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Abstract

In this master thesis, research is conducted on Low Noise Amplifier (LNA) topologies
and matching concepts. The design is done in 0.18 J.lm CMOS-technology provided by
National Semiconductors and using the Cadence Spectre RF simulation tool that is a part
of ACE environment for custom integrated circuit design, also provided by National
Semiconductors.
The main goal is to design a multistandard LNA in 0.18 J.lm CMOS-technology. The
LNA will be used in a non-concurrent receiver for Digital Enhanced Cordless Telephone
(DECT) system at 1.9 GHz and 2.4 GHz and Bluetooth at 2.4 GHz.
Since the specifications for Bluetooth are less strict in comparison to DECT, the concept
of adaptivity can be applied, which means that the LNA consumes less power when
operating in Bluetooth mode.
The adaptive band-switched LNA with n=9 from subsection 7.5 is the LNA that shows
the most promising results and it satisfies all the specifications in subsection 3.6. The
simulation results of this adaptive band-switched LNA (n=9) are listed below.

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz
voltafle !?ain (A v) 20 dB 19 dB
noise fiflure (NF) 2.7 dB 2.57 dB
Sll -14 dB -16 dB
i-dB c.v. -11.6 dBm -10 dBm
IIP3 -1.6 dBm OdBm
vower consumption 6.8mW 2.16mW
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1 Introduction

The first subsection gives an idea of state of the art CMOS LNA's. The second
subsection outlines the objective of this thesis. In the last subsection an overview of the
thesis is given. Different topologies are investigated for their usefulness to fulfill the
specifications (section 3.6), with emphasis on a low noise figure. Then the most
promising topology is selected. After the topology selection a simultaneous investigation
of matching and power-adaptivity is conducted. The main problem with applying power
adaptivity is that the drain current changes (to save power), and thus the transconductance
changes. Because the matching equations are generally a function of the
transconductance, the change in transconductance implies that the LNA is not matched
anymore, and LNA performance is corrupted. In order to avoid LNA performance
deterioration, appropriate solutions are found.

1.1 State of the art in the field of CMOS LNA's

In order to investigate the state of the art in the field of CMOS LNA's, literature research
is conducted. [16]. The most important properties of some interesting LNA
implementations are given in table 1.

Table 1: Main properties of some LNA implementations

Ref. Topology CMOS Freq. Vdd NF Ay Sll IIP3 IdBc.p. Pdis

[nr.] rllml [GHz] [V] [dB] [dB] [dB] [dBm] [dBm] [mW]
9 Fold.casc. 0.18 9 1 3.7 12.2 -5.4 n.a. -8.7 19.6
10 Fold.casc 0.18 5.8 1 2.5 13.2 -5.3 n.a. -14 22.2
11 Com.s.casc. 0.35 2.4 2 2.5 19.9 n.a. 2 -12 14.7
12 Dif.com.s.casc. 0.35 2.4 1 5.7 18 -19 -10 n.a. 8.5
13 Fold.casc 0.5 1.9 1 1.6 25 -22 0 -11 25
14 Com.s.casc. 0.8 1.8 2.7 1.85 15 -21 -3.86 -13.6 15

Common gate LNA's have not been found in the IEEE-database for the last three years.
As a result of literature research the following can be said.
Common source cascode LNA is the topology that is most frequently used. The LNA
power consumption is usually below 20 mW.
Noise figures (NF) appear to be in the range of 2-5 dB. Gain (Ay ) ranges from 15-25 dB.
Third input intercept point (IIP3) and 1dB-compression point are respectively above -10
and-IS dBm.
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1.2 Objective

The main goal is to design a multistandard non-concurrent LNA in 0.18 J.lm CMOS
technology. The LNA will be used in a non-concurrent receiver for Digital Enhanced
Cordless Telephone (DECT) system at 1.9 GHz and 2.4 GHz and Bluetooth at 2.4 GHz.
The idea is to apply adaptivity to save power consumption, when switching between
DECT and Bluetooth mode. Adaptivity can be implemented because the Bluetooth
system specifications require significantly less gain for the LNA, and allow a higher
noise figure (see the specs in section 3.6).

1.3 Thesis outline

Section 2 gives a brief introduction to the function of the LNA in the receiver. In the third
section an explanation of specifications used to describe the performance of an LNA is
given. Basic topologies are discussed in section 4. In section 5 the LNA design procedure
is clarified. Sections 6, 7, 8 and 9 each discuss different LNA' s that are investigated, and
simulation results are presented. In section 10 conclusions and recommendations are
made. Section 11 lists the literature that is referred to in the thesis.

