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ABSTRACT 

 

 To support the WiMAX infrastructure development in Indonesiaa dual-

band 2.3/3.3 GHz low noise amplifier (LNA) is designed and analyzed.  The LNA 

is designed by combining the inductive source degeneration architecture and the 

proposed switchable inductor for controlling gain. The chipis implemented by 

TSMC 0.18-μm CMOS technology. 

 First of all, the mathematical analysis of the proposed LNA architecture is 

conducted.  It includesinput-impedance, gain and noise figure analysis.  The 

proposed input-impedance analysis modifies the input impedance of the inductive 

source degeneration LNA architecture, includes devices selection to fulfill S11 

requirement.  Furthermore, the gain analysis is performed to explain the proposed 

switchable inductor structure for controlling gain.  It shows that combining on-

chip inductor paralleled with series bond-wire and on-board inductor will obtain a 

flatter gain for two bands of interest.  The noise figure for source inductive 

degeneration LNA architecture is derived. The noise figure described by the 

derived equations agrees well with that obtained from the simulation. 

 Secondly, the proposed dual-band 2.3/3.3 GHz LNA is simulated.  At low-

band mode, simulated results show the maximum S21 of 18.69 dB, an S11 below -

29 dB, and a flat noise figure of 2.3 ~ 2.33 dB from 2.3 to 2.4 GHz.  The LNA 

presents the IIP3 and the P1dB of -12.1 dBm and -23.3 dBm, respectively, while 

consuming 18.4 mW at 1.5 V power supply.  At high-band mode, the simulation 

results show the S21 of 17.01 ~ 17.48 dB, the S11 below -21 dB, and an flat noise 

figure of 2.36 ~ 2.37 dB from 3.3 to 3.4 GHz.  The LNA consumes only 12.9 mW 

at high-band mode, while exhibiting the IIP3 and the P1dB of -11.3 dBm and -22.1 

dBm, respectively. 

 And then, the proposed LNA is verified by the post-simulation in which 

the bond-wire effects are considered for an on-board deployment.  At low-band 

mode, the post-simulation results show the S11 of -29.11 dB ~ -32 dB, the S21 of 

17.18 ~ 17.42 dB, and the flat noise figure of 2.67 ~ 2.71 dB.  The LNA exhibits 

the IIP3 and P1dB of -13.4 dBm and -24.2 dBm respectively, while consuming 

16.32 mW power.  At high-band mode, the LNA exhibits the S21 of 15.5 ~ 15.88 
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dB, the S11 of -12.94 ~ -16.82 dB, and the flat noise figure of 2.52 ~ 2.54 dB while 

consuming 11.75 mW.  The IIP3 and P1dB for the high-band mode are -12.3 dBm 

and 23.3 dBm, respectively.  The total chip area ofthe proposed LNA is 0.9 mm2, 

including the IO pads. 

  

Keywords: CMOS, Indonesia, inductive source degeneration, LNA, RF, 

switchable inductor, WiMAX. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Worldwide Interoperability for Microwave Access (WiMAX)   

Worldwide interoperability for microwave access (WiMAX) is a new 

wireless technology providing the broadband service and broad coverage of up to 

70 km in line-of-sight (LOS) environments [1].  WiMAX is the commercialization 

of the IEEE 802.16 standard, an evolving standard initiated at the National 

Institute of Standards and Technology in 1998 [2].  Several active standards of 

WiMAX have been released by IEEE.  The first released active standard of 

WiMAX was IEEE 802.16-2004 [3], addressed in the band between 2 - 11 GHz 

and 10 – 66 GHz for non-LOS and LOS environments, respectively.  For the next 

standard, such as IEEE 802.16e, applications for mobility on notebooks and 

personal digital assistants were enabled within three narrow bands, namely 2.5-2.9 

GHz, 3.4-3.6 GHz and 5.2-5.9 GHz. 

WiMAX can serve as a backbone for the 802.11 hotspot and supports a wide 

variety of applications, as shown in Figure 1.1.1.  In addition, the user can connect 

the mobile devices directly to the WiMAX base-station without using the wireless 

LAN.  Users who connect their mobile devices directly to WiMAX base-station 

will approximately achieve a range up to 5 to 6 miles. 

WiMAX is different from the IEEE standards 802.11a/b/g/n.  The goals of 

WiMAX design are to provide a broadband internet access and to substitute the 

last mile wired-access networks for emerging market with no broadband access.  

Therefore, the user who did not have the LAN facility can now connect to internet 

via WiMAX easily.  The other benefits of WiMAX application are the speed and 

low cost broadband access to markets in the rural areas or unwired countries. 

WiMAX can also be used in disaster recovery scenes where the wired networks 

have broken down [2].  WiMAX networks were installed to help recovery 

missions in several hurricane disasters. 
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Fig. 1.1.1WiMAX applications [2] 

 

1.2 WiMAX in Indonesia 

 In February 2010, WiMAX forum has announced that in the end of 2010, 

WiMAX service providers cover more than 823 million people1.  In February 

2011, WiMAX forum released that the network has been developed in 150 

countries with 582 deployments, as shown in Fig. 1.2.1. 

 Red circles represent the areas where 802.16d is adopted for WiMAX, 

while blue ones representing those 802.16e are used.  According to the frequency 

allocation shown in Fig. 1.2.1, the most popular deployments are in the frequency 

bands of 3.5 GHz (52.92%) and 2.5 GHz (19.24%). 

                                                       
1WiMAX forum Industry Research Report, March 2011 

A 2.3/3.3-GHz dual..., Taufiq Alif Kurniawan, FT UI, 2011



 
Fig.1.2.1WiMAX development in the world 

 As a big country with 250 million people, Indonesia is the potential market 

for WiMAX (4G).  On January 19, 2008 the Indonesia government signed two 

ministry decrees and three regulations releasing spectrum at 2.3 GHz and 3.3 GHz 

for wireless broadband access across all regions of Indonesia.  The decrees and 

regulations outline the migration of existing services at 3.4-3.6 GHz to 3.3 GHz in 

addition to new services at 2.3 GHz and 3.3 GHz.  The 2.3 GHz frequency is 

divided to 15 zones of auction which are North, Central, and South Sumatra, 

Jabodetabek, West Java, Central, and East Java, Bali, Nusa Tenggara, Papua, 

Maluku and North Maluku, South and North Sulawesi, West and East Kalimantan, 

and the Riau Islands. 

According to the statistics from Business Monitor International Report 

2Q2008, the demand for 3G in Indonesia will increase significantly.  As shown in 

Fig.1.2.2, in 2012 the number of consumers for 3G will be over 10 million and 

that for 4G will approach 10 million.  In line with this, cellular telecommunication 

operators and CDMA operators in Indonesia showed deep interests to provide 4G 

services [4]. This situation encouraged Indonesia government to pay more 

attention to support local industries in WiMAX technology.  The government 

unofficially announced that 2.3 GHz auction winner obligates to utilize at least 

30% local content for substation and 40% for base-station as standard in WiMAX 
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Indonesia2. Some policies were issued, such as Ministerial Regulation 

No.Kominfo.7/PER/M.KOMINFO/01/2009 about Spatial Needs Radio Frequency 

Band for Wireless Broadband Services (Wireless Broadband). 

 
Fig.1.2.2 Indonesia telecommunication customer statistics 

 

1.3  Research Motivation  

 The motive of this research is to design a dual-band low noise amplifier 

(LNA) which operates at 2.3/3.3 GHz as one important component of the WiMAX 

receiver, especially for Indonesia.  In this work, the narrow-band configuration is 

adopted because a wide-band LNA is vulnerable to interferences from undesired 

applications due to its limited linearity [5] and noise performance [6].  The 

conventional architecture uses two narrow band RF front-ends in parallel in the 

transceiver design [7].  Though this topology has good performance at either 

frequency band, it dissipates high power and requires a large chip size [8].  The 

other approaches adopting two difference input circuits [9] or a concurrent dual-

band matching circuit [10] are more compact and consume smaller power than the 

conventional design.  But they still occupy a large chip area because they employ 

many inductors. In this work, the dual-band LNA based on the conventional 

inductive source degeneration is designed using a switchable inductor in 0.18-μm 

technology. 

 

                                                       
2WiMAX Indonesia Conference 2009, Mr. Azhar Hasyim, Director of Telecom Standard, Ministry 
of information & Communication 
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1.4  Thesis Overview 

 This thesis is organized as follows.  Chapter 2 provides the analysis of the 

LNA and the derived equations which are revised from the basic theory of the 

narrow-band LNA. 

 The next two chapters (Chapter 3 and Chapter 4) are devoted to the pre-

layout simulation and the post-layout simulation results regarding the proposed 

LNA’s input return loss (S11), the gain (S21), the stability (Kf), the noise figure, and 

the linearity (IIP3 and P1dB).  Finally, Chapter 5 concludes this thesis. 
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CHAPTER 2 BASIC THEORY of LOW NOISE AMPLIFIER 

 

2.1  RF-Receiver Architecture 

 An RF receiver extracts the information from the received signal that is 

corrupted by noise in transmissions. It is desired that the output signal of the 

receiver is a replica of the modulated signal at the transmitter input [11].  As an 

example, the architecture of a receiver for the voice communications is shown in 

figure 2.1.1. The signal is amplified by a low-noise amplifier (LNA).  Next the 

signal is down-converted to a lower frequency by a mixer to facilitate subsequent 

demodulation and then the demodulated output is amplified to drive the speaker. 

Fig. 2.1.1 Block diagram of a generic analog receiver RF system [12] 

There are some fundamental parameters regarding an RF receiver, namely 1) 

carrier frequency, 2) channel bandwidth and spacing, 3) sensitivity, and 4) 

selectivity.  Additionally, it is getting important to realize a receiver with low cost 

and low power consumption. 

 The first and second fundamental parameters of a receiver are regulated by 

IEEE standards, such as IEEE 802.16d for WiMAX and IEEE 802.11a for 

WLAN, Bluetooth for WPAN, or CDMA for 3G cellular phones.  Allocation of 

frequency band, signal bandwidth, modulation scheme, data rate, channel 

assignment, and channel spacing are mandated by these standards [13]. 

 Sensitivity specifies the minimum input signal power that the receiver can 

reliably detect the signal.  The noise figure (NF) is defined as 

ܨܰ ൌ
ܴܵܰ௜௡

ܴܵܰ௢௨௧
                                                             ሺ 2.1.1ሻ 

ൌ ௦ܲ௜௚ ோܲௌ⁄
ܴܵܰ௢௨௧

                                                           ሺ2.1.2ሻ 

௦ܲ௜௚ ൌ  ோܲௌ. .ܨܰ ܴܵܰ௢௨௧                                             ሺ2.1.3ሻ 

where ௦ܲ௜௚denotes the input signal power density and ோܲௌdenotes the source 
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resistance noise power density, both in mW per Hz.  Then, for a flat channel, 

௦ܲ௜௚,௧௢௧ ൌ  ோܲௌ. .ܨܰ ܴܵܰ௢௨௧.  ሺ2.1.4ሻ                                        ܤ

where, B represents the signal bandwidth in Hz.  Based on (2.1.3), it can be 

calculated in dBm as follows, 

ܲ௜௡,௠௜௡|ௗ஻௠ ൌ  ܲோௌ|ௗ஻௠/ு௭ ൅ ௗ஻|ܨܰ ൅ ܴܵܰ௠௜௡|ௗ஻ ൅ 10. logଵ଴ ܤ        ሺ2.1.5ሻ 

where ௜ܲ௡,௠௜௡is the minimum input power that can lead to a minimum 

outputܴܵܰ௠௜௡. It can be seen that receiver sensitivity is related to the noise figure 

of the system. ோܲௌ ൌ ݇ܶ, where k is the Boltzmann constant and T is temperature 

in Kelvin.  At room temperature ோܲௌ is approximately-174 dBm/Hz.  Thus, 

ܲ௜௡,௠௜௡|ௗ஻௠ ൌ  െ174
݉ܤ݀
ݖܪ ൅ ௗ஻|ܨܰ ൅ ܴܵܰ௠௜௡|ௗ஻ ൅  ሺ2.1.6ሻ        ܤ݃݋10݈

The summation of the resistance noise power density ሺ ோܲௌሻ, Noise Figure (NF) 

and 10 ଵ଴݃݋݈  can be taken as the effective input noise power density (the noise ܤ

floor, F).Hence, 

ܲ௜௡,௠௜௡|ௗ஻௠ ൌ ܴܵܰ௠௜௡|ௗ஻ ൅  ሺ2.1.7ሻ                          ܨ

 Selectivity in a receiver is defined as the maximum power level of 

interferer at which the receiver can still detect an input signal at 3 dB above the 

required sensitivity level.  The selectivity parameter shows the capability of an RF 

receiver to process desired signal in strong interferers or channel blockers.  

