figure 2.30: LNA2 - Input impedance
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Figure 2.31: LNA2 - S-parameters
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Figure 2.32: LNA2 - Noise performance
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Considering the implemented differential topology, at 10 GHz the real part of the

input impedance is equal to 148 Ω, while the imaginary term is 10 Ω. The param-

eter S11 has a value of −14.1 dB at 10 GHz and it is less than −10 dB in the

frequency range 8 ÷ 23 GHz. At the operating frequency, S21 = 18.6 dB, with a

bandwidth BW−3dB = 5.7 GHz. Finally, NFMIN = 1.26 dB and NF = 1.27 dB at

the operating frequency.

As discussed for the first structure of low noise amplifier, through the electro-

magnetic simulator, the inductors of the circuit are realized. The topolgy for the

ESD protection and degeneration inductors is shown in Fig. 2.33, while Fig. 2.34

illustrates the load inductors structure.
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Figure 2.33: LNA2 - ESD protection and degeneration inductors
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Figure 2.34: LNA2 - Load inductors
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As in the previous case, the finite value of the quality factor Q of inductors de-

termines the necessity to slightly modify the value of the components of the input

and output resonant networks. In particular, the emitter degeneration inductor

obtained is LE = 95 pH, so it is 190 pH considering the differential structure, and

LESD = 980 pH; also the cascode stage is simplified, using transistors with M = 1.

For the output network, LP = 1.1 nH, RP = 165 Ω, CP = 140 fF, which are re-

spectively 1.1 nH, 330 Ω, and 70 fF in the differential topology of Fig.2.13. Tab. 2.7

summarizes the features of the ESD protection inductor, differential degeneration

inductor, and load inductor designed with the electromagnetic simulator. In this

table the values of the inductance L at 10 GHz, the number of turns n, the width

w used for metal layer 6, the self resonance frequency f0, the quality factor Q, and

the required area for each inductor are reported. It is also important to remember

that the thickness of metal layer 4, 5, and 6 is fixed at 0.39 µm, 1 µm, and 2.8 µm,

respectively.

ESD protection Degeneration Load

inductor inductor inductor

L[nH] 0.980 0.190 1.110

n 3 2 2

w[µm] 5.3 4.0 5.3

f0[GHz] 37 157 32

Q 16 8 16

area[µm2] 125x90 60x60 190x130

Table 2.7: LNA2 - Inductors features

Finally, in Fig. 2.35 and Fig. 2.36 the frequency responses of the parameters S11

and S21, and of the noise figure NF and minimum noise figure NFMIN are illus-

trated. The dip of S11 at the operating frequency 10 GHz is −15.6 dB, and it is

less than −10 dB from 7.3 GHz to 18.1 GHz. The value of S21 at 10 GHz is 18.8 dB,

with a -3dB bandwidth of 5 GHz. Regarding the noise performance, NF = 1.65 dB

and NFMIN = 1.64 dB at the operating frequency. Thus, compared to the case

of ideal inductors, the noise figure is increased of 0.38 dB, but better noise results

than the previous topology of low noise amplifier discussed are achieved, because

with this structure the ESD protection is already implemented.
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Figure 2.35: LNA2 - S11 and S21 parameters
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2.10 Design summary and results

The purpose of this paragraph is to summarize the design method and the obtained

results, considering the initial target specifications, for the design of the X-band low

noise amplifier, taking into consideraton both solutions discussed in the previous

sections. In addition, the effects on the main figures of merit of a slight variations

of the circuit parameters are also evaluated, observing that the behavior of the two

low noise amplifier topologies presented is similar.

Here, it is briefly summarized the low noise amplifier design philosophy followed

to implement the structures discussed:

• Select the topology with the lowest number of transistors and passive com-

ponents, since each device will contribute noise.

• Bias the transistors at the minimum noise figure current density JCopt of the

topology to achieve the lowest value of minimum noise figure NFopt at the

operating frequency.

• Set the transistor size, emitter length lE and number of parallel devices M ,

which corresponds to the desired optimum noise impedance RSopt, that is the

source resistance value.

• Add reactive feedback to transform the real part of the input impedance to

the desired value, at the operating frequency.

• Add reactive matching network to tune out the imaginary parts of the input

impedance and optimum noise impedance XSopt.

• Add reactive matching network to tune the output at the operating frequency.

Following the design method just discussed, it is possible to achieve the results

presented in this work. Although it may be considered a completely theoretical

approach, the implementation of the system makes extensive use of the circuit

simulator, considering the behavior of the components according to their analyt-

ical model. Fig. 2.37 and Fig. 2.38 illustrate the differential circuit of the low

noise amplifiers implemented, including the ESD protection devices and the emit-

ter follower connected to the output. The biasing is realized through current mirror

circuits with mirror ratio of 1 : 10 and 1 : 5, as explained in section 2.8. Finally,

the supply voltage VDD is set to 3.3 V, while VSS = 0 V.

In Fig. 2.37 the first analyzed low noise amplifier topology, with series base in-

ductances, is illustrated, and the final values of the components are summarized

in Tab. 2.8.
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Figure 2.37: LNA1 - Schematic

LB[pH] LE[pH] RP [Ω] LP [nH] CP [fF] RO[Ω] ITAIL[mA] IBIAS[mA]

990 85 250 1.11 60 50 18 7

Table 2.8: LNA1 - Components values

As shown in Fig.2.37, for a reason of symmetry the capacitance CP is implementing

using two capacitors CP/2. In addition, while the emitter width is fixed for each

device at the minimum value to obtain the best noise performance, the emitter

length lE for each transistor is set as explain in the previous paragraphs. The

transistor Q1, Q2, Q3, and Q4 have a structure with three bases, while Q5 and

Q6 have only two bases. The input differential pair (Q1 and Q2) is composed by

M = 3 parallel devices. The ESD diodes are the smaller devices available with this

technology.

In Tab. 2.9 the results about the main figures of merit of the system are shown.
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f [GHz] S11 [dB20] S21 [dB20] NF [dB10] IIP3[dBm]

10 −19.5 18.6 1.88 −2.1

Table 2.9: LNA1 - Design results

The final value of each component is set following the design procedure described.

It is also interesting to observe how the figures of merit change modifying the design

parameters. Tab. 2.10 shows qualitatively the effect of changes in design parameters

on the main figures of merit, where the ”+” symbol implies an improvement, the ”-”

symbol indicates a worsening and the ”/” symbol means that there is no variation.

Parameter NF IIP3 S11 S21

LE ↑ - + - -

LB ↑ - - + /

RP ↑ + - / +

Table 2.10: LNA1 - Parameters variations

The schematic of the second topology of low noise amplifier implemented, without

the series base inductances, but with the ESD protection inductances, is shown in

Fig. 2.38, and the values of the components are reported in the following Tab. 2.11.

