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摘要 

 

於本論文，我們提出一使用 0.18-µm TSMC CMOS 1P6M 製程應用於超寬頻低頻帶系

統之低功率自順向基底偏壓低雜訊放大器。使用自順向基底偏壓技術，可以降低低雜訊

放大器的供應電壓並且也可以節省額外的偏壓電路，而使我們的低雜訊放大器在兩個汲

極-源極的電壓降之供應電壓為 1.06 V 為低功率消耗。而 LNA 電路裡的互補式架構與第

二級直接耦合的方式也節省了額外所需的偏壓電路。由於提出的自順向基底偏壓技術對

於雜訊指數有些許不好的影響，因此，我們針對此問題將先前提出的低雜訊放大器之雜

訊指數做改善。在本論文的一些圖表中，所提出第一個的低雜訊放大器之量測數據顯示，

在功率消耗 6.38 mW 且頻寬為 2.6 至 6.6 GHz，最大增益為 15.5 dB，輸入/輸出阻抗匹

配之功率反射係數分別為低於-12 dB 及 -17dB，平均雜訊指數為 3.2 dB。而改善後的

低雜訊放大器之量測結果顯示，在功率消耗 4.5 mW 且頻寬為 2.0 至 6.6 GHz 下，最大

增益為 16.2 dB，輸入/輸出阻抗匹配之功率反射係數分別為低於-12 dB 及 -16dB，平

均雜訊指數為 2.6 dB。 
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Abstract 

 
 A low-power low-noise amplifier (LNA) implemented in 0.18-μm TSMC CMOS 1P6M 

technology utilizing a self-forward-body-biased (SFBB) technique is proposed for UWB 

low-frequency band system in this thesis. By using the SFBB techniques, it reduces supply 

voltage as well as saves additional biased circuits used in conventional FBB techniques, 

which leads to a low power consumption with low supply voltage of 1.06 V for two 

MOSFETs drain-to-source voltage drops. Using the complementary configuration and 

inter-stage direct coupling technique also saves the biased circuits. However, the self forward 

body bias technique will give rise to some noise figure degradation. Therefore, we proposed 

the second LNA to improve the noise figure of the preceding LNA in this thesis. The 

measurement result shows that the LNA 1 also presents a maximum power gain of 15.5 dB 

with a good input/output match (S11< –12 dB/ S22< -17 dB) and an average noise figure of 3.2 

dB in the frequency range of 2.6–6.6 GHz while consuming power of 6.38 mW. And the 

measurement result shows that the NF-improved LNA presents a maximum power gain of 

16.2ddB with a good input/output match (S11< -12 dB/ S22< -16 dB) and an average noise 

figure of 2.6 dB in the frequency range of 2.0–6.6 GHz while consuming power of 4.5 mW. 
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1.1  Background and Problems 

Ultra-wideband (UWB) communication techniques have attracted great interests in both 

academia and industry in the past few years for applications in short-range and high-speed 

wireless mobile system. The Federal Communication Commission (FCC) has recently 

approved the 3.1GHz to 10.6GHz full-band for UWB deployment as shown in Figure 1.1. 

Two recent major proposals [1], [2] for the IEEE 802.15.3a propose that data rate of up to 

400–480 Mbps can be obtained using only the low-frequency band (3–6 GHz) of UWB.  

 

Figure 1.1 UWB Multi-Band OFDM Proposal  

 1
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One of the most critical blocks in wireless receivers is the low-noise amplifier (LNA) 

because it needs to amplify the received weak signal. There are several common goals in the 

design of UWB LNA including the input impedance matching, low noise performance, low 

power consumption, small sizes, sufficient linearity, and enough power gain to overcome the 

noise of subsequent stages. Therefore, in the design of LNA, it has to find some ways of 

achieving these goals. 

 

1.2 Related Works 

Several CMOS UWB LNA design techniques have been reported for wideband 

communication applications, which include current-reused [3], input band-pass filter 

wideband matching [4], resistive feedback [5], common-gate configuration [6] and distributed 

architecture [7], etc. The current-reused LNA is composed of two common-source 

configuration stages under common-DC-current structure that can save power consumption 

effectively. However, its chip area is large since it usually contains numerous inductors for 

wideband purpose. In the input-band-pass-filter technique, the ladder band-pass filter is 

employed for wideband input impedance matching. However, at the input of LNA of this 

technique, the parasitical resistance of ladder filter would degrade the noise performance. The 

resistive feedback LNA increases the bandwidth of desired operation frequency at the cost of 

the gain. Therefore, the higher the gain is, the more amplifier stages we need which yield 

more consumption of DC power. A common gate (or the 1/gm termination) amplifier has the 

highest potential to achieve the wideband input matching, good linearity, and input-output 

isolation, but it leads to lower gain and higher noise figure than using a common source 

amplifier. The well-developed distributed amplifier is known as its wide bandwidth, but it 

requires large power consumption and layout area that is not suitable for portable devices.  

Here, LNA requires power consumption as lower as possible while achieving acceptable 
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performance. That may be very important for many potential applications, especially for 

portable device. In this thesis, we propose a low-power low-noise amplifier (LNA) utilizing 

self forward body bias (SFBB) technique for wideband applications. The threshold voltage of 

MOSFET can be lowered by means of SFBB/FBB technique, and then, with the same current 

amount, we need not the higher supply voltage (1.8 V) supplied in the conventional LNAs in 

0.18-µm CMOS technology. The supply voltage of the proposed LNA is only 1.06 V for two 

drain-to-source voltage drops of MOSFET. With regard to the design of system, biasing the 

bulk of MOSFETs by the self-bias technique saves the DC power consumption as well since 

it doesn’t need additional bias circuits. 

 

1.3 Thesis Organization 

The thesis is organized into five chapters including the introduction. Chapter 2 deals with 

the basic concepts of low noise amplifier design, and introduces the impedance matching and 

low noise design method of some popular LNA topologies with their comparison. Chapter 3 

reviews the advanced low-power LNA design methods. In chapter 4, proposes low-power 

self-forward-body-bias UWB CMOS LNA, and the noise degradation resulted from the 

self-forward-body-bias technique is improved in the second LNA. In Chapter 5, conclusion is 

drawn. 
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Chapter 2   Basic Concepts of Low-Noise Amplifier Design 

 

 

2.1 System Specifications of LNA 

2.1.1 S-Parameters 

Systems can be characterized in numerous ways. Usually, we use the well-known 

representations of impedance (Z), admittance (Y), hybrid (H), and cascade (ABCD) 

parameters matrix to characterize N-port network. However, in microwave design (or higher 

frequencies), it is quite difficult to obtain the parameters matrices mentioned above by 

providing short or open termination, since we can’t measure the current at each port as it 

results in the reflected wave from short or open termination. For this reason, we must use 

Scattering Parameters, also called S-parameters, defined by the variables in terms of incident 

and reflected voltage waves with characteristic impedance, rather than port voltages or 

currents, to characterize the two-port network in LNA design [28]-[30]. 
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Figure 2.1 Two-port network with S-parameters. 

Consider the two-port network for LNA shown in Figure 2.1, where ܼ0i  is the 

characteristic impedance of the port I, and iܸ
ା and iܸ

ି＿represent the incident and reflected 

voltage waves at port i respectively. In order to obtain physically meaningful power relations 

in terms of wave amplitudes, we must e  set of wave amplitudes as d fine a new

i 0iܽ ൌ iܸ
ା/ඥܼ  ,                            (2.1) 

ܾi ൌ iܸ
ି/ඥܼ0i ,                            (2.2) 

where ܽi  and ܾi  represents the normalized incident and reflected voltage wave by 

characteristic impedance (ܼ0i) at port i respectively. 

Then, the two-port S-parameters are defined as 

൬ܾଵ
ܾଶ

൰ ൌ ൬ ଵܵଵ ଵܵଶ
ܵଶଵ ܵଶଶ

൰ ቀ
ܽଵ
ܽଶ

ቁ,                         (2.3) 

where 

ܵ ൌ ௕భ

భ
ଵଵ ௔

ቚ
Port 2 is terminated.

,                        (2.4) 

ଵܵଶ ൌ ௕భ

మ௔
ቚ

Port 1 is terminated.
,                        (2.5) 

 ܵଶଵ ൌ ௕మ

భ௔
ቚ

Port 2 is terminated.
,                        (2.6) 

ܵଶଶ ൌ ௕మ
௔మ

ቚ
Port 1 is terminated.

.                        (2.7) 

Thus, ଵܵଵ and ܵଶଶ are simply the input and output reflection coefficient respectively while 

we terminated another, and ଵܵଶ and ଵܵଶ is simply the forward gain and reverse isolation 

respectively. 

. 
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2.1.2 Noise Figure (NF) 

A useful representation of the noise effect of a system is the noise figure, usually denoted 

F or NF. The noise figure is a measure of the degradation in signal-to-noise ratio (SNR) that a 

system introduces. The noise factor is defined as 

ܨ ؠ ௌேோ೔೙
ௌேோ೚ೠ೟

ൌ total output noise power
୭୳୲୮୳୲ ୬୭୧ୱୣ ୮୭୵ୣ୰ ୢ୳ୣ ୲୭ ୧୬୮୳୲ ୱ୭୳୰ୡୣ

 ,              (2.8) 

and we usually represent the noise fig ned as ure with logarithm defi

ሺdBሻܨܰ ൌ 10log(2.9)                          .ܨ 

The method for analyzing the effect of noise in MOSFET and the calculation of noise 

figure are illustrated in reference [28]. 

