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Low-Power/Low-Voltage LNAs for Ultra-Wideband

Radio Systems

Student : Yi-Ching Lee Advisor : Dr. Jenn-Hwan Tarng

Department of Communication Engineering
National Chiao Tung University

Abstract

Low noise amplifier (LNA) plays®an important role in wireless communication
receiver front-ends and is usually wused: for amplifying the weak signal after the
receiving antenna with minimized noise-contribution. Power consuming, broadband
input impedance matching, nois€ figure, and power gain, are the major issues to be
considered in LNA design. It is well-known that these issues are trade-offs one
another. Here, two research topics are included in the thesis and the both focuses on
low power consumption of UWB LNAs without sacrificing other important
performances such as power gain and noise figure. The first topic propose the
common gate combined with band pass filters for the input matching network can
easily to low power consumption (1.5V power supply, and dissipates 3mW) and
ultra-wideband (3GHz to 10.6GHz). It achieved 12.4dB maximum gain and noise
figure less than 4.5dB. The second topic proposes very low voltage LNA, which uses
an external bias circuit to the body node of transistor leads to low power consumption
(0.75V power supply, and dissipates 2.8mW). It achieved 14.0dB maximum gain from

6 GHz to 10.0 GHz and noise figure less than 3.8dB.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1 Background and Problems

Ultra-wideband (UWB) communication-technigues 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 band for UWB deployment as shown in
Figure 1.1. Due to the U-NII bands (5.15GHz-5.85GHz in the United States and
4.9GHz-5.1GHz in Japan (GROUP B)) to lie in the middle of the allocated spectrum,
the UWB spectrum is broken into two distinct and orthogonal bands that are free from
interference: 3.1GHz-4.8GHz and 6.0GHz-10.6GHz. We subsequently refer to these

two bands as the lower and upper UWB bands, respectively.
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GROUP A GROUP B GROUPC . GROUP D
A A A
— b e —
Band Band Band Band Band Band Band Band Band Band Band Band Band
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13
| 3432 3960 4488 L0168 5808 6336 6864 7392 7920 8448 8976 9504 10032 ’
MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz f

Figure 1.1 Multi-Band OFDM Proposal

A LNA is the first stage, after antenna in the receiver block of a communication
system. It is widely used in the front end of narrow band communication system. For
UWB applications, which ranges from 3.1GHz to 10.6GHz, because transmitted
power spreads over a wide range and is restricted to be less than -41.3 dBm per MHz.
There are several common goals.iin the desigh-.of UWB LNA including input
impedance matching, low power consumption; low noise performance, small sizes,
sufficient linearity, and enough-power-gain_to-overcome the noise of subsequent
stages. The thesis starts with a deep analysis 0f the noise figure, wideband, and
flatness gain problems, and reviews recently-published literatures thoroughly. After
that, we try to find new ways of achieving these goals.

The thesis firstly proposes a new UWB LNA architecture, which incorporates a filter
architecture and feedback resistor to enhance the bandwidth. The proposed LNA
architecture covers from 3GHz to 11GHz, and shows low power consumption, and
much better power gain flatness. Secondly, a novel low voltage design method is

proposed for a common-source UWB LNA to attain very low power consumption.

1.2 Related Works

Three major CMOS UWB LNA design techniques had been reported for wideband
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communication applications. The well-developed distributed amplifier is known as
its wide bandwidth, but it requires large power consumption and layout area [8]. The
filter design technique and source inductor degeneration technique are employed to
incorporate the transistor gate-source capacitance as a part of the LC-ladder matching
network and extend the bandwidth to a wide range [1], [7], [10], [13]-[17]. 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 [3].

Only a few literatures have reported on the design of a common gate LNA [3], [4],

[5].

1.3 Thesis Organization

The thesis is organized into five chapters.including:the introduction. Chapter 2 deals
with the receiver basics and basic concepts-of-low noise amplifier design, its metrics
and some popular LNA topologies” with itheir comparison. Chapter 3 proposes
ultra-wideband LNA of proposed low power design with simulation results. In chapter 4,
the noise analysis of the UWB LNA, and low voltage LNA design. In Chapter 5,

conclusion is drawn.
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Chapter 2  Basic Concepts of Low Noise Amplifier

Design

2.1 System Specifications of the.LNA

2.1.1 S-Parameters

Scatter Parameters, also called S-parameters, belong to the group to two-port
parameters used in two port theory [47]-[50]. S-parameters are important in microwave
design because they are easier to measure and to work with at high frequencies than

other kinds of two-port parameters. The S-parameters are defined as:

byf _ Sl 18] N &

(2.1)
o, ) ISl IS2f

2

2|
2 .

\ai\ : Power wave traveling towards the two-port gate

2
\Q ‘ : Power wave reflected back from the two-port gate

|Sl | |2 : Power reflected from port 1
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|512|2 : Power transmitted from port 1 to port 2
|S21 |2 : Power transmitted from port 2 to port 1

S,.[ : Power reflected from port 2

Since the two-port is imbedded in a characteristic impedance of Z, these 'waves' can
be interpreted in terms of normalized voltage or current amplitudes. This is explained in
Figure 2.1. In other words, we can convert the power towards the two-port into a

normalized voltage amplitude of

V,

towards _two— port

& = \/f (2.2)
0

and the power away from the two-port can be interpreted in terms of voltages like

- Vaway_ from _two—port
b, = (2.3)
R
0

la? _T_“_ ] _ — |3

: Sl Sy, :
by +— 12 — bl

1 2
Zo S50 [S,? Z
*— —

Power ~ oltage
Domain [Domain
Starting with normalized gives normalized amplitudes

power to Zo for voltage and current
: Vv Vo5
P=vi = —— P=—-=i"J7

% %o

Figure 2.1 S-Parameters and Characteristic Impedance Z,

The following signal flow graph gives the situation for the S-parameter interpretation in

voltage as shown in Figure 2.2.
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R 7 g A
M o

.| sz

Norm.voltage a
amplitude QD @7
b 1 : e

Figure 2.2 The following signal flow graph

Looking at the S-parameter coefficients individually, we have:

b V
M TVreflected _at_ portl _
811 - = vV ‘az =0 (24)
a1 towards _ portl
b V
M Tout_of _portl _
Slz ___V ‘al =0 (2.5)
a2 towards _ port2
b, V.
~ My out! of L port2 _
S ___V |a2 =0 (2.6)
al towards portl
b2 Vreflected at_ port2
S, =—2= e la, =0 (2.7)
a2 towards _ port2

2.1.2 Power Gain

In this section we develop several expressions for the power gain of a general
two-port amplifier circuit in terms of the S-parameters of the amplifier.

Definitions of Two-Port Gains:

Consider an arbitrary two-port network [S] connected to source and load
impedances Zs and Z;, respectively, as shown in Figure 2.3. We will derive expressions

for three types of power gain in terms of the S parameters of the two-port network and

the reflection coefficients, I'y and I'| of the source and load [47]-[50].
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Pavs P Pavn PL
- —_— - - —_—
Zs

’ Input Output
pu Two-port 2 z
matching matching L

. network .

Vg circuit circuit

T, | |T

—

in ouf

Figure 2.3 A two-port network with general source and load impedance

® Power Gain = G = P./Pj, is the ratio of power dissipated in the load Z to the
power delivered to input of the two-port network. This power gain is

independent of Zg, although some active circuits are strongly dependent on Zs.

:i: |521|2 (1_|FL|2)
Py (1—|1".n|2)|1—822rL|2

(2.8)

® Available Gain = G =Pavn/Pays 18 the ratio: of the power available from the
two port network to the pewer.'available from the source. This assumes
conjugate matching of the both'the source and the load, and depends on Zg but

not 7.

2 2
G, - Pan _ |821| (1_|FS| ) (2.9)
Pas (1=[Caf* J1=8,i0

® Transducer Power Gain = Gp= P1/Pays is the ratio of the power delivered to the

load to the power available from the source. This depends on both Zg and Z .

P :|821|2(1_|FL|2)(1_|FS|2)
Pas  [1-Tgly| 1-S,.T, [

(2.10)

T

A special case of the transducer power gain occurs when both the input and output

are matched foe zero reflection. Then I'y = I'| =0, and equation (2.10) can given
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2
by: G, :‘821‘ (2.11)
Where
SiSul’y
in 11 I_SZZFL (212)
S,.S, I’
_ L%t s (2.13)

out — “22 I_SHFS

Iy, I'| are the designed input and output matching points, respectively.

2.1.3 Noise Figure (NF) of LNA

In Figure 2.4, we can indicate the input signal-by drawing a simple diagram as
follows: If low noise amplifier -has smaller noise figure, the output signal has a little
distortion. Oppositely, low noise amplifier has larger noise figure, the output signal has
a great deal distortion. Two methods for ‘analyzing the effect of noise in electronic

devices and LNA circuits [49] are illustrate in Appendix A.

Ou!pm signal /\ O
O

(a) Smaller noise figure

Output signal
O

(b) Larger noise figure

[nput signal

AOQ o

Input signal

AOQ

Figure 2.4 (a) Signal versus smaller noise figure, and (b) signal versus larger noise

figure
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2.1.4 Sensitivity

In wireless communication systems, the definition of sensitivity is limited by noise
figure. The sensitivity of RF front end receiver is defined as the minimum signal level
that the system can detect with acceptable signal-to-noise ratio [48]. Sensitivity
determines the maximum distance that a receiver can be away from the transmitter or
the base station for a mobile phone case. Its can be specified in the unit of dBm
(decibels relative to one milli-watt) along with the reference impedance (500hm for
most systems) and is typically measured in the interference-free environment. Usually,

the minimal detect signal power can be written as

P'n, min/dBm =P rs/dBm/Hz + NI:/dB +SNR min/dBm +1010g B > (2-14)

where NF is the noise figure of the receivensystemy' B is the signal channel bandwidth,
SNRin is the minimal acceptable signal-to-neise ratio. Assuming conjugate matching at
the output, we can obtain P, as ‘the noise.power that source resistance delivers to the

receiver.

=KT =-174dBm/Hz (R, =R, ) (2.15)

Assuming equation (2.47) at room temperature, its can be written as

P.. win/ agm =—174dBm/Hz + NF +10log B+ SNR (2.16)

2.1.5 Harmonics

The input-output relationship of a nonlinear system:

y(t) = o, S(t) + o, 5(t)” + o S(t)’° (2.17)

Here s(t) is the input signal, y(t) is the output signal, and the nonlinearity, distortion is

9
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generated. Using the input-output relationship (2.17) with a signal tone at the input

s(t)=Acoswmy t, the output of the nonlinear systems can be viewed mathematically as

y(t) = o, Acos ot + a, A’ cos” ot + a, A’ cos’ at

A2 3 A3 A2 A3 2.18
=% +(alA+ ajl jcos ot + %2 cos2a,t + a34 cos 3a)0t( )

Harmonic distortion is defined as the ratio of the amplitude of a particular harmonic to
the amplitude of the fundamental. For example, third-order harmonic distortion (HD3)is
defined as the ratio of amplitude of the tone at 3w to the amplitude of the fundamental

at 0o applying this definition to (2.18), we have

| o
HD, = — 2 A’
" ia (2.19)

Next, we take the Fourier transform of (2:18):

3, A

Y(a)):azAzyzé‘(a))+7r(alA+ j[é(a)—a)o)+5(a)+a)o)]

2

+ 7 “22A [6(020p)+0(w+20,)] (2.20)

“34A3 [5(@=3m,)+5(w+30,)]

+

Equation (2.20) is plotted in Figure 2.5.