1.4 Preview on sections 6,7,8 and 9
The basic matching-concept with the Z-impedances as in figure 15 that is presented in
section 6.2 is used for all the sections. Note that the difference between the multiband
adaptive LNA of section 6 and the adaptive band-switched LNA of subsection 7.4 starts
with the elimination of the Lg-Cg-filter of section 6.
The multiband adaptive LNA that is discussed in section 6 has an Lg-Cg-filter at the gate
terminal. This filter provides simultaneous power matching and noise matching at both
the DECT and the Bluetooth frequency. This is clearly visible in the Su-charactristic
(figure 20). The problem with this LNA is that it has a notch in its gain-characteristic, and
a peak in its NF-characteristic, both at the resonance frequency of the Lg-Cg-filter. Since
the resonance frequency is in between the DECT and Bluetooth frequencies, this can
become a problem if component variations due to process spread occur. The resonance
frequency could shift in the wanted DECT or Bluetooth frequency. The LNA is called
multiband, because it has simultaneous matching at two frequencies, and it can
theoretically operate concurrently at 1.9 GHz and 2.4 GHz. It is called power-adaptive,
because it reaches all the specifications of subsection 3.6 when the input voltage is
lowered 100 mY, and half the power is saved.
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The adaptive band-switched LNA of section 7.4, actually combines the two single band
LNA's of subsection 7.1 (two separate LNA's for DECT and Bluetooth) into one LNA
that is simultaneously power matched, noise matched and power-adaptivity, but can
operate only at one frequency at the time (DECT or Bluetooth), as can be clearly seen in
the shifting Sll-characteristic in figure 27. A switch that shunts an extra external Cgs,
when operating in DECT-mode, takes care of this band switching. With this concept, the
Lg-Cg-filter is redundant, and the matching is achieved by shunting Cgs by means of a
switch. This LNA can be considered as really non-concurrent in contradiction to the
multiband adaptive LNA of section 6, and the problem with the gain-notch and NF-peak
in section 6 is solved.
Section 8 gives a differential implementation of the adaptive band-switched LNA of
section 7.4. The half-circuit concept is applied, and aspect ratios and biasing voltages for
the differential LNA are exactly the same as for the single-ended version in section 7.4.
Since each differential input sees half of the source resistance now, one half differential
circuit has to be matched to 25 n instead of 50 n, and matching-component values are
adjusted. Theoretically, with ideal matching components the noise figure is the same as
for the adaptive band-switched LNA of section 7.4, but when representing the quality
factor of the inductances and capacitances with parasitic resistances the noise figure
increases, because of the extra thermal noise due to the double amount of matching
components. Power consumption is doubled, but the gain improves 3 dB.
In section 9 a low voltage folded cascode LNA is presented. A slightly different matching
approach is used, varying Lgthis time to obtain a power- and noise match at DECT or
Bluetooth. This LNA is not power-adaptive, because this matching/adaptivity-concept is
only possible ifLs would appear in both the power- and noise-matching equations. A
main disadvantage of the low voltage folded cascode LNA is that it uses a current mirror
that introduces significant noise. It can operate at low supply-voltage, because the folded
cascoded topology offers more vfoltage headroom, and the transistors stay in the
saturation region when the supply-voltage is lowered.
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2 LNA in the receiver

In this section a concise system description will be given and the function of a LNA will
be commented.
A double-quadrature low-IF architecture is depicted in figure 1. The LNA is placed
behind the RF-filter that filters out the out-of-band interferers. Then the signal is
amplified by the LNA. Amplifying the signal to meet the specifications, while adding as
less noise as possible is the main function of the low noise amplifier. The LNA is
followed by a passive RF polyphase filter, again to let through the wanted frequency
band and to help to get a higher image rejection. The polyphase filter also makes an 1
signal and a Q-signal, by splitting the signal and shifting the phase of one of the signals
by 90 degrees. After down conversion the signal is filtered by an IF polyphase filter, to
filter out the negative frequency band that contains the image signal. A variable gain
amplifier then amplifies the signal and helps to reduce the dynamic range of the analog to
digital converter, to reduce the number of bits that are needed. An analog to digital
converter now allows digital signal processing, by converting the analog signal into a
digital signal.
The LNA has to be input matched to the output-impedance of the external RFF-filter. In
subsection 5, more specific information is given about the LNA design procedure, and
the importance and interaction of the LNA parameters (see also figure 12).

DSP

AID

AID

IF
polyphase

filter

Q

RF
polyphase

filter

double-quadrature down-convertor
r---------------

I
I
I .--------,

+1
+RFF

(external)

I/O
generator

Figure 1: Double-quadrature low-IF receiver architecture
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3 Description of typical LNA specifications

In the next four sections, the most important LNA design parameters are discussed and
explained. [1]

3.1 I-dB compression point

The input-output relationship of a non-linear system can be described by a polynomial.