 

Figure 2.2 Cascade of system block diagram. 

The overall noise figure of a cascade of systems depends on both the individual noise 

figures as well as their gains. The dependency on the gain results from the fact that, once the 

signal has been amplified, the noise of subsequent stages is less important. As a result, system 

noise figure tends to be dominated by the noise performance of the first several stages in a 

receiver. Consider the block diagram of Figure 2.2, where each ܨ௡ is the noise figure and 

each ܩ௡ is the gain. The total noise factor is the sum of these individual contributions, and is 

therefore given by 

ܨ ൌ ଵܨ ൅ ிమିଵ
ீభ

൅ ிయିଵ
ீభீమ

൅ ڮ ൅ ி೙ିଵ
∏ ீ೙

ಿషభ
೙సభ

.                  (2.10) 
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2.1.3 Harmonics 

 

Figure 2.3 Frequency response of nonlinear system with one tone signal. 

In wireless receiver, the low-noise amplifier usually can be approximately treated as linear 

system for processing small signal. In fact, it is nonlinear and the input-output relationship of 

a nonlinear system can be described by 

ሻݐሺݕ ൌ ሻݐଵܵሺߙ ൅ ሻଶݐଶܵሺߙ ൅ ሻଷݐଷܵሺߙ ൅  (2.11)                ,ڮ

Here, as shown in Figure 2.3, S(t) is the input signal, and y(t) is the output signal. Using the 

function (2.11) with one tone signal at the input, ܵሺݐሻ ൌ  the output of the nonlinear ,ݐcos߱଴ܣ

system can be viewed mathematically as 

ሻݐሺݕ ൌ ݐcos߱଴ܣଵߙ ൅ ሻଶݐcos߱଴ܣଶሺߙ ൅ ሻଷݐcos߱଴ܣଷሺߙ ൅                       ڮ

ൌ ஑మ஺మ

ଶ
൅ ቀαଵܣ ൅ ଷఈయ஺య

ସ
ቁ cosω଴ݐ ൅ ஑మ஺మ

ଶ
cos2ω଴ݐ ൅ ஑య஺య

ସ
cos3ω଴ݐ ൅  (2.12) . ڮ

As can be seen easily from (2.12), harmonic distortion is generated and is defined as the 

ratio of the amplitude of a particular harmonic to that of the fundamental. For example, 

third-order harmonic distortion (HD3) is defined as the ratio of amplitude of the tone at 3߱଴ 

to that of the fundamental at ߱଴, and is therefore given by 

ଷܦܪ ൌ ଵ
ସ

ఈయ
ఈభ

 ଶ.                           (2.13)ܣ
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2.1.4 1-dB Gain Compression Point (P1dB) 

 

Figure 2.4 Definition of 1-dB compression point. 

As can be seen easily from (2.12), for an amplifier, the output amplitude of the 

fundamental will not be given with a linear gain (α1) when the input signal amplitude is large. 

We rewrite only the term of the fundamental as follows 

ሺtሻݕ ൌ ቀαଵܣ ൅ ଷ
ସ

ଷቁܣଷߙ cosω଴ݐ ൌ ቀαଵ ൅ ଷ
ସ

ଶቁܣଷߙ  (2.14)         .ݐcosω଴ܣ

At this point, from (2.14), α3 is usually negative, and the gain will be compressed while 

the input signal amplitude exceeds some value. In RF circuits, this effect is quantified by the 

“1-dB compression point,” defined as the input signal level that causes the linear small-signal 

gain to drop by 1 dB. It is depicted graphically in Figure 2.4. To calculate the 1-dB 

compression point, we can write from (2.14) 

20log ቚαଵ ൅ ଷ
ସ

ଵ‐ௗ஻ܣଷߙ
ଶ ቚ ൌ 20log|αଵ| െ 1dB.               (2.15) 

That is, 

ଵ‐ௗ஻ܣ ൌ ට0.145 ቚఈభ
ఈయ

ቚ.                        (2.16) 
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2.1.5 Inter-Modulation 

As more than one tone is applied to a nonlinear system, Inter-modulation (IM) arises. 

Assume that there are two strong interferers occurred at the input of the receiver, specified by 

ܵሺݐሻ ൌ ݐଵcos߱ଵܣ ൅ ݐଶcos߱ଶܣ . The IM distortion can be expressed mathematically by 

applying ܵሺݐሻ to (2.11) 

ሻݐሺݕ ଵ ଵ ଵ ଶ ݐଵcos߱ଵܣ ൅ ሻଶ            ൌݐଶcos߱ଶܣ ߙ ሺܣ cos߱ ݐ ൅ ଶcos߱ܣ ሻݐ ൅ ଶሺߙ

൅ ߙଷሺܣଵcos߱ଵݐ ൅ ሻଷݐଶcos߱ଶܣ ൅  (2.17)                            ڮ

Using trigonometric manipulations, we can find expressions for the second and the 

third-order IM products as follows  

߱ଵ േ ߱ଶ ׷ ଶcosሺ߱ଵܣଵܣଶߙ  ൅ ߱ଶሻݐ ൅ ଶcosሺ߱ଵܣଵܣଶߙ െ ߱ଶሻ(2.18)        , ݐ 

2߱ଵ േ ߱ଶ ׷  ଷఈయ஺భ
మ஺మ

ସ
cosሺ2߱ଵ ൅ ߱ଶሻݐ ൅ ଷఈయ஺భ

మ஺మ
ସ

cosሺ2߱ଵ െ ߱ଶሻ(2.19)      , ݐ 

2߱ଶ േ ߱ଵ ׷  ଷఈయ஺మ
మ஺భ

ସ
cosሺ2߱ଶ ൅ ߱ଵሻݐ ൅ ଷఈయ஺మ

మ஺భ
ସ

cosሺ2߱ଶ െ ߱ଵሻ(2.20)      . ݐ 

The output spectrum in frequency domain can be determined from (2.18)-(2.20) by 

evaluating its Fourier transform. In a typical two-tone test, ܣଵ ൌ ଶܣ ൌ  there are two ,ܣ

third-order IM products at 2߱ଶ െ ߱ଵ and 2߱ଵ െ ߱ଶ  respectively, and then the output 

signal will be corrupted by one of the two, illustrated in Figure 2.5. 

 

Figure 2.5 Inter-modulation in LNA (nonlinear system). 
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2.1.6 Third-Order Intercept Point (IP3) 

The corruption of signals due to third-order IM of two nearby interferes is so common and 

so critical that a performance has been defined to characterize this behavior. Called the “third 

intercept point” (IP3), this parameter is measured by a two-tone test in which the input 

amplitude (ܣ) is chosen to be sufficiently small so that higher-order nonlinear terms are 

negligible and the gain is relatively constant and equal to α1. From (2.19) and (2.20), we note 

that as A increases, the fundamentals increase in proportion to ܣ, whereas the third-order IM 

products increase in proportion to ܣଷ. Plotted on a logarithmic scale in Figure 2.6, the 

third-order intercept point IP3 is defined to be the intersection of the two dotted lines 

elongated from linear region. Therefore, we can see that the amplitude of the input interferer 

at the third-order intercept p is d n  e e tio  oint, ܣூ௉ଷ, efi ed by th  r la n

20 logሺαଵܣூ௉ଷሻ ൌ 20log ቀଷ
ସ

αଷܣூ௉ଷ
ଷ ቁ.                   (2.21) 

From (2.21), we can solve for AIP3: 

ூ௉ଷܣ ൌ ටସ
ଷ

ቚ஑భ
஑య

ቚ.                           (2.22) 

For 50-Ω systems, we define the input third-order intercept point (IIP3) as IIP3 ൌ

ଵ
ଶ

IIPଷܣ
ଶ /50. (IIP3 is hence interpreted as the power level of the input interferer at the 

third-order intercept point). 

 
Figure 2.6 The input and output third order intercept point (IIP3 and OIP3). 
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2.2 Conventional Wideband Input Impedance Matching 

Architecture 

In wireless receivers, low-noise amplifier is the first stage in the front-end RF circuits and 

is used to amplify the received weak signal with low noise figure and good input impedance 

match. However, a tradeoff among the input impedance match, die area, power consumption 

and noise figure of LNA should be carefully studied. There are several 50-Ohm 

input-matching architectures that have been explored in the conventional wideband CMOS 

LNA shown in Figure 2.7. In this section, we will introduce these architectures which can be 

achieved wideband input impedance match. 

(e) Inductive degeneration with transformer

K

ZinZgZin

(d) Inductive source degeneration with broadband pass filter

(a) Resistor termination

Zin

(c) 1/gm termination

Zin

(b) Shunt-shunt feedback

Zin

RFC

Zin

(f) Distributed amplifier

Term.

Term.

 

Figure 2.7 Conventional wideband input matching architectures of CMOS LNA. 
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2.2.1 Resistor Termination Architecture 

Resistive termination architecture is the most straightforward approach to achieve the 

wideband 50-Ohm match at the input shown in Figure 2.8. The resistor ܴ equal to ܴௌ (=50 

Ohm) is placed across the input terminal of the LNA to provide the wideband impedance 

match. 

 
Figure2.8 Resistor termination architecture. 