Y(mw) Y(w)
Harmonic Distortion
-y o -3wg -2 - oy 2wy 3mg

Figure 2.5 Frequency spectrum of input, output of the nonlinear system

2.1.6 Inter-Modulation

Inter-modulation arises when more than one tone is present at the input. Assume that

10
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two strong interferers occur at the input of the receiver, specified by s(t)= Ajcosm;t+
Ascosmat. The inter-modulation distortion can be expressed mathematically by applying
s(t) to (2.17):

yt) =g (A1 cosmt + A, cos a)zt)+a2 (A1 coswt+ A, cos a)zt)z @21)

+a; (A cosat+ A, cos a)zt)3
Using trigonometric manipulations, we can find expressions for the second and the

third-order inter-modulation products as follows:
ot w,:a,AA, cos(o +,)t+a,AA, cos(w, -, )t;

2 2
# t+%cos(2a)l—a)2)t;

20t o, : cos(2w, +,)

2 2
20, o, :%cos(ﬂo2 + o)t +%cos(2a)2 —o)t.  (2.22)

The third-order inter-modulationyproducts at 2m:-®;, 2w1-®, and a nonlinear system

(ex: LNA, PA..), the output signal will be'corrupted are illustrated in Figure.2.6.

Interferers

e

Nonlinear
Desired — System :D 2001-02 25~
Channel ex: LNA, PA... T A
W (O ©1 o o0

Figure 2.6 Inter-modulation in a nonlinear system
The output spectrum in the frequency domain can be determined from (2.22) by
evaluating its Fourier transform Y(w). This is shown in Figure 2.9, where the following
signals: ®o: desired signal, ®;, wy: strong interferers, 2w;, 2m,: harmonics of the
interferers, ®i+m,: second order inter-modulations products, 2wit®;;: Third order
inter-modulation products. It can be seen from Figure 2.7 that the inter-modulation

product with frequency 2m:-o; lies at ®o and corrupts the desire signal at .

11
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Furthermore, ®, ®; are close to o ; therefore, trying to filter them out requires a filter

bandwidth that is very narrow and is impractical. Keeping down 2m:-»; by keeping the

nonlinearity small is the only solution.

4 Y(0)

Require filter
bandwidth very narrow
2010 200, |
I |
! ! 2wm, 2w,
1ttt
]
! 1
L il
"w
;-0 W) @ 0% ot

Figure 2.7 The effect of the inter-modulation distortion in the frequency domain

2.1.7 Third Order Harmonics:Intercept Point (IP3)

From (2.21), we note that as the input level A increase, the desired signal at the output
is proportional to A (by the small-signal gain_a;).. On the other hand, from (2.22) we can
see that the third-order product increases. in proportion to A’. This is plotted on a linear
scale in Figure 2.8 (a). Figure 2.8 (a) is re-plotted on a logarithmic scale in Figure 2.8
(b), where power level is used instead of amplitude level. As shown in Figure 2.10 (b),
the third-order intercept point IP3 is defined to be the intersection of the two lines.

From Figure 2.8 (b), we can see that the amplitude of the input interferer at the

third-order intercept point, Ajps, is defined by the relation
3a; s
20log(a; Ap; ) =201log 3 Pes (2.23)
From (2.23), we can solve for Apps:

4

A|P3: E

@,

a,

(2.24)

For a 50Q load, we define the input third-order intercept point (IIP3) as IIP3=
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A2[P3/SOQ.(IIP3 is hence interpreted as the power level of the input interferer for a 502

load at the third-order intercept point).

P, [dBm]
A
Gain 7,

3a. Z

A T3-43 OIP3 -—-——---—--—-——--,/,-f'/
<01
7
20log (¢4 4) 7o
c}_’l_-_[ = 1<+ ) :
i
|
(3, 5
20log| == .47 ||
-‘A / 0g | 1 | i

: L
/ ITP3 Pin[dBm]

(a) (b)

Figure 2.8 (a) The linear gain (o, A) and_the nonlinear component (3a3A° /4 ); (b) The

input and output third orderintercept.point (IIP3, OIP3)

2.1.8 1-dB Gain Compression Point (P1dB)

When the input signal to an amplifier is large, the amplifier will be saturates, hence
clipping the signal. When the strength of the input signal is further increased, the output
signal is no longer amplified. At this point, the output is said to be compressed. From
(2.17), we observe that in y(t) there are two terms with frequency ®o due to the
nonlinear behavior. Assume that the other terms in y(t) have frequency outside the band

of interest and hence are removed by the BPFs. Thus, y(t) becomes

3 2
y(t)=(a1A+3a;A jcoswotz(al +3“th jAcoswot (2.25)

In the case where a3 is negative, the second term is decreasing the gain. As the input
starts to increase, the impact of the second term becomes important in the sense that it

saturates the active device. The A;.gp specifies the amplitude (in voltage) of the input

13
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signal when the linear voltage gain drops by 1dB. Form (2.25), we see that the 1-dB

compression point can be expressed mathematically by
3, A
o+ || g = | —10B (2.26)

We can rewrite (2.26) in terms of decibels:

—20log|a,|-20log1.122 = 20log 1 ‘;‘122

20log

2
a, +% 2.27)

From (2.27), the A_4g input level is given by

A =.[0.145/% (2.28)
a3

The ideal of the 1dB compression point is shown graphically in Figure 2.9. In

20log(Aou)
A /
/
/
%
S
A 1dB

I

|

|

|

|

|

|

|

|

' > 20log(Ai)

I-dB compression point

Figure 2.9 Illustration of the 1-dB compression point

Figure 2.10 illustrates that when input signal is -20dBm, gain is 10dB, and Pj4p is
0dBm, the output signal will be -20dBm+10=-10dBm. Due to output signal < P;4p=
0dBm, so the output signal will not distortion. Oppositely, if input signal is -5dBm, the

output signal will be -5dBm+10=+5dBm. But the output signal over the P;q3= 0dBm, so

14
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the output signal will distortion. In Figure 2.11 illustrates that P1dB large when input

signal is -20dBm or -5dBm, the output signal will not distortion.

Input signal | Output signal n
LNA 0
_20dBm Gain=10dB )
= P, ~0dBm 10dBm
Saturation
(Distortion)

Input signal | Output signal I_(/
LNA o
v | U
Gain=10dB

-5dBm P]dB=OdBm

Figure 2.10 Hlustration of the P1dB small

Input signal ‘ Output signal ﬂ
LNA o}
QN U
-20dBm Gain=10dB )
=1 P[dB=6dBn1 10dBm
Input signal Output signal

Vs
Gain=10dB

-5dBm P145=6dBm 5dBm

Figure 2.11 Illustration of the P1dB large

2.2 Conventional LNA input matching Architecture

Low noise amplifier is the first stage in the receiver front-end circuits and is used to

15
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amplify the received weak RF signal with the minimum noise figure. Between the
wideband input matching and the noise figure of the UWB LNA should be carefully
studied and decide. Impedance matching is very important in LNA designs. There are
four basic 500hm input matching architectures that have been explored in the
traditional transistor-amplifier shown in Figure 2.12. In this section, we will investigate

a number of circuit architecture that can be used of the task and discussed.

B e

(a) Resistive termination (b) 1/gm termination (c) Shunt-series feedback (d) Inductive degeneration

Figure 2.12 Traditional transistor-amplifier of input matching

a. Resistive Termination architecture

Resistive termination architécturenis the.-most straightforward approach to achieve
the wideband 500hm matching at'the input.as shown in Figure 2.13. The 500hm
resistor (R) is placed across the input terminal of the LNA and hence providing a

wideband matching.

—-—

Zin

=TT =T

——

Figure 2.13 Resistive termination matching technique
The bandwidth of this matching technique is determined by the input capacitance of

the transistor M; and can be very high. However, the resistor R adds into circuit will

16



Chapter 2 Basic Concepts of LNA Design

good input matching, but leads to high thermal noise in circuit. If ignoring all the noises
from the transistors, the lower bound of the noise factor is equal to 2. Hence, the resistor

termination technique is not practical in most application.

b. Common Gate input architecture (1/gm termination)

The last input matching method is to use a common-gate architecture as shown in
Figure 2.16. [3], [4], [12]. A common gate (or the 1/gm termination) architecture 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 the

other mentioned techniques. Using the common gate architecture has the lower bound

noise factoris F = 1+£ =2.2. (i.e Long channel F=2.2, Short channel F=4.7~6).
(04

[——
[
| Zin
Ry | M, Ry
| [
2 | T
e .

Figure 2.14 Common gate input matching technique

C. Shunt-Series resistor feedback architecture

The resistor feedback technique is used for getting a good input matching
architecture as shown in Figure 2.15 [9], [14], [21], [22], [23], [25]. This technique
unlike resistive termination case, it does not attenuate the signal by a noisy attenuator
before reaching the gate of amplifying device and hence the noise figure is expected to
be much higher. However, the feedback resistor (Rr) continues to generate thermal noise

if its own.
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Figure 2.15 Shunt series resistor feedback matching technique

d. Inductive Source Degeneration architecture

The inductive source degeneration architecture is popular with input matching
technique of LNA. [1], [5]-[7], [10], [13]-[18], [24], [26]-[30]. This matching technique
provides a perfect matching without adding any-noise to the system or giving any
restrictions on the device gn. It uses an inductor as'a seurce degeneration device and has

another inductor connecting to the gate as showi.in Figure 2.16.

Figure 2.16 Inductive source degeneration matching technique

Using the small signal analysis and neglecting Cyq of transistor M, the impedance

looking through the gate inductor can be written as:

i 1
Z, = L, +L)+ + o L
n = Jo(L, + L) ioC L (2.29)

gs

18
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Where o = (2.30)

At the resonance frequency where the inductor impedance and capacitor impedance
are canceled out, the input impedance is then just the last term in the equation (2.29).

The tuned impedance is given by:
Zi(0) =R, =L 2.31)

1

Where w, =
J(L +L)C

In Figure 2.17 shows the equivalent model of the inductive source degeneration

(2.32)

architecture, the quality factor of the circuitis.given by:
gs
Q=—= (2.33)

The effectively increase the transconductance of the input transistor by a factor can

written as Gm = ng . In typical narrow band matching, the quality factor is usually
around 3-5. Assuming that the matching network is lossless, helps to reduce the
input-referred added noise by a factor of Q as well as increasing the voltage gain of the

circuit by the same factor.

[—— -
1
R, | Zn LgL,  Cs
1
:
Vs . Req

Figure 2.17 Equivalent circuit of inductive source degeneration matching
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e. LNA design and comparison of input matching architecture

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

a.

Input and Output matching (return loss): In wireless receiver, the component
placed before LNA is usually the filter and antenna with characteristic
impedance 50Q, so input impedance matching of LNA must be matching to
close to 50Q2. But, the input impedance matching is always different from the

optimum noise matching.

Low Noise Figure (NF): The low noise figure of the LNA is dominates all noise
figure of the entire receiver system. Thus, noise figure of LNA is the most
important parameters to evaluate the performance. The low noise figure and low

power dissipation are wellsknownsthat two issues are trade-offs one another.

Sufficient power gain: The sufficient power' gain of the LNA is important,
because it amplify the receiver RF signal and reduce the noise contribution from
the following stages. But, the larger power gain will degrade the linearity of

LNA.

Low power dissipation: Design a wide band low noise amplifier, the low power

issue is important, but it trade off with noise figure and power gain.
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Table 2.1 Comparison of LNA input matching architecture

Input matching architecture Advantage Drawback
of LNA
Good wideband input Higher thermal noise.
matching.

Good power gain.

Good linearity.

(a) Resistive termination
Good wideband input Lower power gain.
matching. Higher noise figure.
Good linearity.

(b) 1/gm termination

Good reverse isolation.

Low power'dissipation.

i

(¢) Shunt-series feedback

Good wideband input
matching.