Linearity of the receiver RF filter, the channel select filter and the local oscillator 

phase noise are used for measuring the receiver selectivity. 

 Power consumption and die cost have always been the design constraints 

that deserve serious considerations [12].  The last but not the least receiver 

parameters are image rejection and dynamic range.  Image rejection is related to 

how good a receiver can suppress or cancel out the image signal appeared as 

blockers or interferers relative to the LO signal and degrade the SNR, while 

dynamic range is the ability of a receiver to accommodate a large input signal 

power range. 

 In RF design, the situation is more complicated.  For simplicity, the bound 

of the dynamic range is determined by “spurious-free dynamic range” (SFDR) 

[14].  The upper bound of the dynamic range is defined as the maximum input 

level in a two-tone test in which the third-order intermodulation products do not 
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exceed the noise floor [14].  From IIP3 calculation shown in Fig. 2.1.2, 

ூܲூ௉య ൌ ௜ܲ௡ ൅ ௢ܲ௨௧ െ ூܲெ,௢௨௧

2                                      ሺ2.1.8ሻ 

 

 
Fig. 2.1.2 Calculation of IP3 without extrapolation and graphical interpretation 

where ூܲெ,௢௨௧ denotes the power of ܯܫଷ components at the output.  ௢ܲ௨௧ ൌ ௜ܲ௡ ൅

and ூܲெ,௢௨௧ ܩ ൌ ூܲெ,௜௡ ൅  where G is the circuit’s power gain in dB and ூܲெ,௜௡ ,ܩ

is the input-referred level of the ܯܫଷ products,  

ூܲூ௉య ൌ ௜ܲ௡ ൅ ௜ܲ௡ െ ூܲெ,௜௡

2                                        ሺ2.1.9ሻ 

ൌ
3 ௜ܲ௡ െ ூܲெ,௜௡

2                                              ሺ2.1.10ሻ 

thus, 

௜ܲ௡ ൌ
2 ூܲூ௉య െ ூܲெ,௜௡

3                                          ሺ2.1.11ሻ 

In case the input referred level of the IM product ሺ ூܲெ,௜௡ሻ is equal to the noise 

floor (F), then 

௜ܲ௡,௠௔௫ ൌ
2 ூܲூ௉య െ ܨ

3                                                 ሺ2.1.12ሻ 

The “spurious-free dynamic range” is the difference between ௜ܲ௡,௠௔௫ and ௜ܲ௡,௠௜௡: 

ܴܦܨܵ ൌ
2 ூܲூ௉య ൅ ܨ

3 െ ሺܨ ൅ ܴܵܰ௠௜௡ሻ                   ሺ2.1.13ሻ 
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ൌ
2 ூܲூ௉య െ ܨ

3 െ ܴܵܰ௠௜௡                               ሺ2.1.14ሻ 

 

2.1.1 Heterodyne Receiver 

 
Fig. 2.1.3 Heterodyne receiver topology 

Heterodyne receiver architecture is the most widely used architecture in 

wireless transceiver so far.  In its operation, there are two down conversion, RF to 

IF and IF to baseband signal.  From the incoming RF signal, the pre-selection 

filter removes out-of-band signal energy and partially reject the image signals.  

Next, the signal is amplified by the LNA to alleviate the contribution of noise 

from the succeeding stages.  IR (Image Rejection) filter attenuates the signals at 

image band frequencies.  The signal is then down-mixing by LO1 to IF band.  The 

channel selection filter is a band-pass filter that the signal in the band of interest 

can pass through.  It is critical in determining the sensitivity and the selectivity of 

a receiver.  The second mixer conducts the second down conversion of IF signal 

into in-phase (I) and quadrature (Q) components in case of phase and frequency 

modulation.  The low-pass filter after the second mixer provides the necessary 

anti-aliasing function for ADC. 

The above observation indicates the interdependence of noise figure, IIP3 and 

gain of each stage in the receiving path.  Every mixer in the heterodyne 

architecture produces spurious components that are functions of the RF or IF 

signals and the corresponding oscillators [12] they may degrade the signal quality.  

Hence, the frequency planning of the receiver plays an important role in the 

overall system performance.   Despite the complexity and a large number of 

external components, the good selectivity and sensitivity of a heterodyne 

architecture have made it the most popular RF receiver for many decades.   
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2.1.2 Homodyne Receiver 

Homodyne receiver converts the channel of interest from RF to baseband 

(zero IF frequency) directly.  This architecture is also known as Direct IF or Zero-

IF architecture.  As shown in Fig. 2.1.4, the down-conversion must provide 

orthogonal outputs for frequency and phase modulated signals to correctly extract 

the information. 

 
Fig. 2.1.4 Homodyne receiver topology 

Although, the homodyne receiver architecture is simple, it offers two 

important advantages over a heterodyne architecture.  First, the problem of image 

is circumvented since ߱ூி ൌ 0,  image filter is not required and the LNA need not 

possess output matching.  Second, the low pass filter and the baseband amplifiers 

replace the IF channel select filter and the subsequent down-conversion stage in a 

heterodyne receiver.  

Though homodyne receiver is simple, there are some practical reasons why 

homodyne receiver is not so popular as a heterodyne receiver. First, LO leakage 

due to imperfect isolation between mixer’s LO port and the input port.  This LO 

leakage will mix with the original LO to produce a DC offset in the mixer output 

and this offset may saturate the following stages in the receiver.  Second, the error 

caused by DC offset can be a serious problem in the baseband section.  Third, 

since the LO frequency and the received signal’s frequency are the same, the LO 

power may leak the antenna.  This may cause some EMI problems.    Fourth, the 

flicker noise from active devices will contaminate the baseband signal. 

2.2  Low Noise Amplifier 
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A low noise amplifier (LNA) is the first gain stage in the receiving path. In 

its design, there are several goals to be achieved, including minimizing noise 

figure, providing high gain with sufficient linearity, and providing matched input 

impedance, usually 50 Ω, for terminating an unknown length of transmission line 

that delivers signal from antenna to amplifier [15].  The main function of an LNA 

is to provide sufficient gain to alleviate the noise contribution from the subsequent 

stages (such as mixer) [16].  However, the LNA itself should contribute as small 

amount of noise as possible.  An LNA should accommodate a large dynamic-

range input signal while produce insignificant distortion. 

The minimum noise figure of a device can be obtained by finding the 

relations of the four noise parameters: Gc, Bc, Rn, Gu, and the optimum source 

admittance.  Those parameters are derived from the classical two-port noise 

theory. However, in the LNA design, some trade-off should be considered.  For 

example, the source impedance that maximizes the power gain differs from the 

source impedance that minimizes the noise figure.  Therefore, it is possible for an 

LNA to possess bad input matching and poor gain, but a good noise figure.   

Some analytic works are presented for the design strategy of an LNA to 

balance gain, input impedance, noise figure, and power consumption over the four 

noise parameters mentioned above.  Consider the standard CMOS noise model 

shown in Fig. 2.2.1. 

The dominant noise source in CMOS devices is channel thermal noise which 

can be modeled as a shunt current source in the output circuit of the device [16]. 

This excess noise may be attributed to the presence of hot electrons in the channel. 

 
Fig. 2.2.1The standard CMOS noise model 

The channel noise is given by, 

ଓଶ݀തതതത

∆݂ ൌ  ௗ଴                                                ሺ2.2.1ሻ݃ߛ4݇ܶ
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where݃ௗ଴is a zero-bias drain conductance of the device, and ߛ is a bias-dependent 

factor that, for long-channel devices, satisfies the inequality 
2
3 ൑ ߛ ൑ 1                                                     ሺ2.2.2ሻ 

The value of one is valid when the drain-to-source voltage is zero, whereas the 

value of 2/3 is obtained when the device is in saturation region.  However, for the 

short channel devices biased in saturation, gamma is much greater than 2/3 [17]-

[20].  For 0.5-μm channel lengths, γ may be as high as 2/3, depending on bias 

condition [17].   

 The other noise source in MOS devices is the noise generated by the 

distributed gate resistance [21].  This noise source usually can be modeled as a 

series resistance in the gate circuit and an accompanying white noise generator 

[15].  For noise purposes, the distributed gate resistance is given by [15] 

ܴ௚ ൌ
ܴௌܹ
3݊ଶܮ                                                     ሺ2.2.3ሻ 

where ܴௌ is the sheet resistance of the polysilicon, W is the gate width of the 

device, L is the gate length, and n is the number of gate fingers used to layout the 

device.  The factor of 1/3 can be reduced to 1/12 by connecting gate fingers at 

both ends.   

2.2.1 LNA Architecture 

 
Fig. 2.2.2 Inductive source degeneration topology 
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 Input matching is a technique to provide maximum power transfer to the 

system.  There are some typical input matching circuits, such as resistive 

termination at the input port, common gate (CG) amplifier, resistive shunt-series 

feedback amplifier and inductive source degeneration topology [22].   Inductive 

source degeneration topology, shown in Fig. 2.2.2, is an LNA architecture that can 

have 50Ω input impedance at the frequency of interest.  It has the best noise 

performance in narrow-band LNA design [23] because this topology does not 

require additional noisy components. 

 At resonance frequency ߱଴, the first-order analysis shows that the input 

impedance becomes 

ܼ௜௡ ൌ ௦ܮ൫ݏ ൅ ௚൯ܮ ൅
1

௚௦ଵܥݏ
൅ ቆ

݃௠ଵ

௚௦ଵܥ
ቇ  ௦                            ሺ2.2.4ሻܮ

ሻሺܼ௜௡ሻ݉ܫ ݎ݋ሺ݃ܽ݉ܫ ฬ߱଴
ൌ 0 ՜ ܼ௜௡ ൌ ቆ

݃௠ଵ

௚௦ଵܥ
ቇ  ௦                 ሺ2.2.5ሻܮ

where ߱଴ is resonance frequency, ݃௠ଵ is transconductance of M1, ܥ௚௦ଵ is M1’s 

total gate-to-source capacitance. 

 The overall value of trans-conductance ܩ௠ of the input stage is 

proportional to the voltage on ܥ௚௦ଵ, 

௠ܩ ൌ ݃௠ଵܳ௜௡ ൌ
݃௠ଵ

߱଴ܥ௚௦ଵሺܴ௦ ൅  ௦ሻ                             ሺ2.2.6ሻܮ்߱

ൌ
்߱

߱଴ܴ௦ሺ1 ൅ ௦ܮ்߱
ܴ௦

ሻ
ൌ

்߱

2߱଴ܴ௦
                                      ሺ2.2.7ሻ 

ܳ௜௡ is the effective Q of the input circuit.  The transconductance of this circuit at 

resonance frequency is independent of the device transconductance ሺ݃௠ଵሻ as long 

as the resonant frequency is maintained constant [15].  The transconductance of 

the stage will remain the same if the device width is along with the adjustment of 

 ௚ to maintain a desired frequency.  Hence, when the gate width (and thus ݃௠ଵ)ܮ

is reduced, ܥ௚௦ଵ is also reduced, resulting in an increased ܳ௜௡ such that ܩ௠ 

remains unchanged.   

