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Student : Chen-Ming Li Advisor : Dr. Jenn-Hwan Tarng

Department of Communication Engineering
National Chiao-Tung University

Abstract

A low-power low-noise amplifier (LNA) implemented in 0.18-pm TSMC CMOS 1P6M
technology utilizing a self-forward-body-biased (SEBB) 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 (S;;<-12 dB/ S»,<-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 (S;;< -12 dB/ S;,< -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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Chapter 1 Introduction

Chapter1  Introduction

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.

Group 1 Group 2 Group 3 Group 4 Group 5
“hannel “hannel “hannel “hanmel  Channel  Channel | Channel  Channel  Channel Chann el Channel
1 14
3432 3960 4488 5016 6072 6600 7128 7656 8184 8712 9240 9768 10296 f

MHz MHz MHz MHz \1[]/ MHz MHz MHz MHz MHz MHz MHz MHz MHz

Figure 1.1 UWB Multi-Band OFDM Proposal




Chapter 1 Introduction

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 skNA: 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/gn, 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-pum 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 chapterssincluding 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.



Chapter 2 Basic Concepts of LNA Design

Chapter 2  Basic Concepts of Low-Noise Amplifier Design

2.1 System Specifications of LNA

2.1.1 S-Parameters

Systems can be characterized m: 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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201 Z02
o— I — o
a) —» /821\‘ «—

Figure 2.1 Two-port network with S-parameters.
Consider the two-port network for LNA shown in Figure 2.1, where Z is the
characteristic impedance of the port I, and V;* and V,”—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 define a new set of wave amplitudes as

a =Vt /\JZy . (2.1)
b =V /Zy , (2.2)

where a; and b; represents the nermalized incident and reflected voltage wave by
characteristic impedance (Z;) at porti respectively:

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

<b1> - <511 S12> (al) (2.3)
b, S21 S22/ \A2/? '
where
_b
Sy =2 , (2.4)
1'Port 2 is terminated.
_b
Sip =2 , (2.5)
2'Port 1 is terminated.
_ b2
Spr =2 , (2.6)
1'Port 2 is terminated.
_ b2
Sy =2 . 2.7)
2'Port 1 is terminated.

Thus, S;; and S,, are simply the input and output reflection coefficient respectively while
we terminated another, and S;, and S;, 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

F= SNRin — t(?tal output noise polwer ’ (28)
SNRoyt output noise power due to input source
and we usually represent the noise figure with logarithm defined as
NF(dB) = 10logF. (2.9)

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

figure are illustrated in reference [28].

F1, G1 - Fs, Gz P > Fn, Gn »

Figure 2.2 :'Cascade of system block-diagram.

The overall noise figure of a cascade of systems deépends 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 F, is the noise figure and
each G, is the gain. The total noise factor is the sum of these individual contributions, and is
therefore given by

Fr—-1 F3—1 F,—-1
2 42 44 Nn—l .
Gy G1G> [Th=1 Gn

F=F + (2.10)
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2.1.3 Harmonics

a ]A
S (t) Y(t) 1.4 30.4° 1,42 1,4
A ——» system —» 2 4 2 4
t ) P
@o DC @ 2@y 3wo

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

y(t) = a;S(t) + a,S(t)? + a3S(t)3 + -+, (2.11)

Here, as shown in Figure 2.3, S(t) is the inputisignal, and y(t) is the output signal. Using the
function (2.11) with one tone signal:at the input, S(t) = Acosw,t, the output of the nonlinear

system can be viewed mathematically-as
y(t) = a;Acoswyt + ay(Acoswyt)? + as(Acoswyt)® + -+

(X3A3
4

(X2A2
2

(XzAz

3
=——+ ((xlA 4 3as4

4

)cosooot + cos2wyt + cos3wyt + -+ . (2.12)

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 (HD;) is defined as the ratio of amplitude of the tone at 3w,

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

HD, =1%42, (2.13)

_4-061
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2.1.4 1-dB Gain Compression Point (P1dB)

20log(Aour)
A

» 20log(Ain)
1-dB compression point

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 (o;) when the input signal amplitude is large.