Usually, the input-matching bandwidth of this approach determined by the input 

capacitance of the transistor ܯଵ is very broad, due to the pole associated with the input at 

very high frequency. Unfortunately, the resistor R placed at the input not only adds thermal 

noise but also attenuates signal (by a factor of 2) ahead of the transistor. Consequently, the 

combination of these two effects generally produces unacceptably high noise figure. More 

formally, it is straightforward to establish the following lower bound on the noise figure of 

this circuit (neglectin te current noise): g ga

ସ௄்/ோೄାସ௄்/ோାሺସ௄்g೏బ/g೘
మ ሻ/ሺோ/ଶሻమ

ସ௄்/ோೄ
ൌ 2 ൅ ସఊ

ఈ
ڄ ଵ

g೘ோ
ܨ  (2.23)           ,  ൒

where ܴௌ ൌ ߙ ,ܴ ൌ ݃௠/݃ௗ଴, ݃ௗ଴ is the drain-source conductance at zero ஽ܸௌ, and ߛ is the 

channel thermal noise coefficient. Therefore, it seems that there is a tradeoff between the 

performance of the input impedance match and the noise figure. 

Due to the high noise figure, the resistor termination architecture is not practical in most 

wireless application even though the input-matching bandwidth is very broad. 
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2.2.2 Shunt-Series Resistor Feedback Architecture 

The resistor feedback technique is used to achieve a good input-match shown in Figure 

2.9, [5], [8]. This technique unlike resistor terminating, it does not attenuate the signal by a 

noisy resistor before reaching the input (gate) of transistor and hence the noise figure is 

expected to be better than that of the case of resistor termination.  

 

Figure 2.9 Shunt-series re tor feedback architecture. sis

However, not only the feedback resistor (ܴி) continues to generate thermal noise of its 

own, but it also has no good input-output isolation. Furthermore, due to the negative-feedback, 

the gain will be sacrificed for bandwidth enhancement. 

2.2.3 Common-Gate Architecture (૚/࢓ࢍ Termination) 

 

Using the common-gate configuration shown in Figure 2.9 can provide wideband input 

impedance match by designing 1/݃௠ that is equal to 50 Ohm, [6], [9], [10]. 

 

Figure 2.10 Common-gate architecture. 

Similarly, the input-matching bandwidth of this approach is determined by the input 

capacitance of the transistor, but we can suppress the capacitive effect by means of parallel 

inductor LS to enlarge wider input-matching bandwidth, and it provides the DC path for 
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transistor operating. The input impedance is given by 

ܼ୧୬ ൌ ଵ
gౣ

צ ܮ݆߱ צ ଵ
௝ఠ஼gೞ

.                       (2.24) 

The real part of the input impedance 1/gm must be of 50 Ohm to provide the input match, 

and the ݃௠ is limited to the value of 20m A/V2. This value usually leads to lower gain than 

that of the other approaches and lightly high noise figure. However, common-gate architecture 

has the highest potential to achieve the wideband input impedance match, good linearity, and 

input-output isolation. 

It is straightforward to establish the following lower bond on the noise figure of the 

common-gate amplifier (neglecting gate current noise): 

ܨ ൒ ସ௞்ோೄାସ௞்ఊg೏బ/g೘
మ

ସ௞்ோೄ
ൌ 1 ൅ ఊ

ఈ
.                    (2.25) 

It is about 2.2dB for long-channel devices and perhaps as high as 4.8dB for short. 

 

2.2.4 Inductive Source Degeneration with Broadband-Pass Filter 

 
Figure 2.11 Inductive source degeneration architecture. 

First, as shown in Figure 2.11, we must introduce the inductive source degeneration that 

can present a real input impedance to achieve input match without noisy resistor at only one 

frequency (at resonance) [28]. The input impedance is that of a series RLC network which has 

the following form, 

iܼn ൌ ݆߱൫ܮg൅ܮs൯ ൅ ଵ
௝ఠ஼gs

൅ g೘
஼gs

 s.                    (2.26)ܮ
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Consequently, the resistance is transformed from an inductor LS, and it does not bring with the 

resistive thermal noise because a pure reactance is noiseless. 

As a result, this architecture has the highest potential to achieve the narrow-band input 

impedance match with good noise performance. However, the inductor consumes more die 

area than would probably be consistent with an economical design. 

At resonance, the gate-to-source voltage is Q times as large as the input voltage. The value 

of the quality factor Q is given by 

ܳ ൌ ଵ
ఠబ஼gsሺோೞାఠ೅௅ೞሻ

,                         (2.27) 

where ω଴ (ൌ 1/ඥܥgsሺܮ୥ ൅  gs. Theܥ/ୱሻ) is the resonant frequency, and ωT equals to ݃௠ܮ

overall stage trans-conductance under this condition is therefore ܩ௠ 

௠ܩ ൌ g௠ଵܳ ൌ g೘భ
ఠబ஼gsሺோೞାఠ೅௅ೞሻ

ൌ ఠ೅
ଶோೞఠబ

.                 (2.28) 

In order to achieve wideband input impedance match, the ladder-LC filter is employed at 

the input of the amplifier shown in Figure 2.12 [4], [8]. For instance, there are some papers 

using Butterworth filter [11], Chebyshev filter or others. Therefore, this architecture can 

provide a wideband input impedance match without substantially adding thermal noise, but 

we must consider the issue of large die area almost consumed by numerous inductor. 

 
Figure 2.12  Inductive source degeneration with an input broadband-pass filter. 
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2.2.5 Inductive Source Degeneration with Transformer 

To achieve the wideband input impedance match with low noise, the inductive source 

degeneration with broadband pass filter has been introduced already. However, due to this 

technique exploiting numerous inductors, the die area is always larger than that of other 

techniques. For this reason, the inductive source degeneration with transformer (or called the 

mutual inductor) architecture is developed to reduce die area for the wideband input 

impedance match shown in Figure 2.13. 

 
Figure 2.13  Inductive source degeneration with a transformer. 

From Figure 2.13, the ideal coupling factor K is equal to constant unity, but this factor is 

dependent on frequency and smaller than unity actually. Then, K will be a function of 

frequency, and the input impedance may possibly have more than one resonant frequency to 

achieve the wideband input impedance match. 

However, although this technique can save the die area efficiently, the implementation and 

modeling of mutual inductor (two coupling inductors) is so complicated due to effects of the 

parasitic capacitance between the one inductor and the other. Several examples of Layout of 

mutual inductor is shown in Figure 2.14. 

 
Figure 2.14 Layout of various mutual inductors. (a) Parallel (Shibata) configuration. (b) 

       Overlay (Finlay) configuration. (c) Inter wound (Frlan) configuration. 
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2.2.6 Distributed Amplifier 

Another architecture which can achieve very broadband input impedance match is the 

distributed amplifier shown in Figure 2.15. This technique, exploiting several inductors with 

the input capacitance of MOSFET forms equivalently a transmission-line model whose 

characteristic impedance is of 50Ω, and it is terminated by a 50-Ω resistor. 

Although the architecture can achieve very broadband input impedance match, the 

numerous stages cause much power consumption. Consequently, this architecture is usually 

not practical for wireless portable devices. 

 

Figure 2.15  Distributed amplifier. 

 

2.2.7 Comparison of Wideband Input Matching Architectures 

The comparison of wideband input-matching architectures is shown in Table 2.1. 

Table 2.1 Comparison of wideband input matching architectures 

 17

Input-matching architecture Advantage Drawback 

 

 Wideband input 

impedance match. 

 High thermal noise. 
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 Wideband input 

impedance match. 
 Wideband frequency 

response. 

 High power dissipation. 
 Poor reverse isolation. 
 Feedback resistor gives 

rise to thermal noise. 

 

 Wideband input 

impedance match. 
 Good linearity. 
 Good reverse 

isolation. 

 No Miller effect. 
 

 Lower power gain. 
 Higher noise figure. 

 

 Wideband input- 

impedance match. 
 Low noise figure. 
 Good power gain. 

 

 Large area. 

 

 Low noise figure. 
 Good power gain. 

 

 Hard to design. 
 Complicated design. 

 

 The best wideband 
input-matching. 

 Good frequency 
response. 

 Large area 
 High power consumption 
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2.3 Methods to Reduce Noise Figure of LNA 

In order to obtain acceptable signal-to-noise ratio (SNR), noise figure should be 

performed as lower as possible in LNA design. There are several methods to reduce noise 

figure. 

 

2.3.1 Gate-Drain Overlap Capacitance Neutraliz tion Method a

The negative feedback from the gate-drain overlap capacitance (ܥ௚ௗ) cannot be ignored in 

the high frequency, which leads to degradation of input impedance match, noise figure and 

gain. This feedback effect (called Miller effect) can be reduced using an inductor that 

mitigates the reactance of the parasitic capacitance ܥ௚ௗ. 

 

Figure 2.16 Gate-drain overlap capacitance neutralization. 
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2.3.2 Miller Effect Mitigation by Using Cascode Configuration 

Although using the inductor can cancel the effect of the parasitic capacitance ܥ௚ௗ, it may 

not be necessary and suitable for on-chip implementations. That another technique can 

mitigate miller effect is using cascade configuration shown in Figure 2.17. 

 

Figure 2.17 Miller effect mitigation by using cascode configuration. 

 

2.3.3 Feed-Forward Thermal Noise Canceling Method 

Figure 2.18 illustrates that cancel the channel thermal noise of ܯଵ with straightforward 

implementation using an ideal feed-forward voltage amplifier with a gain െܣ௏ (ܣ௏ ൐ 0) 

[13].  