 Based on (2.2.6) and (2.2.7), a good design of LNA by selecting 

appropriate device width and bias point can lead to a good trade-off between the 

LNA parameters such as noise figure, gain, and power dissipation.  Optimal size 
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of the input transistor can be determined as follows [15], 

ܳ௅ ൌ
߱଴ሺܮ௦ ൅ ௚ሻܮ

ܴ௦
ൌ

1
߱଴ܴ௦ܥ௚௦

                              ሺ2.2.8ሻ 

where ܳ௅ is the effective Q of the device.  We note that 

௚௦ܥ ൌ
2
3  ଴௫                                            ሺ2.2.9ሻܥܮܹ

Hence, 

ைܹ௉் ൌ
3

2߱଴ܥܮ௢௫ܴ௦ܳ௅,ை௉்
                                ሺ2.2.10ሻ 

The effective ܳ௅,ை௉் of the input transistor for multi-standard LNA is around 4.5 

(average of 3.5 and 5.5) in order to achieve very flat and low NF performance 

over the band of interest [24].  

2.2.2 Switchable LNA for 2.3/3.3 GHz 

 
Fig.2.2.3 LNA for 2.3/3.3 GHz schematic 

 The proposed LNA schematic is illustrated in Fig. 2.2.3, where two 

parallel transistors are designed for dual band frequencies 2.3 and 3.3 GHz.  

Turning on the transmission gate equivalently increase the size of the common-

source transistor (M1 and M2).  This will move the resonance frequency from the 
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higher band (3.3 GHz) to the lower band (2.3 GHz). 

The switchable inductor configuration as depicted in Fig. 2.2.4 is proposed to 

control the peak gain in this work.  If ܯୱ୵ସ is switch-off, the peak gain determine 

by on-chip inductor (ܮௗ) for low-band mode.  Otherwise, the peak gain for high-

band mode determines by bondwire in series with on-board inductor, as well as in 

parallel with ܮௗ. 

 

Fig. 2.2.4 Switchable inductor configuration 

In this configuration, the on-resistance of ܯୱ୵ସ contributes parasitic 

resistance degrading the Q-factor of bondwire in series with on-board inductor.  

Hence, in switch-on case, the Q-factor of this series connection similar with the 

Q-factor of ܮௗ enabling signals to pass through the parallel inductor connection. 

According to that reason, on-chip inductor in parallel with on-board inductor 

prefers to be implemented instead of another parallel combination (i.e. on-chip 

inductor in parallel with on-chip inductor or on-board inductor in parallel with on-

board inductor) to obtain similar gain performance between both modes of the 

proposed LNA. 

Size of the main transistors of the proposed circuit in Fig. 2.2.3 can be 

obtained by (2.2.12).  For 3.3 GHz, 

ைܹ௉் ൌ
3

2 כ 3.3݁ଽߨ2 כ 180݁ିଽ כ 8.45݁ିଷ כ 50 כ 4.5            ሺ2.2.11ሻ 

ைܹ௉் ൎ  ሺ2.2.12ሻ                                                                              ݉ߤ 204

Similarly, for 2.3 GHz, ைܹ௉் ൎ    .݉ߤ 290
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 According to (2.2.8), the gate-to-source capacitance can be calculated as 

follow, 

௚௦ܥ ൌ
1

߱଴ܴ௦ܳ௅
                                             ሺ2.2.13ሻ 

Hence with ܳ௅ equal 4.5, ܥ௚௦ for 3.3 and 2.3 GHz bands are 214.46 fF and 307.7 

fF, respectively.  Since 2.3-GHz configuration is obtained by parallely connecting 

two common source transistors (M1 and M2), the ைܹ௉் for M2 in this topology 

can be calculated as, 

௚௦|ଶ.ଷீு௭ܥ െ ௚௦|ଷ.ଷீு௭ܥ ൌ
2
3 ைܹ௉்|ெଶܥܮ௢௫                   ሺ2.2.14ሻ 

Therefore, the value of ைܹ௉் for M2 is 91.9݉ߤ, which is close to subtracting 

 .in (2.2.12) ݉ߤ from 290 ݉ߤ 204

2.2.2.1 Input Impedance Analysis 

 
Fig. 2.2.5 Input impedance circuit 

According to (2.2.4), the input return loss (S11) of the proposed LNA can be 

expressed as follows, 

ଵܵଵ ൌ
ܼ௜௡ െ ܴ௦

ܼ௜௡ ൅ ܴ௦
ൌ

௚ܮ൫ݏ ൅ ௌ൯ܮ ൅ 1
௚௦ଵܥݏ

௚ܮ൫ݏ ൅ ௌ൯ܮ ൅ 2. ݃௠ଵܮ௦
௚௦ଵܥ

൅ 1
௚௦ଵܥݏ

               ሺ2.2.15ሻ 
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ൌ
ଶݏ ൅ 1

௚ܮ௚௦ଵ൫ܥ ൅ ௌ൯ܮ

ଶݏ ൅ 2. ݃௠ଵܮ௦
௚ܮ௚௦ଵ൫ܥ ൅ ௌ൯ܮ

. ݏ ൅ 1
௚ܮ௚௦ଵ൫ܥ ൅ ௌ൯ܮ

                          ሺ2.2.16ሻ 

݃௠ଵ is defined by, 

݃௠ଵ ൌ
஽ܫ߲

߲ܸீ ௌ
ฬ VDS,ୡ୭୬ୱ୲

                               ሺ2.2.17ሻ 

where ܫ஽ is drain current, ܸீ ௌis gate-to-source voltage and ஽ܸௌ is drain-to-source 

voltage. 

 Small signal model of the input stage along with a derivation of the input 

impedance for dual band 2.3/3.3 LNA is depicted in Fig. 2.2.6. 

 
Fig. 2.2.6 Input matching for 2.3/3.3-GHz dual band LNA 

When the transmission gate is on, the resonant frequency will be shifted to a lower 

band due to the increase of gate-to-source capacitance.  For convenience, we 

assume that the on-resistance of the transmission gate can be neglected. 
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Fig. 2.2.7 Switch-off circuit model 

 
Fig. 2.2.8 Switch-on circuit model 

As described previously, the input resistance of the source inductive degeneration 

topology is ൫݃௠ ⁄௚௦ܥ ൯ܮ௦ ൌ ൫݃௠ଵ ⁄௚௦ଵܥ ൯ܮ௦ for the switch-off case shown in Fig. 

2.2.7.  For the switch-on case shown in Fig. 2.2.8, the input resistance becomes 

ൣ൫݃௠ଵ ൅ ݃௠ଶሻ ሺܥ௚௦ଵ ൅ ⁄௚௦ଶܥ ൯൧ܮ௦ = 50 ohm, where ݃௠ ൌ ሺ݃௠ଵ ൅ ݃௠ଶሻ is the 

equivalent transconductance and ܥ௚௦ ൌ ሺܥ௚௦ଵ ൅ -௚௦ଶሻ is the equivalent gate-toܥ

source capacitance of two parallel-connected transistors.   

 In [5], the condition ܴ߱௢௡ܥ௚௦ଶ ا 1 is required such that the transmission 

gate’s on-resistance has insignificant effect on the analysis.  Hence, the following 

analysis holds for both 2.3 and 3.3 GHz bands. 

2.2.2.2 Gain Analysis 
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Fig. 2.2.9 Cascode transistor equivalent circuit model  

We start the analysis of the cascode device first.  The small signal model of 

the cascode device is shown in Fig. 2.2.9. 

௚ܸ௦ଶ ൌ
݅ଵ

 ሺ2.2.18ሻ                                                    ݏ௚௦ଶܥ

݃௠ଶ ௚ܸ௦ଶ ൅ ݅ଵ ൅ ൫ ଴ܸ ൅ ௚ܸ௦ଶ൯݃ௗ௦ଶ ൌ ݅                         ሺ2.2.19ሻ 
Thus, 

ቆ
݃௠ଶ ൅ ݃ௗ௦ଶ

௚௦ଶܥ
൅ 1ቇ ݅ଵ ൅ ଴ܸ݃ௗ௦ଶ ൌ ݅                          ሺ2.2.20ሻ 

ሺ݅ଵ െ ݅ሻ
ݏௗܮ ൅ ௅ௗݎ

1 ൅ ሺܮௗݏ ൅ ݏ௅ܥ௅ௗሻݎ ൌ ଴ܸ                          ሺ2.2.21ሻ 

where ݎ௅ௗ is parasitic resistance of ܮௗ.  Next, (2.2.20) and (2.2.21) can be 
represented in matrix form,  

ۏ
ێ
ێ
ێ
ௗ௦ଶ݃ۍ

݃௠ଶ ൅ ݃ௗ௦ଶ

ݏ௚௦ଶܥ ൅ 1

െ1
ݏௗܮ ൅ ௅ௗݎ

1 ൅ ሺܮௗݏ ൅ ےݏ௅ܥ௅ௗሻݎ
ۑ
ۑ
ۑ
ې

൤ ଴ܸ
݅ଵ

൨ ൌ ൥
1

ݏௗܮ ൅ ௅ௗݎ

1 ൅ ሺܮௗݏ ൅ ݏ௅ܥ௅ௗሻݎ
൩ ݅         ሺ2.2.22ሻ 

We then solve the transfer function of ଴ܸ respect to i, 

଴ܸ

݅
ൌ

െሺ݃௠ଶ ൅ ݃ௗ௦ଶሻሺܮௗݏ ൅ ௅ௗሻݎ
ሺܮௗݏ ൅ ݏ௚௦ଶ݃ௗ௦ଶܥ௅ௗሻݎ ൅ ൫݃௠ଶ ൅ ݃ௗ௦ଶ ൅ ௚௦ଶ൯ሺ1ܥ ൅ ሺܮௗݏ ൅ ሻݏ௅ܥ௅ௗሻݎ

    ሺ2.2.23ሻ 

where ݃௠ଶ and ݃ௗ௦ଶ are transconductance and channel conductance of the 

cascode transistor.  ܮௗ, ݎ௅ௗ, ܥ௚௦ଶ and ܥ௅ are drain inductor, parasitic resistance on 

 ௗ, cascode transistor’s gate-to-source capacitance and the parasitic capacitance atܮ

the output node of the LNA. 
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Fig. 2.2.10 Small signal of M1 

 After obtaining ଴ܸ ݅⁄  value, the second step is to derive the transfer 

function of the common source transistor (M1) whose small-signal model is 

shown in Fig. 2.2.10.  By KCL, ݅ଶ can be expressed as,  

݅ଶ ൌ ݃ௗ௦ଵ൫െ ௚ܸ௦ଶ െ ൫݅ ൅ ௚ܸ௦ଵܥ௚௦ଵݏ൯ሺܮௌݏ ൅  ௅௦ሻ൯                    ሺ2.2.24ሻݎ

where ݎ௅௦ is parasitic resistance of ܮௌ.  From (2.2.22), 

݅ଵ ൌ
ሾሺ1ݏ௚௦ଶܥ ൅ ሺܮௗݏ ൅ ሻݏ௅ܥ௅ௗሻݎ ൅ ሺܮௗݏ ൅ ሿ݅ݏ௅ௗሻ݃ௗ௦ଶݎ

ሺܮௗݏ ൅ ݏ௚௦ଶܥ௅ௗሻݎ ൅ ሺ1 ൅ ሺܮௗݏ ൅ ሻ൫݃௠ଶݏ௅ܥ௅ௗሻݎ ൅ ݃ௗ௦ଶ ൅ ൯ݏ௚௦ଶܥ
  ሺ2.2.25ሻ 

combining (2.2.18) and (2.2.25), we can obtain 

௚ܸ௦ଶ ൌ
ൣ1 ൅ ሺݏ݀ܮ ൅ ݏ௅ܥሻ݀ܮݎ ൅ ሺܮௗ ൅ ௅ௗሻ݃ௗ௦ଶ൧݅ݎ

ሺݏ݀ܮ ൅ ݏ௚௦ଶ݃ௗ௦ܥሻ݀ܮݎ ൅ ൫1 ൅ ሺݏ݀ܮ ൅ ൯൫݃௠ଶݏ௅ܥሻ݀ܮݎ ൅ ݃ௗ௦ଶ ൅ ൯ݏ௚௦ଶܥ
ሺ2.2.26ሻ 

Let, 

ሻݏሺܣ ൌ ሺݏ݀ܮ ൅ ݏ௚௦ଶܥሻ݃ௗ௦ଶ݀ܮݎ ൅ ൫1 ൅ ሺݏ݀ܮ ൅ ൯൫݃௠ଶݏ௅ܥሻ݀ܮݎ ൅ ݃ௗ௦ଶ ൅  ൯ ሺ2.2.27ሻݏ௚௦ଶܥ

ሻݏሺܦ ൌ 1 ൅ ሺܮௗݏ ൅ ݏ௅ܥ௅ௗሻݎ ൅ ሺܮௗݏ ൅  ௅ௗሻ݃ௗ௦ଶ                                               ሺ2.2.28ሻݎ