Applying a sinusoid signal:

x(t)=AcOSOJt

the output of the nonlinear system can be expressed by the following equation:

(1)

(2)

(3)

The term with the same frequency as the input signal is called fundamental and the
multiples of the fundamental are called harmonics.
Considering a time invariant system with U3< 0, the coefficient that belongs to the
fundamental frequency will have a linear behavior as long as the input signal is low
enough, because the term 3u3A3/4 can be neglected in comparison with ulA in equation
(3). In order to describe non-linearity a 1 dB compression point will be defined. The 1 dB
compression point can be referred as the input level that causes the small signal gain to
drop by 1 dB [1]. The calculation of the I-dB compression point at a logarithmic scale
can be done as follows.

(4)
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AI-dB = 0.145-
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Figure 2 is a graphical representation of the I-dB compression point.

2OlogAout

....i /-./
1 dB /···l..·····~· ..~··:/·:.···········: .....-..... --

Figure 2: I-dB compression point

(5)
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3.2 Third intercept point (IP3)

When a two-tone signal (6) is processed by a non-linear system with an input/output
relationship given by equation (1), intermodulation products will appear at the output of
the system together with the harmonics.

(6)

As a result of submitting equation (6) in (1) and with some basic calculation the second
and third order intermodulation-products are found, together with the harmonics.

[
9a A

3

J [ 9a A
3

Jy(t)= a1A+ ~ COSlVlt+ alA+ ~ COSlVzt+

azAZcos(lV l +lVz)t+azAZcos(lV[ -lVz)t+

3a A3 3a A3

3 A COS(2lVz - lVI)t + 3 A COS(2lV l - lVz)t +
4 4

3a A3 3a A3

3 A COS(2lV z + lV[)t + 3 A COS(2lVI + lVz )t
4 4

(7)

The order of the intermodulation-product is the order of the different amplitude
coefficients. The amplitudes of the second and third order 1M products, and the
frequencies where they occur are given in table 3.

Table 2: Coefficients and accompanying frequencies of the intermodulation products

Order of 1M Symbol Coefficient Resulting frequency
product co
Second 1M2 u2A2 COl ± CO2
Third 1M3 3u3A3/4 2co I ± co2 and 2C02 ±

COl

If it is assumed that the two frequencies of the input signal are close to each other, then
one of the 1M3-products can fall in the frequency band of interest, as depicted in figure 3.
The second order products can be filtered out since they will appear around 0 Hz and 2lV.
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Figure 3: Corruption of a signal in RF system

In order to characterize the intennodulation distortion the third intercept point (IP3) is
defined. Figure 4 illustrates its definition. The third intercept point can be defined as the
point where the linear extrapolations of the output powers of the fundamental and third
order intennodulation products intercept, when plotted on a logarithmic scale, as depicted
in figure 4b,
The input power at this point is called the input third" intercept point (lIP3), and the
accompanying output power the output third intercept point (OIP3),

level ofwante signal

OIP3

Output voltage

level ofwanted signal

\
'\

I

}

UIA/ /
///I ~ 3/4u3A3

(/
/ 3-rd order intermod. level

l,.

Input power (dBm)

'..-----------.,.....,or, I

... ::.-.--+-
""r- I ,

/
I I

\ .. ~ I

'/ I I
/ " I

2JHog(u IA)' __.L
/ '......._-- I," Y If 3-~ orde~ intermod. level
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,

Input voltage
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Figure 4: The third intercept point:

a) Linear scale (voltage)

b) Logarithmic scale (power)

Input power (dBm)

b)

IIP3
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The IIP3 can now be calculated with the help of equation (7) if we assume that
Ul » 9/4u3A2.

Hence,

IIP3 =~~ a,
3 a 3

10

(8)

(9)



3.3 S-parameters

If the LNA is described as a two-port system, the way it reflects and passes the signal at
its input-port and output-port can be described with the s-parameters [3]. At both ports
voltage waves that are incident and reflected are normalized by means of dividing the
wave with the square root of the characteristic impedance Zoo The following function
defines the s-parameters, where the subscript i stands for an incident voltage wave, and
the subscript r for the reflected voltage wave. The subscript j is1 or 2, and represents the
port-number. The reflected voltage waves at one of the ports can be described as a
function of the incident waves at both ports (10).

Eij
a j = IZ:

E rjb.=-lIZ:
b, =s"a, + S12a2

b2 = s2,a1+ S22 a2

(10)

Parameter S21 can be interpreted as the gain from port 1 to port 2. Parameter S12 is
sometimes referred to as reverse gain. The parameters Sl1 and S22 account for the
reflections at respectively port 1 and port 2.