 

Figure 2.18 Feed-forward thermal noise canceling hitecture 
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As can be seen from Figure 2.18, the input-matching device ܯଵ noise voltage at node X is in 
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terms of that of node Y 

  Xܸ,୬ ൌ Yܸ,୬ܴS/ሺܴS ൅ ܴ୤ሻ.                       (2.29) 

The output noise voltage due to the oise  m i  device, ௢ܸ௨௧,௡ is then equal to  n of the atch ng

 ୭ܸ୳୲,୬ ,୬                               ൌ Yܸ െ Xܸ,୬ܣ௏

ൌ ሾ1 െ ௏ܴS/ሺܴSܣ ൅ ܴ୤ሻሿ.              (2.30) Yܸ,୬

Thus, the output noise cancellation, ௢ܸ௨௧,௡ eved as the gain AV equal to ൌ 0, is achi

௏ܣ ൌ 1 ൅ ܴS/ܴ୤.                          (2.31) 

 

2.3.4 Input-Matching Device Thermal Noise Reduction Method by 

Using Mutual Inductor 

Not only mutual inductor can achieve the wideband input match, but it also can provide 

reducing matching device thermal noise and peaking at the output. Due to the signal coupling 

feature of mutual inductor, we can exploit it with reverse-polarity coupling to cancel the 

input-matching device thermal noise, as illustrated in Figure 2.19 [15]. 

 
Figure 2.19 Thermal noise reduction using a mutual inductor 

From Figure 2.19, the thermal noise voltage due to the input-matching device M1 in 

magnitude at node X with self inductance is 

Xܸ,୬ ൌ ܫୢ ,୬
ఠ௅ೄ

ඥଵାሺఠ௅ೄ୥ౣሻమ,                        (2.32) 
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and the thermal noise voltage in magn ude with self inductance is it  at node Y 

Yܸ,୬ ൌ െୢܫ ,୬߱ܮ஽,                          (2.33) 

Thus, the output noise reduction achiis eved 

୭ܸ୳୲,୬ ൌ α ܭ Yܸ,  ሺ , ܰሻ Xܸ,୬ ൅ ୬

ൌ ܫୢ ,୬ ൤αሺܭ, ܰሻ ఠ௅ೄ

ඥଵାሺఠ௅ೄ୥ౣሻమ െ  ஽൨,         (2.33)ܮ߱

where K is the coupling coefficient of the mu al indu or, and N is the turn ratio. tu ct

By proper design of parameters of ܮௌ ܮ஽ and ݃௠, we can reduce the output thermal 

noise due to input-matching device M1. Furthermore, input-matching purpose inductor ܮௌ 

and output-peaking purpose ܮ஽ are fabricated together to form a mutual inductor, so it 

reduce the chip area efficiently. However, the implementation of mutual inductor is so 

complicated due to effects of the parasitic capacitance between the one inductor and the other.  

 

2.3.5 Quality Factor (Q) of Inductor Enhancement Method 

In order to achieve that gain and noise is not degraded by parasitic resistance of inductors 

at the input of LNA; we should require the high-Q inductor to improve the gain and noise 

figure shown in Figure 2.20. 

 

Figure 2.20 Inductive source degeneration architecture requires high-Q inductor. 

A new implementation of high quality factor (Q) copper inductor on CMOS silicon 

substrate using a fully process is presented. The Q factor of such inductors depends on the 
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conductivity of metal layer and other parasitic components. Planner spirals can be of different 

shapes, i.e. square, hexagonal, octagonal and circular as shown in Figure 2.21. 

 

Figure 2.21 On-chip planner spiral inductors of different shapes 
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2.4 Considerations of LNA Design 

In general, the following should be considered in LNA design: 

a. Input- and Output-matching:  

In wireless receiver, the component placed before LNA is usually the filter and 

antenna with characteristic impedance 50 Ω, so the input impedance of LNA must be 

matched to obtain high input/output return loss.  

b. Low Noise Figure:  

The noise figure of the entire receiver system is almost dominated by the first 

building block, LNA. Thus, noise figure of LNA is the most important parameter to 

evaluate the noise performance of the entire receiver system. And we should know 

that there is a tradeoff among the performance of the input match, noise figure and 

power consumption, etc. 

c. Sufficient power gain and bandwidth:  

The sufficient power gain of the LNA is also important, because not only it 

amplifies the receiver RF signal but it also compresses the noise contribution from the 

sequential stages. Thus, the design of LNA with an insufficient gain, the noise 

performance of the entire receiver system may not be excellent even if noise figure of 

LNA is small. 

d. Low power consumption:  

The power consumption is crucial to the designs of RF circuits, especially for 

portable device. Thus, no matter what RF circuits we design, the DC power should be 

consumed as lower as possible with acceptable performance. 
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Chapter 3   Review of Low-Power LNA Designs 

 

 

3.1 Introduction 

In LNA designs, that there are some low-power consumption techniques have been 

proposed, such as  

a. Reduce or save supply current:  

Current-reused technique,  

Common-gate configuration with non-50-Ω input impedance technique, 

Gain boost using mutual inductor technique. 

b. Reduce supply voltage:  

Forward body bias technique, 

Dynamic-threshold voltage technique. 
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3.2 Current-Reused Technique 

The current-reused LNA is composed of two common-source configuration stages under 

the common-current structure that can save the power consumption effectively, as shown in 

Figure 3.1. As can be seen from this Figure, in order to achieve the current-reused structure 

with two common-source configuration stages, we must exploit an inductor L1 which is 

employed for passing the DC current and blocking the AC signal into the source of M2, and 

then, we lead the signal to reach the gate of M2 to achieve the second common-source 

configuration stage. Furthermore, not only does inductor L1 block the signal into the source of 

M2, but it also peaks the output of the first common-source configuration stage by cancelling 

the parasitic capacitance at the drain of M1. And the bypass capacitor Cac is used to avoid 

degrading the gain of the second common-source configuration stage due to the large 

impedance Zx. 

 
Figure 3.1 The current-reused LNA. 

However, in order to achieve wideband input matching (Lg1, Lg2 and LS), signal blocking 

(L1) and inductive peaking (Ld) network, we must use more than five inductors which result in 

large chip area. 

 

 26



 
Chapter 3 Review of Low-Power LNA Designs  

3.3 Common-Gate Configuration with Non-50-Ω Input 

Impedance Technique 

The common-gate architecture has the highest potential to achieve the wideband input 

impedance match. In the conventional common-gate LNA design, as shown in Figure 3.2(a), 

the resistance looking into the source terminal of M1 is 1/gm, which should be equal to 50 Ω 

(gm=20m A/V2) to provide the wideband input impedance match.  

At this point, we introduce an approach that can save half the power consumption of the 

conventional common-gate LNA. The low-power common-gate LNA is shown in Figure 

3.2(b). In order to achieve low power consumption, we make the resistance looking into the 

source terminal of M1, 1/gm, be equal to 70.7 Ω that can reduce half the current while 1/gm is 

equal to 50 Ω, since we know that the (1/gm)2 is inversely proportional to the current Id from 

the well-known relation given by 

g୫ ൌ ට2µc୭୶
W
L
 ௗ.                          (3.1)ܫ

Although we can reduce the power consumption by this method, it causes the input 

impedance mismatch with RS (50 Ω). So the impedance must be transformed by incorporating 

the reactance component. 

Rs

Vs

Vbias

Ls

Ccouple

M1

Vout

VDD VDD VDD

Ibuffer

M2

M3

C3

Cac

Rg
Ld

Rd

ZS                 =50 Ω≈1/gm

Id

 
Figure 3.2 (a) Conventional, (b) Low-power, common-gate LNA 
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3.4 Gain Boost by Using Mutual Inductor Technique 

In LNA design, we usually utilize the multistage architecture if the gain is inadequate to 

amplify the weak received signal. However, the multistage architecture will consume much 

DC power that is not suitable for the low-power applications. 

 

Figure 3.3 Gain boost by using mutual inductor technique. 

For this reason, a gain boost approach that can increase the gain without any power 

consumption has been proposed by utilizing a mutual inductor, as shown in Figure 3.3. The 

mutual inductor is used to increase the gate-source small-signal voltage that converts high 

small-signal current to obtain the high gain. From Figure 3.3, assumed that mutual inductor is 

ideal, K=1, we can obtain VY=–VX, thus Vgs=–2 VX. It doubles the gate-source small-signal 

voltage compared with Figure 3.2 (a), and then the drain small-signal current would be double 

too. Therefore, it increases the gain without trans-conductor enhancement that may consume 

more power. 

 

 28



 
Chapter 3 Review of Low-Power LNA Designs  

3.5 Forward Body Bias Technique 

Most performances of LNA which include the gain, noise figure and I/O impedance 

matching, etc., are dependent on bias current. The higher gain and low noise figure we 

achieve, the larger current we require. For this reason, reducing the current to achieve low 

power consumption is not the best method.  

In recent years, an approach that can achieve low power consumption by reduced supply 

voltage has been proposed [x], called the forward body bias (FBB). While a forward voltage 

biases the P-N junction between the bulk (or called the body) and source terminal of 

MOSFET, the P-N junction depletion region can be reduced, and then the minor carrier charge 

in the substrate can be attracted to create the channel under the lower gate-source and 

drain-source voltage than that of MOSFET without FBB. 