Therefore, ݅ଶ can be written as, 

݅ଶ ൌ െ݃ௗ௦ଵ ቆ݅
ሻݏሺܦ
ሻቇݏሺܣ ൅ ሺ݅ ൅ ݅௜௡ሻሺܮௌݏ ൅  ௅௦ሻ                  ሺ2.2.29ሻݎ

hence, 

݅ଶ ൌ െ݃ௗ௦ଵ ቆ݅ ቆ
ሻݏሺܦ
ሻݏሺܣ ൅ ሺܮௌݏ ൅ ௅௦ሻቇݎ ൅ ݅௜௡ሺܮௌݏ ൅  ௅௦ሻቇ          ሺ2.2.30ሻݎ

Refer to Fig. 2.2.10, by using KCL, we can derive 

݅ଶ ൌ ݅ െ ݅௜௡
݃௠ଵ

ݏ௚௦ଵܥ                                               ሺ2.2.31ሻ 

Therefore 

A 2.3/3.3-GHz dual..., Taufiq Alif Kurniawan, FT UI, 2011



݅ ൌ
݅௜௡൫݃௠ଵ െ ݃ௗ௦ଵܥ௚௦ଵሺܮௌݏ ൅ ൯ݏ௅௦ሻݎ

ቂ1 ൅ ݃ௗ௦ ቀܦ
ܣ ൅ ሺܮௌݏ ൅ ௅௦ሻቁቃݎ ݏ௚௦ଵܥ

                           ሺ2.2.32ሻ 

The value of ݅௜௡ can be derived by KVL in Fig. 2.2.10,  

݅௜௡ ቆሺܮ௚ݏ ൅ ௅௚ሻݎ ൅
1

ቇݏ௚௦ଵܥ ൅ ሺܮௌݏ ൅ ௅௦ሻሺ݅௜௡ݎ ൅ ݅ሻ ൌ ܸ             ሺ2.2.33ሻ 

where ݎ௅௚ is parasitic resistance of ܮ௚.   
Finally, input impedance of the circuit (ܼ௜௡) can be found as follows 

ܼ௜௡ ൌ
ܸ
݅௜௡

ൌ ൛ሺܮ௚ݏ ൅ ௅௚ሻݎ ൅ ሺܮௌݏ ൅ ௅௦ሻൟݎ ൅
1

                                       ݏ௚௦ଵܥ

 ൅
ሺܮௌݏ ൅ ௅௦ሻ൫݃௠ଵݎ െ ݃ௗ௦ଵሺܮௌݏ ൅ ൯ݏ௚௦ଵܥ௅௦ሻݎ

௚௦ଵܥݏ ቆ1 ൅ ݃ௗ௦ଵ ቀܦ
ܣ ൅ ሺܮௌݏ ൅ ௅௦ሻቁቇݎ

        ሺ2.2.34ሻ 

Next, we ignore ݎ௅ௗ, ݎ௅௚ and ݎ௅௦ because their values are very small. 

Let ߱଴ be the frequency of the gain peak where 1 െ ௅߱଴ܥௗܮ
ଶ ൌ 0 and for 

input matching 1 െ ൛ሺܮ௚ሻ ൅ ሺܮௌሻൟܥ௚௦ଵ߱଴
ଶ ൌ 0, thus 

ሺ݆߱଴ሻܦ
ሺ݆߱଴ሻܣ ൌ

1
݆߱଴ܥ௚௦ଶ

                                              ሺ2.2.35ሻ 

By neglecting ݎ௅ௗ, ݎ௅௚, and ݎ௅௦, (2.2.34) can be simplified as 

ܼ௜௡ሺ݆߱଴ሻ ൌ
ሺ݆߱଴ܮௌሻ൛݃௠ଵ െ ݃ௗ௦ଵሺ݆߱଴ܮௌሻܥ௚௦ଵ. ݆߱଴ൟ

݆߱଴ܥ௚௦ଵ ൤1 ൅ ݃ௗ௦ଵ ൬ 1
݆߱଴ܥ௚௦ଶ

൅ ݆߱଴ܮௌ൰൨
            ሺ2.2.36ሻ 

Next, in order to obtain the real input impedance, 50Ω, ܥ௚௦ଵ߱଴
ଶ is replaced by 

1 ሺܮ௦ ൅ ⁄௚ሻܮ  according to (2.2.4).  Therefore, ܼ௜௡ at the operating frequency can 

be determined as follows, 

ܼ௜௡ሺ݆߱଴ሻ ൌ
ௌܮ ቆ݃௠ଵ ൅ ݃ௗ௦ଵ ൬ ௦ܮ

௦ܮ ൅ ௚ܮ
൰ቇ

௚௦ଵܥ

ۏ
ێ
ێ
ێ
ۍ
1 െ ݆݃ௗ௦ଵ

ۉ

ۈ
ۇ

1 െ
௚௦ଶܥ௦ܮ

൫ܮ௚ ൅ ௚௦ଵܥ௦൯ܮ
߱଴ܥ௚௦ଶ

ی

ۋ
ۊ

ے
ۑ
ۑ
ۑ
ې
                     ሺ2.2.37ሻ 

By assuming that ݃௠ଵ ب ݃ௗ௦ଵ, ݃ௗ௦ଵ ا 1, and ܥ௚௦ଶ ا  ௚௦ଵ, the real inputܥ

impedance ሺZ୧୬ሻ in (2.2.37) similar with the simple expression in (2.2.5).  Hence, 

the S11 can be expressed by (2.2.16). 

 From Fig. 2.2.10, let ܼ௜௡ሺ݆߱଴ሻ be ܼ଴ from (2.2.36), ݅௜௡ can be expressed as 

݅௜௡ ൌ ௜ܸ௡

ܼ଴ ൅ ൫ܮ௚൅ܮௌ൯ݏ ൅ 1
ݏ௚௦ଵܥ ൅

௦൫݃௠ଵܮ െ ݃ௗ௦ଵܮ௦ܥ௚௦ଵݏଶ൯

௚௦ଵܥ ቀ1 ൅ ݃ௗ௦ଵ ቄܦ
ܣ ൅ ቅቁݏ௦ܮ

                 ሺ2.2.39ሻ 
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Combining (2.2.32) and (2.2.39), hence ݅ can be expressed as, 
݅

ൌ ௜ܸ௡൫݃௠ଵ െ ݃ௗ௦ଵܮ௦ܥ௚௦ଵݏଶ൯

ሺቂ1 ൅ ݃ௗ௦ଵ ቀܦ
ܣ ൅ ቁቃݏௌܮ ሻሺܼ଴ݏ௚௦ଵܥ ൅ ሺܮ௚ ൅ ݏௌሻܮ ൅ 1

௚௦ଵܥ
൅

ௌ൫݃௠ଵܮ െ ݃ௗ௦ଵܮௌܥ௚௦ଵݏଶ൯

௚௦ଵܥ ቆ1 ൅ ݃ௗ௦ଵ ቀܦ
ܣ ൅ ሺܮௌሻݏቁቇ

ሻ
   ሺ2.2.40ሻ 

Recall that ܥ௚௦ଵ߱଴
ଶ ൌ 1 ሺܮௌ ൅ ⁄௚ሻܮ ,    

݅

ൌ ௜ܸ௡൫݃௠ଵ െ ݃ௗ௦ଵܮௌܥ௚௦ଵݏଶ൯

ቀቂ1 ൅ ݃ௗ௦ଵ ቀܦ
ܣ ൅ ቁቃݏௌܮ ቁݏ௚௦ଵܥ ሺܼ଴ܥ௚௦ଵݏ ൅ ଶݏ

߱଴
ଶ ൅ 1 ൅

൫݃௠ଵݏ௦ܮ െ ݃ௗ௦ଵܮ௦ܥ௚௦ଵݏଶ൯

ቆ1 ൅ ݃ௗ௦ଵ ቀܦ
ܣ ൅ ቁቇݏ௦ܮ

ሻ
ሺ2.2.41ሻ 

The overall transconductance becomes 
݅
௜ܸ௡

ൌ
݃௠ଵ െ ݃ௗ௦ଵܥ௚௦ଵܮௌݏଶ

ቂ1 ൅ ݃ௗ௦ଵ ቀܦ
ܣ ቁቃݏௌܮ ൤ ଶݏ

߱଴
ଶ ൅ ܼ଴ܥ௚௦ଵݏ ൅ 1൨ ൅ ௠ଵ݃ൣݏௌܮ െ ݃ௗ௦ଵܥ௚௦ଵܮௌݏଶ൧

     ሺ2.2.42ሻ 

Continuing the analysis, the gain of the LNA can be obtained by combining 

(2.2.23) and (2.2.42). 

଴ܸ

௜ܸ௡
ൌ

െܮ஽ݏሺ݃௠ଶ ൅ ݃ௗ௦ଶሻ൫݃௠ଵ െ ݃ௗ௦ଵܮௌܥ௚௦ଵݏଶ൯
ሾܣ ൅ ݃ௗ௦ଵሺܦ ൅ ሻሿݏௌܮሺܣ                                                  

.
1

൤ ଶݏ

߱଴
ଶ ൅ ܼ଴ܥ௚௦ଵݏ ൅ 1൨ ൅ ሻ൫݃௠ଵݏௌܮሺܣ െ ݃ௗ௦ଵܮௌܥ௚௦ଵݏଶ൯

          ሺ2.2.43ሻ 

Then, by replacing ሺݏଶ ߱଴
ଶሻ⁄ ൅ ܼ଴ܥ௚௦ଵ ൅ 1 ൌ  ሻݏሺܤ

଴ܸ

௜ܸ௡
ൌ

െܮௗݏሺ݃௠ଶ ൅ ݃ௗ௦ଶሻ൫݃௠ଵ െ ݃ௗ௦ଵܮௌܥ௚௦ଵݏଶ൯
ܤሺܣ ൅ ௠ଵሻ݃ݏௌܮ ൅ ݃ௗ௦ଵൣܦܤ ൅ ܤ൫ݏௌܮܣ െ ଶ൯൧ݏௌܮ௚௦ଵܥ