Compared to the previous design, the bias current of the core and of the emitter

follower are the same, so also the power consumption remains the same, thus it is

possible to evaluate the differences in performance of the two topologies.

Also in this case, two capacitances are used for the output resonant network, with

the goal of maintaining the symmetry of the circuit.
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Figure 2.38: LNA2 - Schematic

LESD[pH] LE[pH] RP [Ω] LP [nH] CP [fF] RO[Ω] ITAIL[mA] IBIAS[mA]

980 95 330 1.11 70 50 18 7

Table 2.11: LNA2 - Components values

As for the previous design, fixing the emitter width of each transistor at the mini-

mum value, the emitter length lE for each device of Fig. 2.38 is set for the best noise

performance. Transistors Q1, Q2, Q3, and Q4 have a structure with three bases,

while Q5 and Q6 have two bases. Only the input differential pair has a topology

with M = 3 parallel devices.

Tab. 2.12 illustrates the results regarding the main figures of merit of the low noise

amplifier obtained with this second topology. In particular, it is clear that the noise

performance is improved compared to the first low noise amplifier topology. This

is due to the fact that the base inductances are deleted and the ESD protection

devices are an integral part of the input matching network.



78 Design

f [GHz] S11 [dB20] S21 [dB20] NF [dB10] IIP3[dBm]

10 −15.6 18.8 1.65 −1.2

Table 2.12: LNA2 - Design results

In Tab. 2.13 the effects of changes in design parameters on the main figures of merit

are shown for this second structure, where the ”+” symbol implies an improvement,

the ”-” symbol indicates a worsening and the ”/” symbol means that there is no

variation, due to the increasing of the specific circuit parameter.

Parameter NF IIP3 S11 S21

LE ↑ - + - -

LESD ↑ + - + +

CBE ↑ - + + -

RP ↑ + - / +

Table 2.13: LNA2 - Parameters variations
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3 Wide-band low noise amplifier design

Wide-band low noise amplifiers are functional blocks largely used in communica-

tion systems. In general, their noise performance is lower than narrow-band low

noise amplifiers, but they allow to realize the input matching and gain on a wider

bandwidth. In addition, one of the main benefit is the area savings, because, usu-

ally, there are no inductors. The two main design approaches for this type of low

noise amplifier consist into realizing the input matching using a bandpass filter or

to implement a resistive feedback technique. Although resistive feedback is gener-

ally considered inferior as far as the noise performance is concerned, an appropriate

choice of the feedback resistor can minimize the noise contribution while realizing

the input and output matching.

Considering the large field of application of wide-band amplifiers, in this section

the purpose is to present the design of a transimpedance amplifier (TIA) using

a shunt-shunt feedback resistor. The goal is to provide a low input impedance,

ensuring also low noise and high gain. The typical topology of a transimpedance

amplifier is the shunt-shunt feedback structure shown in Fig. 2.39, where an ideal

inverting voltage amplifier is connected with a feedback resistance RF , and CIN is

the input capacitance of the stage, which determines the bandwidth of the system.

In this structure a negative feedback network senses the voltage at the output and

returns a proportional current to the input. From the analysis of Fig.2.39, it is

possible to obtain: 
ZT = VOUT

IIN
= − A

A+1
RF

1+jω
RFCIN
A+1

BW−3dB ' 1
2π

A
RFCIN

    OUTV

  INI C IN

-A

 FR

Figure 2.39: TIA - General structure
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3.1 Transimpedance amplifier analysis

A common transistor implementation of the feedback transimpedance amplifier is

shown in Fig. 2.40, where the single-ended circuit is presented. The source signal

VS and the source resistance RS are also considered. The amplifier consists of a

common emitter stage and an output buffer can be added to isolate the main stage

from the load.

OUT

C

DDV

 1Q

F

SR

SV+

R

R

V

-

Figure 2.40: TIA - Topology

Starting from the small signal model, which is illustrated in Fig. 2.41, the block

diagram shown in Fig. 2.42 is derived, where the characteristic parameters of a

feedback structure are shown: WS is the pre-processing block, AOL is the open loop

gain and β is the feedback factor. In addition, in this block diagram the currents

at the comparison node at the input are the source current IS = VS/RS (Norton

representation of the source), the feedback current IF , and the error current IE.

C rR

FSR

SV

 -

+

V! mgCIN !V!
+

!

R

R
-

Figure 2.41: TIA - Small signal model
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Figure 2.42: TIA - Block diagram

From the circuit analysis, it is possible to determine the parameters which appear

in the block diagram shown in Fig. 2.42


WS = IS

VS
= 1

RS

AOL = −gm(RC//RF )(RS//RF//rπ) ' −gm(RC//RF )(RS//RF )

β = − 1
RF

Considering these expressions, the loop gain T of the system can be determined:

T = βAOL = gm
RC//RF

RF

(RS//RF//rπ) ' gm
RS

RS +RF

(RC//RF ) (2.27)

Observing the block diagram in Fig. 2.42, it is possible to calculate the tran-

simpedance gain AF and the voltage gain AV as shown in (2.28) and (2.29):

AF =
VOUT
IS

=
AOL

1 + βAOL
=

1

β

T

1 + T
= −RF

T

1 + T
(2.28)

AV =
VOUT
VS

= WSAF = −RF

RS

T

1 + T
(2.29)

From (2.28), it is clear that if T >> 1, the transimpedance gain AF is approxi-

mately equal to −Rf and, under the same condition, AV ' −RF/RS. However,

as analyzed in the following, the desire to achieve the input matching does not

allow to obtain high loop gain. Finally, considering the small signal circuit shown
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in Fig. 2.41, it is also possible to estimate the input resistance RIN of the system,

as indicated in the following expression (2.30):

RIN '
RF +RC

1 + gmRC

(2.30)

3.2 Specification and design

The purpose is to realize a low noise amplifier in the X-band (9 ÷ 11 GHz). In

particular, the interest is to implement an inductorless topology with the aim

to save area on the chip. Firstly, we have to ensure the input matching of the

system with the condition S11 < −10 dB. Therefore, imposing the perfect matching

condition RS = RIN :

RS =
RF +RC

1 + gmRC

⇒ gmRSRC = RC +RF −RS (2.31)

Hence, considering the expression for the loop gain T presented in (2.27) and

replacing the relation (2.31):

T = gm
RS

RS +RF

RCRF

RC +RF

=
RF

RF +RS

RC +RF −RS

RC +RF

< 1 (2.32)

From the equation above, it is clear that it is not possible to realize a matching very

close to the ideal case and, at the same time, to obtain a loop gain greater than one.