We use the theoretical formula to explain why gate-source and drain-source voltage can be 

reduced maintaining the same current with FBB technique. The well-known threshold voltage 

formula is given by 

௧ܸ ൌ ௧ܸ଴ ൅ ൫ඥ2߶ிߛ െ ஻ܸௌ െ ඥ2߶ி൯

where ௧ܸ଴ is the threshold voltage at zero bulk-source voltage, ߶ி the Fermi level deep in 

the bulk, and γ denotes the body effect coefficient. From (3.2), biasing the bulk-source P-N 

ୢ ൌ
ଵ
ଶ

,                   (3.2) 

junction forwardly to reduce the P-N junction depletion region means that the threshold 

voltage can be reduced. Since the threshold voltage is reduced by using FBB, the gate-source 

and drain-source voltage can be lowered with the constant current, as known from the 

MOSFETs current equation 

ܫ ୭୶ܥ୬ߤ
௪
௅
ሺܸீ ௌ െ ௧ܸሻଶሺ1 ൅ λ ஽ܸௌሻ.                  (3.3) 
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3.6 Dynamic-Threshold Voltage Technique 

Although the FBB technique can reduce supply voltage to achieve low-power 

consumption, the voltage biased the bulk-source terminal requires an additional bias circuit 

(or called the voltage reference circuit) to supply it. The additional bias circuit consumes the 

DC power as well, so the FBB technique may not actually achieve low-power consumption. 

Therefore, the dynamic-threshold voltage approach that improves the FBB technique has been 

proposed. Since the gate-source bias voltage is always required to let MOSFET work as an 

amplifier, the bulk terminal can directly connect with the gate terminal to obtain bulk-source 

voltage that saves an additional bias circuit, as shown in Figure 3.4. 

 
Figure 3.4 Low-power design with the dynamic-threshold voltage technique. 

However, it has a troublesome issue with noise while using the dynamic-threshold voltage 

technique. Because, at the gate terminal in the first stage, the received weak signal has not 

amplified yet, the considerable thermal noise in the substrate will significantly degrade the 

noise figure if the bulk and gate terminal connect together in the first stage of LNA. Therefore, 

we proposed the self forward body bias technique in the next chapter that need not employ an 

additional bias circuit and doesn’t degrade the noise figure significantly. 
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3.7 Comparison of Low-Power consumption Techniques 

The comparison of low-power consumption technique is shown in Table 3.1. 

Table 3.1 Comparison of low-power consumption techniques. 

Low-power technique Advantage Drawback 

Current-reused 

 High gain. 
 Low noise. 

 Large area. 
 Hardly design. 
 Poor linearity. 

Common-gate configuration 
with non-50-Ω input imped- 
ance 

 Good linearity. 
 Wideband input 

impedance matching. 

 Low gain 
 Noise figure degradation. 

Gain boost using mutual in- 
ductor 

 High gain. 
 Wideband input 

impedance matching. 

 Low noise. 

 Hardly implement an 
mutual inductor. 

Forward Body Bias 

 High gain 
 Wideband input 

impedance matching. 

 Require an additional bias 
circuit. 

Dynamic-Threshold voltage 

 High gain 
 Wideband input 

impedance matching. 

 Thermal noise in the 
substrate significantly 
degrades noise figure. 
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Chapter 4   Design of Low-Power Self-Forward-Body-Bias 

UWB LNA 

 

 

4.1 Introduction 

A low-power UWB LNA we proposed is achieved by using self-forward bulk-source bias. 

And the forward bulk-source voltage in our design is obtained by means of the proposed 

ultra-low power self-bias that we don’t need an additional bias circuit to supply the bulk 

terminal of MOSFET. However, the self forward body bias technique will give rise to some 

noise figure degradation. Therefore, we proposed the second LNA (LNA 2) to improve the 

noise figure of the preceding LNA (LNA 1) in this chapter. The measurement result shows 

that the LNA 1 has a gain of 12.5–15.5 dB from 2.6 to 6.6 GHz with a good input/output 

matching S11<-10 dB and S22<-17 dB and average noise figure of 3 dB while consuming 

power of 6.3 mW from 1.06 V voltage supply. And the measurement result of the LNA 2 

shows that it has a gain of 13.5–16.2 dB from 2.0 to 6.6 GHz with a good input/output 

matching S11<-10 dB and S22<-16 dB and average noise figure of 2.4 dB while consuming 

power of 4.5 mW from 1.06 V voltage supply. 
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4.2 The Proposed Low-Power UWB LNA 

The proposed low-power CMOS LNA for 3–6.5 GHz is show in Figure 4.1. It consists of 

two stages and the output buffer. The first stage using the complementary architecture amplifies 

the received weak signal with wideband input impedance matching and low noise figure, and 

the second stage employs the cascode architecture to compensate the gain at high frequency 

band of interest 3–6.5 GHz. 

 
Figure 4.1 The proposed low-power SFBB UWB LNA. 

The low-power technique in our LNA design is by means of self forward body bias (SFBB) 

which we first proposed. We will introduce and analysis the SFBB technique in this section. 

 

4.2.1 Design of Input/Output Impedance Matching 

In LNA design, the first stage has to provide impedance matching at the input. In order to 

achieve low noise and wideband impedance matching, we utilize a complementary 

architecture with two inductive source degenerations in parallel, as shown in Figure 4.2, and 
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the input small signal equivalent circuit is shown in Figure 4.3. 

Rf

M1

M2

LS1

LS2

R1Ccouple

VDD

Rs

Vs

1st. stage

Series-RLC1

Series-RLC2

 

Figure 4.2 The first stage of the proposed low-power SFBB UWB LNA. 

 
Figure 4.3  Equivalent circuit of the input impedance. 

From Figure 4.3, that both the inductive source degenerations in parallel with different 

resonant frequencies design and with low Q factor can provide a wideband input matching in 

the first stage in our LNA design. Further, the resistance of the series-RLC1 and series-RLC2, 

gm1LS1/Cgs1 and gm2LS2/Cgs2, result from the transformation of the inductor and transistor. 

Therefore, both the resistances do not give rise to thermal noise, so the inductive source 

degeneration is a superior matching topology for low noise design. In addition to both the 

inductive source degenerations, there is a resistance, RM =Rf /(1-Av) in across the input and 

ground due to Miller effect, which Rf is employed to supply gate-source self bias ,and Av 

denotes the open loop gain in the first stage. Using this complementary architecture with two 
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inductive source degenerations and resistor feedback, the input impedance is 
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Finally, the simulated and measured impedance matching response (S11) of the first stage 

in our LNA design is depicted in Figure 4.4. 
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Figure 4.4 Simulated and measured input impedance matching (S11). 
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4.2.2 Gain Bandwidth Extension 

Although the first stage using complementary with two inductive degenerations can 

provide the wideband input impedance matching with low noise, it cannot provide the 

sufficient high frequency gain. Therefore, we have to incorporate the second stage that 

employs the cascode architecture with the inductive peaking to compensate the gain of high 

frequency in the band of interest as well as increase the inverse isolation, as shown in Figure 

4.5.  

 

Figure 4.5 Frequency response of the proposed LNA. 

The overall gain of the proposed LNA can be obtained by the product of the gain of the 

first and second stage. The gain of the first is 

ଵܩ ൎ ൤ ݃m1ݎo1
1ܵܮݏo1൯ݎ1൅൫1൅݃m1ݐݑ݋o1൅ܴݎ

൅
݃m2ݎo2

2ܵܮݏo2൯ݎ1൅൫1൅݃m2ݐݑ݋o2൅ܴݎ
൨  (4.2)         ,1ݐݑ݋ܴ

where 
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ܴ୭୳୲ଵ ൌ ܴி|| ଵ
௝ఠቀ1݀݃ܥ൅1ܾ݀ܥ൅ܥ

݃݀2
൅2ܾ݀ܥቁ

,                  (4.3) 

and the gain of the second is 

ଶܩ ൎ െ݃௠ଷ ൤ሺܴ஽ ൅ ||஽ሻܮݏ ଵ
௦൫஼೒೏ఱା஼೒೏ర൯

൨.               (4.3) 

 

4.2.3 Self Forward Body Bias (SFBB) Technique 

The low-power technique in our LNA design is by means of self forward body bias (SFBB) 

which we first proposed. As can been from Figure 4.6, with a difference to conventional FBB 

technique [21], SFBB using an ultra-low power self bias approach improves the conventional 

FBB technique which needs additional bias circuit to supply the bulk terminal of MOSFET 

for obtaining a forward bulk-source bias. 

 

Figure 4.6 (a) Conventional FBB with additional bias circuit. (b) Self-FBB. 

In the SFBB approach, as shown in Figure 4.6(b), we can achieve ultra-low power 

self-bias loop since the P-N junction (parasitic diode) between the bulk and source in the 

MOSFET is treated as a component in a voltage-divided loop, and only working within at its 

cut-off region, in which the P-N junction voltage is lower than the cut-in voltage Vcut,in 

(typically about 0.5 V). The well-known P-N junction I-V characteristic equation is given by 

௉ேܫ ൌ ௌܫ ൬݁
ೇುಿ
ആೇ೅ െ 1൰,                        (4.4) 
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where  is the ideality factor, ܸ  is the thermal voltage, and ܫ  denotes the reverse-bias 

leakage current. Applying the cut-off region (0 <  < ܸ ), the current through the P-N 

junction is very small (about few μA) that leads a self-bias loop with ultra-low power 

consumption (about few μW). 