       ሺ2.2.44ሻ 

At the operating frequency (߱଴), ܤ ,ܣ, and ܦ are 

ܣ ൌ െܮௗܥ௚௦ଶ݃ௗ௦ଶ߱଴
ଶ                                              ሺ2.2.45ሻ 

ܦ ൌ ݆߱଴ܮௗ݃ௗ௦ଶ                                                         ሺ2.2.46ሻ 

ܤ ൌ ݆߱଴ܼ଴ܥ௚௦ଵ                                                          ሺ2.2.47ሻ 

Therefore (2.2.44) can be written as 

଴ܸ

௜ܸ௡
ൌ

െ݆ܮௗ߱଴ሺ݃௠ଶ ൅ ݃ௗ௦ଶሻ ൬݃௠ଵ ൅ ݃ௗ௦ଵ
௦ܮ

ሺܮ௦ ൅ ௚ሻ൰ܮ

െ݆ܮௗ߱଴ܥ௚௦ଶ݃ௗ௦ଶ

൫ܮ௚ ൅ ௚௦ଵܥ௦൯ܮ
൫ܼ଴ܥ௚௦ଵ൯ ൅ ݃ௗ௦ଵܮௗ݃ௗ௦ଶܼ଴

ሺܮ௚ ൅ ௦ሻܮ ൫ܥ௚௦ଶܮௌ߱଴
ଶ െ 1൯

      ሺ2.2.48ሻ 

Finally, the voltage gain (Av) of the LNA can be simplified as 
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଴ܸ

௜ܸ௡
ൌ

െ݆ሺ݃௠ଶ ൅ ݃ௗ௦ଶሻ ൬݃௠ଵ ൅ ݃ௗ௦ଵ
௦ܮ

ሺܮ௦ ൅ ௚ሻ൰ܮ

ሺ݃ௗ௦ଵܥ௚௦ଶܮௌ߱଴
ଶ െ ௚௦ଶ߱଴ܥ2݆ െ ݃ௗ௦ଵሻ ݃ௗ௦ଶܼ௢

൫ܮ௚ ൅ ௦൯ܮ

            ሺ2.2.49ܽሻ 

in which, by assuming that ݃௠ଵ ب ݃ௗ௦ଵand ݃௠ଶ ب ݃ௗ௦ଶ, the magnitude of 

voltage gain (Av) can be further approximated by 

଴ܸ

௜ܸ௡
ൌ

െ݆ሺ݃௠ଵ݃௠ଶሻ

൫݃ௗ௦ଵܥ௚௦ଶܮ௦߱଴
ଶ െ ௚௦ଶ߱଴ܥ2݆ െ ݃ௗ௦ଵ൯ ݃ௗ௦ଶܼ଴

൫ܮ௚ ൅ ௦൯ܮ

          ሺ2.2.49ܾሻ 

This indicates that Av is mainly contributed by transconductance of M1 and 

M2.  Note that ߱଴
ଶ ൌ 1/ሺܮௗܥ௅ሻ, hence the center frequency (߱௢) of the peak gain 

is determined by ܮௗ and ܥ௅. 

2.2.2.3 Noise Figure Analysis 

 The other important parameter of LNA is the noise figure (NF) [15]. As 

depicted in Fig. 2.2.11, the equivalent noise model from source inductive 

degeneration LNA topology can be written as 

ܼ௜௡ ൌ ௅௚ݎ ൅ ௚ݎ ൅ ௡௤௦ݎ ൅ ௦௦ݎ ൅ ௅௦ݎ ൅
݃௠ଵܮௌ

௚௦ܥ
               ሺ2.2.50ሻ 

where ݎ௅௚, ݎ௚, ݎ௡௤௦, ݎ௦௦, ݎ௅௦ are gate inductor (ܮ௚) resistance, gate resistance, non-

quasi static effect of the transistor, source resistance, and source inductor (ܮௌ) 

resistance, respectively.  The non-quasi effect occurs when high frequency is 

applied to the gate [25].  Complete noise model equivalent circuit for the 

inductive source degeneration configuration shown in Fig. 2.2.11.   

 
Fig. 2.2.11 Noise model of inductive source degeneration configuration 

 According to [25] there is a lot of controversy on the excess thermal noise 
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in short channel MOSFETs and the large enhancement is not observed in the 

devices of 0.18-um technology.  The excess factor for 0.18-μm n-channel 

MOSFET does not exceed two at strong inversion and the excess factor is 

converged into several groups [26]-[29]. 

The basic frame of high frequency noise modeling of the field-effect 

transistor (FET) was first described by Van der Ziel in [30].  Van der Ziel showed 

the intrinsic noise effect could be represented by two noise generators, the drain 

noise current and the induced gate one.  These noise currents are partially 

correlated with each other because they are generated from the same physical 

origin, i.e., thermal fluctuation of carriers in the channel.  However, Van der Ziel’s 

model cannot be applied to short-channel MOSFETs since the model does not 

account for the velocity saturation effect. 

Some previous works [16, 31, 32] modeled the noise sources for RF CMOS 

transistors as: 

ଓଶ
௡ௗ

തതതതത ൌ  ௗ଴                                                   ሺ2.2.51ሻ݃ߛ4݇ܶ

ଓଶ
௡௚

തതതതത ൌ
௚௦ܥଶ߱ߜ4݇ܶ

ଶ

5݃ௗ଴
                                           ሺ2.2.52ሻ 

where, ݃ௗ଴ ൌ ሺ݃௠ ⁄ሻߙ  represents the MOSFET output conductance at zero drain-

source bias, for short channel ߙ ൑  are the coefficients of transistor’s ߜ ,ߛ .[15] 1

channel noise and gate noise, respectively.  For simplicity, the shunt noise current 

in (2.2.53) can be written by, 

ଓଶ
௡௚

തതതതത ൌ  ௚                                                   ሺ2.2.53ሻ݃ߜ4݇ܶ

where ݃௚ ൌ ߱ଶܥ௚௦
ଶ 5݃ௗ଴⁄ ሺshunt conductanceሻ.  However, in the gate noise 

expression, ݃௚ is proportional to ߱ଶ; hence the gate noise is not white [15].  

Because of its monotonically increasing power spectral density, it is better to 

describe the gate noise as a blue noise.  Furthermore, noisy gate current may 

negligible at low frequencies [16, 30], hence the noisy gate current will be ignored 

in this work. 

 Recall that the noise factor for an amplifier is defined as 

ܨ ൌ
ሺܵ ܰ⁄ ሻ݅݊

ሺܵ ܰ⁄ ሻݐݑ݋
ൌ

ݎ݁ݓ݋݌ ݁ݏ݅݋݊ ݐݑ݌ݐݑ݋ ݈ܽݐ݋ܶ
݁ܿ݊ܽݐݏ݅ݏ݁ݎ ݁ܿݎݑ݋ݏ ݐݑ݌݊݅ ݄݁ݐ ݋ݐ ݁ݑ݀ ݁ݏ݅݋݊ ݐݑ݌ݐݑ݋ ݈ܽݐ݋ܶ

  ሺ2.2.54ሻ 

First, the transconductance of the circuit of the input stage is evaluated to make 

sure that the output noise of the LNA is driven by a 50-Ω source.   
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௠ܩ ൌ ݃௠ଵܳ௜௡ ൌ
݃௠ଵ

௚ܮ௚௦ଵ൫ܥ ൅ ଶݏௌ൯ܮ ൅ ሺܥ௚௦ܴௌ ൅ ݏௌ݃௠ଵሻܮ ൅ 1
        ሺ2.2.55ሻ 

ൌ
݃௠ଵ

Sଶ

߱଴
ଶ ൅ ௚௦ଵሺܴௌܥ ൅ ݏௌሻܮ்߱ ൅ 1

                                ሺ2.2.56ሻ 

ൌ
்߱

1
௚௦ଵܥ

൬ Sଶ

߱଴
ଶ ൅ 1൰ ൅ ሺܴௌ ൅ ݏௌሻܮ்߱

                            ሺ2.2.57ሻ 

௠ሺ݆߱଴ሻܩ ൌ
்߱

݆߱଴ሺܴௌ ൅  ௌሻ                                                       ሺ2.2.58ሻܮ்߱

ൌ
்߱

݆߱଴ܴௌሺ1 ൅ ௌܮ்߱
ܴௌ

ሻ
ൌ

்߱

2݆߱଴ܴௌ
                                  ሺ2.2.59ሻ 

where ܳ௜௡ is effective Q of the amplifier’s input circuit.  In this equation, ݎ௅௚ and 

 ௚are neglected because they are much less than the source resistance, ܴௌ.  As longݎ

as the resonant frequency is maintained constant, the transconductance of the 

circuit at resonance is independent of ݃௠ଵas shown in 2.2.59. 

 Consider the power spectral density of the dominant noise contributor of 

LNA, the channel current noise given in (2.2.51).  It can be derived that the output 

noise power spectral density arising from this source is 

ܵ௢,௜೙೏ሺ߱଴ሻ ൌ  ௗ଴                                          ሺ2.2.60ሻ݃ߛ4݇ܶ

 In addition, the output noise power spectral density due to the input source 

resistanceሺܵ௢,ௌோሺ߱଴ሻሻcan be written by, 

ܵ௢,ௌோሺ߱଴ሻ ൌ ௌܵோሺ߱଴ሻܩ௠,௘௙௙
ଶ ൌ

4்݇ܶ߱
ଶ

߱଴
ଶܴௌ ቀ1 ൅ ௌܮ்߱

ܴௌ
ቁ

ଶ              ሺ2.2.61ሻ 

Then, the output noise power spectral density due to parasitic 

resistanceሺܵ௢,௥೛ೌೝ
ሺ߱଴ሻሻcan be represented by 

ܵ௢,௥೛ೌೝ
ሺ߱଴ሻ ൌ ܵ௥೛ೌೝ

ሺ߱଴ሻܩ௠,௘௙௙
ଶ                                         ሺ2.2.62ሻ 

ൌ
4݇ܶሺݎ௅௚ ൅ ௚ݎ ൅ ௌௌݎ ൅ ௅௦ሻ்߱ݎ

ଶ

߱଴
ଶܴௌ

ଶ ቀ1 ൅ ௦ܮ்߱
ܴௌ

ቁ
ଶ                  ሺ2.2.63ሻ 

where parasitic resistance ሺݎ௣௔௥ሻ are summation of the ݎ௅௚, ݎ௚, ݎௌௌ and ݎ௅௦. 

If the gate noise is neglected, the total output noise power density is the sum 

of (2.2.60), (2.2.61) and (2.2.63).  Therefore, the noise factor of the proposed 
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LNA can be approximated by: 

ܨ ൌ 1 ൅
௅௚ݎ ൅ ௚ݎ ൅ ௌௌݎ ൅ ௅௦ݎ

ܴௌ
൅ ௗ଴ܴௌ݃ߛ4 ൬

߱଴

்߱
൰

ଶ
           ሺ2.2.64ሻ 

This equation for noise factor reveals several important features of this proposed 

LNA architecture.  Note that the dominant term in (2.2.64) is the last term, which 

arises from channel thermal noise.  Surprisingly, this term is proportional to ݃ௗ଴.  

Hence, according to this expression, by reducing ݃ௗ଴ without modifying ்߱, we 

can simultaneously improve noise figure and reduce power dissipation.  We 

achieve this result by scaling the width of the device while maintaining constant 

bias voltages on its terminals and leaving the channel length unchanged.  

Furthermore, reduction in ݃ௗ଴ (and, hence in ܥ௚௦) must be compensated by an 

increase in ܮ௚ to maintain a constant resonant frequency.  Therefore, better noise 

figure performance and reduced power dissipation can be obtained by increasing 

the Q of the input circuit resonance (Qin). 
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CHAPTER 3 – PRE-LAYOUT SIMULATION 
 

3.1 The proposed 2.3/3.3 GHz Low Noise Amplifier Circuit 

3.1.1 Test-bench Circuit 

 
Fig. 3.1.1 Test-bench circuit 

 The schematic test-bench of the proposed LNA is shown in Fig. 3.1.1.  It 

consists of 8 pins, namely VDD1, VDD2, VDD3, RF_OUT, VBIAS, VSW, GND, 

and RF_IN, respectively.   In order to connect the proposed LNA chip with pad, 

bondwire and ground bondwire are placed on test-bench circuit. A 3.3 nH inductor 

in this test-bench circuit is a element of input matching. 

  Fig. 3.1.2 and Fig. 3.1.3 are the equivalent circuits for considering 

parasitic effect of bondwire and ground bondwire, respectively.  Its equivalent 

circuits are modeled by assuming that the Q-factor of a bondwire inductor is 60.  