We rewrite only the term of the fundamental as follows
3 3
y(t) = (alA + Za3A3) COSWot = (ocl + Za3A2) Acoswyt. (2.14)

At this point, from (2.14), a3 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 |y + 2 a3 A | = 20log|ey | — 1dB. (2.15)

1-dB

That is,

A,4p = [0.145

aq
a

. (2.16)

3
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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
S(t) = Ajcosw,t + A,cosw,t. The IM distortion can be expressed mathematically by
applying S(t) to (2.11)

y(t) = ay(A;cosw,t + A,coswyt) + ay(A;cosw t + Aycosw,t)?

+ a3 (A cosw,t + Aycoswyt)3 + - (2.17)

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

third-order IM products as follows

(Ul i (UZ : azAlAzcos((l)l + (Uz)t + azAlAZCOS(wl - (Uz)t ) (2.18)
2 2

20, + w, ¢ 2222 cos(2ay H )t 2 cos(2w; — W)t (2.19)
2 2

20, T wq ¢ Mcos(sz +Fot+ 3—Ol%:‘jzicos(sz —wq)t . (2.20)

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, A; = A, = A, there are two
third-order IM products at 2w, — w; and 2w; — w, respectively, and then the output
signal will be corrupted by one of the two, illustrated in Figure 2.5.

Interferers

/\

R 20)1-0)2 2032'0)1
_ Nonlinear N
Desired band — system [|—> ' Desired band
/ \ LNA /: \
> : >
M W O ®; Wy o

Figure 2.5 Inter-modulation in LNA (nonlinear system).




Chapter 2 Basic Concepts of LNA Design

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 (A) is chosen to be sufficiently small so that higher-order nonlinear terms are
negligible and the gain is relatively constant and equal to a;. From (2.19) and (2.20), we note
that as A increases, the fundamentals increase in proportion to A, whereas the third-order IM
products increase in proportion to A3. 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 point, A;p3, is defined by the relation
3 3
20 log(ayps) =20108 (S oty 435 ). 2.21)

From (2.21), we can solve for Apps:

4

3

g

(04

AIP3 = b (222)

For 50-Q systems, we define the input third-order intercept point (IIP3) as IIP3 =
%Alzlps /50. (IIP3 is hence interpreted as the power level of the input interferer at the

third-order intercept point).

20log(oA)

20log(3a3A%/4)

» P, (dBm)

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.

sLlb Lk

(a) Resistor termination (b) Shunt=shunt feedback (c) 1/g,, termination
K
in - Zg Zin -
(d) Inductive source degeneration with broadband pass filter (e) Inductive degeneration with transformer
Term
RFC —I q
’» % Term.
Zin

(f) Distributed amplifier

Figure 2.7 Conventional wideband input matching architectures of CMOS LNA.

11



Chapter 2 Basic Concepts of LNA Design

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 R equal to Rg (=50
Ohm) is placed across the input terminal of the LNA to provide the wideband impedance

match.

R,

Vs

Figure2.8 Resistor termination architecture.

Usually, the input-matching bandwidth, of this approach determined by the input
capacitance of the transistor M; is very broadyidue 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 (neglecting gate current noise):

2 2
24-KT/R5+4KT/R+(4Kngo/gm)/(R/2) :2+4_y'L, (2.23)
4KT/Rg a gmR

F

where R¢ = R, & = gm/9Ga0> Jao 18 the drain-source conductance at zero Vpg, and y 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.

12
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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.

Rs Ccouple

Figure 2.9 Shunt-series resistor feedback architecture.

However, not only the feedback resistor (Ry) 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 (1/g,, Termination)

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

impedance match by designing 1/g,, thatis equal to 50 Ohm, [6], [9], [10].

Rs Ccouple M
1
72 F e
— Zin - vbias

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

13
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transistor operating. The input impedance is given by

1
jwCgs'

Zin = — Il jwL || (2.24)

g

The real part of the input impedance 1/g, must be of 50 Ohm to provide the input match,
and the g, is limited to the value of 20m A/V?. 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):

4KTRs+AKTYE do78%,
4kTRg

F=

_ 147
=1+L (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,

. 1 m
Ziy = jo(Lgy L) + —— + 22 L. (2.26)

JwCgs Cgs

14



Chapter 2 Basic Concepts of LNA Design

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

Q=—— (2.27)

WoCgs (Rs+wrLs)’

where wo (= 1/,/Cys(Lg + L)) is the resonant frequency, and wr equals to gy, /Cys. The

overall stage trans-conductance G, under this condition is therefore

G = 8m1Q = i — (2.28)

WoCys(RsthawrLs) - 2Rswq
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.