ߟ ் ௌ

௉ܸே ௖௨௧,௜௡

 

Figure 4.7 (a) The first stage with the MOSFET model. (b) Self-bias voltage-divided loop

஻ܸௌଵ ௌܸ஻ଶ

ܴଵ

ଵܯ ଶܯ

ܴଵ

ܴଵ

஽ܸ஽ ൌ ஻ܸௌଵ ൅ ௌܸ஻ଶ ൅ ଵܴଵܫ

. 

The ultra-low power self-bias loop employed in the two stages of the proposed LNA is 

analyzed and evaluated as follows. In Figure 4.7(a), the first stage using the complementary 

architecture that consists of an N-MOSFET and a P-MOSFET is shown. In order to provide 

the bulk-source P-N junction voltage (  and ) of both the transistors to form a 

voltage-divided loop with forward bias, a resistor  is employed to connect the bulk 

terminal of  and that of . To be simple, the self-bias voltage-divided loop is 

individually shown in Figure 4.7(b). In the loop,  is properly selected to yield the 

bulk-source P-N cut-off region, which can achieve ultra-low power self-bias loop. The 

formula of  is derived as follows, which start with the voltage equation of the self-bias 

voltage-divided loop, 

 .                  (4.5) 
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According to (4.4), the loop current  is expressed in terms of  or ܸ ଵܫ , ஻ܸௌଵ ௌ஻ଶ

ଵܫ ൌ ௌଵܫ ቆ݁
ೇಳೄభ
ആೇ೅ െ 1ቇ

ଵ ൌ ௌଶܫ ቆ݁
ೇೄಳమ
ആೇ೅

,                     (4.6) 

or      ܫ െ 1ቇ

ௌଵܫ ௌଶ

஽ܸ஽ ൌ ஻ܸௌଵ ൅ ௌܸ஻ଶ ൅ ଵܫ ൌ ௌଵܫ ቆ݁
ೇಳೄభ
ആೇ೅

.                     (4.7) 

Here,  and ܫ  denote the reverse-biased leakage current of the bulk-source P-N junction 

of the N-MOSFET and P-MOSFET in the first stage respectively. Then, substituting (4.6) into 

(4.5), we obtain 

െ 1ቇ ܴଵ

ܴଵ ൌ ௏ವವି௏ಳೄభି௏ೄಳమ

ூೄభ൭௘
ೇಳೄభ
ആೇ೅

,            (4.8) 

thus, 

ିଵ൱
.                       (4.9) 
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Figure 4.8 (a) The second stage with the MOSFET model. (b) Self-bias voltage-divided loop. 

The second stage uses the cascode architecture shown in Figure 4.8. Similarly, in order to 

form a self-bias loop, we exploit a resistor  to connect between their bulk terminals. The 

principle and analysis method of the SFBB technique in the second stage is similar to that of 

the first stage, so we only show what the value of  we need while the bulk-source P-N 
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junction voltage, , is operating within cut-off region. And  is equal to  (about 

0.45 V), so it also works within cut-off region. 

஻ܸௌଷ ஻ܸௌସ ஽ܸௌସ

ܴଶ ൌ ௏ವವିூ೏మோ೏ି௏ಳೄయ

ூೄ_య൭௘
ೇಳೄయ
ആೇ೅ ିଵ൱

.                            (4.10) 

Vcut,in > VB > 0

(a) Without forward body Bias (b) With forward body Bias
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Figure 4.9 MOSFET (a) without forward body bias, (b) with forward body bias technique. 

Finally, we have to explain why the threshold voltage and supply voltage can be lowered 

while we obtain the forward bulk-source bias. The N-MOSFET without and with forward 

body bias is shown in Figure 4.9(a) and Figure 4.9(b) respectively. As can be seen, if the P-N 

junction between the bulk and source terminal is biased by forward voltage, the depletion 

between N-channel and P-substrate will be narrower than that of without forward bias. Then, 

while the depletion is shrunk, the electron in the P-substrate is easier to be attracted than that 
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of N-MOSFET without forward bias under the same gate-source and drain-source voltage. 

Therefore, the threshold voltage  is reduced by means of forward bulk-source bias, and the 

formula of threshold voltage is given by 

௧ܸ

௧ܸ ൌ ௧ܸ଴ ൅ ൫ඥ2߶ிߛ െ ஻ܸௌ െ ඥ2߶ி൯

௧ܸ଴ ߶ி

ܫୢ ൌ ଵ
ଶ

,              (4.11) 

where  is the threshold voltage at zero bulk-source voltage,  the Fermi level deep in 

the bulk, and γ denotes the body effect coefficient. And the gate-source and drain-source 

voltage can be lowered than that of N-MOSFET without forward bulk-source bias for the 

same current, as known from the MOSFETs current equation 

୭୶ܥ୬ߤ
௪
௅

ሺܸீ ௌ െ ௧ܸሻଶሺ1 ൅ λ ஽ܸௌሻ

௧௛ଵ

஻ܸௌ ௧ܸ௛ଶ ஻ܸௌ

.            (4.12) 

And Figure 4.10 illustrates that the threshold voltage with forward bulk-source bias compares 

with that of zero bulk-source voltage by simulation. The threshold voltage ܸ  of the 

MOSFET with =0 V is about 0.45 V; and that  of the MOSFET with =0.45 V is 

about 0.35 V. 

 

Figure 4.10 I-V curve of MOFSET for forward/zero bulk-source bias. 
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4.2.4 Noise Analysis of The Proposed LNA 

Before analyze the noise figure of the proposed LNA (Figure 4.1), we have to draw the 

circuit with noise sources shown in Figure 4.11. 

 

Figure 4.11 The proposed LNA with noise sources. 

The noise factor is defined as: 

ܨ ؠ ்௢௧௔௟ ௢௨௧௣௨௧ ௡௢௜௦௘
்௢௧௔௟ ௢௨௧௣௨௧ ௡௢௜௦௘ ௗ௨௘ ௧௢ ௜௡௣௨௧ ௦௢௨௥௖௘

.              (4.13) 

As equation (4.12) shows that the noise factor equals to the ratio of total output noise and 

output noise due to source. The noise sources in the LNA contain the resistor thermal noise, 

channel thermal noise, induced gate noise (correlated and uncorrelated with channel thermal 

noise), gate resistive thermal noise and bulk thermal noise, etc. In order to simply estimate, 

we assume that the passive components are ideal without other parasitic effects. At the first, 

we start with the calculation of the output noise power spectrum density (PSD) due to the 

input source resistor , 
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,                   (4.14) 

where ,  and ܩ  are expressed in (4.1), (4.2) and (4.3) respectively. The noises PSD 

contributed by the part of the induced gate noise in  and ܯ  that are fully uncorrelated 

with the drain channel thermal noise: 
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where 
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and  and c are the induced gate noise coefficient and correlation coefficient. The output 

noise PSD due to correlated induced gate noise source and drain channel thermal noise source 

of  and ܯ : 
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ൌ ൫ݏ௡,ௗ,ଶ
ଶതതതതതതതത ൅ ௡,௚,௖,ଶݏ

ଶതതതതതതതതതത ൅  ௡,௚,௖,ଶതതതതതതതത൯,               (4.18)ݏ ௡,ௗ,ଶതതതതതതതݏ2
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where 

௡,ௗ,ଵതതതതതതതݏ ൌ ටସ௞்ఊ௚ౣభ
ఈ

หܴ୭୳୲ଵ,ଶܩଶห

௡,௚,௖,ଵതݏ

,                                                

തതതതതതത ൌ െ݆|ܿ|ටସ௞்ఈఋఠమ஼೒ೞభ
మ

ହ௚ౣభ
ฬቂቀ݆ωܮௌଵ|| ଵ

௚ౣభ
ቁ ൅ ሺܴୱ||ܼ௜௡ଶሻቃ || ଵ

௝ன஼೒ೞభ
ฬ ห݃୫ଵܴ୭୳୲ଵ,ଶห|ܩଶ|

௡,ௗ,ଶതݏ

,   

and 

തതതതതത ൌ ටସ௞்ఊ௚ౣమ
ఈ

หܴ୭୳୲ଵ,ଶܩଶห

௡,௚,௖,ଶതݏ

,                                                

തതതതതതത ൌ െ݆|ܿ|ටସ௞்ఈఋఠమ஼೒ೞభ
మ

ହ௚ౣభ
ฬቂቀ݆ωܮௌଶ|| ଵ

௚ౣమ
ቁ ൅ ሺܴୱ||ܼ௜௡ଵሻቃ || ଵ

௝ன஼೒ೞమ
ฬ ห݃୫ଵܴ୭୳୲ଵ,ଶห|ܩଶ|

௡,௚,௖,ଵݏ
ଶത

.   