Hence, the series parasitic resistance can be calculated by, 

ܳ ൌ
ܮ߱
௦ݎ

                                                        ሺ3.1.1ሻ 
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where ܳ, ߱, ,ܮ  ௦ are quality factor of inductor, frequency of interest, the value ofݎ

bondwire inductor, and the parasitic resistance of bondwire inductor.  Based on 

the calculation in 3.1.1, the parasitic resistance of bondwire for 2.3 and 3.3 GHz 

can be determined simultaneously. 

 
Fig. 3.1.2 Equivalent circuit for bondwire 

 
Fig. 3.1.3 Equivalent circuit for ground bondwire 

 
Fig. 3.1.4 Equivalent circuit for 8.2 nH on-board inductor 

To demonstrate the parasitic effects of 8.2 nH on-board inductor, the 

equivalent circuit is shown in the Fig. 3.1.4.  The parasitic resistance of the 

inductor is calculated by 3.1.1 with considering that Q-factor in 2.4 GHz is 71.  

Additionally, the parasitic capacitance of the inductor is determined by 

considering that its typical SFR (Self Resonance Frequency) is 5.6 GHz. 

3.1.2 On-Chip 2.3/3.3 GHz LNA Circuit 
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Fig. 3.1.5 A 2.3/3.3 GHz LNA schematic circuit 

 As depicted in Fig 3.1.5, two main transistorsܯଵ and ܯଶ are separated with 

each other by a transmission gate ሺܯ௦௪ଵ, and ܯ௦௪ଶሻ. The transmission gate 

controls mode operation of the proposed LNA as described in the previous 

chapter.  The function of ܯ௦௪ସ is controlling the peak gain for both of mode-band 

operation.  If ܯ௦௪ସ is switched-on, the peak gain is determined by parallel 

connection between on-board inductor (8.2 nH) and ܮௗ. Considering parasitic 

capacitances and resistances of switches, the size of ܯ௦௪ଵ, ,௦௪ଶܯ  ௦௪ସܯ ௦௪ଷ, andܯ

are ܹ ܮ ൌ ,ߤ20 ,ߤ60 ,ߤ10 ⁄ߤ0.18/ߤ25 , respectively. 

 It is well known that ܯଵଵ and ܯଶଶ can offer a better reverse isolation as well 

as reducing the effect of ܯଵ
′  and ܯଶ′s ܥ௚ௗ.  The total node capacitance at the drain 

ofܯଶ resonating with inductance ܮௗ increase gain at the center frequency and 

provide an additional level of highly desirable band pass filtering, simultaneously 

[16].  For better isolation, the size of ܯଵଵ and ܯଶଶ are a half of the ܯଵ andܯଶ in 

this work. 

 Transistors ܯ௕ and ܯଵ form a current mirror and minimize the power 

overhead of the bias circuit, its width is only in a small fraction of ܯଵ.  ܴ௕ଵ and 
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Fig. 3.2.1.1 Pre-layout simulated input return loss (S11) of the proposed LNA in 

typical condition 

 By using FF corner model library at 0oC and SS corner model library at 

80oCin pre-layout simulation, the S11 curve is shown in Fig. 3.2.1.2.  The S11 for 

low-band and high-band mode simulated in FF corner are below -32 dB and -21 

dB, otherwise for SS corner are below -24 dB and -20 dB, respectively. 

 Moreover, the S11 curves for variation of VDD (± 10% from 1.5 V) are 

shown in Fig. 3.2.1.3.  Based on the variations, the values of S11 are below -25 dB 

and -20 dB for low-band and high-band mode, respectively. 

2.3 GHz 

3.3 GHz 
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Fig. 3.2.1.2 Pre-layout simulated input return loss (S11) of the proposed LNA in 

SS and FF corners 

Fig. 3.2.1.3 Pre-layout simulated input return loss (S11) of the proposed LNA 

(VDD variation) 

  

3.2.2  Gain (S21) 

The pre-layout simulated gain (S21) of the proposed LNA in typical condition 

2.3 GHz (SS) 

2.3 GHz (FF) 

3.3 GHz (SS) 

3.3 GHz (FF) 

VDD = 1.5 V 

VDD = 1.35 V 

VDD = 1.65 V 
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at room temperature is shown in the Fig. 3.2.2.1.  The peak S21 for the low-band 

mode tends to be constant with 1 dB variation from 2.3 GHz to 2.4 GHz, while 

the peak S21 for the high-band mode located at 3.8 GHz.  The S21 for this 

simulation is above 18 dB and 17 dB for low-band and high-band mode, 

respectively. 

Fig. 3.2.2.2 and Fig. 3.2.2.3 show the pre-layout simulation of S21 in FF-SS 

corner model libraries and in different VDD (± 10% from 1.5 V), respectively.  

The S21 of proposed LNA increases about 0.5 dB from typical model library in FF 

corner and decrease about 1 dB from typical model library in SS corner.  

Moreover, the pre-layout simulated S21 in ±10% VDD variations varies 2% from 

the result in typical condition. 

 
Fig 3.2.2.1 Pre-layout simulated gain (S21) of the proposed LNA in typical model 

library 

2.3 GHz

3.3 GHz
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Fig. 3.2.2.2 Pre-layout simulated gain (S21) of the proposed LNA in SS and FF 

corners 

 
Fig. 3.2.2.3 Pre-layout simulated gain (S21) of the proposed LNA (VDD variation) 

 The difference S21 performance for two mode operation of the proposed 

LNA is due to the difference of drain inductor used for each mode, as mentioned 

in sub-chapter 3.1.1.From previous explanation, since the Q-factor of drain 

2.3 GHz (SS)

2.3 GHz (FF) 

3.3 GHz (SS)

3.3 GHz (FF)

VDD = 1.5 V 

VDD = 1.35 V

VDD = 1.65 V
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inductor for high-band mode is higher than for low-band mode, the S21 bandwidth 

for high-band mode is narrower than for low-mode band as shown in this 

simulation. 

3.2.3  Stability (Kf) 

 Fig. 3.2.3 shows the pre-layout simulated stability factor (Kf) versus 

frequency of the proposed LNA.   It is well known that Kf> 1 and ∆൏ 1are 

necessary for a circuit to be unconditionally stable expressed in 3.2.3.1 and 

3.2.3.2, respectively. Clearly, the proposed LNA for the both of mode bands are 

unconditionally stable over the 0 to 10 GHz. 

௙ܭ ൌ
1 ൅ |∆|ଶ െ | ଵܵଵ|ଶ െ |ܵଶଶ|ଶ

2|ܵଶଶ|| ଵܵଵ| ൐ 1                      ሺ3.2.3.1ሻ 

∆ൌ ଵܵଵܵଶଶ െ ଵܵଶܵଶଵ ൏ 1                               ሺ3.2.3.2ሻ 

 
Fig 3.2.3 Pre-layout simulated stability factor (Kf) for the proposed LNA  

3.2.4 Noise Figure (NF) 

The noise figure (NF) of pre-layout simulation in typical condition is 

depicted in Fig. 3.2.4.1.The minimum NF of 1.85 dB and 2.3 dB are achieved at 

1.1 GHz low-band mode and at 3 GHz for high-band mode, respectively.  It also is 

shown in Fig. 3.2.4.1 that for both of mode-bands the NF is below 2.6 dB and 2.5 

dB, respectively.  Fig. 3.2.4.2 and Fig. 3.2.4.3 show the NF of the proposed LNA 

in different model libraries and different VDD values.   As shown, in SS corner at 

2.3 GHz

3.3 GHz
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80oC temperature, NF degrades about 0.5 dB from typical model library result.  

Otherwise, 0.2 dB NF improvement can be obtained in FF corner at 0oC 

temperature.  

 Fig 3.2.4.1 Pre-layout simulated noise figure (NF) for the proposed LNA 

in typical model library 

 
Fig 3.2.4.2 Pre-layout simulated noise figure (NF) for the proposed LNA in SS 

2.3 GHz

3.3 GHz

2.3 GHz (SS)

2.3 GHz (FF) 

3.3 GHz (SS)

3.3 GHz (FF)
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and FF corners 

 
Fig 3.2.4.3 Pre-layout simulated noise figure (NF) for the proposed LNA (VDD 

variation) 

To demonstrate the effect of VDD variation for NF, the proposed LNA is 

also simulated in ±10% from typical VDD as shown in Fig 3.2.4.3.  According the 

simulation, in1.35 V, NF will degrade 0.5 dB and 0.05 dB for low-band and high-

band mode, respectively.  Furthermore, in 1.65 V, the NF for both of mode 

improves about 0.08 dB and 0.03 dB, respectively. 

 

3.2.5 Linearity 

 A two-tone test is performed to evaluate IIP3 (input third intercept points).  

The two-tone test for pre-layout simulation in typical condition is plotted in Fig. 

3.2.5.1.  It can be seen that the IIP3 is -11.3 dBm at high-band mode frequency. 

 Fig. 3.2.5.2 shows the IIP3 of low-band mode in typical condition at room 

temperature.  It can be seen that the IIP3 is -12.1 dBm.  Meanwhile, the complete 

of two-tone test result based on the model library and VDD variations is depicted 

in Table 3.1.  According to the results, the IIP3 of proposed LNA can be improved 

about 1.5 dBm for low-band mode and 1 dBm for high-band mode in SS corner at 

80oCtemperature, respectively.  Furthermore in ±10% from typical VDD, the 

VDD = 1.5 V 

VDD = 1.35 V

VDD = 1.65 V
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proposed LNA for high-band mode has stable linearity with ±0.1 dBm variations.  

However, in the low-band mode the linearity varies about 0.1 to 0.4 dBm.   

 
Fig. 3.2.5.1 The result of the two-tone test for IIP3 simulation in the high-band 

mode of the proposed LNA 

 
Fig 3.2.5.2 The result of the two-tone test for IIP3 simulation in the low-band 

mode of the proposed LNA 

IM3

Fundamental

IM3

Fundamental

A 2.3/3.3-GHz dual..., Taufiq Alif Kurniawan, FT UI, 2011



Table 3.1 Two-tone test summary for IIP3 simulation in pre-layout simulation 

Item 
Model Library and 

temperature 
VDD 

SS; 
80OC temp. 

FF; 
0OC temp. 

1.35 V 1.5 V 1.65 V 

Low-band 
mode 
(dBm) 

-10.627 -13.031  -11.62  -12.073  -12.123  

High-band 
mode 
(dBm) 

-10.376  -11.958  -11.42  -11.331  -11.257  

 

Table 3.2 Performance summary of pre-layout simulation 
Item (unit) Low-band mode High-band mode 

VDD (V) 1.5 V 1.5 V 

S11 (dB) < -29 < -21 

S21 (dB) > 18.4 > 17.0 

NF (dB) < 2.6 < 2.5 

IIP3 (dBm) -12.1 -11.3 

P1dB (dBm) -23.3 -22.1 

Kf > 1 > 1 

Power Consumption (mW) 18.4 12.9 
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CHAPTER 4 – POST-LAYOUT SIMULATION 
 
 
 

4.1 Post Layout Circuit 

 
Fig. 4.1.1 Post layout for the proposed LNA circuit  

 
 The proposed of LNA in this work occupied a die area of 1.113 x 0.185 

mm2is shown in Fig. 4.1.1.  It circuit is designed and implemented in 0.18-μm 

CMOS process and consists of 8 pins: VDD1, VDD2, VDD3, RF_OUT, VBIAS, 

VSW, GND and RF_IN shown in Fig. 3.1.1.  In typical model library at room 

temperature (27oC), the proposed LNA draws 10.883 mA and 7.833 mA from 1.5-

V supply for low-band and high-band mode, respectively. VSSE and VDDE pins 

are ground and VDD pins for ESD (electrostatic discharge) protection pad. 
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4.2 Post-Layout Simulations 

4.2.1 Input Return Loss (S11) 

 The post-layout simulation is performed by considering all the parasitic for 

an on-board measurement.  The input return loss (S11) in typical condition at room 

temperature is depicted in Fig. 4.2.1.1.  As expected, the value of S11 agrees well 

with that of the pre-layout simulation in sec. 3.2.1.  The simulated of S11 is below -

29 dB and -13 dB for low-band and high-band mode, respectively. According this 

performance, the proposed LNA can be operated at both of WiMAX frequency 

band in Indonesia. 