Zi vbias

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 degéheration 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.

P
 ———
d d d
out = dout = dout =
—
|
-W. w w

(a) (b) (©)

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

Overlay (Finlay) configuration. (c) Inter wound (Frlan) configuration.

16
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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 502, and it is terminated by a 50-Q 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.

Vpp Term.
vout

Vbias  RFC

RS Ccouple

& T

Zin

Term.

Figureé'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

Input-matching architecture Advantage Drawback

€  Wideband input € High thermal noise.

impedance match.

(a) Resistor termination

17
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(b) Shunt-shunt feedback

(d) Inductive source deger-leration
with broadband pass filter

e

(e) Inductive degeneration
with transformer

Z

(f) Distributed amplifier

Wideband input

impedance match.

Wideband frequency

response.

Wideband input
impedance match.
Good linearity.
Good reverse
isolation.

No Miller effect.

Wideband input-
impedarice matchs
Low noise ifigure:

Good power gain.

Low noise figure:

Good power gain.

The best wideband
input-matching.
Good frequency

response.
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High power dissipation.
Poor reverse isolation.
Feedback resistor gives

rise to thermal noise.

Lower power gain.

Higher noise figure.

Large area.

Hard to design.
Complicated design.

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 Neutralization Method

The negative feedback from the gate-drain overlap capacitance (Cyq) 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 Cyq.

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 Cyq4, 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.

Rs Ccouple

Ve

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 M; with straightforward
implementation using an ideal feed-forward voltage amplifier with a gain —A4y (4, > 0)

[13].

I
o
\\‘-r// Vout
\
@ | Ry vy

Vx n W vAvAvA
\
\

AN
Rs Cc?uple\\
I
X

vout, n

Figure 2.18 Feed-forward thermal noise canceling architecture

As can be seen from Figure 2.18, the input-matching device M; noise voltage at node X is in

20
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terms of that of node Y

Vxn = VynRs/(Rs + Ry). (2.29)

The output noise voltage due to the noise of the matching device, V,,;, is then equal to
Voutn = Vyn = Vxndy
= Vynll — AyRs/(Rs + Rp)]. (2.30)
Thus, the output noise cancellation, V., = 0, is achieved as the gain Ay equal to

Ay =1+ Rs/R;. (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 andipeaking 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].

=1 vDD ~TTS

[ ]
K/I:'Y —==
—_—— = M,
\l y Whan
\ .‘\ // \\

o ~< y

P
w
0"
/
/

Figure 2.19 Thermal noise reduction using a mutual inductor

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

magnitude at node X with self inductance is

wlLg

Vin = lan i+ (oLsgm?’ (2.32)
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and the thermal noise voltage in magnitude at node Y with self inductance is
Vyn = —Ignwlp, (2.33)
Thus, the output noise reduction is achieved

Vout,n = O((K, N)VX,n + VY,n

= Ign [a(K,N) — wlp|, (2.33)

L
where K is the coupling coefficient of the mutual inductor, and N is the turn ratio.

By proper design of parameters of Lg L, and g,,, we can reduce the output thermal
noise due to input-matching device M;. Furthermore, input-matching purpose inductor Lg
and output-peaking purpose L, 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 pl&@%ﬁmtom 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 €, so the input impedance of LNA must be

matched to obtain high input/output return loss.

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.

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.

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-C 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 L; which is
employed for passing the DC current and blocking the AC signal into the source of My, and
then, we lead the signal to reach the gate of M, to achieve the second common-source
configuration stage. Furthermore, not only does inductor L; block the signal into the source of
M, but it also peaks the output of the first common-source configuration stage by cancelling
the parasitic capacitance at the drain of M;. And the bypass capacitor Cy is used to avoid
degrading the gain of the second common-soutce configuration stage due to the large

impedance Zy.

RQ
L,
L
CZ 1 é Icac
T -
Rs C1 ng I
M1 G} ,buffer
Ly
Vs L
- vbias - ?