However, the specification requires |S11| < −10 dB, that is 25 Ω < RIN < 97 Ω.

Thus, imposing RIN = kRS, with k = 0.5÷1.9, and evaluating again the expression

for the loop gain T :

T = gm
RS

RS +RF

RCRF

RC +RF

=
gm

RS +RF

RCRF

k(1 + gmRC)
=

gmRCRF

k(RS +RF )(1 + gmRC)
(2.33)

Then, setting the condition T > 1 with the purpose to obtain feedback benefits,

from (2.33) it is possible to determine:

k <
gmRCRF

(RS +RF )(1 + gmRC)
(2.34)
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Finally, if gmRC >> 1 is verified, the loop gain T can be approximated as indicated

in the following expression (2.35):

T =
gmRCRF

k(RS +RF )(1 + gmRC)
' RF/RS

k(RF/RS + 1)
(2.35)

Hence, considering RF/RS >> 1, it is possible to define an upper limit for the loop

gain T . In fact, from the expression (2.35):

T ' 1

k
< 2 ' 6dB (2.36)

Taking into consideration only the significant noise contributions, the shot noise

sources of the transistor Q1 and the thermal noise of the feedback resistor RF as

indicated in Fig. 2.40, the noise figure NF of the system is given by:

NF ' 1 +
rE + rB
RS

+
1

2gmRS

+
gmRS

2β0
+
RS

RF

(2.37)

In this expression, rE and rB are the intrinsic emitter and base resistances of the

transistor Q1, and β0 is its current gain. Evaluating the expression (2.37), it is clear

that the noise figure depends on the ratio RF/RS and on the transistor parameters.

From the analysis just presented, it is possible to observe that a high ratio RF/RS

improves the loop gain T , noise performance and the voltage gain of the system.

However, loop gains greater than T = 6 dB cannot be obtained, because of the

condition on the input matching. Thus, feedback benefits may be reduced, including

the linearity of the structure. Therefore, the specific target is to achieve the input

matching (S11 < −10 dB) over a frequency band greater than 10 GHz, to obtain

good linearity (IIP3>−5 dBm) and noise performance, not expecting for a high

value of gain. The following figures represent the discussed procedure in a graphical

way. From Fig. 2.43 it is possible to set the parameter k to obtain a certain value of

S11, considering that high values of k for a good matching determine lower values

of the loop gain T . Thus, the determination of the ratio RF/RS for gain or noise

performance of the structure sets the loop gain T of the system, as shown in Fig.

2.44. Finally, in Fig. 2.45 the gain AV is plotted as a function of RF/RS for different

values of loop gain T . However, it is important to remember that this methodology

is based on the assumption that the condition ICRC >> VT is verified, which leads

to an increase in power consumption.
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Figure 2.45: TIA - Gain design step

Tab. 2.14, shows the values chosen for the design parameters, set in accordance

with the explained analysis.

gm[mS] RC [Ω] RF [Ω]

150 100 400

Table 2.14: TIA - Design values

As analyzed, with the values indicated in the above table, the parameters which

characterize the feedback system become:

|AOL| = 525.5 ' 54.4dB

T = 1.31 ' 2.37dB

|AV | = 4.54 ' 13.1dB

RIN = 30.9Ω

The single-ended circuit of the amplifier considered is shown in Fig. 2.46, where

a buffer is connected to the output of the transimpedance stage throught a ca-

pacitive coupling (CAC = 3pF ), with the purpose to avoid loading effects due to
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the following stages. In this scheme, RO = 50 Ω has the task of setting the output

resistance of the system. The bias currents of the two branches, IBIAS1 and IBIAS2,

are obtained by current mirrors, as discussed in section 2.8.

 2
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 BIAS2 BIAS1I

O OUT

C

DDV

 1Q

F
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SV+

R

R

V

Q

DDV

R

I
-

Figure 2.46: TIA - Single-ended circuit

Considerations about the value of RF , and the compromise between input mat-

ching, loop gain and noise figure have been already presented. In addition, it is

possible to use transistors with the smaller emitter width and adopting small va-

lues for the emitter length lE, to minimize the parasitic capacitance. However, the

effect of this choice on the noise figure NF of the amplifier has to be considered.

Also the sizing of the transistors of the emitter follower is important, because it

introduces a capacitance in the feedback loop, reducing the value of the loop gain

at high frequency and worsening the overall system performance. So, the use of the

simulator is very useful from this point of view, and it allow to set the transistors

emitter length of the transimpedance stage and of the emitter follower.

The following figure, Fig. 2.47, Fig. 2.48, Fig. 2.49, and Fig. 2.50 illustrate, re-

spectively, the results obtained for the magnitude and phase of the loop gain, the

input impedance, the S-parameters S11 and S21 and the noise figure NF of the

single-ended circuit.
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Figure 2.49: TIA - Input impedance single-ended circuit

10−1 100 101 102
−15

−10

−5

0

5

10

15

f [GHz]

S1
1 

[d
B]

, S
21

[d
B]

, N
F[

dB
]

 

 
S11
S21
NF

Figure 2.50: TIA - S-parameters and noise figure single-ended circuit
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From Fig. 2.47 and Fig. 2.48, it is possible to observe a phase margin PM ' 120◦,

which ensures the stability of the system. The results of simulations related to the

input impedance, the S-parameters and noise figure reflect the expected theoretical

values, at least at low frequencies. In particular, a small value for the reactance

Xin in the bandwidth 0 ÷ 10 GHz is observed, so Zin = Rin + jXin is dominated

by the value of Rin. Considering Fig. 2.50, S11 remains less than −10 dB in the

range 300 MHz÷ 17 GHz with a minimum value of −13.2 dB, the noise figure NF

is approximately constant and equal to 2.1 dB in this band, and the S21 = 12.8 dB,

with BW−3dB ' 20 GHz. Finally, IIP3=−3.2 dBm is achieved.