 
Fig. 4.2.1.1 Post-layout simulated input return loss (S11) of the proposed LNA in 

typical condition 

 Furthermore, in SS and FF corners, the S11 remains below -10 dB over the 

entire band for both of mode which agrees well with the pre-layout simulation as 

shown in Fig. 4.2.1.2.  The similar simulation result is also obtained under ±10% 

variation of VDD from its typical value (1.5 V) as depicted in Fig. 4.2.1.3. 

2.3 GHz 

3.3 GHz 
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Fig. 4.2.1.2 Post-layout simulated input return loss (S11) of the proposed LNA in 

SS and FF corners 

 
Fig. 4.2.1.3 Post-layout simulated input return loss (S11) of the proposed LNA 

(VDD variation) 

 

 

2.3 GHz (SS) 

2.3 GHz (FF) 

3.3 GHz (SS) 

3.3 GHz (FF) 

VDD = 1.5 V 

VDD = 1.35 V 

VDD = 1.65 V 
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4.2.2 Gain (S21) 

 The post-layout simulated gain (S21) for the proposed LNA in typical 

condition is 17.2~17.8 dB for low-band mode and 15.5~15.8 dB for high-band 

mode shown in Fig. 4.2.2.1, respectively. 

 
Fig 4.2.2.1 Post-layout simulated gain (S21) of the proposed LNA in typical 

condition 

 Fig. 4.2.2.2 shows the post-layout simulated S21 inSS corner at 80oC and 

FF corner at 0oC, respectively. According to the simulation, S21 of the proposed 

LNA degrades about 5-6% from S21 in typical condition for low-band mode.  

Meanwhile, the S21 improves 3% for high-band mode.  Furthermore, based on 

±10% from typical VDD, the S21 for low-band mode are 16.12~16.40 dB and 

17.64~17.86 dB in 1.35 V and 1.65 V shown in Fig. 4.2.2.3, respectively.  For the 

similar VDD variation, the S21 for the proposed LNA for high-band mode are 

15.12~15.47 dB and 15.79~16.18 dB in 1.35 V and 1.65 V, respectively. 

 

2.3 GHz 

3.3 GHz
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Fig 4.2.2.2 Post-layout simulated gain (S21) of the proposed LNA in SS and FF 

corners 

 

 
Fig. 4.2.2.3 Post-layout simulated gain (S21) of the proposed LNA (VDD 

variation) 

 

2.3 GHz (SS)

2.3 GHz (FF) 

3.3 GHz (SS) 

3.3 GHz (FF) 

VDD = 1.5 V 

VDD = 1.35 V 

VDD = 1.65 V
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4.2.3 Stability (Kf) 

 Fig. 4.2.3.1 shows the post-layout simulated stability factor (Kf) of the 

proposed LNA.  According to the result, the proposed of LNA for both modes are 

unconditionally stable over 0 to 10 GHz. 

 
Fig. 4.2.3.1 Post-layout simulated stability factor (Kf) for the proposed LNA 

 

4.2.4 Noise Figure (NF) 

 The post-layout simulated noise figure (NF) for the proposed LNA in 

typical condition is shown in Fig. 4.2.4.1.  The NF of 2.67~2.7 dB can be 

achieved for low-band mode and 2.52~2.54 dB for high-band mode shown in the 

Fig. 4.2.4.1. 

 In addition, the NF can improve about 0.25 dB and 0.19 dB in FF corner 

for low-band mode and high-band mode shown in Fig.4.2.4.2, respectively.  

Otherwise, the NF degrades about 17.97% for low-band mode and 17.06% for 

high-band mode as depicted in that figure.   

 Fig. 4.2.4.3 shows the NF of the proposed LNA in ±10% VDD from 

typical value.  As depicted in the figure, the NF varies about 0.31 dB for low-band 

mode while in high-band mode varies only about 0.04 dB. 

2.3 GHz

3.3 GHz 
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 Compared with the pre-layout simulation results, the post-layout simulated 

of NF in typical condition degrades about 15.99% for low-band mode and 8.1% 

for high-band mode, respectively. 

 
Fig 4.2.4.1 Post-layout simulated noise figure (NF) of the proposed LNA in 

typical condition 

2.3 GHz

3.3 GHz
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Fig 4.2.4.2 Post-layout simulated noise figure (NF) of the proposed LNA in SS 

and FF corners 

 

 
Fig. 4.2.4.3 Post-layout simulated noise figure (NF) of the proposed LNA   (VDD 

variation) 

 

2.3 GHz (SS) 

2.3 GHz (FF)

3.3 GHz (SS) 

3.3 GHz (FF)

VDD = 1.5 V 

VDD = 1.35 V 

VDD = 1.65 V 
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4.2.5 Linearity 

 Similar with the previous chapter, a two-tone testis used to simulate 

linearity of the proposed LNA.  The post simulated IIP3 and P1dB for low-band 

mode are shown in Fig. 4.2.5.1 and Fig. 4.2.5.2, respectively.  According to the 

figure, the IIP3 and P1dB of the proposed LNA achieves -13.4 dBm and -24.2 

dBm at low-band mode, respectively.  Compared with pre-layout simulation, the 

IIP3 and the P1dB for low-band mode degrade about 1.3 dBm and 0.9 dBm, 

respectively. 

 
Fig 4.2.5.1 The result of the two-tone test for IIP3 simulation in the low-band 

mode of the proposed LNA 

IM3

Fundamental
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Fig 4.2.5.2 The result of P1dB simulation in the high-band mode of the proposed 

LNA 

 

 
Fig 4.2.5.3 The result of the two-tone test for IIP3 simulation in the high-band 

mode of the proposed LNA

IM3

Fundamental
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Fig. 4.2.5.4 The result of P1dB simulation in the low-band mode of the proposed 

LNA 

 Fig. 4.2.5.3 and Fig. 4.2.5.4 show the linearity performance of the 

proposed LNA in high-band mode. As depicted in the figure, the IIP3 and the 

P1dB for the high-band mode are -12.4 dBm and -23.3 dBm, respectively.  

Compared with pre-layout simulation, the IIP3 and the P1dB for high-band mode 

degrade about 1.1 dBm and 1.2 dBm, respectively.   

 For the summary, a two-tone test results in post-layout simulation based 

variation on corner model libraries and ±10% VDD are shown in Table 4.1. As 

depicted in the table, the IIP3 increases 11.67% and 6% from typical condition in 

SS corner for low-band and high-band mode, respectively.  However, the IIP3 

degrades about 7.17% and 8.25%from typical condition in FF corner for low-band 

mode and high-band mode, respectively.  Furthermore, based on VDD variation, 

the IIP3 varies about 0.55 dBm and 0.14 dB for low-band mode and for high-band, 

respectively. 
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Table 4.1 Two-tone test summary for IIP3 simulation in post-layout simulation 

Item 

Model Library and 
temperature 

VDD 

SS 
80OC temp. 

FF  
0OC temp. 

1.35 V 1.5 V 1.65 V 

Low-band 
mode 
(dBm) 

-11.855 -14.383 -12.591 -13.422 -13.685 

High-band 
mode 
(dBm) 

-11.697 -13.4109 -12.1567 -12.385 -12.444 

   

Table 4.2 Performance summary of post-layout simulation 

Item (unit) Low-band mode High-band mode 

VDD (V) 1.5 V 1.5 V 

S11 (dB) <-29 <-13 

S21 (dB) > 17 > 15.5 

NF (dB) < 2.71 < 2.54 

IIP3 (dBm) -13.4 -12.3 

P1dB (dBm) -24.2 -23.3 

Stability Factor (Kf) > 1 > 1 

Power Consumption (mW) 16.32 11.75 

  

 Table 4.2 and Table 4.3 show the performance summary of post-layout 

simulation and the comparison of the proposed LNA with other works, 

respectively. 

 Table 4.3 Simulation results of the proposed LNA and other works 

Ref. 
This Work 

[35] [36] [37] [38] 
2.3 GHz 3.3 GHz 

Frequency 
(GHz) 2.3~2.4 3.3~3.4 2.4 0.9 0.9 0.96 

S11(dB) -29.1~-32 -12.9~-16.8 -20 -11 -14 < -10 
S21(dB) 17.2~17.8 15.5~15.8 13 17.5 17 13 
NF(dB) 2.67~2.71 2.52~2.54 3.6 2.05 3.4 3.6 
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IIP3(dBm) -13.4 
(@2.3GHz)

-12.3 
(@3.3GHz) -3 -6 -5.1 -10 

P1dB(dBm) -24.2 
(@2.3GHz)

-23.3 
(@3.3GHz) - - - -18 

VDD (V) 1.5 1.5 1.5 2.7 2.3 1.2 
Power 

Cons.(mW) 16.3 11.75 7.2 21.6 12.8 0.72 

Chip Area 
(mm2) 0.9 0.9 0.56 - 0.35 2.6 

 

 Furthermore, to compare overall performance of the proposed LNA, the 

FOM formulas [39][41][42][31] are used as shown in Table 4.4.   

FOMଵሺmWିଵሻ ൌ
Gainሾabsሿ

ሺNF െ 1ሻሾabsሿ. PDCሾmWሿ                      ሺ4.2.1ሻ 

FOMଶሺെሻ ൌ
Gainሾabsሿ. IIPଷሾmWሿ. fୡሾGHzሿ

ሺNF െ 1ሻሾabsሿ. PDCሾmWሿ                       ሺ4.2.2ሻ 

FOMଷ ൌ 10. logଵ଴ ቆ100.
Gainሾabsሿ. IIPଷሾmWሿ

ሺF െ 1ሻሾabsሿ. PDCሾmWሿቇ ൅ 10. logଵ଴ ൬
f୭

1GHz൰   ሺ4.2.2ሻ 

 

Table 4.4 Summary Figure of Merit (FOM) of the proposed LNA and other works 

Ref. 
This Work 

[35] [36] [37] [38] 
2.3 GHz 3.3 GHz 

Gain/PDC 1.068 1.352 1.805 0.801 1.319 1.805 
FOM1 0.639 0.889 0.694 0.771 0.549 0.601 
FOM2 0.079 0.172 0.062 0.173 0.156 0.051 
FOM3 16.78 19.03 12.86 19.41 19.73 11.95 

  

 Summary of FOMs in Table 4.4 indicates that the proposed LNA in this 

work can compete with the other published and implemented LNA based on on-

board measurement in terms of S21, NF, IIP3, power consumption and frequency 

of operation. 

 

4.3 Measurement Method 

 Fig. 4.3.1 is proposed PCB board for the proposed LNA measurements.  

This board is designed by Allegro PCB Design Expert. 
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Fig. 4.3.1 PCB board for chip measurements 

As depicted in Fig. 3.1.1, the PCB board consists of 10 pins, including VDDE and 

VSSE.  VSSE is connected to GND pad, while VDDE is connected to VDDE pad 

to provide VDD for ESD chip protection. 

 Fig. 4.3.2 and Fig. 4.3.3 show measurement setups for S11, S21, IIP3, and 

P1dB on-board measurements, respectively.  As shown in the figure, in order to 

measure S11 and S21, the network analyzer is needed.  In other hand, the signal 

generator is needed for providing LNA’s input signal while spectrum analyzer for 

displaying the IIP3 and P1dB results as depicted in Fig. 4.3.3. 