Good power gain

High power dissipation.
Poor reverse isolation.
Feedback resistor generate

thermal noise.

(d) Inductive degeneration

Good narrow band input-
matching.

Best noise performance.
Good power gain.

Good linearity.

Large area.
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2.3 Methods to Reduce Noise Figure of LNA

Due to the various requirements of low noise amplifiers, the low noise characteristic.
There are several methods to reduce the noise figure were proposed [6], [14], [31], [34].
2.3.1 External gate-source capacitor method

Since the induced gate current noise grows with the gate-source capacitance (Cgs),
the addition gate-source capacitor (Cg) can reduce the noise figure from the induced
gate current noise by reducing Cg. The input stage of LNA with an external capacitor

(Cg) is shown in Figure 2.18.

Figure 2.18 LNA with an-external capacitor (Cg)

The input impedance of circuit in Figure 2.20 can be given by:

1 g,L
Z =s(L +L)+ +—0=
in =S(Ly +L) 5(C.+C,)  C.+C, (2.34)

The quality factor Q of the input circuit is:

Q= 1 = 1 (2.35)
R+ T2 (e +C,)  FRA(CerCa) |
E gs
The noise figure can be derived as [1]
1. Cy ; Cgsn 1
PQ+ oy I lg, [P oSy
_ E + gs gdn E + gs out
F=1+ (2.36)

R.Q’g.
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From equation (2.36), the value of Q from Cg allows for an adjustable Q for any given

C,s to reduce the noise figure [1].

2.3.2 Thermal noise canceling method
Figure 2.19 illustrates that a thermal noise canceling method with straightforward
implementation using an ideal feed-forward voltage amplifier A with a gain -A, (with

A>0) [6].

| | I h
— — v lih
= 3 ||||I||N' i
v
A s

~ -

Figure 2.19 LNA exploiting noise.canceling with a plus adder
By circuit inspection, the matching device noise voltages at node X and Y are

VX,n,i = a(Rs> gmi)ln,i Rs
Vini =a(Rg,9,:)1, (R, +R)

Y,n,i

(2.37)

The output noise voltage due to the noise of the matching device, Vo ni is then equal to

Vout,n,i :VY,n,i _VX,n,i"A\/
(2.38)
:a(Rs’ gmi)ln,i(Rs +R- A\/Rs)
Output noise cancellation, V=0, is achieved for a gain Ay equal to
VY - R
A =—"=1+— (2.39)
VX,n,i Rs
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2.3.3 Gate-drain overlap capacitance neutralization method

The feedback from the gate-drain overlap capacitance (Cgyq) can not be ignored in
the high frequency, which leads to input matching and gain degradation. To reduce the
feedback effect is by using cascade architecture, which leads to low voltage technique.

The inductor-tuned technique can be implemented as shown in Figure 2.20.

Pl
¢ L

"“\"“\"’“\“\‘l o
\‘H__-/ |
J:c,-

L, :
A T, [

j

Figure 2.20 LNA with gate-drain-overlap capacitance

R, TC

It may not be suitable for on-chip implementations-because the required inductance

to resonant the C,q is quite large for on-chip integration.

2.3.4 Quality factor (Q) of inductor enhancement method

Integrated high-Q inductors can improve the performance and integration-level of
RFIC’s while reducing their power dissipation and cost. Poor quality factors of on-chip
matching inductors are affects the noise at high frequency. 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 upon the 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.
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(a) (b)

(d)

Figure 2.21 On-chip Planner Spiral Inductors of different shapes
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Chapter 3  Design of the Low Power Ultra-Wideband

Low Noise Amplifier

3.1 Introduction

In this chapter, instead of using‘a“common.source amplifier, a common-gate
amplifier is proposed for wideband input matching of UWB LNAs. It is well known that
compared with using the common source amplifier, using the common gate amplifier
can easily achieve wideband input matching, good linearity, and input-output isolation,
but provides lower gain and higher noise figure. The n-section LC network technique is
employed in the LNA to achieve sufficient gain with a reasonable noise figure level.
The gain flatness throughout the band is within + 1.0dB. Here, we also propose a
structure to combine the common gate with band pass filters, which can reduce parasitic

capacitance of the transistor and leads low power consumption.

3.2 Proposed Low Power UWB LNA architecture

Bandwidth, power consuming, input impedance matching, noise figure, and
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reasonable power gain, are the major issues to be considered in the circuit design. It is
well-known that these four issues are trade-offs one another [44]. Here, achieving
optimum low power performance is our first priority. Our proposed UWB LNA circuit
is shown in Figure 3.1, which employs the CMOS process. The LNA is composed by an

input matching network and a n-section LC network.

Va®

RE, G

Figure 3.1  Proposed Common-Gate UWB LNA, which is filter configuration

3.2.1 Wideband Input Matching Design

Here, a common-gate amplifier is used as an important component for the input
matching network of the proposed LNA. Although the common gate amplifier can
easily achieve wideband input matching, good linearity, and input-output isolation, its
parasitic capacitances of the transistor, will degrade the LNA performance in the high
frequency region. Therefore, a two-order band pass filter is also introduced to reduce
the parasitic capacitance. Demonstrates the proposed input matching network, which is
composed of a common gate amplified and a two-order band pass filter, and its small

signal equivalent circuit model are shown in Figure 3.2.
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A Vhias | Z
2nd band ; |

"'T_'EI.S-S filter M,

Hx“- Em| ""r]__r\'
A
\."I
N\ |
N By —Cu | Z
— 'Q.Il;i t C.‘ = |I

- —

Figure 3.2 Common gate LNA input stage, which 2" band-pass filter, and small

signal equivalent circuit model

In the equivalent circuit (Figure 3.2), Z; is the“input impedance of the cascode
stage and gn is the transconductance ‘of‘the MOS transistor in common gate
configuration, R, is the parasitic resistance of the transistor. L;, Ci, Ly, and Cy+Cgy are
lumped-element circuits for the two order band-pass filter. Series and shunt L-C tanks
are used to adjust the pass band and the ripple. Based on band pass filter design

fundamental [43], L;, Cy, Ls, and C,+C, are given by, respectively,

L=8% - G G.1)
a)()gl Aa)()ZO
z A
L =25 C4C, = (3.2)
Aw, ®,9,Z,

Here, A=(mz-01)/®¢ is the fractional bandwidth of the filter. @, and w; are the upper
(10.6GHz) and lower (3.1GHz) frequencies of the pass band. g; and g, are two
empirical constants and are equal to 1.5963 and 1.0967, respectively [43]. The matching

network is adopted for noise and impedance match to the 50 Ohm source with
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L1=0.9nH, C1=850fF, Ls=3.50nH, C2+Cgs=240fF, which reflection coefficient and

gain response simulation shown in Figure 3.3.

S R D e

s

S11, S21 (dB)

.35 _ ________ / _____ —u— Reflection coefficient
i : : : ; : —e*— Gain response

1o IS S S D /N S T S
23 4 5 B 7 8 9 10 N

Frequency (GHz)

Figure 3.3 Reflection coefficient and gain response of 2" band-pass filter

With the small signal equivalent circuit meodel (Figure 3.2), the input impedance of

the MOS transistor can be treated as arseries RLC circuit and is written as below:

1

Z = joL + ! + 3.3
" e, T 1-0,7,(@) (3.3)
" Zy(®) R,+Z(w)
, where Z;(w) and Z,(w) are given by (1) and (2) below, respectively.
1
ja)cgs =
Jolg
1
Z(0) =71 (3.5)
JCUng +7

L

From the smith chart in Figure 3.4, shows the reflection coefficient S11 of the
proposed low power UWB low noise amplifier with a structure to combine the common
gate with band pass filters and compares that of the amplifier without band pass filters.
The addition of band pass filters gathers the values of input reflection coefficient S11

closer to the center of the smith chart. The orbit of input impedance reflection
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coefficient with feedback circuit for frequency range is close to 502 matching.

Input reflection coefficient (dB)

Frequency (2GHz to 12GHz)

mWith 2nd band-pass filter ®'Without 2nd band-pass filter

Figure 3.4  The smith chart of input reflection coefficient with 2" band-pass filter

3.2.2 w-section LC network Design

Flat gain over the entire bandwidth, 1s another important requirement of the UWB
LNA design. However, the shunt of:M;’s gate-drain parasitic capacitance, Cgqi , and
My’s gate-source parasitic capacitance; Cge , ptovides an additional path for the RF
signal current to the ground, which leads to power gain reduction especially for the high
frequency band. In order to solve this problem, a n-section LC network technique is first
adopted and proposed for our design. Figure 3.5 (b) shows the circuit of the n-section
LC network, which is formed by an inductor and the gate-source parasitic capacitances.

The small signal equivalent circuit of the n-section LC network circuit is illustrated
in Figure 3.6. Iy, is the small signal drain current of M,. L, is the introduced passive
inductor. R, and C, represent the parasitic resistance and capacitance of the inductor,
respectively. R, is the series resistance and is around 3 to 20 Ohms, and C, is the

fringing field capacitance of the spiral, which is also called ”feed-through capacitance”.
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Vrl-:F

Ly

[ ) l
L

W=6um

‘ié'—-'_—l-l’ F 1:‘ Nr=3.5
& i
®

Rad=32.5um

(a) (b}
Figure 3.5 (a) Proposed low power LNA, and (b) n-section LC network of

proposed LNA.

W) S

Con —— —

Csllb 1 Rsub] Csn 1h2 Rsn b2

Figure 3.6 m-section small signal equivalent circuit model
After some derivations, the n-section LC network circuit gain, Vg4,/I4, is found and
given by
Var

(@) =-

| i (3.6)
di Ja)ngl +

T joL, +R
ZSUbl(a)) . + . Jw 2. o +Zsub2 (Cl))
Ja}Cgs2 1+ ]wCo(Ja)L2+R0)

, where Zgp1 (W) and Zgno (W) are given by (3.7) and (3.8), respectively.

1 1
Zsubl(a)) = +

JaC .
oxl Ja)Csubl R
subl

(3.7)
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1 1
Ly (@) = T 7 (3.8)
J ox2 Ja)Csubz R —
sub2

Here Cox , Raw, and Cgyp, are ignored in equation (3.6), where Cox is the oxide
capacitance between the spiral and the substrate. Ry, and Cgyp, are silicon substrate
resistance and silicon substrate capacitance, respectively, which are relatively small and

are neglected. Then, equation (3.6) becomes

V 1
I—‘“(w)= i (3.9)
] .
A joL, +R,
+
jwcgsz 1+ ja)co(ja)L2+Ro)

Z(®)=Vai/lq; is the input impedance of m-section LC network. To achieve a flat gain,
finding a proper L, is needed to make Z(w) close to 50 Ohm through out the whole band.
From the smith chart in Figure 3.7, shows|the reflection coefficient of m-section input

reflection coefficient with different inductor-L,..

With inductor L2=3.DnH

YWiith indictor

Reflection coefficient (<B)

Frequency (2GHz to 11GHz)

Figure 3.7 Reflection coefficient of n-section with different inductor L,.
It is found from Figure 3.8 that L,=3 nH yields a satisfied flat gain within a variation of
+1.5 dB relative to the average. Therefore, inductor L,=3 nH is chosen for later

simulation
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Figure 3.8  Power gain versus signal frequency with L,
3.2.3 Low power Design

The low dc current technique and low voltage technique are employed to attain
the low power for the ultra-wideband low .noise’ amplifier design, which used in
proposed common gate LNA (chapteri3),-and.common source LNA (chapter 4).

A. Low direct current design
The low direct current design is used in proposed common gate UWB LNA

design. The typical common gate LNA is shown in Figure 3.9.