 

Notice that, in (4.17) and (4.18), the power spectrum densities (PSDs), തതതതതതതതത and ݏത௡,௚,௖,ଶ
ଶതതതതതതതതത 

should be absolutely positive. The output noise due to ,  and ܴ : ܴଵ ܴ௦௨௕ଵ ௦௨௕ଶ

௡,ோభ,ோ౩౫ౘభ,ோ౩౫ౘమݏ
ଶതതതതതതതതതതതതതതതതതതതത ൌ 4݇ܶሺܴଵ ൅ ܴୱ୳ୠଵ ൅ ܴୱ୳ୠଶሻ ቤ

భ
ೕഘ಴಴ಳభ

௚೘್భା భ
ೕഘ಴಴ಳమ

௚೘್మ

௝ఠሺ௅ೄమା௅ೄమሻାோభା భ
ೕഘ൫಴಴ಳభశ಴಴ಳమ൯

ቤ
ଶ

หܴ୭୳୲ଵ,ଶหଶ|ܩଶ|ଶ

ܴி

. (4.19) 

The output noise due to : 

௡,ோಷݏ
ଶതതതതതതതത ൌ 4ܴ݇ܶி ฬ ோ೚ೠ೟భ,మ

ሺோೄ||௓೔೙భ||௓೔೙మሻାோಷାோ೚ೠ೟భ,మ
ฬ

ଶ
ଶ|ଶܩ|

ଷܯ

.             (4.20) 

The noise contributed by the part of the induced gate noise in  that is fully uncorrelated 

with the drain channel thermal noise: 

ܵ௡,௚,௨,ଷ
ଶതതതതതതതതതത ൌ

ସ௞்ఋఈయ௚ౣయఠమ஼೒ೞయ
మ

ହ
หܴout1,2ห2|ܩଶ|ଶ

ଷܯ

.               (4.21) 

The output noise due to correlated induced gate noise source and channel thermal noise 

source of  

௡,௚,ௗ,௖,ଷݏ
ଶതതതതതതതതതതത ൌ ൫ݏ௡,ௗ,ଷതതതതതതത ൅ ௡,௚,௖,ଷതതതതതതതത൯ଶݏ

                              

ൌ ൫ݏ௡,ௗ,ଷ
ଶതതതതതതതത ൅ ௡,௚,௖,ଷݏ

ଶതതതതതതതതതത ൅ ௡,௚,௖,ଷതതതതതതതത൯ݏ ௡,ௗ,ଷതതതതതതതݏ2

௡,ௗ,ଵതݏ

.         (4.22) 

where 

തതതതതത ൌ ටସ௞்ఊ௚ౣయ
ఈ

|ܴ஽ ൅ |஽ܮ݆߱

௡,௚,௖,ଷതݏ

,                             

തതതതതതത ൌ െ݆|ܿ|ටସ௞்ఈఋ
ହ௚ౣయ

                                 .|ଶܩ|
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Notice that, in (4.21), the power spectrum density (PSD) ݏത௡,௚,௖,ଷ
ଶതതതതതതതതത should be absolutely 

positive. The thermal noise of the resistor  can be suppressed significantly by the gain of 

the preceding stages, so we neglect this calculation for it. Finally, according to (4.22), the 

noise factor of the proposed LNA can be expressed as 

ܴ஽

ܨ ൌ 1 ൅ ሺସ.ଵହሻାሺସ.ଵ଺ሻାሺସ.ଵ଻ሻାሺସ.ଵ଼ሻାሺସ.ଵଽሻାሺସ.ଶ଴ሻାሺସ.ଶଵሻାሺସ.ଶଶሻ
ሺସ.ଵସሻ

.        (4.23) 

4.2.5 Layout Consideration 

In radio-frequency integrated circuit designs, not only is the well circuit design essential, 

but the layout is also considerable. The bad layout may give rise to the poor noise figure 

and/or the parasitic capacitance that degrades the gain significantly. Therefore, the metal line 

length, especially near the input, should be as short as possible to minimize the noise figure. 

In the vicinity of the input in our LNA design is shown in Figure 4.12. From this figure, we 

can see that the metal line length is short (< 50 μm) near the input pad. 

             

Figure 4.12 Layout near the input pad.              Figure 4.13 RF pad wi/wo the grounded metal-1 layer. 

Another issue that also degrades the noise figure results from the input RF pad. As can be 

seen from Figure 4.13, a lot of thermal noise exists in the substrate that will be coupled to the 

input RF pad to degrade noise figure. To overcome this problem, we add the grounded 

metal-1 (M1) layer that will improve the noise figure efficiently. 
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4.2.6 Simulation and Measurement Result 

The simulated results of the LNA with SFBB technique compare with that of the LNA 

without SFBB technique. 

The simulated input impedance matching (S11) with and without SFBB technique are 

shown in Figure 4.14 and Figure 4.15 respectively: 
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-20

-15

-10
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Figure 4.14 Simulated S11 (input impedance matching) with SFBB technique. 

 

 

Figure 4.15 Simulated S11 (input impedance matching) without SFBB technique under different supply voltages. 
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The simulated reverse isolation (S12) with and without SFBB technique are shown in 

Figure 4.16 and Figure 4.17 respectively: 

 

Figure 4.16 Simulated S12 (reverse isolation) with SFBB technique. 

 

 

Figure 4.17 Simulated S12 (reverse isolation) without SFBB technique under different supply voltages. 
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The simulated gain (S21) with and without SFBB technique are shown in Figure 4.18 and 

Figure 4.19 respectively: 

 
Figure 4.18 Simulated S21 (gain) with SFBB technique. 
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Figure 4.19 Simulated S21 (gain) without SFBB technique under different supply voltages. 
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The simulated output impedance matching (S22) with and without SFBB technique are 

shown in Figure 4.20 and Figure 4.21 respectively: 

 
Figure 4.20 Simulated S21 (output impedance matching) with SFBB technique. 
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Figure 4.21 Simulated S22 (output impedance matching) without SFBB technique under different supply voltages. 
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The simulated noise figure (NF) with and without SFBB technique are shown in Figure 

4.22 and Figure 4.23 respectively: 

 
Figure 4.22 Simulated noise figure with SFBB technique. 

 

 

Figure 4.23 Simulated noise figure without SFBB technique under different supply voltages. 
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The simulated performance summary of with SFBB and without SFBB for different 

supply voltage is shown in Table 4.1. 

Table 4.1 Simulated performance summary of wi/wo SFBB for different supply voltage. 

 
Supply 
voltage 

(V) 

Power 
(mW) 

BW 
(GHz) 

S11 (dB) Gain (dB) NF (dB) 

With SFBB 1.06 3.8 1.0–6.6 < –12 15.2-18.2 2.2–3.6 

Without 
SFBB 

1.0 1.9 1.0–5.4 < –6 3.0–6.1 8.8–11.7 
1.2 3.0 1.2–6.0 < –8 7.1–9.9 7.3–9.8 
1.4 4.5 1.4–6.1 < –10 9.5–12.6 5.8–8.0 
1.6 6.2 1.4–6.0 < –11 10.6–13.8 4.5–6.5 
1.8 8.1 1.4–6.0 < –12 12.3–15.1 3.2–5.0 

 

The measured results of the LNA with SFBB technique compare with the simulated 

results. 

The measured and simulated input impedance matching (S11) of the proposed LNA is 

shown in Figure 4.24: 

 

Figure 4.24 Measured and simulated S11 (input impedance matching) of the proposed LNA. 
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The measured and simulated output impedance matching (S22) of the proposed LNA is 

shown in Figure 4.25: 

 

Figure 4.25  Measured and simulated S22 (output impedance matching) of the proposed LNA. 

 

The measured and simulated gain (S21) of the proposed LNA is shown in Figure 4.26: 

 

Figure 4.26  Measured and simulated S21 (gain) of the proposed LNA. 
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The measured and simulated reverse isolation (S12) of the proposed LNA is shown in 

Figure 4.27: 
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Figure 4.27  Measured and simulated S12 (reverse isolation) of the proposed LNA. 

 

The measured and simulated noise figure (NF) of the proposed LNA is shown in Figure 

4.28: 

 
Figure 4.28  Measured and simulated NF (noise figure) of the proposed LNA. 
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The measured 3rd-order input intercept point (IIP3) at 4 GHz of the proposed LNA is 

shown in Figure 4.29: 

 

Figure 4.29 Measured third-order input intercept point (IIP3) at 4 GHz of the proposed LNA. 

 

The measured 3rd-order input intercept point (IIP3) versus frequency of the proposed 

LNA is shown in Figure 4.30: 

 
Figure 4.30 Measured third-order input intercept point (IIP3) versus frequency of the proposed LNA. 
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The measured 1-dB compression point (P1dB) at 4 GHz of the proposed LNA is shown in 

Figure 4.31: 
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Figure 4.31 Measured 1-dB compression point (P1dB) at 4 GHz of the proposed LNA. 

The performance summary of the proposed LNA and comparison with several papers that 

has been proposed and published is shown in Table 4.2. 

Table 4.2  The performance summary of the proposed LNA and comparison with several papers. 

Ref. Tech. 
BW 

(GHz) 
S11 
(dB) 

Gain (dB)
NF 

(dB) 
IIP3 

(dBm) 

Supply 
voltage 

(V) 

Power 
(mW)

This 
work 

0.18-μm 
CMOS 

2.6–6.6 < –12 12.5-15.5 2.5–3.9
–10@ 

4G 
1.06 6.38 

[6] 
0.18-μm 
CMOS 

2–8.5 < –10 13* 4.1–4.8
–13.5@ 
3 GHz 

1.8 9.3 

[16] 
0.18-μm 
CMOS 

3–5 < –10 13* 4.6–5 
0.1 @ 4  

GHz 
1.8 14.6 

[17] 
0.18-μm 
CMOS 

3–6 < –8.7 13.6* 3.6–5 
–5 @ 
4GHz 

1.8 12.5 

[18] 
0.13-μm 
CMOS 

2–4.6 < –10 9.5* 3.5–6.6
–0.8 @ 3 

GHz 
1.5 16.5 

[19] 
90-nm  
CMOS 

0.1–8 < –10 16* 3.4–5.8 –9 1.4 16 

* Maximum power gain. 
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The chip layout and microphotograph of the proposed LNA are shown in Figure 4.32(a) 

and Figure 4.32(b) respectively, and the chip area is 0.96 mm × 0.64 mm (0.61 mm2). 