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 (Lq) network, we must use more than five inductors which result in

large chip area.
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3.3 Common-Gate Configuration with Non-50-Q2 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 M; is 1/g;,, which should be equal to 50 Q
(2:=20m A/V?) 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 Mj, 1/gn, be equal to 70.7 Q that can reduce half the current while 1/gy, is

equal to 50 Q, since we know that the,(1/g,,)” is inversely proportional to the current lg from

w
Bm = ,Zucoxfld- (3.1)

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

the well-known relation given by

impedance mismatch with Rs (50 Q). So the impedance must be transformed by incorporating

the reactance component.

Vbp Vbp Vbp
Ry
Ry= L
M;
MZ C3
I C.. l_ovout
- l ) A
Ibuffer

Vbias |—| EM1 -

Rs Ccouple

| | T— Zs =1/gm =50 Q
Vs %Ls Ve Ls

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.

vDD
M,
C;
I_ovout
L Ibuffer
¢ Y
Vbias |—m—| I:M1 =
Rs Ccouple\K
——x
[}

Vs %Ls

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=%0x, thus V=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.
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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 EBB.

We use the theoretical formula toexplain 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

Ve = Vio +¥(y20r — Vs — /2¢5), (3.2)
where V,, is the threshold voltage at zero bulk-source voltage, ¢ the Fermi level deep in
the bulk, and y denotes the body effect coefficient. From (3.2), biasing the bulk-source P-N
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

1
Ia = S tnCox > (Vas — V)* (1 + Wps). (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.

M

Rs Ccouple

P

1

T SREC 8L,

Vbias L

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

Current-reused

Common-gate configuration
with non-50-Q input imped-

ance

Gain boost using mutual in-

ductor

Forward Body Bias

Dynamic-Threshold voltage

Advantage

High gain.

Low noise.

Good linearity.
Wideband input

impedance matching.

High gain.
Wideband input

impedance matching.

Low/neise.

High gain
Wideband input

impedance matching.

High gain
Wideband input

impedance matching.
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Drawback

Large area.
Hardly design.

Poor linearity.

Low gain

Noise figure degradation.

Hardly implement an

mutual inductor.

Require an additional bias

circuit.

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 S;;<-10 dB and S»,<-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 S;;<-10 dB and S,,<-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

Voo T Vbo_bufrer
Rp
% Ls; L
F

I ms
My - o Ccouple v
||_ % = R, —”—0 out
Rs Ccouple Ry = Ry

I I \MIA N C*) I buffer

band of interest 3—6.5 GHz.

S

AA
||

< —

1st. stage 2nd. stage output buffer

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.

= M,
H =
Rs Ccouple Rs =R
1 AMA —_——
I YWy
[
‘—Ik—
M;
Vs
LS1
1st. stage

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

Rs Ccouple
AM o "

Cgs 1

-L gsz
= Ry=R//(1-A,)
ImiLsi/Cyst Om2L s2/Cys2

Series-RLC1 Series-RLC2

o) Vs z’,-,,—>

-I|—m—fm—|l—'

Figure 43  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,
Omils1/Cgs1 and gmolsa/Cgsz, 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, Ry =R /(1-A,) in across the input and
ground due to Miller effect, which Rf is employed to supply gate-source self bias ,and Ay

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

Lin = (5L51 +— gm1L51) | (SLsz +—+ gm2L52> [|Rym >

sCgs1 Cgs1 Cgsz Cys2
L S Lg,L L 1 L N LsqL L L¢, L
2L Ls +Cs1 + gmé s1Ls2 +Csz 5 + gmzcsz + .ng1 sibsz gmlc.Sl +gm}:.9mzc s1Ls2
_ gs2 gs1 S%Cgs1Cysn  SCgst gs1 SCgs1Cys2 gs1Cgs2
- 1 L L
s(Lgy + Lgy) + +gm1 51 +g1(r:12 S2
( 52) gsl gs2
|| RM s
LgiLsy | GmaLsiL La . Ley - GmimoLsil 1( gmol Gmilsi ), 1( 1
21 Lo + (gmz s1ts2 4 Imils sz)+(i+i+ m19mzls1tsz ) 4 2 ( Gmalsa | 4 +=
e W st 952 Cgt ' CosiCgr ) 5\CysiCyor " CysiCosa) T 52 \CguiCysa
s(Lgy + Lgy) + ————< 9m1L51 +9m2Lsz
( 51+ SZ) 951 gs2
Il Ry - (4.1)

Finally, the simulated and measured impedance matching response (Si;) of the first stage

in our LNA design is depicted in Figure 4.4.