Z4i|1
EL*

Figure 3.9 Input impedance of typical common gate LNA

The input impedance of the common gate amplifier in Figure 3.9 can be written
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1

= (3.11)
gml + Ja)CgS

in

. : : . 1.
The input impedance is approximately as Z,, * — in the low frequency. It has to be

ml

matched to the 500hm. The common gate architecture (or the 1/g,, termination) that is

illustrate in Figure 3.10 (a) has the highest potential to achieve the wideband input

impedance Z,, ~50Q . However, the drain current | = % #4,Coy WT(Vgs —Vin )2 )
W W .
transconductance (gm) ¢, = ﬂnCoxT(Vgs —Vthn) = 2lunC0xT I, of transistor M; and
. . 1 .
input impedance z_ o 1 oc 1 _ 500 - If I, —>§ Iy, , the input

gm \/2/uncoxvl\_/ ID1 IDI

impedance of transistor M, Z;, = 50+/2 =70Q is shown in Figure 3.10 (b). In Figure

3.10 (c), we proposed a structure’to combine.the common gate with band pass filters
technique, which can achieve the"impedance transformations and leads low power
consumption. The impedance transformations-technique is shown in Figure 3.11 and its

using two order band pass filter to achieve this design.

Load

,_
=)

lI)I

—[ M —[, M —[m

.

|_J|_

Y .?OQ ——*

=508 _T 7z =70C) _T Zi =500 .
! e — Filter

(a) (b) (c)

Figure 3.10 A flow chart of proposed low direct current design
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Load +»
Load

ll]l

—
-

IJ|
b

-

700 |4 J‘ '
Z:n=50Q r iy [
i . L '«50(1
: Band-pass | ]
N - filter L

Figure 3.11  The impedance transformations technique with using band pass filter
B. Low voltage design
The bottle-neck for the low voltage design is the limitation of threshold voltage
because it is not anticipated to decrease. much below. The conventional cascode
architecture amplifier shown in Figure 3.12(a); it require a high supply voltage and not
suitable for low voltage application. In order to overcome this problem, the cascade
architecture with two LC tanks, as shown in-Figure 3.12 (b). The RF signal is amplified

by common-source and blocking capacitor couples the signal to common gate.

LC Tank —|
ww—|
' -

(a) (b)
Figure 3.12 (a) Conventional cascode architecture LNA, (b) Low voltage LC tank
cascade LNA.

The low voltage LNA needs two LC tanks and a large blocking capacitor which
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results in a large chip area. In order to solve this problem, a solution to the reduce
threshold voltage is employed to low voltage technique. The threshold voltage problem

comes from the well-known relationship as given

Vin =Vino +7/(\/‘2¢F _VBS‘ _\/‘2¢F ‘) (3.10)

, where V,,, is the value of V,, with Vgs=0, 7 is the bulk threshold parameter and

¢- 1s the strong inversion surface potential of the MOSFET. To reduce the threshold
voltage as much as possible, we want to the bias Vg as high as possible. In Figure 3.13
(a) the allowable voltages cascode architecture with inductive source degeneration is a
popular configuration for LNA design. If Mjand M, are both in saturation, then Vx is
determined primarily by Vi Vx=Vy(=Vbp)-Vgo. For M, to be saturated,
Voo = Vp2(=Vpp)-Vimn, that is, Voo = Vigi=VimntVeso- Vi if Vi is chosen to place M, at

the edge of saturation. But it hag-not very-low veltage supply applications because the

power supply must satisfy the following“a requirement Vpp + ‘Vss‘ > 2V, . The Vpp
and Vg are the positive and negative power supply, V,,, is the threshold voltage of the

each of the NMOS transistor.

o
{a) (_h]'

Figure 3.13  (a)The allowable voltages, and (b) low voltage design of the cascode

architecture LNA.
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The low voltage design of the cascode LNA is shown in Figure 3.13 (b). A
Vis=0.6 voltage is employed to forward-bias the body-source junction of transistor M,
and M,. The Vpp can be attained to 0.7V with dc current is 4.5mA. The proposed
Low-voltage technique can be explained by UWB feedback LNA architecture is taken

up in the next chapter.

3.3 Simulation Results

Figure 3.14 shows the layout of the proposed UWB LNA. The size of the layout area
is 0.89mm by 0.77mm including pads. And the measure PCB is shown in Figure 3.15.
In Figure 3.16, S11 and S22 versus signal frequency are illustrated. It is found that the
input reflection S11<-10.44dB and output matching S22<-12.05dB in the range of
3.1~10.6 GHz. The power gain (S21) isparound 10.0~12.4dB. 3dB bandwidth of the
LNA is 7.8 GHz and is satisfied the need of UWB."The noise figure of the LNA is
shown in Figure 3.17. It is found that the noise figure is at least less than 4.4dB in
3.1~10.6GHz and its minimum value is3.25dB at 8.5GHz. The linearity of an amplifier
is traditionally described in terms of 1-dB compression point (P1dB) and third-order
intercept point (IP3). However, the IP3 of the proposed LNA is not of great concern of
this work due to the two reasons: Firstly, the UWB signals are intrinsically wideband
signals rather than single tones in narrowband systems, which bring about the difficulty
in defining the IP3 for the LNA. The simulation results also show that the output
third-order-intercept points (OIP3s) are 7.669dBm at 3GHz, 5.33dBm at 5GHz,
5.09dBm at 6GHz, 4.24dBm at 8GHz, 2.23dBm at 10GHz. A low supply voltage of

1.5V is chosen, and the total power consumption is 3.0mW.
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0 oo ‘ 596, 6930
o

T T74.0930

Figure 3.14 Layout of the proposed UWB LNA

UWB LN 2007/05

Figure 3.15 Measure PCB of the proposed UWB LNA
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Figure 3.17 Noise figure versus signal frequency with or without Ry,
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The performance of the proposed LNA is summarized in Table 3.1, with comparison

to other recently published ultra-wideband LNAs’ simulation results.

Table 3.1
Summary of LNA performance and comparison with published LNA
Ref. Tech. BW S11 Gain NF I1P3 Power
(GHz) (dB) (dB) (dB) (dBm) (mW)
[1-a] 0.18um 2.3-9.2 <9.9 9.3 4.0 -6.7* 9.0
CMOS
[1-b] 0.18um 2.4-9.5 <94 10.4 4.2 -8.8% 9.0
CMOS
[8] 0.18um 0.1-11 <-12 8 2.9 -3.4# 21.6
SiGe
[4] 0.18um 3.1-10.6 <9 17.5 3.1 N/A 33.2
CMOS
[10] 0.18um 2-10.1 <9.76 10.2 3.68 -1.0* 7.2
CMOS
Our 0.18um 3-10.6 <-10.4 12.4 3.25 -3.97* 3.0
work CMOS
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m 'l
RF_pwr=-12.000 RF_pwr=-12.000
RE_pwr+10.0=-2.000] |dBm{mix(vautf1 01)=-3.353

i 1dB

FF_prar+10.0
dBrngrmixfrout$ 1, 07
=
|

RF _pww

Figure 3.18 Linearity parameters P45 at 3GHz
Linearity parameters P14 can be explained by Figure 3.21.
P1dBZP1dB(dBm)=G1dB(dB)+IP1dB(RF_pwr)(dBm) =] 0+(- 1 2)=-2dBm

Simulation results of P;gg=-3-3dBm.

1
freq=3 005GHz

freq=2985GHz
dBmivout)=- 10443
[l

mz
dBm{vout)=-46 657

] 4 Pout i
1 m2 IMD
=l Y Y

-120 II|||||I|IIIIIIII|II||||II||IIIIIII

2880 28985 2590 2993 3000 3005 3010 3015 3.020
freq, GHz

Figure 3.19 Linearity parameters OIP3 at 3GHz

Linearity parameters OIP3 can be explained by Figure 3.22.

OIP3=P0ut+% IMD=-1 0.443+% (46.667-10.443)=7.669dBm
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2 i
RF_pwr=-16.000 RF_pwr=-16000
FF pwr+11.5=-4.500] [dBm{mixivout{l ORI=5555
20
= 'IIII—_
wn =
e |:|_
-5
Eg, . 1dB
E‘E 40
[l E T
T 20—
Sl T T T T T T T l
=40 35 30 25 220 15 10 5
FF_pwr

Figure 3.20 Linearity parameters P45 at 4GHz
Linearity parameters P14 can be explained by Figure 3.23.
P1dBZP1dB(dBm)=G1dB(dB)+IP1dB(RF_pwr)(dBm) =11 .5+(- 1 6):-5 .5dBm

Simulation results of P;gg=-5-8dBm.

m2 m’
freq=3 985GHz freq=4 005GHz
dEmivout)=-40 865 |dEmivout)=-9 220
- Tk
T 1 Pout
| -
5
El ) IMD
£ m2
S a0 ¥
'EI:I |||||||||||||||||||||||||||||||||||
389380 3935 3990 3995 4000 4005 4010 4015 4.020
freq, GHz

Figure 3.21 Linearity parameters OIP3 at 4GHz

Linearity parameters OIP3 can be explained by Figure 3.24.

OIP3=P0ut+% IMD=—9.29+% (40.868-9.29)=6.49dBm
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I trl
RF_pwr=-17 000 RF_pwr=17.000
RF_pwer+12=-5 000 dBrmimixivout {1 01=-6.3597
20
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2= g
s
Zg iy
E‘E 40 1dB
e £ ]
E
% 220
=L T T |

| | | | |
40 235 2300 25 200 15 00 -5 0 5
RF

Figure 3.22 Linearity parameters P45 at SGHz
Linearity parameters P14 can be explained by Figure 3.25.
P1dB:P1dB(dBm):GldB(dB)+IP1dB(RF_pWT)(dBm) =] 2+(- 1 7):-5dBm

Simulation results of P;gg=-6-3dBm.

m2 m1
freq=4.985GHz freq=5005GHz
dEmivout)=-37.119 |[dEBmi{vout)=-5.5816
0 aal|
4
] i Pout
20
T 4 e IMD
5; 40 Y
=
% -
L0
-EI:I IIIIIIIIIIIIIIIIIIIIIIIIIIIII TTTT
4930 448935 48990 49935 5000 5005 500 5015 5020
freq, GHz

Figure 3.23 Linearity parameters OIP3 at 5SGHz

Linearity parameters OIP3 can be explained by Figure 3.26.

OIP3=P0ut+% IMD=-8.81 6+% (37.119-8.816)=5.33dBm

43



Chapter 3 Design of the Lower Power Ultra-Wideband LNA

2 m
RF_pwr=-19.000 RF_pwr=12.000
FF_pwr+12 dd=h 560| [dBrmimixvout {1 D1=-7.887

1dB

RF _pur+12.44
dBm (mi ot {1,050

| 1 T | | 1
-0 -35 30 25 20 15 10 -5 1] 5
FF
Figure 3.24 Linearity parameters P45 at 6GHz
Linearity parameters P14 can be explained by Figure 3.27.

P1a5=P1ap(dBM)=G 4p(dB)+IP qp(RELpwr)(dBm)=12.44+(-19)=-6.56dBm

Simulation results of P;gg=-7-8dBm.

m2 m
freq=5.985GHz freq=6.005GHz
dBmivout)=-36 229 |[dBm{vout)=-58 652
20
2 . 1 Poyt
2. 20
g {1 ¥ IMD
<40
0 I I I T
5830 5935 58930 5995 6000 E005 6010 6015 6020 6025
freq, GHz

Figure 3.25 Linearity parameters OIP3 at 6GHz

Linearity parameters OIP3 can be explained by Figure 3.28.