The s-parameters can be used for calculating the stability of a two-port circuit. This
stability can be represented by the stability factor k:

k = 1+ 1~12 -ISl,1
2-IS221

2

2Is '2/1S21!

Ifk> 1 and ~ < 1 the circuit is considered unconditionally stable.

(11)

(12)

In the following sections Sl1 is used to check the quality of matching. A smaller Sl1 means
a better quality of matching.
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3.4 Noise figure

The noise factor is defined by the following equation:

F = SNRin

SNRout

(12)

Taking 1000g(F) gives the noise figure (NF) in dB. The noise figure is a measure of the
degradation of the signal to noise ratio from input to output due to noise added by a
system.
If the noise of the circuit is referred to the input, theoretically a noiseless circuit is
obtained. The circuit noise is now represented by a series noise voltage source (Vn) and a
parallel noise current source (In) at the input port. It is preceded by the input voltage
source (Vin) with its source impedance (Rs). The source resistance produces thermal
noise, represented by a series noise voltage source (Vrs). This is depicted in figure 5.

Port

Figure 5: Noise figure calculation

Noiseless

Circuit

Port 2

If the voltage gain from fin to input port 1 is denoted by a, then the signal to noise ratio
at the input of port 1 can be expressed by:

2v: 2

SNR. = a in
In 2 2a VRS

(13)

From port 1 to the output port 2 a voltage gain Av is applied, hence the signal to noise
ratio at the output port is:
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(14)

In this specific case Vn and In are correlated and they can be added before the mean
square value is taken.

Substituting equations (13) and (14) in equation (12), the noise figure becomes:

NF =VI; + (Vn + I n RJ2 =1+ (Vn + I n RJ2
VR~ VR~

(15)

Usually the noise figure is given for a certain frequency bandwidth. When the bandwidth
is taken to be I Hz, the noise figure that is obtained in that case is called the spot-noise
figure.
The thermal noise produced by the source resistance can now be replaced by 4kTRt1fand
hence for a I Hz bandwidth it is found that the noise figure can be calculated as:

(16)
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3.5 Matching

The quality of the matching can be expressed through the reflection coefficient r.

(17)

Where Zin represents the input impedance of the LNA. As can be seen in figure 1, it has
to be matched to the output impedance Zo of the external RFF filter, which has a value of
50 Ohms. If the input impedance of the LNA deviates from the output impedance of the
filter then pass- and stop-band characteristics of the filter may exhibit considerable loss
and higher side lobes.

Two types of matching can be distinguished:
1. Power matching
2. Noise matching

Power matching aims at maximum power transfer from the filter to the LNA. Therefore
the input impedance of the LNA has to transform into the complex conjugate of the
source impedance (filter). Hence Zin=ZO·.

Noise matching is an important issue in the case of an LNA. The target of noise matching
is to minimize the noise figure. This is of particular importance for a LNA where the
contribution of noise has to be as low as possible. The noise-matching theory assumes
that there is optimum source impedance that minimizes the noise figure of the LNA.
Mostly this value differs considerably from the input impedance of the LNA.
The challenge is to find a compromise between power and noise matching.
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3.6 LNA specifications for DECT and Bluetooth standards

The targeted DECT and Bluetooth specifications for the LNA are listed in respectively
table 1 and 2. The Bluetooth specifications are less demanding, so less power is needed
when the LNA has to operate at 2.4 GHz.

Table 3: LNA specifications for DECT

Description parameter Symbol Value
Operatin£frequency fc 1.9 and 2.4 GHz
Volta£e £ain Ay 15 dB
Noisefi£ure NF 3 dB
Third order intercept point lIP3 -10 dBm
1 dB compression point IdBcp -20 dBm
Input impedance Rin son

The less demanding specifications for operation in Bluetooth mode are listed below.

Table 4: LNA specifications for Bluetooth

Description parameter Symbol Value
Operatin£.frequency fc 2.4 GHz
Volta£e $lain Ay 10 dB
Noise fi$lure NF 5 dB
Third order intercept point IIP3 -10 dBm
1 dB compression point IdBcp -20 dBm
Input impedance Rjn son

The LNA specifications have been determined in such way that the complete non
concurrent multistandard receiver satisfies the specifications for DECT and Bluetooth
standards [7].
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4 Basic Topologies

In the next two sections two basic LNA topologies are described. In the first section a
common source LNA is presented. In the second section the common gate configuration
is the subject of investigation. [5]

4.1 Common source

The common source configuration is depicted in figure 6.