Sy (dB)
A
'5 T T T T T T
Ny | : ; : :
--------- P Bt 5 Measurement]-
=10 1 - * ‘*ail —u— Simulation
: * . ' . .
S S YL S -nni-u- R S SR J
-15 * ,-:.’i‘ ' " ‘**‘*aia
| T Y i ':i"“'i'i';; """"""""" 7
_________ ;L_________;L_!xi__f‘fif________;_________If_'__'__!_!j [ TH
: P g : : '
20 Jofrrf A A
......... TR T T
! Cw i ! :
-25 1 ............................ -
-30 i i ; i ; i >
0 1 2 3 4 5 6 7
Frequency (GHz)

Figure 4.4 Simulated and measured input impedance matching (Si;).
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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.

vDD_buffer

Ms
Ccouple

|—0 Vout

M
W
2

2L

Rs Cco:lple Rf
I LA

e
M
Vs
Ls4 = =

1st. stage 2nd. stage output buffer

/; .

Ibuffer

Gain (dB) Gain (dB) Gain (dB)
X =
® ® — ®
1st. stage 2nd. stage

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

9Im1Tol ImaTo2
G~ | G + % R 42
1 r01+Rout1+(1+gm1ro1)sL51 r02+R0ut1+(1+gm2T02)SL52 outls ( )

where
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1
. b
]w(ng1+Cdb1+ng2+Cdbz)

Rout1 = Rpl| 4.3)

and the gain of the second is

1
S(ng5+ng4) ’

Gy~ ~gms | (Ro + sL) +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.

Gate ate
Sour(,:e DTrain Sourc | raln
-— + +
= 1n n -
P-substrate -|_ VDD P s vDD
- ubstrate -l-
[r7] P s

I Voltage- — .
bias. Voltage-divide loop
B circuit B
ulk ulk

—

(a) (b)

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 Vytin

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

404
Ipy = I (eﬂVT - 1), (4.4)
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where 7 is the ideality factor, V; is the thermal voltage, and Is denotes the reverse-bias
leakage current. Applying the cut-off region (0 < Vpy < V,y¢in), the current through the P-N
junction is very small (about few pA) that leads a self-bias loop with ultra-low power

consumption (about few uW).

Voo
o #Vse y
DD
S
M 2
2 l-lf-» W) lor +
N T ca 18 Vsaz
PMOS HFE—D—- -
G;:z ‘M’:?, 0D1,2 R1 Y I1 » I1 v R1
M, ¢ ity J +
_| ; ) os1 GD ld1 q B1 VBS1
nmos St - 4 =
L, - Visy# Vo2 = 0
Vepr = 0
@ (b)

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

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 (Vgs; and Vsg,) of both the transistors to form a
voltage-divided loop with forward bias, a resistor R; is employed to connect the bulk
terminal of M; and that of M,. To be simple, the self-bias voltage-divided loop is
individually shown in Figure 4.7(b). In the loop, R; 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 R; is derived as follows, which start with the voltage equation of the self-bias
voltage-divided loop,

Vop = Vgs1 + Vspa + 1Ry . (4.5)
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According to (4.4), the loop current I; is expressed in terms of Vgg; or Vgpa,

VBsi
11 = 151 e wr — 1 . (4.6)

145:7)
or 11 == ISZ e nwr — 1 . (4.7)
Here, Ig; and I5, 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

VBsi
Vop = Vgs1 + Vspa +1I; =I5 | e™T — 1| Ry, (4.8)

thus,

R, = LopVBsi~Vsb2 4.9)

- VBsi1 :
Is1[e VT -1

VDD
Ry i
d2
L VDD
D
G cgdj Viess = Vpsqy R_fl___» _____
M, 5_} 4 H— | laz=12-lps4 * ;
H Coss @ loz-lz-lbsa B, ™~ SIZ Vgs4 Y
NMOS | ) Iq - | -
----- *....‘
7 I,
!

Veps = 0
(a) (b)
Figure 4.8 () 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 R, 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 R, we need while the bulk-source P-N

39



Chapter 4 Design of Low-Power SFBB UWB LNA

junction voltage, Vggs3, is operating within cut-off region. And Vg, is equal to Vpg, (about
0.45 V), so it also works within cut-off region.