OIP3=P0ut+% IMD=—8.682+% (36.229-8.682)=5.09dBm
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e mi
RF_pwr=-20.000 RF_pwer=20.000
REF_pwr+12.44=-7 S60| |d Brmi mixivout f1 01))=-8.850

1dB

RF _puwr+12.44
dBmimix ot {1,050

| | I I | |
-0 -3 30 25 20 15 00 -5 1] 3

RF s

Figure 3.26 Linearity parameters P45 at 7GHz
Linearity parameters P14 can be explained by Figure 3.29.
P1dB:P1dB(dBm):GldB(dB)+IP1dB(RF_pWT)(dBm) =1244+(-20)=-756dBm

Simulation results of P;4g=-8:8dBm.

M2 m’
freq=6 985GHz freq="7 005GHzZ
. dBm{vout)=-35.802| |dBm(vout)=-8.850
=R +  Pout i
;-Q_', 20—
ET m2 IMD
= Y
40—
-EI:I IIIII|II|IIIIIIII|IIIIIIII|IIIIIIII
G980 B6885 69390 £48995 V00O YOOs V.00 Y013 V020
freq, GHz

Figure 3.27 Linearity parameters OIP3 at 7GHz

Linearity parameters OIP3 can be explained by Figure 3.30.

OIP3=P0ut+% IMD=—8.85+% (35.802-8.85)=4.62dBm
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. rrl
RF_pwr=-21.000 RF _pwr=21.000
FF_pwr+12.44=-28560) [dBm{mixivout,{1 01)=-9.840

A0 — 1dB

RF _pur+12 44
dBmim i oot {1,050

| | I I | |
-0 -3 530 25 20 15 100 -5 1] =)

RF _pww

Figure 3.28 Linearity parameters P45 at 8GHz
Linearity parameters P14 can be explained by Figure 3.31.
P1dB:P1dB(dBm):GldB(dB)+IP1dB(RF_pWT)(dBm) =] 244+(-2 1 ):-8 .56dBm

Simulation results of P4g=-9-84dBm.

m
freq=8 005GHz
dEmi(vout)=-9.0%1

freq=7 985GHz

mz
dEmivout)=-35 647

0 T
k 4
-1 F 3 F 3
Pout
o 20—
=] m2 IMD
Z |
= ki
= 40
-EI:I II|IIIII|IIIIIIII|IIIIIIII|IIII LI
7950 7935 7090 7995 S000 S005 S50M0 S0MS5 8020
freq, GHz

Figure 3.29 Linearity parameters OIP3 at §GHz

Linearity parameters OIP3 can be explained by Figure 3.32.

OIP3=P0ut+% IMD=-9.05 1+% (35.647-9.051)=4.24dBm
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m rm
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Figure 3.30 Linearity parameters P45 at 9GHz
Linearity parameters P14 can be explained by Figure 3.33.

PldB:P1dB(dBm):G1dB(dB)"’IPldB(RF_pWI')(dBm) :1244+(—2 1)=—856dBm

Simulation results of P14=-9.67dBm.

2 1
freq=58 985GHz freq=9.005GHz
dBEmivout)=-33.864| [dEm{vout)=-8.920
20
u__ Ml
— . . Pﬂll.lll.’ i
3 2 m?2 IMD
= Y Y
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a0 I I | | |
$A75 8950 5,955 5.990 3995 9.000 9.005 9010 9.015 9.020 9.025
freq, GHz

Figure 3.31 Linearity parameters OIP3 at 9GHz

Linearity parameters OIP3 can be explained by Figure 3.34.

OIP3=P0ut+% IMD=-8 .92+% (33.864-8.92)=3.55dBm
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M. rml
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Figure 3.32 Linearity parameters P4 at 10.6GHz
Linearity parameters P14 can be explained by Figure 3.35.
P14g=P148(dBm)=G45(dB)+IP45(RF_pwr)(dBm) =10+(-14)=-4dBm

Simulation results of P14g=-5.7dBm.

m2 m1
freq=1059GHz freq=1061GHz

dEm{vout)=-36 826 dBEmivout)=-10.324

m
4
Pout ar

IMD
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k J

dBm{voLL)

'ED TT T ||||||||||||||||||||||||I|IIIII

10,5580 10585 10.590 10595 10,600 10.603 10.610 10615 10.620
freq, GHz

Figure 3.33 Linearity parameters OIP3 at 10.6GHz

Linearity parameters OIP3 can be explained by Figure 3.36.

OIP3=P0ut+%IMD=-10.324+% (36.826-10.324)=2.93dBm
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Chapter 4  Design of the Low Voltage Ultra-Wideband

Low Noise Amplifier

4.1 Introduction

A very low-voltage ultra-wideband (UWB) low-noise amplifier (LNA) is achieved
by reducing transistor’s threshold voltage using an external bias to the transistor body
node. To achieve ultra-wideband input impedance matching, a novel design is proposed
for the LNA by adding a feedback resistor Ry to a conventional LNA cascode
architecture. Based on TSMC 0.18um 1P6M process, the numerical result shows that
the LNA has 11.8~14.0dB gain from 6 GHz to 10.0 GHz with input matching
S11<-13.7dB and 2.81dB noise figure in 7.0GHz. It only dissipates 2.8 mW with a

small power supply of 0.75V.

4.2 Proposed LNA with feedback resistor architecture

The proposed ultra-wideband Low Noise Amplifier architecture is shown in Figure

4.1, which is different from the conventional narrowband cascode Low Noise Amplifier
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architecture [8], [17] by adding a feedback circuit. In Figure 4.2, Ry is added as a
feedback element to the conventional cascode narrowband and Low Noise Amplifier
and Ly, and Ry are used as peaking loads at the output [1], [10]. The capacitor Crand C,
are used for ac coupling capacitors. The Sources-follower buffer M3 is designed for
output matching, with the bias current at SmA.

Vdd
L

4”: M,
RF, L, .

Figure 4.1  Conventional narrowband cascode LNA

Vdd

Ll\

RF'n
M,

H
WV bias

Figure 4.2  The proposed ultra-wideband LNA, which is resistor

feedback configuration
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4.2.1 Resistive shunt feedback technique

The resistor feedback configuration is the most common method of negative
feedback technique. First, determination of feedback resistance value Ry is important. In
the proposed Low Noise Amplifier, the values of feedback resistors Ry (300-2000Q2) are
employed to produce the wideband input impedance matching, without affecting the
Noise Figure (NF) significantly. Due to the Noise Figure of the feedback amplifier
cannot be optimized without sacrificing other important performance such as gain, gain
flatness, input/output return loss.

Table 4.1 represents the minimum Noise Figure (NF,,,), gain flatness, and input
return loss (S11) of the feedback amplifier by different resistance values. In order to
achieve a gain flatness of between 6.0-106  GHz, return loss S11<-10dB of
6.0GHz-10.6 GHz, and the noise-figure of-less'than 2.5dB, the feedback resistance was
chosen to between 800Q and 1000Q2. Thetefore, the Low Noise Amplifier can be tuned
to achieve proper resistance value R¢ for a wideband frequency range.

Table 4.1 Effect on feedback resistance

Feedback Rf | NFmin | Gain Flatness (-3dB range) | Return Loss S11< -10dB
300 Q 2.9dB 6.9-11.3 GHz 2.0-8.7 GHz
500 Q 2.55dB 5.5-10.6 GHz 3.8-10.2 GHz
800 Q 2.36 dB 4.4-10.4 GHz 5.0-10.6 GHz
1000 Q 2.3dB 4.0-10.4 GHz 5.4-10.8 GHz
2000 Q 2.26 dB 3.1-10.4 GHz 6.0-10.7 GHz

From the smith chart in Figure 4.3, shows the simulated S11 of the proposed Ultra
wideband Low Noise Amplifier with feedback resistor R=1000Q2 and compares that of

the amplifier without feedback resistor Ry. The addition of feedback resistor Ry gathers
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the values of input reflection coefficient S11 closer to the center of the smith chart. The
orbit of input impedance reflection coefficient with feedback circuit for frequency range
is close to 50Q2 matching. 3dB bandwidth of the LNA is 6.4 GHz and input matching
<-10dB bandwidth is 5.25GHz (Figure 4.4), which satisfied the need of UWB in the
range of 6~10.6 GHz. The resistive and capacitive shunt feedbacks (R¢, Cy) also improve

the better stability, gain flatness, and bandwidth.

4

Input Reflection Coefficient (511)

Frequency (1.0GHz to 12.0GHz )

B with feedback crcutt @ without feedback circut

Figure 4.3  The smith chart of input impedance matching (R=1000Q)

. —u—"With feedback resistor Rf=‘|k0
e "; *—Without feedback resistor R,
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Figure 44  Bandwidth with R=1000Q to compare with the case without R¢
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4.2.2 Noise analysis

For proposed Ultra-wideband Low Noise Amplifier (Figure 4.2), its noise

equivalent circuit of the input is shown in Figure 4.5

Figure 4.5  Noise equivalent circuit of the input stage of proposed
ultra-wideband LNA.

The noise factor for an amplifier is defined as:

Total output noise
Total=output noise due to the source

F

4.1

As equation (4.1) shows, the noise factor equals to total output noise divided by
source induced output noise. In order to calculate it, we evaluate the noise contribution
from the input source. First the input equivalent G, is

1

Rs + gmlLS +
R

gs fm

Gm = glein ~ gml a)2 L2 (42)
a)Cg{ 28 QJ

, where Q. is the effective Q value for the input network of Low Noise Amplifier

in

(LNA). The power spectral density (PSD, S, (f)) of voltage for the source resistance

R is equal to
= — 4kTR (4.3)

Multiplying this PSD by the square modulus of the trans-conductance (Gp,), we
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obtain the first component of the output noise power density due to the 502 source is

2

Sout,Rs (@) = S’Rs (@, )Gm,eff

r 2
1
=4kTR,| 9., — (4.4)
gmlLs a)OLg
@,Cy| R +02 420
Cgs Rfm
_ 4kTgn,
W12 2
@, CxR, 14 dmbs | @5
Rscgs Rstm

From Figure 4.5, the output noise power spectral density (PSD) for the resistances

R, Ry, and Rgy can be written as
2

i = 4KT (R %R/ Ry, +R)Gr

out,R Ry Ry () = SR,,Rg,Rfm ()Gt
- -2
1
=4KT (R, + R,) // Ry + RO T (4.5)
gmlLs @y Lg
@Cy | Ry +0 4 2
Cgs Rfm

4KT (R +R) /Ry + Rg)g,f]1

= 2
w,CLRZ | 1+ Ol | L,
Rstm

gs' ‘s
Rngs

The dominant noise contributor internal to the LNA is the channel current noise of

the first MOS device. The output noise power density from this source is

iy
Af 4kT
Sout,id (®,) = 2 - 7Da 2 (4.6)
1+ ngLS 1+ gml LS
R.C, R.Cy

The combined effect of the drain noise and the correlated portion of the gate noise is
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K4KT 704,

2
1 + gml Ls
Rngs

2
2 2
KZ%‘C‘Z +[1+\c\QL /%] (4.8)

o (Rin+ 0 L)+ R o L

R, (R, + @y 2 )+ o, LR,

Sout,id Jig.C (@,) = Ksout,id () = 4.7)

, where

w,L

Q=

S

(4.9)

The last noise term is the drain noise and the uncorrelated portion of the gate noise. Its

can be written as:

4kT
Sout,id Jdg,u (a’o) - | é:Sout,id (0)0) o 5—79(102 (4 10)
[1+ gml LS J
Rngs
, where
ca’ 2
§=§(l—\0\ )1+Q)) 4.11)
The total noise contribution of M; is
Kk + &)AKT
S, (@) = (k4 )8y, (@) = EHHT T 9a0 @12

2
1 + gml Ls
Rngs

The total output noise power density of the LNA is the sum of (4.4),(4.5),(4.12).