The same system is implemented with a differential topology, and the results of the

simulation of this circuit are presented below. In particular in Fig. 2.51 the input

impedance is plotted, Fig. 2.52 shows the S-parameters S11, S21 and the noise

figure NF . In the frequency range 1÷ 10 GHz the input impedance of the system

is approximately resistive, with a value between 75 Ω and 80 Ω. This results in

S11 < −15 dB in the band 300 MHz÷ 20 GHz, while the condition S11 = −10 dB

is verified at 30 GHz. For the noise figure, the same value of the single ended

simulation is obtained, NF = 2.1 dB in the band of interest, while S21 = 12.1 dB

with BW−3dB ' 16.5 GHz. In this case, IIP3=−2.7 dBm is obtained.
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Figure 2.51: TIA - Input impedance differential circuit
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Figure 2.52: TIA - S-parameters and noise figure differential circuit

3.3 On-chip ac coupling implementation

The analyzed system requires to add external coupling capacitances to the chip,

with the purpose to remove any dc components from the signal source. However,

it may be more convenient for the user if the chip has already internal coupling

capacitances. Therefore, with the inclusion of internal coupling capacitances to

the chip, the input impedance presents an imaginary part which is not negligi-

ble. There would be the possibility to insert a series inductance to resonate the

LC input network, but an inductorless solution is the target of this design. This

solution increases the NF of the system, but a good compromise can be realized

considering the advantage of having on-chip coupling. Thus, setting CACin = 3 pF,

the optimization of the parameters leads to consider a slight modification of the

emitter length for the transistors, have a slight increase of the bias current resulting

in gm = 170 mS, while it is possible to keep the value RC = 100 Ω and RF = 400 Ω.

The input impedance, S11, S21, and the noise figure are illustrated in Fig. 2.53

and Fig. 2.54. The real part of the input impedance is maintained close to 62 Ω

up to 10 GHz, while the imaginary part becomes negligible only around this fre-

quency. The S11 is less than −10 dB in the band 2.4÷22 GHz and S11=−16.88 dB

at 10 GHz. The noise figure is increased compared to the previous case, reaching a

value of 2.6 dB, while S21 = 12.25 dB is obtained. Finally, IIP3=0.37 dBm.



2.3.3 On-chip ac coupling implementation 91

10−1 100 101 102
−400

−300

−200

−100

0

100

200

f [GHz]

R in[Ω
], 

X in[Ω
]

 

 
Rin
Xin

Figure 2.53: TIA - Input impedance with ac coupling
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Figure 2.54: TIA - S-parameters and noise figure with ac coupling
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3.4 ESD protection

The need to implement an ESD protection system, leads to consider a circuit

based on diodes, whose basic version and its operation has been presented in the

previous paragraphs. The designed amplifier exibits coupling capacitance, and the

ESD protection circuit used is shown in Fig. 2.55, where series diodes limit the

parasitic capacitance added on the input nodes. The effects of the on-chip pads are

also considered.

Transimpedance
Low
Noise
Amplifier

Input Pad n

Input Pad p

SSV SSV

Figure 2.55: TIA - ESD protection

The introduction of the pads, ESD protection system and the ac coupling affects the

performance of the amplifier. The input impedance of the system is shown in Fig.

2.56. From this plot, we can observe that the imaginary part of the input impedance

cannot be neglected, while the real part is approximately equal to 60 Ω. In addition,

from Fig. 2.57, it is possible to observe the bandwidth within which the input

matching is guaranteed (S11 < −10 dB): it becomes about 11 GHz (2.8÷ 14 GHz),

less than the case without the ESD protection and pads, where the same bandwidth

was about 20 GHz. The reason is the increased capacitance at the input nodes of

the amplifier. However, at 10 GHz, S11 = −12.3 dB, complying with the initial

specification. The noise figure and S21 in the bandwidth of interest are 2.7 dB and

12.1 dB, respectively. Since the system is changed compared to the first solution,

the magnitude and the phase of the loop gain are plotted in Fig. 2.58 and Fig.

2.59. It is possible to observe a value for |T | less than 2 dB in the band of interest

and a phase margin PM ' 140◦. Finally, the designed transimpedance amplifier is

characterized by IIP3=0.38 dBm.
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Figure 2.56: TIA - Input impedance with ESD protection
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Figure 2.57: TIA - S-parameters and noise figure with ESD protection
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Figure 2.58: TIA - Final loop gain magnitude

100 101 102
−60

−50

−40

−30

−20

−10

0

10

f [GHz]

Ph
as

eT
[d

eg
]

 

 
phase T

phaseT=−39deg
f=21GHz

Figure 2.59: TIA - Final loop gain phase
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3.5 Design summary and results

In this paragraph, a summary of the design parameters of the discussed wide-band

amplifier is presented. In Fig. 2.60, the differential topology of the amplifier with

the ESD protection system is illustrated. The biasing is obtained by current mirrors

with mirror ratio 1:10, and it is set IBIAS1 = 15 mA and IBIAS2 = 7.5 mA. Thus, the

transimpedance stage and the emitter follower require 50 mW each, form a supply

voltage of 3.3 V. As analyzed, the emitter width is fixed for all transistors to the

minimum value, while the length of the emitters is setted with the same value for

both the signal transistors and the emitter follower transistors. Compared with

the analysis presented in the previous sections, in Fig. 2.60 a resistance REF is

inserted to prevent high frequency oscillations. The values of the parameters are

summarized in Tab. 2.15.
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C R
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 1Q
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OR V

Q
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OUTn

OUTpV

V

SSV SSV SSV SSV

 BIAS2I

SSV

Figure 2.60: TIA - Schematic

gm1,2[mS] RC [Ω] RF [Ω] CACin[pF] CAC [pF] REF [Ω] RO[Ω]

170 100 400 3 3 50 50

Table 2.15: TIA - Components values

The performance of the designed wide-band transimpedance amplifier is shown in

Tab. 2.16.
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f [GHz] S11 [dB20] S21 [dB20] NF [dB10] IIP3[dBm]

2.8÷ 14 −12.5 12.1 2.7 0.38

Table 2.16: TIA - Design results

The design of a broad-band amplifier leads to an extension of the input matching on

a bandwidth of about 11 GHz, but also to a reduction of the gain of the amplifier.

Furthermore, comparing the results with the narrow-band low noise amplifiers

described, an increase of the noise figure is observed. However, it is an inductorless

solution, which determines a reduction of the required area on the chip.

Focusing on the performance of the amplifier in the X-band, considering the range

9 ÷ 11 GHz, the main figures of merit are reported in Tab. 2.17. In particular, at

10 GHz, S11 = −12.1 dB, S21 = 11.3 dB, and NF = 3.1 dB.

f [GHz] S11 [dB20] S21 [dB20] NF [dB10]

9÷ 11 < −11.8 > 11.1 < 3.3

Table 2.17: TIA - X-band design results



Chapter 3

Layout

1 General rules

In the field of radio frequency design, the layout realization is a fundamental pro-

cess. In fact, at the operating frequency, the parasitic elements play an important

role, and their reduction is the fundamental target in this design phase. Three

different kinds of parasitics may be considered at high operating frequency in the

circuits analized in chapter 2. They are the resistive, inductive, and coupling ca-

pacitance contributions of the interconnections at the layout level. Then, a careful

layout should be realized occupying the least possible area, making the connections

between devices simple, and adopting a symmetrical solution.