 
Fig. 4.3.2 Measurement setup for S11, S21 test 

LNA

Network Analyzer
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CHAPTER 5 – CONCLUSIONS 
 
 

 In this thesis, a 2.3/3.3 GHz dual band LNA as one of important part of 

front-end WiMAX receiver was successfully realized using inductive source 

degeneration with switchable inductor for gain controlling.  In chapter 2, we have 

presented mathematical analysis of input impedance, newly conceived gain and 

noise figure equations for source inductive degeneration LNA architecture, which 

modifies the equations in previous works. 

In chapter 3, the proposed of LNA was simulated in pre-layout simulation.  

At the low-band mode, pre-layout simulation results show that the S11 is lower 

than -29 dB, the S21 of 18.45 ~ 18.69 dB, and the NF of 2.3 ~ 2.33 dB.   The IIP3 

and P1dB are -12.1 dBm and 23.3 dBm, respectively, while total power 

consumption is 18.4 mW at 1.5 V power supply.  At high-band mode, pre-layout 

simulation results show the S11 is lower than -21 dB, the S21 of 17.01 ~ 17.48 dB, 

and the NF of 2.36 ~ 2.37 dB.  The IIP3 and P1dB are -11.3 dBm and -22.1 dBm, 

respectively, while total power consumption was 12.9 mW at 1.5 V power supply.  

These pre-simulation results also tend to be relatively stable in variations of VDD 

and corner library as explained. 

In chapter 4, the proposed of LNA is simulated in post-layout simulation 

using standard 0.18-μm CMOS technology.  Total chip area is 0.9 mm2 including 

the test pads.  By post-layout simulation, the proposed of LNA for low-band mode 

achieved the S11 of -29.11 dB ~ -32 dB, the S21 of 17.18 ~ 17.42 dB, and the NF of 

2.67 ~ 2.71 dB.  For linearity performance, the IIP3 and P1dB are -13.4 dBm and -

24.2 dBm, respectively.  In low-band mode, this proposed LNA consumed only a 

small dc power of 16.32 mW.  At high-band mode, post-simulation results show 

the S11 is -12.94 ~ -16.82 dB, the S21 of 15.5 ~ 15.88 dB, and the NF of 2.52 ~ 

2.54 dB.  Furthermore, the IIP3 and P1dB for the high-band mode are -12.3 dBm 

and 23.3 dBm by consuming only 11.75 mW at 1.5 V power supply, respectively. 

The main achievement of this master work is the post-layout simulation of 

2.3/3.3 dual band LNA with inductive source degeneration architecture and 

proposed gain controlling by switchable inductor for WiMAX applications in 

Indonesia.  The circuit realized in the 0.18-μm CMOS technology will be 
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fabricated and measured in on-board as explained in chapter 4.  In future, because 

of its well-performance, this proposed LNA is very promising for dual-band 

frequency RFIC applications especially to support communication infrastructure 

development as a part of WiMAX chip in Indonesia and also in the world. 
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Appendix 
 

PRE-LAYOUT SIMULATION RESULTS 
 

2.3~2.4 GHz Pre-Simulation in 5-Corner Libraries 
Model 

Library 
VDD 
(V) 

2.3~2.4 GHz 
S11 (dB) S21(dB) NF (dB) Power (mW) IIP3(dBm) 

TT 

1.35 -25.32 ~ -
29.74 17.5 ~ 17.79 2.736 ~ 2.775 13.7421 -11.62 

1.5 -31.77 ~ -
29.38 18.45 ~ 18.69 2.302 ~ 2.333 18.4129 -12.0738 

1.65 -32.27 ~ -
28.59 18.85 ~ 19.07 2.197 ~ 2.226 23.7737 -12.1234 

FF 

1.35 -21.75 ~ -
24.18 17.92 ~ 18.21 2.565 ~ 2.603 13.6207 -12.4238 

1.5 -32.79 ~ -
32.78 18.97 ~ 19.2 2.081 ~ 2.11 18.3089 -13.031 

1.65 -34.56 ~ -32.5 19.34 ~ 19.55 1.984 ~ 2.011 23.6962 -13.082 

SS 

1.35 -29.58 ~ -
34.22 16.57 ~ 16.87 3.129 ~ 3.169 13.9272 -10.333 

1.5 -26.87 ~ -
24.76 17.45 ~ 17.71 2.738 ~ 2.771 18.5753 -10.6275 

1.65 -26.87 ~ -
24.35 17.9 ~ 18.13 2.615 ~ 2.646 23.9031 -10.6643 

FS 

1.35 -25.29 ~ -
29.73 17.5 ~17.79 2.737 ~ 2.775 13.7334 -11.62 

1.5 -31.87 ~ -
29.42 18.45 ~ 18.69 2.302 ~ 2.333 18.4036 -12.0738 

1.65 -32.43 ~ -
28.59 18.85 ~ 19.07 2.197 ~ 2.226 23.7657 -12.1234 

SF 

1.35 -25.29 ~ -
29.74 17.5 ~ 17.79 2.737 ~ 2.775 13.7334 -11.62 

1.5 -31.79 ~ -
29.42 18.45 ~ 18.69 2.302 ~ 2.333 18.4036 -12.0738 

1.65 -32.36 ~ -
28.59 16.85 ~ 19.07 2.197 ~ 2.226 23.7657 -12.1234 

 
3 

.3~3.4 GHz Pre-Simulation in 5-Corner Libraries 
 

Model 
Library VDD (V) 

3.3~3.4 GHz 

S11(dB) S21(dB) NF(dB) Power 
(mW) IIP3(dBm) 

TT 

1.35 -21.93 ~ -
21.64 16.64 ~ 17.12 2.368 ~2.378 9.669 -11.4263 

1.5 -21.36 ~ -
21.93 17.01 ~ 17.48 2.331 ~ 2.341 12.9738 -11.3319 

1.65 -20.44 ~ -
21.51 17.28 ~ 17.75 2.307 ~ 2.317 16.768 -11.2573 

FF 

1.35 -22.33 ~ -
22.97 17.14 ~ 17.61 2.15 ~ 2.16 9.587 -12.0574 

1.5 -21.18 ~ -
22.58 17.48 ~ 17.95 2.119 ~ 2.13 12.8992 -11.9582 

1.65 -19.96 ~ -
21.54 17.73 ~ 18.2 2.1 ~ 2.111 16.7079 -11.8622 
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SS 

1.35 -20.59 ~ -
19.39 15.75 ~ 16.23 2.783 ~ 2.791 9.7023 -10.4797 

1.5 -20.79 ~ -
20.14 16.16 ~ !6.64 2.734 ~ 2.742 13.103 -10.3763 

1.65 -20.55 ~ -
20.45 16.46 ~ 16.93 2.701 ~ 2.71 16.881 -10.3065 

FS 

1.35 -21.93 ~ -
21.64 16.64 ~ 17.12 2.368 ~ 2.378 9.669 -11.7292 

1.5 -21.36 ~ -
21.93 17.28 ~ 17.75 2.331 ~ 2341 12.973 -11.6448 

1.65 -20.45 ~ -
21.52 17.01 ~ 17.48 2.307 ~ 2.317 16.768 -11.5757 

SF 

1.35 -21.93 ~ -
21.64 16.64 ~ 17.12 2.368 ~ 2.378 9.669 -11.7292 

1.5 -21.36 ~ -
21.93 17.01 ~ 17.48 2.331 ~ 2.341 12.973 -11.6448 

1.65 -20.44 ~ -21.5 17.28 ~ 17.75 2.307 ~ 2.317 16.768 -11.5757 
 
 
 

POST-LAYOUT SIMULATION RESULTS 
 

2.3~2.4 GHz Post-Simulation in 5-Corner Libraries 

Model 
Library VDD (V) 

2.3~2.4 GHz 

S11 (dB) S21(dB) NF (dB) Power 
(mW) IIP3(dBm) 

TT 

1.35 -25.91 ~ -
30.69 16.12 ~ 16.40 3.16 ~ 3.21 12.33 -12.2155 

1.5 -29.11 ~ -
32.00 17.18 ~ 17.42 2.67 ~ 2.7) 16.325 -12.7328 

1.65 -28.42 ~ -
31.54 17.64 ~ 17.86 2.55 ~ 2.59 21.302 -12.8629 

FF 

1.35 -21.47 ~ -
23.26 16.54 ~ 16.82 2.97 ~ 3.01 12.16 -12.8005 

1.5 -29.10 ~ -
36.77 17.71 ~ 17.95 2.43 ~ 2.46 16.16 -13.4109 

1.65 -27.92 ~ 32.67 18.16 ~ 18.38 2.32 ~ 2.35 20.72 -13.5983 

SS 

1.35 -29.67 ~ -
31.29 15.21 ~ 15.50 3.58 ~3.63 12.58 -11.3087 

1.5 -24.28 ~ -
23.66 16.16 ~ 16.41 3.15 ~ 3.19 16.61 -11.697 

1.65 -24.28 ~ -
23.89 16.65 ~ 16.89 3.01 ~ 3.05 21.21 -11.8336 

FS 

1.35 -25.91 ~ -
30.69 16.11 ~ 16.4 3.16 ~ 3.21 12.32 -12.2115 

1.5 -29.09 ~ -32.0 17.18 ~ 17.42 2.67 ~ 2.71 16.33 -12.7438 

1.65 -28.41 ~ -
31.54 17.64 ~ 17.86 2.55 ~ 2.59 20.9 -12.863 

SF 

1.35 -25.92 ~ -
30.68 16.11 ~ 16.4 3.16 ~ 3.21 12.32 -12.2115 

1.5 -29.1 ~ -32.0 17.18 ~ 17.42 2.67 ~ 2.71 16.33 -12.7438 

1.65 -28.42 ~ -
31.54 17.64 ~ 17.86 2.55 ~ 2.59 20.9 -12.863 
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3.3~3.4 GHz Post-Simulation in 5-Corner Libraries 
 

Model 
Library VDD (V) 

3.3~3.4 GHz 

S11(dB) S21(dB) NF(dB) Power 
(mW) IIP3(dBm) 

TT 

1.35 -16.74 ~ -
12.67 15.12 ~ 15.47 2.57 ~ 2.59 8.842 -12.1567 

1.5 -16.82 ~ -
12.94 15.5 ~ 15.88 2.52 ~ 2.54 11.75 -12.2675 

1.65 -16.65 ~ -
13.13 15.79 ~ 16.18 2.49 ~ 2.51 15.609 -12.3331 

FF 

1.35 -16.07 ~ -12.3 15.6 ~ 15.96 2.34 ~ 2.35 8.73 -12.8336 

1.5 -15.81 ~ -
12.41 15.97 ~ 16.35 2.29 ~ 2.31 11.64 -12.8186 

1.65 -15.46 ~ -
12.46 16.24 ~ 16.64 2.26 ~ 2.2) 14.95 -12.9336 

SS 

1.35 -17.23 ~ -
13.02 14.27 ~ 14.62 3.01 ~ 3.03 9.01 -11.5476 

1.5 -17.96 ~ -
13.56 14.68 ~ 15.05 2.95 ~ 2.97 11.94 -11.6407 

1.65 -18.39 ~ -14.0 14.99 ~ 15.38 2.90 ~ 2.92 15.28 -11.5671 

FS 

1.35 -16.71 ~ -
12.67 15.21 ~ 15.47 2.57 ~ 2.59 8.84 -12.1567 

1.5 -16.82 ~ -
12.94 15.5 ~ 15.88 2.52 ~ 2.54 11.76 -12.2675 

1.65 -16.65 ~ -
13.13 15.79 ~ 16.18 2.49 ~ 2.51 15.09 -12.3331 

SF 

1.35 -16.47 ~ -
12.67 15.12 ~ 15.47 2.57 ~ 2.59 8.84 -12.1567 

1.5 -16.82 ~ -
12.94 15.5 ~ 15.88 2.52 ~ 2.54 11.76 -12.2675 

1.65 -16.65 ~ -
13.13 15.79 ~ 16.18 2.49 ~ 2.51 15.09 -12.3331 
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