We can express noise factor (F) as:
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Fa Total output noise _(44)+(4.5)+(4.12) L 13
Total output noise due to the source (4.4) (+13)

R, Rim(R+Ry)

R, R{(R+R,+Rg)

S

OO | ¥ g7 Y Cy®
+—=mL £ —42Ic +22| —+Q ||I+—2——) .14
C LQL 2 (QL Lﬂ 9.,RR.L, (4.14)

gs

ST
Jo

a)z 2
, where — 22 gL <<1, Noise Factor (F) can be determined as
gml fm' Ys s
R R. (R +R
F z1+—g+ fm( | g)

R, R(R+R;,+Rg)

S

+wgm[ 206, s gy( QLH 1)
gs aQL QL

Noise Figure (dB)=10*log(F) (4.16)

To validate our derivation, comparison between the formulated and simulated
Noise Figures of the input stage is shown in Figure 4.6. The comparison shows that
Noise Figure (formulate and simulated) of the proposed Ultra wideband Low Noise
Amplifier with feedback resistor R=1000€ and compares that of the amplifier without
feedback resistor Ry can be predicted well by using equation (4.15).

The addition of feedback resistor Ry increase the values of the Noise Figure
(Figure 4.6), but also increase bandwidth for proposed Low Noise Amplifier (Figure
4.2). The Noise Figure is plotted in Figure 4.7 for the five cases of power dissipation. It

is clear that the optimum QL for a fixed power dissipation.




Chapter 4 Design of the Low Voltage Ultra-Wideband LNA

Noise Figure (dB)

—u—with R =10000) (Formulated)
—=+—with R =10000) (Simulated)
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S A A S B B —y—without R (Simulated)

b+ttt 77777
50G 556 60G 656G 706 756 B0G 856G 806G 956 1006 1056 11.06

Frequency (GHz)

Figure 4.6 Noise Figure versus Frequency (Formulated and Simulated)

Noise Figure (dB)

—u— FPower dissipations=1Tmyy
—e— Power dissipations=3miy
Power dissipations=6myy
—vw— Fower dissipations=9myy
. : : : : : Power dissipations=15mW
E 1 E 1 E 1 E 1 E 1 E T E T E T
0 2 4 B ] 10 12 14 18

Figure 4.7 Theoretical predictions of Noise Figure for several power dissipations.

4.2.3 A novel method to reduce LNA Noise Figure

In this section, a noise-reduction method using Source-Body Resistance (Rgb)
technique is proposed. It is found that the method can effectively reduce the noise figure

of the proposed Ultra-wideband LNA.
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a. Substrate thermal noise reduced by adding an external resistance

In CMOS technology, the substrate parasitic impedance can induce the substrate
thermal noise of RFIC circuits due to the leaky current through the drain/source to the
substrate. Here, a simple method by adding an external resistance between the source
and the body is proposed to reduce the thermal noise. To explore the method, a small
signal equivalent circuit model of the substrate with an added resistor is developed and

is shown in Figure 4.8.

-~ - —_———
’ - - ™
- - -~

- -~
D .f{ e < Substtate model \\.lll:k'\
N (R e 1 . p A
P "~ 7 LW add Resistor (Ry,) \
rd N c | sl
i
G I \‘ L&) 2
I | A
\ RL'?'R" C
5 ! .
\“H ,//
g-[—-
5

Figure 4.8 Equivalent circuit. model-of-the substrate with an added resistor Ry,
which is located between-the body node and the source node of

transistor, and Ry, Rg,, Rap represent the effective substrate model.

The input impedance of the substrate, Z,;, is derived and given as:

1 1
Loy =Ry +——+| (R, +R /Ry +—)
Jo,Cyq Jo,Cy, (4.17)
A 1
Let Zsw = Rsub t—— and be>>Rb7 be>>Rsb,
on sub
1 _ CyCyy

~R ., + ~
sub bd 2 2 0 sub (4.18)
@y (R, + R, )Cy Co +Ci
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From equation (4.18), increase of the added resistance, Ry leads to a reduction of the
equivalent substrate resistance Ry, which validates our proposed method.

In this section, the proposed method is applied to UWB LNA to validate its
effectiveness. Figure 4.9 illustrates the proposed UWB LNA architecture with an
external resistance Ry added to the transistor M;. To explore the noise figure of the
LNA, the noise factor is derived first and is equal to the ratio between the input noise
power and the output noise power of the circuit.

According to the proposed UWB LNA and using the substrate model shown in
Figure 4.9. Its shows that the small-signal equivalent circuit for substrate model with
add resistor (Rpx). The resistor Ryx is an additional resistor which is connected between
the body node and source node of transistordvl;, Resistor Ryx helps to improve the high

frequency performance of the LNA noise figure.

Vid

N " “~
4.7 ~

oy . ~
Zaun 7" Substrate model with ™
. add Resistor (Ry,) “

Figure 4.9  The small-signal equivalent circuit for substrate model with add

resistor (Ryx)

b. Substrate noise analysis and simulation

From Figure 4.10 noise model to derive the noise factor of the Low Noise
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Amplifier. Here we will derive the noise figure according to small signal model. To

obtain the expression for noise figure, it is instructive to calculate the transfer functions

of the input/output noise sources in the LNA. The small signal equivalent circuit used in

the computation is shown in Figure 4.10, and Zg,, represents simplified the substrate

parasitic impedance noise from the substrate model (Figure 4.9).

i
UL
O

-
s
-

¢1— 1 . ¢0\¢—
1 NI
. o~

s

.
3
x:—lll‘ .l Gr id
f‘l
- -

Figure 4.10 Noise equivalent circuit for LNA with substrate noise

\/ o — out —Id s

V. = lout —1a — sub +|I lout —lg _IS”bJ ja)Cgs _g}(RS + ijg + ijs)—ngC‘)Ls

Let A=(Rs+ja)Lg+ja)Ls) RS:RQ+%

gs

Using (4.19) to replace (4.18) can be written as

— — 1 1 . = — 1 1 .
VS +Id {G‘i‘G Ja)CgSAi|+IgA+Isub |:G+G Ja)CgSA:|

m m

oy = - - 1 1
——+—— JoC A+ jol,
G, G

m m

1
Because @( Lg +L)= a)C— , so the total output noise (4.20) can be written

4.17)

(4.18)

(4.19)

(4.20)
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V(R R L (R i
i_ _ S Gm d S J COCgs g Gm sub 4 21
out — sza)Cgs _ ( . )
+ Jol
According to the definition, noise factor is
i2 {all - sources T
=— X b ol (4.22)
ioy {R, —only —sources} V., _*V,
RaC, , iZ i RaC. i,
F:1+( N 95)2|é Rsz(1+ . 12 z)é‘k( s gs)zlséb
G, V> Ry Cy V. G, 2
jR,aC,, R, ig*iy —jRwC,, i *i,
%R, )<=+ R+ X F)—
G, R aCy V! R C G, V.
jR@Cy jR @Cy iy *i . 1piR@Cy  — R a)CgS iy %y
+ - ad e 4.23
g, g M R (423)
— JR.C g #igy . JReC i *1
+(Rs + J RS )( J s gs) g _sub +(j S gs )(RS i RS ) sub_g
R,@C G, 72 G, RaCy ™ V7
h Q 1 C 2 C. WL (4.24)
» where s s~ 4 Zox :
R,@,C, 3
Using (4.24) to replace (4.23) can be written
12 21 i,
F=1+ < +RI(1+ y b
QZGZ V ( Q )V52 QSZG; Vsz

[ —— %

J H Id * Ig J -] Id * Isub
+ - IR — 4 S
QG,  ° R vﬁ (QSGm ) (QsGm) A

o . (425
bl LR+ RQ, ) e
S I’T'I S QsGm \/_52
—_— —x g*;*

j sub Id J R — iR
+<QSGm>(QSGm> e R RQIT

S
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, where

g _ 4kTygy (4.26)
V2 AKTR
PP 4kTsw’CL |
= = g (4.27)
V] 5040  4KTR,
iszéb — 4'kT(Gstub)2 (428)
V72 Z,,, 4KTR,
i *i, 4KT 0°C?
- *_:9 =C 1 VY40 T e (4.29)
V., AKTR, W
E’iub 2C, L \/4kT 70404KTG2Z (4.30)
A 4KTR, mos
i *igy 4KT 6w’C?
o T _ ol T NTGZ,, (431)
V2 4KTR, 50,,
Using (4.26) (4.27) (4.28) (4.29) (4.30) (4.31) to replace (4.25) can be written
F=1+ 1 7gd0+(1+Q32) 5 + Zsub
Qsanz1 Rs Q52 SngRs Q52 Rs (4 32)
1 oZ 1 '
+2[c] (T rafe [T
5 QsGmRs 5ng Qs Rs
G
, where 040Q, =— 2 o &0 (4.33)
aayR; 940

Using (4.33) to replace (4.32) can be written
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2
F :1+L[&j+(l+?s )%(&J—F Zsub
@ @

Q. Q 5 QR (434)
+2)0| - /@(&qu@ 00y 5 (ﬂJ
Q V5 (o QV S5 @
,where Q, :;, a, v, 0, and C are process parameters [1], and ®( is center
Rsa)OCgs

frequency, wr is cutoff frequency. C, is gate noise and substrate noise correction
coefficients. Equation (4.34) is derived to explain why increasing resistance Zg,, leads
to a increasing of low noise amplifier noise factor. Determination of substrate resistance
value Rpy is important. In Figure 4.11 shows that the curve becomes gentle after
Rpx=10kQ, the values of substrate resistance Ryy =10kQ are employed to proposed low

noise amplifier.

[y
a3}
=

285

Noise Figure (dB)

235

I I [ I I
1 1E1 1E2 1E3 1E4 1E5 166

Resistor R ()

Figure 4.11 Noise Figure versus Resistor Ry

4.2.4 Simulation results
A low supply voltage of 1.5V is chosen, and the total power consumption is
9.0mW. In Figure 4.12, S11, S12, S21, and S22 versus signal frequency are illustrated.
It is found that the input reflection S11<-11.72dB and output matching S22<-14.61dB

in the range of 6~10.6 GHz. The power gain (S21) is around 12.0~14.4dB. The noise
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figure of the proposed LNA is shown in Figure 4.13. It shows that the noise figure (NF)
is smaller when Ry=10k€ to compare with the case without Ry. The simulation results
also show that the input third-order-intercept points (IIP3s) are -7.0dBm at 6GHz,

-7.5dBm at 8GHz, -4.5dBm at 10GHz.

L e S B B B
15 ' ; ' ' ;
10
~ 5
g
NI
0 g
(Y]
B 15
E -20
0 25
5 -0 | | _
-35 : ] ' . : : —
an I el L . o —u— |nput matching {511)
i ] —e— Power gain (521)
0 ] i i i i i : Reverse isolation (S12)
B e A —v— Qutput matching {S22)
&ttt ——————
55 60 B5 70 75 80 85 90 95 100 105 110
Frequency (GHz)
Figure 4.12  'S-parameters-versus signal frequency
31 — 1 v 1 T 1 T T T T 1 T T 1 T 1
1 : : —u—Y\ith resistor be:‘lOkOhm : : F
0 1 P 1| —e—Without resistor R, e /
29 4omeeee R SITELY IR RS
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S e
@ 27 Ao oo booenod Rt Bt booso-d oo booo gt boee
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1 f f T T
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Figure 4.13  Noise Figure versus signal frequency with Ry,=10kQ to compare with

the case without Ry
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M2
RF_pwr=-19.000
RF per+14 3=—4.

m
FF_pur=-159000

700| [dBfm(mixvout {1 01))=5.905

RF_pvr+14.3
dBrn(rrcivout{1,0%)
1

Figure 4.14 Linearity parameters P,4p at 6GHz

RF_pow

Linearity parameters P4 can be explained by Figure 4.21.