In the low noise ampifiers with inductive degeneration, the realization of the in-

ductors is the most important layout step, and it has already discussed in the

section 2.6. Moreover, the cascode stage has to be close to the resonant output

network to minimize the resistive component of the connection which may degrade

the quality factor of the tank. In addition, in the emitter follower circuit, the collec-

tors of the signal transistors have to be close to each other, minimizing the added

inductive contribution and avoiding possible oscillations of the structure. Similar

consideration apply for the transimpedance amplifier designed. In particular, in

this structure the connection from the signal transistors to the load resistances

determines an inductive contribution, that results in a peaking effect. Once real-

ized the layout, and extracted the parasitics from the circuit with the simulator,

it is possible to insert all the parasitic in the schematic and to proceed with the

resimulation of the system performance. A new evaluation of the layout may be

necessary if the parasitics affect too much the specification. Finally, it is strongly

recommended to bring the VSS metal layer evenly across the chip.
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2 Layout views

2.1 Narrow-band LNA1
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Degeneration     
inductor

follower
bias
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Emitter
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Active
area

RF out
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Figure 3.1: LNA1 - Layout view (930 µm× 930 µm)

Fig. 3.1 illustrates the layout of the first topology of narrow-band low noise ampli-

fier discussed. A top level view is considered, including also the on-chip pads and

the grid capacitances connected between the metal layer 1 (VDD) and the metal

layer 2 (VSS). In addition, a signal for the activation of the emitter follower and

one for the low noise amplifier stage are also implemented. Finally, a transmission

line is adopted to connect the emitter follower to the output pads.
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2.2 Narrow-band LNA2

RF in

RF in
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Load inductorActive
area

LNA bias

Emitter 
follower

bias
Grid cap

Grid cap

Grid cap

Emitter
follower

Figure 3.2: LNA2 - Layout view (930 µm× 930 µm)

The layout of the second topology of the inductive degeneration low noise amplifier

designed is shown in Fig. 3.2. The on-chip pads, grid capacitances, and the bias

signal for the amplifier stage and for the emitter follower are presented, as for the

previous layout view. Compared to Fig. 3.1, in this case the ESD diodes at the

input of the structure are not implemented. Also in this case, a transmission line

connects the emitter follower to the output pads.
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2.3 Wide-band LNA
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Emitter 
follower

bias

Emitter
follower

Feedback
resistors

Active
area

LNA bias

Figure 3.3: TIA - Layout view (672 µm× 672 µm)

Finally, the top level layout view of the designed transimpedance low noise amplifier

is presented in Fig. 3.3. Compared to the layout of the two inductive degeneration

amplifiers, it is a more compact solution, where the ac capacitances and the buffer

coupling capacitances are the components which require the largest amount of

area. Also in this case, the bias signal for the amplifier stage and for the emitter

follower, the on-chip pads, the ESD diodes, and grid capacitances are illustrated.

Two transmission lines are used to connect the on-chip pads to the input and

output of the system.



Chapter 4

Results

In this chapter, a list of the simulation results obtained for the three topologies of

designed low noise amplifier is reported. The goal is to illustrate an overview that

summarizes the characteristics of the considered circuits, analyzing them one at a

time. The presented results refer to simulations; however, they take into account

the post-layout parasitic extraction.

The frequency trend of the S-parameters, the value of the S-parameters at the

operating frequency 10 GHz, the noise figure, the value of the noise figure at 10 GHz,

and the IIP3 are plotted considering a temperature range 25÷85 ◦C and a variation

±5% of the supply voltage, assuming a possible variation of VDD in the range

3.135÷ 3.465 V.

Monte Carlo simulations are also analyzed, and the effects of mismatch and process

variation of the S-parameters and the noise figure at the operating frequency and

the IIP3 are plotted.

In addition, the stability of the amplifiers is verified plotting the parameters Kf

and b1f , as already discussed in the section related to the analysis of the stability

through these two coefficients.

Finally, for the wide-band low noise amplifier, the variation of the main figures of

merit is considered compared to the variation of the feedback resistor value, being

able to assess the effect of this resistance on the characteristics of the feedback

system.
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1 Narrow-band LNA1

1.1 Temperature and supply voltage sensibility
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Figure 4.1: LNA1 - S11/Temp
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Figure 4.2: LNA1 - S11/VDD
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Figure 4.3: LNA1 - S1110GHz/Temp
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Figure 4.4: LNA1 - S1110GHz/VDD

From Fig. 4.1 and Fig. 4.2, it is possible to observe that a temperature increase

degrades the minimum value of S11, while the supply voltage increase determines

its improvement. For both the cases, a S11 variation of about 3 dB is determined.

Finally, Fig. 4.3 and Fig. 4.4 show the trend of the value of S11 at 10 GHz consi-

dering a temperature and supply voltage variation, respectively.
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Figure 4.5: LNA1 - S21/Temp
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Figure 4.6: LNA1 - S21/VDD
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Figure 4.7: LNA1 - S2110GHz/Temp
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Figure 4.8: LNA1 - S2110GHz/VDD

Fig. 4.5 and Fig. 4.6 show the parameter S21 as a function of the temperature and

supply voltage variations, respectively. It is possible to observe that a temperature

and supply voltage increase determines different trends of this parameter. In par-

ticular, the S21 value at the operating frequency 10 GHz is shown in Fig. 4.7 and

Fig. 4.8. These S21 variations are approximately 1 dB considering the temperature

variations and 0.5 dB for the VDD variations.
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Figure 4.9: LNA1 - S12/Temp
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Figure 4.10: LNA1 - S12/VDD
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Figure 4.11: LNA1 - S1210GHz/Temp
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Figure 4.12: LNA1 - S1210GHz/VDD

In Fig. 4.9 and Fig. 4.10, the reader can observe the frequency trend of the inverse

transmission coefficient S12, considering temperature and supply voltage varia-

tions. It is obtained a value S12 ' −90 dB and the reported variations are not so

relevant. The trends of the value S12 at the operating frequency 10 GHz are shown

in Fig. 4.11 and Fig. 4.12, for temperature and supply voltage variations.
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Figure 4.13: LNA1 - S22/Temp
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Figure 4.14: LNA1 - S22/VDD
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Figure 4.15: LNA1 - S2210GHz/Temp
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Figure 4.16: LNA1 - S2210GHz/VDD

From the simulation, S22 ' −21 dB and the results of temperature and supply

voltage variations are plotted in Fig. 4.13 and Fig. 4.14. The S22 value at the

operating frequency 10 GHz is shown in Fig. 4.15 and Fig. 4.16. It is possible to

note that the considered parameter variations have different effects on the reflection

coefficient S22 at the output.
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Figure 4.17: LNA1 - NF/Temp
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Figure 4.18: LNA1 - NF/VDD
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Figure 4.19: LNA1 - NF10GHz/Temp
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Figure 4.20: LNA1 - NF10GHz/VDD

Fig. 4.17 and Fig. 4.18 illustrate the trend of the noise figure of the circuit, con-

sidering temperature and supply voltage variations. The temperature increase de-

termines a higher value of noise figure NF , while if VDD increases a slightly lower

value of noise figure is obtained. In addition, Fig. 4.19 and Fig. 4.20 show the

NFMIN and NF values at the operating frequency 10 GHz. It is clear that the

temperature plays a dominant role with respect to the noise performance of the

circuit.
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Figure 4.21: LNA1 - IIP3/Temp
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Figure 4.22: LNA1 - IIP3/VDD

Finally, from Fig. 4.21 and Fig. 4.22, it is possible to observe the increase of IIP3

with temperature and supply voltage increase.