 

Figure 4.32 (a) Layout, (b) microphotograph of the proposed LNA. 

 

4.3 Noise Improvement for The proposed LNA 

In the preceding LNA design, called the LNA 1 after here, more substrate thermal noise 

will be coupled to MOSFET channel under the self forward bulk-source bias than that under 

zero bulk-source bias will, since the bulk-source depletion becomes narrow. And the 

complementary architecture also degrades the noise figure significantly, because there are two 

channel thermal noise sources and two induced gate noise sources in the first stage. For these 

issues, we have to find some ways to improve the noise performance. 

 

4.3.1 Noise Improvement 

Under the forward bulk-source bias, the depletion between the channel and substrate 

becomes narrower than zero bulk-source bias does. As shown in Figure 4.32, thermal noise 

contributed from the substrate will be coupled to channel more easily. Therefore, we utilize a 

capacitor that provides a path for the substrate thermal noise toward ground as well as does 

not affect the self voltage-divided loop. 
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Figure 4.33 Reduce the noise contributed from the substrate. 

 

 

Figure 4.34 The proposed noise-improved LNA. 

In order to suppress the noise contribution from the substrate and R1, we employ two 

capacitances, C1 and C2, to provide the paths for these noise sources toward ground, as shown 

in Figure 4.33. 

Another significant noise degradation results from the complementary architecture since 

there are two channel thermal noise sources and two induced gate noise sources in the first 

stage. To improve the noise degradation, we select to suppress the channel thermal noise 

contributed from M2 by coupling both the inductors, LS2 and LD.  
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Figure 4.35 The proposed noise-improved LNA with equivalent channel thermal noise source . 

From Figure 4.34, at the first, we assume that the channel thermal noise voltage at X 

contributed from M2 is positive while negative at Y relatively. Thus, the noise voltage at Z 

which is resulted from the noise voltage at Y through the cascode stage path is given by 

௡ܸ,୸ଵതതതതതത ൎ ටସ௞்ఊ௚೘మ
ఈ

ൣሺ݆ωܮௌଵ݃௠ଵݎைଵሻ||ሺ݆ωܮௌଶ݃௠ଶݎைଶሻ|| ௙ܴ൧݃௠ଷሺܴ஽ ൅ ݆ωܮ஽ሻ ൎ ܣ݆ െ ܤ

௡ܸ,୸ଶത

   (4.24) 

where A and B represent the imaginary and real part respectively. 

At this point, in order to suppress the channel thermal noise contributed from M2, we 

utilize another path, mutual inductor (LS2, LD), toward Z to reduce the noise with opposite 

polarity to that of (2.4). The channel thermal noise voltage contributed from M2 through the 

mutual path at Z is negative while positive at X assumed above, which is given by.  

തതതതത ൎ ටସ௞்ఊ௚೘మ
ఈ

ቀ ଵ/௚೘మ
ଵ/௚೘మା௝ω௅ೄమ

ቁ ሺെ݆ωMሻ ൅ ௄మ

௡మ ටସ௞்ఊ௚೘మ
ఈ

ܴ஽ ൎ െ݆ܥ ൅  (4.25)       ܦ

where n, M, and K denotes the turn ratio, mutual inductance and coupling coefficient, and C 

and D represent the imaginary and real part respectively.. Therefore, combining both the 

contrary noise voltage at point Z can achieve the noise suppression. Furthermore, using the 

mutual inductor can reduce the chip area effectively. 

However, there is an issue while using this mutual inductor mentioned above. From 

Figure 4.34, the RF signal at point X and point Y are out of phase of that at point Z, and the 

second cascode stage that provides a negative voltage gain. Then, this loop forms a positive 
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feedback that the LNA may not stable to oscillate. Consequently, there is a tradeoff between 

the noise suppression and unstable condition. Thus, we separate both the inductor a little to 

avoid oscillating. The chip layout and microphotograph of the proposed LNA are shown in 

Figure 4.35(a) and (b) respectively, and the chip area is 0.99 mm × 0.47 mm. 

(a) (b)

0.99 mm

0.47 mm

 
Figure 4.36 (a) Layout, (b) microphotograph of the proposed noise-improved LNA. 

 

4.3.2 Measurement Result 

The measured results of the noise-improved LNA, called the LNA 2 with SFBB 

technique compare with that of the preceding LNA, called the LNA 1. 

The measured noise figure (NF) of the proposed noise-improved LNA is shown in Figure 

4.37: 

 
Figure 4.37 Measured NF of the proposed noise-improved LNA. 
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The measured S11 of the proposed noise-improved LNA is shown in Figure 4.38: 

 
Figure 4.38 Measured S11 of the proposed noise-improved LNA. 

 

The measured S22 of the proposed noise-improved LNA is shown in Figure 4.39: 

 
Figure 4.39 Measured S22 of the proposed noise-improved LNA. 
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The measured S21 of the proposed noise-improved LNA is shown in Figure 4.40: 

 
Figure 4.40 Measured S21 of the proposed noise-improved LNA. 

 

The measured S12 of the proposed noise-improved LNA is shown in Figure 4.41: 
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Figure 4.41 Measured S12 of the proposed noise-improved LNA. 
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The measured 3rd-order input intercept point (IIP3) at 4 GHz of the proposed 

noise-improved LNA is shown in Figure 4.42: 

 

Figure 4.42 Measured IIP3 at 4 GHz of the proposed noise-improved LNA. 

 

The measured third-order input intercept point (IIP3) versus frequency of the proposed 

noise-improved LNA is shown in Figure 4.43: 

 
Figure 4.43 Measured third-order input intercept point (IIP3) versus frequency of the proposed noise-improved LNA. 
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The measured 1-dB compression point (P1dB) at 4 GHz of the proposed noise-improved 

LNA is shown in Figure 4.44: 

 

Figure 4.44 Measured third-order input intercept point (IIP3) at 4 GHz of the proposed noise-improved LNA. 
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The performance summary of the noise-improved LNA and comparison with several 

papers that has been proposed is shown in Table 4.3. 

 

Table 4.3  The performance summary of the noise-improved LNA and comparison with several papers. 

Ref. Tech. 
BW 

(GHz) 
S11 
(dB) 

Gain (dB)
NF 

(dB) 
IIP3 

(dBm) 

Supply 
voltage 

(V) 

Power 
(mW) 

LNA 2 
(Improved) 

0.18-μm 
CMOS 

2.0–6.6 < –12 13–16 1.8–3.4
–13@ 
4GHz 

1.06 4.53 

LNA 1 
(Preceding) 

0.18-μm 
CMOS 

2.6–6.6 < –12 12.5–15.5 2.5–3.9
–10@ 
4GHz 

1.06 6.38 

[6] 
0.18-μm 
CMOS 

2–8.5 < –10 13* 4.1–4.8
–13@ 3 

GHz 
1.8 9.3 

[16] 
0.18-μm 
CMOS 

3–5 < –10 13* 4.6–5 
0.1 @ 4  

GHz 
1.8 14.6 

[17] 
0.18-μm 
CMOS 

3–6 < –8.7 13.6* 3.6–5 
–5 @ 
4GHz 

1.8 12.5 

[18] 
0.13-μm 
CMOS 

2–4.6 < –10 9.5* 3.5–6.6
–0.8 @ 3 

GHz 
1.5 16.5 

[19] 
90-nm  
CMOS 

0.1–8 < –10 16* 3.4–5.8 –9 1.4 16 

* Maximum power gain. 



 
Chapter 5 Conclusion  

 

 

Chapter 5   Conclusion  

 

 

 

The low-power UWB LNA has been demonstrated in 0.18-µm CMOS 1P6M process. 

Low-power consumption is achieved by using a forward bulk-source bias (or called the 

forward body bias, FBB). And the forward bulk-source voltage in our design is obtained by 

means of the proposed ultra-low power self-bias that we don’t need an additional bias circuit 

to supply the bulk terminal of MOSFET. However, the self forward body bias technique will 

give rise to some noise figure degradation. Therefore, we proposed the second LNA (LNA 2), 

to improve the noise figure of the preceding LNA (LNA 1). The measurement result shows 

that the LNA 1 has a gain of 12.5–15.5 dB from 2.6 to 6.6 GHz with a good input/output 

matching S11<-10 dB and S22<-17 dB and average noise figure of 3.2 dB while consuming 

power of 6.3 mW from 1.06 V voltage supply. The chip area is 0.96 mm × 0.64 mm. And the 

proposed noise-improved LNA 2 to improve the noise figure degraded lightly by the self-bias 

loop. The measurement result of the LNA 2 shows that it has a gain of 13.5–16.2 dB from 2.0 

to 6.6 GHz with a good input/output matching S11<-10 dB and S22<-16 dB and average noise 

figure of 2.6 dB while consuming power of 4.5 mW from 1.06 V voltage supply. The chip 

area is 0.98 mm × 0.47 mm. 
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