PldB:P1dB(dBm):G1dB(dB)"‘IPldB(RF_‘pWI‘)(dBm) =14.3+(-19)=-4.7dBm

Simulation results of P1gg=-3:3dBm

M2
freq=54985GHz

dEmvout)=-32 662

ml

freq=6 005GHz
dBm{vout)=-5 659
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Figure 4.15 Linearity parameters OIP3 at 6GHz

Linearity parameters OIP3 can be explained by Figure 4.22.

OIP3=Pout+% IMD=—6.689+% (32.662-

6.689)=6.3dBm
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mz2 il
FF_pmar=-20000 RF_pwr=-20.000
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Figure 4.16 Linearity parameters P,4p at 7GHz

Linearity parameters P14 can be explained by Figure 4.21.

[dB

PldB:P1dB(dBm):G1dB(dB)"‘IPldB(RF_pWI‘)(dBm) =14.5+(-20)=-5.5dBm

Simulation results of Pi45=-6:6dBm:-

m2

freq=6 985GHz
dBm{vout)=-31.284

T
freq=7 0020GHzZ
dBmivout)=-5 656

dBmvoLt)

20—
k

IMD

G930 64535 6990 6995 T.000 Vo005 V.10 Y015 T.020

freq

,GHz

Figure 4.17 Linearity parameters OIP3 at 6GHz

Linearity parameters OIP3 can be explained by Figure 4.22.

1

OTP3=Pout IMD=—6.686+% (31.284-6.686)=5.7dBm
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m2
FF pwr=21.000

FF_pwr+14 4=8 600

M
RF_mwr=-21.000

dBfmixfvout {1,00))=-7.759

RF_par+14.4
B rrb: e ot {1,000

RF _pvr

Figure 4.18 Linearity parameters P,4p at §GHz

Linearity parameters P4 can be explained by Figure 4.21.

[dB

PldB:P1dB(dBm):G1dB(dB)"‘IPldB(RF_‘pWI‘)(dBm) =14.4+(-21)=-6.6dBm

Simulation results of P1gg=-7%7dBm.

m2
freq=7 9850GHz

dBmiwout)=-31.072
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freq=5 005GHz
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Figure 4.19 Linearity parameters OIP3 at 8GHz

Linearity parameters OIP3 can be explained by Figure 4.22.

1

OIP3=Paut— IMD=—7.041+% (31.072-7.04)=5dBm
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Figure 4.20 Linearity parameters P,4g at 9GHz
Linearity parameters P4 can be explained by Figure 4.21.
P14g=P148(dBm)=G45(dB)+IP45(RF ;pwr)(dBm) =13.9+(-22)=-8.1dBm

Simulation results of P145=-9:2dBm.

m2 m
freq=8985GHz freq=9002GHz
dBmi{vout)=-32.533| |dBmivout)=-7.735
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o_| m
g + Y
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Figure 4.21 Linearity parameters OIP3 at 9GHz

Linearity parameters OIP3 can be explained by Figure 4.22.

OIP3=P0ut+% IMD=—7.7353+% (32.533-7.735)=4.7dBm
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Figure 4.22 Linearity parameters P45 at 10GHz

Linearity parameters P4 can be explained by Figure 4.21.

PldB:P1dB(dBm):G1dB(dB)"‘IPldB(RF_pWI‘)(dBm) =12.2+(-19)=-6.8dBm

Simulation results of P4g=-8dBm.

dbmiy out)

m2
freq=9 9850GHz
dBmivout)=-25.244

i
freq=10.01GHz
dBEm(vout)=-2 780

g

ldB

IMD

o931 9025 9930 9935 10000 10005 40010 10015 10020

freq, GHz

Figure 4.23 Linearity parameters OIP3 at 10GHz

Linearity parameters OIP3 can be explained by Figure 4.22.

OIP3=Pyyt+—
2

1

IMD=—8.79+% (35.249-8.79)=3dBm
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4.3 Proposed UWB LNA with low voltage design

In this section, a very low-voltage UWB LNA is achieved by reducing transistor’s
threshold voltage using an external bias to the transistor body node. Here, our proposed
UWB LNA not only achieves low voltage requirement but also takes care of other

1ssues.

4.3.1 Threshold Voltage

The threshold voltage of a MOS transistor is calculated for circuit analysis:

Vin =Vino +7/(\/‘2¢F _VBS‘ _\/‘2¢F

where Vyy is the value of Vy, with Vgs=0,1y1s.the body effect coefficient, and @ is the

), (4.35)

strong inversion surface potential-of thejtransistors.<In Figure 4.24 shows that a Vgs>
Vi will be turn on NMOS transistor:

A

1 DS IDS

Safe
Region

£ ¥ NN
} B
| e > N ‘ \

\Y Vs .
th s Saturation = >
ACIiI\;'e VPincIm\T:VGS‘Vm region
region

Figure 4.24 NMOS 1/V characteristic

In Figure 4.25 (a), if a MOSFET is off (in depletion region), we actually have to apply a
Vss<Viu to turn off the NMOS. If a MOSFET is on (in strong inversion region or
saturation region), we actually have to apply a Vgs= Vi, to turn on the NMOS and will

generation of conduction channels as shown in Figure 4.25 (b).
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DEPLETION REGION
Vs Ves Vis
[ G oxide
D B [(lz.g B ( oxide \/
G Vas<Vin I L“ \
Vg Substrate h o :
os——l— vuik B depletion regi
substrate
S bulk B P
(a)
VDS
D
G ViszVin
Vg | Substrate
o or bulk B EE:;} conducting
substrate m_E! depletion region
8 or bulk B inversion region

p

(b

Figure 4.25 Depletion region and Inversion region (saturation region) with (a) Vgs<Vi,

(b) Vgs = Vi, of NMOS transistors
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Figure 4.26 VGS (min Vy,) with or without Vg

Figure 4.26 illustrates the threshold voltage is decreased as the external bias Vps is
increased (Vi is with external bias Vgs=0.6V and Vy,, is without external bias Vigg).
From equation (4.35), it is found that the threshold voltage is decreased as the bias Vps
is increased as shown in Figure 4.27. To reduce the threshold voltage as much as

possible, we want to the bias Vg as high as possible.
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Figure 4.27 Threshold voltage Vy, as a function of external bias Vg

The cascode LNA architecture is widely used design, but requires a high supply voltage
(>0.9V), which employs two transistors stacked. In Figure 4.28, the transistor M; and
M, shows a device I-V curves without external bias Vgs. If fixed dc current 3mA, the
supply voltage Vps (Vpp) is varied between: 0.9V and 1.8V with transistor working in
the saturation region. Also in Figure 4.29;an external bias Vps=0.6 voltage is employed
to forward-bias the body-source junction of transistor M; and M,. The supply voltage
Vps (Vpp) is varied between 0.65V and 1.8V with transistor working in the saturation

region.

Device |-V Curves

WAz 5=0.600

Active
5_| region

Saturation
regio;

"W55=0.575

Wi55=0.550

Vs ] l ]
- / W35=0625
@ Vas G | 2__ 11 WEE=0.600

TEI i

DC.IDSi, mA

T | T | T | T | | T | T | T | T
0.0 0.2 0.4 0.6 0.8[10 1.2 14 16 18
VDS(Volts) g gy<vpe<] 8V

Figure 4.28 Device I-V Curves without external bias Vpg
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Device |-V Curves
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Figure 4.29 Device I-V Curves with external bias Vs=0.6
Here the supply voltage is very low of 0.75V compare with others [1], [7], [8], [15],
[10] with dc current 3.8mA. In our design, an external bias is employed to the transistor
body node as shown Fig.4.30, which leads to transistor’s threshold voltage (Vi)
reduction and supply voltage from+0.65V_to 1.8V.:The very low voltage design of the
proposed UWB LNA is shown in Figure 4:30. A Vs=0.6 voltage is employed to
forward-bias the body-source junction of tranststor M and M,. The supply voltage Vpp
can be variation to between 0.65V and 1.8 V-with transistor working in saturation region.

We chose the supply voltage 0.75V with dc current is 3.8mA and power consumption is

2.8mW.
Vdd=0.75V
Ly
Feedback resistor
g WVE
RF o

Cy
Ibias

Figure 4.30 Proposed UWB LNA with Low voltage design.
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4.3.2 Simulation results

In Figure 4.31, input matching S11, power gain S21, reverse isolation and output
matching versus signal frequency are illustrated. The power gain S21 with proposed
UWB LNA (Vpp=1.8V, Power=11.6mW) and proposed low voltage UWB LNA
(Vpp=0.75V, Power=2.8mW) are small than -13.7dB in the range of 6.0~10.6 GHz as
shown in Figure 4.32. The noise figure (NF) of proposed low voltage UWB LNA
compare with proposed UWB LNA is shown in Figure 4.33. It is found that the noise
figure is at least less than 3.6dB in 6.0~10.6GHz and its minimum value is 2.8dB at 7
GHz. The output third-order-intercept points (OIP3s) are 7.669dBm at 6GHz, 5.0dBm at
8GHz, 4.53dBm at 10GHz. The performance of the proposed UWB LNA with low
voltage technique is summarized in Table 4.2, with comparison with other recently

published UWB LNAs’ simulation results.

Table 4.2
Summary of LNA performance.and eomparison with published LNA,
Ref. Tech. BW S11 Gain NF VDD | Power
(GHz) (dB) (dB) | dB) | (V) | (mW)
[1] 0.18um 2.3-9.2 <9.9 9.3 4.0 1.8 9.0
CMOS
[7] 0.18um 2.6-9.2 <-11.5 10.9 3.5 1.8 7.1
CMOS
[8] 0.18um 0.1-11 <-12 8 2.9 1.8 21.6
SiGe
[15] 0.13um 7.2-8.6 <9 28 3.9 1.5 3.9
CMOS
[10] 0.18um 2-10.1 <9.76 10.2 3.68 1 7.2
CMOS
Our 0.18um 5-10.6 <-13.7 14 2.8 0.75 2.8
work CMOS
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Chapter 5 Conclusion

In this thesis, low power UWB,iLNASs-.are designed by using two different
approaches. The first topic propose the common, gate combined with band pass filters
for the input matching network can easily.to reduce parasitic capacitance effects of the
transistors and low power consumption. The mi-section LC network technique is also
employed in the LNA to achieve a sufficient and flat gain. Numerical simulation based
on TSMC 0.18um 1P6M process. It achieved 10.0~12.4dB gain from 3 GHz to 10.6
GHz and 3.25dB noise figure in 8.5GHz, operates from 1.5V power supply, and
dissipates 3mW

The second topic proposes an external bias to the body node of transistor, which leads
to transistor’s threshold voltage reduction and low power consumption. The proposes
LNA combines a conventional LNA cascode architecture with a feedback resistor Ry, to
achieve wideband input impedance matching. Based on TSMC 0.18um 1P6M process,
the numerical result shows that the LNA has 11.8~14.0dB gain from 6 GHz to 10.0
GHz with input matching S11<-13.7dB and 2.81dB noise figure in 7.0GHz. It only

dissipates 2.8 mW with a very small power supply of 0.75V. Here, the second design
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method can applied to low power UWB LNA to attain to under low power consumption

requirement.
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Appendix Basic Noise Theory

Appendix  Basic Noise Theory

There are two methods for analyzing the effect of noise in electronic devices and
circuits [49]. The first method consists ,of using equivalent noise sources at the
appropriate physical location in.the smallsignal model of the device. For example,
consider the noise produced by two resistors in series, as shown in Figure A.1 (a).
Using the noise model of a resistor, the -noise model shown in Figure A.1 (b) is

obtained. The mean-square value of the open‘circuit voltage is

2
2 _ _\/2 * 2
Vnoise,out - (Vnoise.l +Vn0ise,2) _Vnoise,l + 2Vnoise.l Vnoise,z +Vnoise,2 (A-l)
———©
Ry > Noiseless
RI § \'rnuisc,l
::> Vnoisc.oul
R> < Noiseless
RS
Vnolqe,!
———0