R2 _ Vpp—lazRqa—VBs3 (410)

VBs3 :
Is3le™T -1

4|r__
T | T 1T

<

Bulk Source Gate Drain

Ve>0 Vp>0
II Ii II |1—T—l
p+ n+ n+
P substrate

(a) Without forward body Bias

Bulk Source Gate Drain

vcut,in>vB>0 VG>0 VD>0
i II Im
p* n* n*
P substrate

(b) With forward body Bias

Figure 49 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 V; is reduced by means of forward bulk-source bias, and the

formula of threshold voltage is given by

Ve = Vio +¥(V 205 — Vs — \/2¢r), (4.11)
where V,, is the threshold voltage at zero bulk-source voltage, ¢ the Fermi level deep in
the bulk, and y 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
1
Iy = E.uncox%(VGS - Vt)z(l + AVps). (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 V;,; of the
MOSFET with Vp¢=0 V is about 0.45-V; andithatV,;,5".0f the MOSFET with Vz=0.45 V is

about 0.35 V.

1 ————
00 01 02 03 04 05 06 07 08

Vgs V)

Figure 4.10 1-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

vDD -1 vDD_buffer
Rp
Lp
[

'
——¢

circuit with noise sources shown in Figure 4.11.

Ccouple

=R, t—F—o Vout

T

"_ - 2 C*) Ibuffer

= Lsq

< > < > —>
1st. stage 2nd. stage output buffer

Figure 4.11 The proposed LNA with noise sources.

The noise factor is defined as:

P Total output noise (4.13)

Total output noise due to input source’

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 Rg,
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Zin
Zin+Rg

2
Sur,> = 4kTR |GG, (4.14)

where Z;,, G; and G, are expressed in (4.1), (4.2) and (4.3) respectively. The noises PSD
contributed by the part of the induced gate noise in M; and M, that are fully uncorrelated
with the drain channel thermal noise:

1
j(DCgsl

7 4kTadw?Chsy
59m1

%)
I

2
2
| gms Rouwr ol 162121 = 1P,

|(joLsill =) + RsliZama)|

ngul

(4.15)

7 _ 4kTadw?Chs,

2
g 1 1 2
2 |[(jolsal| =) + RellZinn)] e gmaRoueaz [ 16212C1 = e,

Sn,g,u,z

(4.16)

where

_ Imils1
Ziny = slsy + —— + 251
gs1 gs1

_ ImzLs3z
ZinZ = SLSZ + sC + _——C
gs2 gs2

In,gln,d*

= 9
—2—2
,/In,g Inag

Rout1,2 = [1o1 + (1 + gmi7o1)jwLsi ]|1[To2 + (1 + GmaTo2)jwLs2 11| RE|

jwcgsz’
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 M; and M,:

[— 2
5 _
Sngdc1” = (sn,d,l + Sn.g,c,l)

= (Sn,d,l2 + Sn,g,c,12 + an,d,l Sn,g,c,l)a (4.17)

—_— 2
Sngdc2” = (Sn,d,z + Sn,g,C.Z)

= (Sn,d,z2 + Sn,g,c,zz + an,d,z Sn,g,c,z)a (4.18)




Chapter 4 Design of Low-Power SFBB UWB LNA

where
4kTyg
Snd1 = — |R0ut1,262|=
. 4kTasw?C?
Sn,g,c,l = _]lcl Tlgﬂ [(](ULSIH_) + (R ||Zm2)] ” | |gm1Rout12||G2
and
4kTyg
Snd2 = —2 |R0ut1,2G2|>
. 4kTadw?CEy,
Sz = el [, || (oLl 1 5) + RellZinn) | 1155 | | g1 Rouer 2] 6ol

Notice that, in (4.17) and (4.18), the power spectrum densities (PSDs), s, 5012 and s, 422

should be absolutely positive. The output noise due to Ry, Rgyp; and Rgypo:

1 1 2
- 9mb1t- 9mb2 2
_ jwCcp1 jwCcpa 2
SRy Reubs Reuna > = 4KT(R1 + Rsyb1 + Rsubz) T |Rout1,2| |G,|*. (4.19)
’ Jjo(Lsa+Ls2)+Ri+————
jo(Ccp1+Ccp2)
The output noise due to Rg:
2
Rout1,2