1.2 Monte Carlo analysis
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Figure 4.23: LNA1 - S11 MC simulation
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Figure 4.24: LNA1 - S21 MC simulation
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Figure 4.25: LNA1 - S12 MC simulation
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Figure 4.26: LNA1 - S22 MC simulation
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Figure 4.27: LNA1 - NF MC simulation
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Figure 4.28: LNA1 - IIP3 MC simulation

Fig. 4.23-4.28 illustrate the results of the Monte Carlo analysis for the S-parameters

(Fig. 4.23-4.26), noise figure (Fig. 4.27), and the parameter IIP3 (Fig. 4.28) at

10 GHz. A random sampling method with 400 points is considered for this kind of

analysis.
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1.3 Stability
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Figure 4.29: LNA1 - Kf factor
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Figure 4.30: LNA1 - b1f factor

Finally, for the first topology of narrow-band low noise amplifier designed, Fig. 4.29

and Fig. 4.30 illustrate the trends of the parameters Kf and b1f in the frequency

range 0÷150 GHz. From these plots, it is possible to observe that the Kf parameter

is always greater than 1 and b1f is greater than 0, proving the stability of the

discussed low noise amplifier.
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2 Narrow-band LNA2

2.1 Temperature and supply voltage sensibility
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Figure 4.31: LNA2 - S11/Temp
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Figure 4.32: LNA2 - S11/VDD
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Figure 4.33: LNA2 - S1110GHz/Temp
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Figure 4.34: LNA2 - S1110GHz/VDD

Fig. 4.31 and Fig. 4.32 show the trend of S11 considering temperature and supply

voltage variations. Compared to the case of the first designed low noise amplifier,

it is possible to observe that a temperature increase moves the minimum of S11

at higher frequencies, while the VDD increase determines its improvement and a

slight increase of the frequency of the dip. However, these variations are not so

relevant. Fig. 4.33 and Fig. 4.34 illustrate the value of S11 at 10 GHz considering a

temperature and supply voltage variation, respectively. At the operating frequency,

it is interesting to observe a minimum of S11 at the temperature of 57 ◦C.
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Figure 4.35: LNA2 - S21/Temp
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Figure 4.36: LNA2 - S21/VDD

20 30 40 50 60 70 80 90
17.6

17.8

18

18.2

18.4

18.6

18.8

19

Temperature [°C]

S2
1−

10
G

Hz
 [d

B]

 

 
S21−10GHz

Figure 4.37: LNA2 - S2110GHz/Temp
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Figure 4.38: LNA2 - S2110GHz/VDD

As analyzed for the first proposed low noise amplifier, Fig. 4.35 and Fig. 4.36

illustrate the frequency trend of the S21 parameter considering the temperature

and supply voltage variation. Also in this case, a temperature increase determines

lower values of S21, while a supply voltage increase involves greater S21 values. Fig.

4.37 and Fig. 4.38 show the S21 parmeter at 10 GHz considering the temperature

and supply voltage variations.
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Figure 4.39: LNA2 - S12/Temp
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Figure 4.40: LNA2 - S12/VDD
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Figure 4.41: LNA2 - S1210GHz/Temp
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Figure 4.42: LNA2 - S1210GHz/VDD

Fig. 4.39 and Fig. 4.40 show the inverse transmission coefficient S12 considering

temperature and supply voltage variations. The values obtained are very similar

to the results in the previous case, with a S12 value between −95 dB and −85 dB.

The variations of the value of S12 at 10 GHz are shown in Fig. 4.41 and Fig. 4.42.
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Figure 4.43: LNA2 - S22/Temp
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Figure 4.44: LNA2 - S22/VDD
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Figure 4.45: LNA2 - S2210GHz/Temp
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Figure 4.46: LNA2 - S2210GHz/VDD

The results obtained for the S22 parameter are plotted in Fig. 4.43 and Fig. 4.44.

The S22 value at the 10 GHz operating frequency is shown in Fig. 4.45 and Fig.

4.46. The results show a value between −22 dB and −18 dB considering tempera-

ture and supply voltage variations.
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Figure 4.47: LNA2 - NF/Temp
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Figure 4.48: LNA2 - NF/VDD

20 30 40 50 60 70 80 90
1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

Temperature [°C]

NF
−1

0G
Hz

 [d
B]

, N
F M

IN
−1

0G
Hz

 [d
B]

 

 
NF−10GHz
NFMIN−10GHz

Figure 4.49: LNA2 - NF10GHz/Temp

3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.5
1.62

1.63

1.64

1.65

1.66

1.67

1.68

VDD [V]

NF
−1

0G
Hz

 [d
B]

, N
F M

IN
−1

0G
Hz

 [d
B]

 

 
NF−10GHz
NFMIN−10GHz

Figure 4.50: LNA2 - NF10GHz/VDD

The trend of the noise figure of the low noise amplifier is illustrated in Fig. 4.47

and Fig. 4.48, considering temperature and supply voltage variations. While the

temperature increase determines an higher value of NF , if VDD increases a slightly

lower value of NF is obtained. The temperature is the dominant factor as in the

previous case. Finally, Fig. 4.49 and Fig. 4.50 show the NFMIN and NF values at

the operating frequency.
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Figure 4.51: LNA2 - IIP3/Temp
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Figure 4.52: LNA2 - IIP3/VDD

Fig. 4.51 and Fig. 4.52 illustrate the growth of the IIP3 parameter with the tem-

perature and supply voltage increase.