(a) (b)

Figure A.1 The total noise voltage produced by two resistors in series
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However, since Vnoise 1 aNd Vnoise 2 are statistically independent, the mean value of

the product term (A.1) is zero. Therefore,

—V?2

noise,1

V 2
noise,out

+Vniise,2 = 4kT (Rl + RZ) B (A-Z)

The second method for analyzing the effect of noise in a circuit is based on the
fact that a noisy circuit can be modeled by a noiseless circuit with external noise
source. For example, a noisy two port network that contains internal noise sources is
shown in Figure A.2 (a) The effect of the internal noise sources can be represented by
the external noise voltage sources Vnoise1 and Vnoise 2 Placed in series with the input

and output terminals, respectively, as shown in FigureA.2 (b).

i 1 is . VlTﬂiﬁe. 1 \quisc,;‘ is
R T e e G o
+ Noisy + U Noiseless +
two-port two-port
Vi network Va ':{> Vi network V2
o o o
(a) (b)

Figure A.2 (a) A noisy two-port network; (b) representation of the noisy two-port
network in terms of a noise-free two-port network with external noise voltage sources

Vnoise,l and Vnoise,z

The values of Viise 1 and Vioise 2 are calculated as follows. Representing the noise-free

two-port network in Figure A.2 (b) by its z parameters, we can write

Vi =2y + 2,1 +Vgies (A.3)
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V, =Z,i, +Z,,i, +Vigise 2 (A.4)

Equations (A.3) and (A.4) show that the values of Vigise1 and Vigise2 Can be
determined from open-circuit measurements in the noisy two-port network. From (A.3)

and (A.4), it follows that when the input and output terminals are open, then

\ Vl -0 and Vnoise,z =V2 iy =i,=0 (A.5)

noise,l — i =i,
The noise figure of the circuit in Figure A.3 is now derived. The total output noise
power is proportional to the mean square of the short-circuit current (E) at the input

port of the noise-free amplifier,

Vnnise 12

- -
A ; |
o/ . +
Noiseless
. two-port .
I CD Y;q Lhoise netwo I'k V 2
0 o
Input
port

Figure A.3 Noise model for calculation of the amplifier noise figure

while the noise power due to the source alone is proportional to the mean square of

the source current (f). Hence, the noise figure NF is given by

NF === (A.6)

Since




Appendix Basic Noise Theory

I =—l +V . Y (A.7)

SC S n0|se noise ° s

It follows that the mean square of iy, is given by

i2 :(_is *+lgise + Vioise . ) ( noise +Vigise ) —2i ( noise *Vigise ! ) (A-8)

SC noise noise 's noise ' s noise ' s

Since the noise from the source and the noise from the two-port network are

uncorrelated, we have

( noise +Vn0|seYs) 0 (A_9)

And (A.8) reduces to

=2
Isc = Is +( noise +Vn0|seYs) (A.lO)

Substituting (A.10) into (A.6) gives

N F L 1 ( noise +Vn0|seYs )

2
|

5

(A.11)

There is some correlation between the external sources Vyise aNd inoise . HENCE, WeE Can
write inoise IN terms of two parts; one part is uncorrelated to Vpeise (called in,), and the

other part is correlated to Vnoise (called inc). Thus,
In = Inu + Inc (A12)
Furthermore, we can define the relation between in. and Vnoise in terms of a correlation

admittance Y-namely,

e =YV (A.13)

c ' noise

Y. is not an actual admittance in the circuit. In fact, Y. is defined by (A.13) and can

be calculated as follows. From (A.12),
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R AY (A.14)

€ " noise

Multiplying (A.14) by V_, taking the mean, and observing that i V" =0, we obtain

*a

Vi =YV?2 (A.15)

n ¢ " noise

Substituting (A.14) into (A.11) results in the following expression for NF:

NF = 1+( Vioi _2( )) (A.16)

The noise produced by the source is related to the source conductance by

iZ = 4kTG_B (A7)

Where Gs =Re[Y;]. The noise voltage can be expressed in terms of an equivalent

noise resistance R, as

=4KTR B (A.18)

nOISE

And the uncorrelated noise current can be expressed in terms of an equivalent noise

conductance G,-namely,
2 =4kTG,B (A.19)

Substituting (A.17), (A.18), (A.19) into (A.11), and letting Y, =G, + jB, and

Ys = GS + JBS gives

4KTG,B +|G, + jB, +G, + jB,| 4KTR,B
4KTG,B

NF =1+

(A.20)
G, R, 2
—1+G—+G—[(G +G ) +(B, +B,) J

S S
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The noise figure can be minimized by the proper selection of Ys. From (A.20), NF is

decreased by selecting
B, =B, (A.21)

Hence, from (A.20),

G R
NF g g :1+G—“+G—H(GS +G,) (A22)

S S

The dependence of the expression in (A.22) on G can be minimized by setting

dNF|,
dG

S

=0 (A.23)

which gives

dNFlg_s G, 2G6(G.+G,;)-(G,+G,)
= — 2 + Rn 2
dG G G

S S

=0 (a24)
Solving for Gs , we obtain
G
G, =[G+ (A.25)

The values of G5 and Bs in (A.25) and (A.21) give the source admittance, which

results in the minimum noise figure. This optimum value of the source admittance is

commonly denoted by Yopt = Gopt + jBopt . That is,
) G .
+ jByy =, [Ge + =+ JB, (A.26)

From (A.22), the minimum noise figure NFpi, is
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G R
NF,, = NF | . =1+— Gy +G (A.27)
C Gopt Gopt ( " )
GU
Solving (A.25) for G and substituting into (A.27) gives
opt

opt opt

G |, R (g
N =1+ R, | G =5 |+ (G2, +2G,,G, +G?)
opt (A.28)

opt

=1+2R, (G +G)

opt

Using (A.28), we can write (A.20) in the form

opt opt

NF =NF,,, 2R, (G,, +G, )+ g %[(GS+GC) +(B,-B )} (A.29)

S S

Solving (A.25) for Gy and substituting into (A.29), the expression for NF can be

simplified to read

NF = NF,, +2—[(G Gopt) +(B, - Bopt)} (A.30)

S

Equation (A.30) shows that NF depends on Yopt = Gopt + jBopt| Rn, and NFpmin.

Once these quantities are specified, the value of NF can be determined for any source

admittance Y. Equation (A.30) can also be expressed in the form

(A.31)

S

where r, =Rp/Z, is the normalized noise resistance, ys is the normalized source

admittance,

~=g + Jb, (A.32)
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and Yopt IS the normalized value of the optimum source admittance,

Gy + 1B, _
yopt = = e Y . = gopt + Jbopt (A33)

0
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Appendix Noise Analysis of MOS Transistors

There are several noise sources in MOSFET. It is important to understand these
noise sources and their effect on the performance‘of the devices. The model of the
CMOS transistor is shown in Figure B.1. And the different noise sources model in the
CMOS transistor are shown in Figure B.2./They include the noise at drain constituted
by the channel thermal noise and the“flicker noise and the terminal gate resistance
thermal noise.

= /’ |
C ed |

R,

g i I |: I‘U
Cy/& |

g8 N |

Figure B.1 Model of the CMOS transistor

The dominant noise source in CMOS devices is channel thermal noise. This source

of noise is commonly modeled as a shunt current source in the output circuit of the
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device.
Vi C
e R!—’. gd
I o
I
i‘_j__’.':.' i_g.u :: (_‘*_,w gm\"gs i:d l’c,
G O
Figure B.2 Different noise sources model
iz : Drain noise current, due to the carrier thermal agitation in the channel.

a ol

: Induced gate noise, due to the coupling of the fluctuating channel charge into
the gate terminal.

v:, : Resistor thermal noise
C..: Gate-source parasitic capacitance of transistor.

: Gate-drain parasitic capacitance of transistor.
r, : Output resistance of transistor.

R, : Distributed gate resistance.

B.1 Channel Thermal Noise

The most significant source is the noise generated in the channel. In Figure B.3,
the channel noise can be modeled by a current source connected between the drain

and source terminals with a spectral density.
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Drain - T
F il
I | C ~a |
TF-—— T Giate FT Drain
ra Y
. \ ° | °
Gate / G
—'—l 14 | < N
\ d / (:*:_:.\ EmVes Tas 1y
% rd
N | e
il e Cr .
Source
Source

Figure B.3. Equivalent thermal noise of a MOSFET transistor.

2
%o 4KT 940

f (B.1)
k : The Boltzmann constant is 1.38*102)/K.
T : The absolute temperature.
0,4, : The zero-bias drain conductance of the device.
y > Abias-dependent factorfor long channel devices ~ 0.67~1.33.

Af : To emphasize that 4kTyg,, 1S the noise power per unit bandwidth.

B.2 Distributed gate resistance noise

An additional source of noise in CMOS device is the noise generated by the

distributed gate resistance. This noise source can be modeled by a series resistance in

the gate circuit shown in FigureB.4.

93



Appendix Noise Analysis of MOS Transistors

o Dirain

. O
Source
Source Dirain

- -

L

FigureB.4. Distributed gate resistance of a MOSFET

For noise purpose, the distributed gate resistance is given by:

R, = (B.2)

Ry : The sheet resistance of the poly-silicon.
W : The total gate width of the device.
L : The gate length of the device.

n : The number of gate fingers used to layout the device.

B.3 Induced gate current noise

At high-frequency, the local channel voltage fluctuations due to thermal noise
couple to the gate through the oxide capacitance and cause an induced gate noise

current to flow is shown in Figure B.5.
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Gate
L

I '« Induced current

Source ¢'

L D T )
69/86999/99/99

eeee

Ve

d

)

v
Dr‘ain#|

Noisy channel

Figure B.5 Induced gate current noise in MOS devices

Vi i’ §g — Cy

Figure B.6. Small signal model-of induced gate current noise

For an induced gate current noise, its small signal model can be represented by

the circuit in Figure B.6. A simple gate circuit model that includes both of a shunt

noise current E and a shunt conductance g, have been added. Mathematical

expressions for these sources are are given by:

(B.3)

Where ¢ is the coefficient of gate noise, classically equal to 1.33 for long channel

devices.
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B.4 Correlation between Drain noise and Induced gate

noise

The drain noise and induced gate noise share a common physical origin and it is

expressed by cross-correlation between the two noise.

— 2

Iyl :§4kngoAf (B.4)
— 4

Iyl :§4kng0Af (B.5)
— 1.

Iyl =5 @C  AKT Af (B.6)

The cross-correlation coefficient is defined as equation (B.7) and is about 0.395j in

MOS device:

i Iy
C :_g—d_=03951
NS

In Figure B.7, shows the induced gate noise can be split into two components. For

(B.7)

the noise analysis, the first one is fully uncorrelated with the drain noise, and the other

is fully correlated with the drain noise. It can be written as:

iZ = 4KT ¢g, (L-|c[*)Af +4KkT g, [cf Af (B.8)
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Figure B.7 The induced gate noise of split into two components

B.5 Other Noise Source

There are still many noise-sources associated with the transistor, such as the
Flicker noise besides the previous mentioned-noise sources. In electronic devices,
Flicker noise arises from a number of different mechanisms, and is most noticeable in
devices that are sensitive surface traps. Hence, MOSFET exhibit significantly more
flicker noise than bipolar devices do. However, the flicker noise can be ignored at the
high frequency as a result of its noise power is inversely proportional to the

frequency.
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