Sn,RFZ = 4‘kTRF |G2|2. (420)

(Rsl1Zin1||1Zin2)+RF+Rout1,2
The noise contributed by the part of the‘induced gate noise in M3 that is fully uncorrelated
with the drain channel thermal noise:

T3  4kT8azgmzw?Cls3 2
Sn,g,u,3 = ;n &2 |Rout1,2| |GZ|2- (4.21)

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

source of M,

Sn,g,d,c,32 = (Sn,d,3 + Sn,g,c,S)

= (Sn,d,S2 + Sn,g,c,32 + 25n,d,3 Sn,g,c,S)- (4.22)

where

__ |4KkTYgms .
Snd1 = (T |Rp + jwLpl,

4kTad | I

Sn,g,c,3 ] I I
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Notice that, in (4.21), the power spectrum density (PSD) s, ,.3? should be absolutely
positive. The thermal noise of the resistor R, 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

(4.15)+(4.16)+(4.17)+(4.18)+(4.19) +(4.20) +(4.21) +(4.22)

F=1+ (414)

(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 $hewn in Figure 4.12. From this figure, we

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

substrate

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 (S;;) with and without SFBB technique are

shown in Figure 4.14 and Figure 4.15 respectively:

Frequency(GHz)

Figure 4.14 Simulated S;; (inputiimpedance'matching) with SFBB technique.

S1; (dB)
3

T T Y/ =y, =10v
4 --------- without SFBB §----{_, Vv, =12V
""""" I S vV, =14V
61 o mmmm—— —¥-V,_ =16V

e e L -
P T vV, =18V
-84 "““‘roooi..‘ """ ' """" -

Frequency (GHz)

Figure 4.15 Simulated S, (input impedance matching) without SFBB technique under different supply voltages.
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The simulated reverse isolation (S;;) with and without SFBB technique are shown in
Figure 4.16 and Figure 4.17 respectively:
S (dB)

A

-40 : : : : ; ;

\

Frequency (GHz)

Figure 4.16 Simulated S5 (réverse isolation) with SFBB technique.

S12 (dB)
A
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60 {r S
-70 - ::" —a—v_=10v] |
--------- 5T S B S TSR ACTEYY |
-80 g v = 1av]
-------- ooy Y =16 V)
e e o L T =
-100 +—————————————— >
0 1 2 3 4 5 6 7
Frequency (GHz)

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

Figure 4.19 respectively:

S, (dB)
A
20 T T T : : :
¢ Lgeoetea, |
__________ -a"“* “
70 IS RS LLE0L Ao TR S b
17041 - [ [ | V_=1.086V (with SFBB)]._
5 J50 S S O S SR S S 4
o T T T 1 1 1 :
0 1 2 3 4 5 6 7
Frequency (GHz)

Figure 4.18 Simulated S,; (gain) with SEBB technique.
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Figure 4.19 Simulated S,; (gain) without SFBB technique under different supply voltages.
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The simulated output impedance matching (S;;) with and without SFBB technique are

shown in Figure 4.20 and Figure 4.21 respectively:

S22 (dB)
A
-10 T 1 T ]
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[
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Frequency (GHz)

Figure 4.20 Simulated S3; (output impedance matching) with SFBB technique.
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Figure 4.21 Simulated S,, (output impedance matching) without SFBB technique under different supply voltages.




Chapter 4 Design of Low-Power SFBB UWB LNA

The simulated noise figure (NF) with and without SFBB technique are shown in Figure

4.22 and Figure 4.23 respectively:

NF (dB)

A

41 T T

Frequency (GHz)

Figure 4.22 Simulated noise figure with SEBB technique.
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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 S11 (dB) i NF (dB)
(V)
With SFBB . . .0-6. < 15.2-18.2
3.0-6.1
7.1-9.9
9.5-12.6

SFBB ' ' - —
. . 4-6. _ 10.6-13.8
. . 4-6. _ 12.3-15.1

The measured results of the LNA with/SEBB, technique compare with the simulated

Without

results.
The measured and simulated input impedance matching (S;;) of the proposed LNA is

shown in Figure 4.24:
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=25 1t ......... ...................................... -
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Figure 4.24 Measured and simulated S;; (input impedance matching) of the proposed LNA.
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The measured and simulated output impedance matching (Sy2) of the proposed LNA is

shown in Figure 4.25:

S2, (dB)
A
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: : : : bl :
L R R R
-60 +————————————— >
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Frequency (GHz)

Figure 4.25 Measured and simulated 'S,, (output impedance-matching) of the proposed LNA.