2.2 Monte Carlo simulation
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Figure 4.53: LNA2 - S11 MC simulation
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Figure 4.54: LNA2 - S21 MC simulation
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Figure 4.55: LNA2 - S12 MC simulation
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Figure 4.56: LNA2 - S22 MC simulation

1.55 1.6 1.65 1.7 1.75
0

20

40

60

80

100

120

NF−10GHz [dB]

O
cc

ur
en

ce
s

Figure 4.57: LNA2 - NF MC simulation

−1.8 −1.6 −1.4 −1.2 −1 −0.8
0

10

20

30

40

50

60

70

80

90

100

IIP3 [dBm]

O
cc

ur
en

ce
s

Figure 4.58: LNA2 - IIP3 MC simulation

Fig. 4.53, Fig. 4.54, Fig. 4.55, and Fig. 4.56 show the Monte Carlo analysis results

for the S-parameters at 10 GHz, while the noise figure and IIP3 results of the

same analysis are illustrated in Fig. 4.57 and Fig. 4.58, respectively. As for the

first proposed solution of low noise amplifier, a random sampling method with 400

points is considered.
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Figure 4.59: LNA2 - Kf factor
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Figure 4.60: LNA2 - b1f factor

The trends of the parameters Kf and b1f are illustrated in Fig. 4.59 and Fig. 4.60,

considering the frequency range 0÷ 150 GHz. The reader can observe how the Kf

parameter is always greater than 1 and b1f is greater than 0, proving the stability

of this second topology of low noise amplifier proposed.



118 Results

3 Wide-band LNA

3.1 Temperature and supply voltage sensibility
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Figure 4.61: TIA - S11/Temp
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Figure 4.62: TIA - S11/VDD
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Figure 4.63: TIA - S1110GHz/Temp
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Figure 4.64: TIA - S1110GHz/VDD

From Fig. 4.61 and Fig. 4.62, it is possible to observe the S11 trend, considering

temperature and supply voltage variations. Compared to the case of the induc-

tive degeneration low noise amplifiers, with this solution a larger input matching

bandwidth is obtained. Considering the value of S11 at 10 GHz, temperature and

supply voltage increases determine a slight reduction of the matching performance,

as shown in Fig. 4.63 and Fig. 4.64.
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Figure 4.65: TIA - S21/Temp
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Figure 4.66: TIA - S21/VDD
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Figure 4.67: TIA - S2110GHz/Temp
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Figure 4.68: TIA - S2110GHz/VDD

Fig. 4.65 and Fig. 4.66 illustrate the frequency trend of the S21 parameter for the

temperature and supply voltage variation. Considering Fig. 4.67 and Fig. 4.68, it

is possible to evaluate the S21 parmeter at 10 GHz. Although the S21 variation is

limited, the effect of temperature and supply voltage alteration is different from

each other.
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Figure 4.69: TIA - S12/Temp
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Figure 4.70: TIA - S12/VDD
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Figure 4.71: TIA - S1210GHz/Temp
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Figure 4.72: TIA - S1210GHz/VDD

Fig. 4.69 and Fig. 4.70 show the frequency trend of the inverse transmission coef-

ficient S12, considering temperature and supply voltage variations. The value ob-

tained is approximately −43 dB, less than the previous analyzed cases of narrow-

band low noise amplifiers. The variations of the value of S12 at 10 GHz are shown

in Fig. 4.71 and Fig. 4.72.
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Figure 4.73: TIA - S22/Temp
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Figure 4.74: TIA - S22/VDD
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Figure 4.75: TIA - S2210GHz/Temp
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Figure 4.76: TIA - S2210GHz/VDD

The value of the S22 parameter obtained from the simulation is approximately

−30 dB. Considering temperature and supply voltage variations, the results are

plotted in Fig. 4.73 and Fig. 4.74. The S22 value at the operating frequency 10 GHz

is shown in Fig. 4.75 and Fig. 4.76. It is possible to note that the temperature and

supply voltage increases have different effects on the coefficient S22.
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Figure 4.77: TIA - NF/Temp
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Figure 4.78: TIA - NF/VDD
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Figure 4.79: TIA - NF10GHz/Temp
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Figure 4.80: TIA - NF10GHz/VDD

The noise figure of the transimpedance amplifier is illustrated in Fig. 4.77 and Fig.

4.78, for the temperature and supply voltage variations. While the temperature

increase determines an higher value of NF , as in the previous analyzed cases, a

variation of VDD has not a relevant effect on the noise figure. Fig. 4.79 and Fig.

4.80 show the NFMIN and NF values at the operating frequency 10 GHz.
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Figure 4.81: TIA - IIP3/Temp
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Figure 4.82: TIA - IIP3/VDD

Fig. 4.81 and Fig. 4.82 show the dependence of the IIP3 parameter on the tempe-

rature and supply voltage values.

3.2 Monte Carlo simulation
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Figure 4.83: TIA - S11 MC simulation
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Figure 4.84: TIA - S21 MC simulation
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Figure 4.85: TIA - S12 MC simulation
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Figure 4.86: TIA - S22 MC simulation
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Figure 4.87: TIA - NF MC simulation
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Figure 4.88: TIA - IIP3 MC simulation

Considering Fig. 4.83, Fig. 4.84, Fig. 4.85, Fig. 4.86, Fig. 4.87, and Fig. 4.88, it is

possible to observe the results of the Monte Carlo analysis for the S-parameters, the

noise figure, and the IIP3 parameter at 10 GHz. It is considered a random sampling

method with 400 points, as for the previous low noise amplifiers discussed.
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Figure 4.89: TIA - Kf factor
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Figure 4.90: TIA - b1f factor

Concerning the stability of the transimpedance amplifier, the parameter Kf and b1f

are shown in Fig. 4.89 and Fig. 4.90, considering the frequency range 0÷ 150 GHz.

From these plots, the Kf parameter is always greater than 1 and b1f is greater

than 0, ensuring the stability of the wide-band low noise amplifier discussed.

3.4 Feedback resistor RF variations
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Figure 4.91: TIA - S11/RF
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Figure 4.92: TIA - S21/RF
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Figure 4.93: TIA - S12/RF
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Figure 4.94: TIA - S22/RF
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Figure 4.95: TIA - NF/RF
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Figure 4.96: TIA - IIP3/RF

In Fig. 4.91, Fig. 4.92, Fig. 4.93, Fig. 4.94, Fig. 4.95, and Fig. 4.96, it is possible to

observe the effects of theRF values on the S-parameters, noise figure and linearity of

the designed transimpedance amplifier; in particular, increasing RF , higher values

of S21 and an improvement of noise performance are obtained, while the IIP3

parameter decreases as result of the decrement of the loop gain of the feedback

system.



Chapter 5

Summary

This work has discussed the design of X-band low noise amplifiers for phased array

radar systems. In the introduction chapter, the specifications have been discussed

and the applications of this kind of amplifier are described, analyzing specifically

the functional blocks of a transceiver module used for phased array radar system.