The measured and simulated gain (S»1)-ef the proposed LNA is shown in Figure 4.26:

S21 (dB)
A
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Figure 4.26  Measured and simulated S,; (gain) of the proposed LNA.
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The measured and simulated reverse isolation (S;») of the proposed LNA is shown in

Figure 4.27:

-30 : : : : i i
: : : —=+— Measurement
| —a— Simulation

-100 N f f f f

v

Frequency.(GHz)

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

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

4.28:

NF (dB)
A
s s B

: : : —a— Measurement
—u— Simulation

Frequency (GHz)

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:

A
10 | 1
75\ —i#—Fundamental
Q 0 - —n—3rd-order IM
P- _"‘." _’_.—’ @0 1
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Figure 4.29 Measured third-order‘input intercept-point (LIP3) at 4 GHz of the proposed LNA.

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

LNA is shown in Figure 4.30:
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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 . NA'and comparison with several papers.

Gain (dB)

12.5-15.5

13*

13*

13.6*

9.5%

* 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 x 0.64 mm (0.61 mm?).

0.64 mm

0.96 mm

(@) (b)

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 ENA 1 after here, more substrate thermal noise
will be coupled to MOSFET channél 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.
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Figure 4.34 The proposed noise-improved LNA.

In order to suppress the noise contribution from the substrate and R;, we employ two
capacitances, C; and C, 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 M; by coupling both the inductors, Ls; and Lp.
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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 My 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

AKTY Gz [y - , . .
Viz1 = St [(]U)Ls1gm17"o1)|l(leszgmzroz)”Rf]gms(RD +jwlp) = jA—B  (4.24)

a

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

At this point, in order to suppress the channel thermal noise contributed from M;, we
utilize another path, mutual inductor (Lsy, Lp), toward Z to reduce the noise with opposite
polarity to that of (2.4). The channel thermal noise voltage contributed from M; through the

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

 [4kTYGm: 1/gm2 . K? |4KkTYgma2 , -
Vs =~ [ 20k0me ( me ) (—joM) + 5 2Tz g~ —jC + D (4.25)

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 x 0.47 mm.

0.47 mm

0.99 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 EINA, |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:

NF (dB)

5 T T T T T T
: : i |—m—LNA 1

' |=#—LNA 2 (improved)]

Frequency (GHz)

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

A
-5 ! ! ! ! ! T
......... o [Ca—LNA ]
u : i | —#— LNA 2 (Improved
-10 1 & ::l --------- - , ( L x 1
L : ' :
Y S T 2 LT T S ]
.' E,- L L Fi
S S Ao A e, S S ko).
\ -y g
LN ./i'.f dagaan?
_________ L_________L__\A‘s;f_f:h________|._________L_________L_________
: me
=20 4 it SOSTELEE SEREE RN SRR RS SERRRE -
-30 | 1 1 1 1 I >

Frequency (GHz)

Figure 4.38 Measured S;; of the proposed noise-improved LNA.
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The measured S;; of the proposed noise-improved LNA is shown in Figure 4.39:
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Figure 4.39 Measured Sy, of the proposed noise-improved LNA.
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The measured S;; of the proposed noise-improved LNA is shown in Figure 4.40:
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Figure 440 Measured S,; of the proposed noise-improved LNA.

The measured S, of the proposed noise-improved LNA is shown in Figure 4.41:
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Figure 4.41 Measured S, 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:
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Figure 4.42 Measured IIP3 at 4 GHziof thé 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:
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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:
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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.

Gain (dB)

LNA2
(Improved)
LNA1
(Preceding)

13-16

12.5-15.5

13*

13*

13.6*

PE

* Maximum power gain.

64



Chapter 5 Conclusion

Chapter 5 Conclusion

The low-power UWB LNA has been,demonstrated in 0.18-um 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 S;1<-10 dB and S,,<-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 x 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 S;;<-10 dB and S»,<-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 x 0.47 mm.
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