An evaluation of the existing literature about the low noise amplifiers is also pre-

sented, together with the discussion of the SiGe technology and of the figures of

merit to take into consideration. After that, the design of two narrow-band low

noise amplifiers with inductive degeneration and a wide-band low noise amplifier

is analyzed in detail. For the first two solutions, the noise analysis is discussed by

an analytical point of view, and the classical approach which considers the current

density and size of the devices to maximize the noise performance is described,

evaluating also the inductors design and the effect of the ESD protection system.

In particular, the first inductive degeneration topology is implemented with series

base inductors, which degrade the noise figure of the amplifier. For this reason, the

second low noise amplifier topology is proposed, removing these series inductors

and implementing a different ESD protection. Tab. 5.1 summarizes the features of

the two analyzed low noise amplifiers (LNA1 and LNA2), comparing them with

other solutions proposed in the literature. In particular, the first half of the table

reports the results for low noise amplifiers with a central frequency of 10 GHz, while

the second one illustrates the results of proposed structures tuned at different fre-

quencies. Generally, the cited references do not explain if the amplifiers discussed

have an ESD protection and the emitter follower connected to the output, fea-

tures presented by the solutions proposed in this work. Evaluating this table, it is

possible to note that the single-ended (SE) topology can be implemented rather

than using a differential (Diff) structure, considering also the single-ended output
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of the antenna that precedes the low noise amplifier. While the results obtained

for the gain, noise figure, and IIP3 are in accordance with the reported results

in Tab. 5.1, the power consumption is slightly more than twice of that one of a

single-ended structure at same frequency and realized with the same technology.

This happens beacause the design has been implemented trying to get the best

noise performance with this technology, not having a specification about the power

consumption. However, halving the bias current the noise figure increases of about

0.2 dB, remaining in line with the results presented and obtaining an excellent

power consumption. In addition, it would be possible to increase the gain of the

proposed solutions, improving also the noise performance, but it is deliberately

limited to avoid undesidered oscillations. Finally, the chip size is reported, where

”*” means that the area including pads is considered.

Parameter LNA1 LNA2 [29] [30] [31] [32]

Tech SiGe SiGe SiGe SiGe CMOS SiGe

Topology Diff Diff SE SE SE SE

f[GHz] 10.0 10.0 10.0 10.0 10.0 10.0

Gain[dB] 18.6 18.8 22.0 19.5 15.8 24.2

NF[dB] 1.88 1.65 1.65 1.36 2.40 1.68

IIP3[dBm] -2.1 -1.2 -8.0 0.8 -8.9 -6.7

Vsupply[V] 3.3 3.3 2.2 2.5 1.8 1.8

Pdiss[mW] 60.0 60.0 22.0 15.0 18.9 33.6

Size[µmxµm] 420x380 420x380 620x820 730x720* / 2480x1380*

Year 2014 2014 2012 2006 2006 2005

Parameter [33] [34] [35] [36] [37] [38]

Tech CMOS CMOS SiGe CMOS SiGe SiGe

Topology Diff Diff Diff Diff SE Diff

f[GHz] 2.0 2.2 2.5 5.8 10.5 24.0

Gain[dB] 23.0 10.0 29.0 12.0 26.3 12.0

NF[dB] 2.85 1.87 1.32 1.7 2 3.1

IIP3[dBm] -18.0 -2.1 -0.2 4.0 7.0 -1.8

Vsupply[V] 1.8 1.8 3.0 1.4 3.6 3.3

Pdiss[mW] 16.2 16.0 11.0 19.6 26.6 41.0

Size[µmxµm] / 850x850 / 1200x1500* 450x550* 550x590*

Year 2013 2008 2009 2006 2000 2009

Table 5.1: Narrow-band low noise amplifiers comparison
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Tab. 5.2 summarizes the results obtained for the proposed transimpedance am-

plifier (TIA) and it presents a literature performance overview with regards to

wide-band amplifiers. Also in this case, in these references is not always so clear if

the discussed solutions have an ESD protection and the emitter follower connected

to the output. The proposed solution has an operating bandwidth comparable with

[51], and larger than the other results listed below. Hence, the wider bandwidth

and the technology used justify their higher power consumption, remembering that

in [51] a single-ended (SE) solution is discussed. The CMOS solutions considered

in this table present single-ended or differential topologies, and they exhibit a very

low power consumption, even if [44] and [45] do not report the linearity results. The

gain and the noise figure of this work are comparable with the references. Finally,

the active area of the chip is reported, and ”*” means that pads are included.

Parameter TIA [44] [45] [46] [47]

Tech SiGe CMOS SiGe CMOS SiGe

Topology Diff Diff SE SE SE

f[GHz] 2.8÷14 4÷6 3.1÷10.6 2÷11 2÷10

Gain[dB] 12.1 17 14.2 12 13

NF[dB] 2.7÷3.3 <2.25 2.8÷3.8 5.5÷6 2.6÷3.3

IIP3[dBm] 0.38 / / -4 -7.5

Vsupply[[V] 3.3 0.85 1.5 1.2 1.8

Pdiss[mW] 50 12.1 5.4 17 9.6

Size[µmxµm] 300x150 970x840* 1380x970* 870x800* /

Year 2014 2011 2007 2006 2005

Parameter [48] [49] [50] [51]

Tech CMOS CMOS CMOS SiGe

Topology SE SE Diff SE

f[GHz] 1.2÷11.9 2÷4.6 2.4÷6 2÷15

Gain[dB] 9.7 9.8 17.0 12.0

NF[dB] 4.5÷5.1 2.3÷4.0 2.4÷6.0 2.8÷4.0

IIP3[dBm] -6.2 -7.0 -13 1.9

Vsupply[V] 1.8 1.8 1.8 3.3

Pdiss[mW] 20.0 12.6 40.0 24

Size[µmxµm] 900x650* / 1090x1040* 550x450

Year 2005 2005 2005 2001

Table 5.2: Wide-band low noise amplifiers comparison
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It is important to highlight that the results of this work are obtained by simulation.

All the low noise amplifiers presented in this work will be produced as test-chip and

they will be measured. If the specifications are fulfilled, especially for the second

discussed narrow-band solution, the amplifier will be integrated in a phased array

radar transceiver module.

Finally, the performance of the designed low noise amplifiers are summarized in

Tab. 5.3.

Parameter LNA1 LNA2 TIA

Tech SiGe SiGe SiGe

Topology Diff Diff Diff

f[GHz] 10.0 10.0 2.8÷14

Gain[dB] 18.6 18.8 12.1

NF[dB] 1.88 1.65 2.7

IIP3[dBm] -2.1 -1.2 0.38

Vsupply[V] 3.3 3.3 3.3

Pdiss[mW] 60.0 60.0 50

Size[µmxµm] 420x380 420x380 300x150

Table 5.3: Performance of the designed low noise amplifiers
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