I

l..>
<...--' RD

->-<...
->

~. Vout
!

e'l.->

~,

gnd

Figure 6: Common source LNA
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If the NMOS operates in saturation, the drain current can be described by:

I - ,unCoxW (V _ V )2
D - 2L as TH

(18)

and the condition VDS ~ Vas - VTH must be satisfied in order to keep the NMOS In

saturation.

When large signal analysis is applied, the output voltage is:

(19)

When equation (19) is inserted in (20), and the derivative from the output voltage is
taken, the gain of the common source LNA can be calculated.

(20)

The transconductance gm is:

(21)

Hence:

(22)

The same result is obtained applying the small signal analysis and replacing the transistor
by a small signal model (see figure 7). Channel length modulation and body effect are not
included.

G
Vin

S

D

Vout

Figure 7: Small signal model of common source topology
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The input impedance of a common source LNA consists mainly of the parasitic gate
source capacitance.

Iz. =--
In 'me

} gs

(23)

The most significant noise source is the thermal noise in the channel of the MOS
transistor. For long channel MOS devices operating in saturation the channel noise can
modeled by a current source connected between the drain and source, as depicted in
figure 8.

Figure 8: Representation of thermal noise in most transistor

The power spectral density of the noise current source is can be calculated with the
following equation:

(24)

For long channel transistors y is usually 2/3, but for sub-micron technologies this value is
larger [2].

To calculate the noise figure of the common source LNA the small signal model is used,
incorporating a voltage source representing the thermal noise of RD, and the current noise
source, representing the thermal noise of the NMOS, as depicted in figure 9.

G
Dr Vout
RD

gmVGS ·2
In

V
2
Rn

S

Figure 9: Small signal model of the common source LNA with noise contributions
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By calculating the noise contributions of each of the sources separately and afterwards
applying superposition, the total mean square value of the output noise can be expressed
by:

(25)

The first term of the equation represents the thermal noise from the NMOS, while the
second term represents the thermal noise of the drain resistance (Rq).

To find the power spectral density of the input referred noise, the spectral density of the
noise at the output (equation (25)) is divided by the square of the gain that is given by
equation (22), and with y = 2/3 the following formula is found.

(26)

The noise figure can be calculated by substituting equation (26) in (16):

(27)

This equation shows that by increasing the transconductance or the drain resistance the
noise figure can be reduced.
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4.2 Common gate

The common gate configuration is depicted in figure 10.
The input signal is applied at the source.

---p.......
..... -::..... Rn-.---........:: Vout

vbiay

Figure 10: Common gate LNA

From the large signal behavior of the common gate LNA (working in saturation) it can be
derived that:

(28)

(29)

Substitution of equation (28) in (29) yields the output voltage. Taking the derivative from
the output voltage the gain can be calculated:

(30)

Where 17 = 8VTH denotes the influence of the input voltage on the threshold voltage, and
8V;n

can be expressed as:

(31)
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where gmb is the transconductance from the bulk, hence the voltage gain is:

(32)

Substituting equation (31) in (32) gives:

(33)

The input impedance of the common gate configuration can be calculated with a small
signal model as depicted in figure 11.
The resistance ra represents the output resistance of the MOS transistor.

D

ro

S

Vx

Figure 11: Small signal model for calculation of input impedance

From the small signal model in figure is can be concluded that VI = -Vx., and thus:

Hence, the input impedance is:

z. = Vx = RD + ro ~ RD + 1
In I x 1+ (gm + g mb h (gm + g mb h g m + g mb

(34)

(35)

under the conditions that. gm+gmb»l.
The advantage of this frequency independent input impedance is that broadband
matching can be applied, when we set a fixed value for gm+gmb. However this restricts the
freedom of adjusting the transconductance to obtain high gain or apply adaptivity, in

21



order to save power, because in that case the transconductance will change, and this will
corrupt the quality of matching.

The input referred noise voltage of the common gate LNA can be calculated in a similar
way as for the common source, and is described as follows:

(36)

Where gmb is the transconductance from the bulk and y= 2/3 for long channel transistors.
It should be replaced by a larger value for sub micron technologies [2].

To calculate the noise figure equation (36) can be inserted in equation (16).

4kT(;gm + 1/RD )

NF =1+ ----:(=--gm::..:.....-+.=..g=mb,-,--Y_
4kTRs

(37)

It is possible to calculate the minimum possible noise figure. Assuming that gmb«gm and
gm«l/Ri the noise figure can be calculated as.

(38)

Under matching constraints gmRs=1I50*50=1, and ify is chosen to be 2/3 the minimum
possible noise figure in dB will be:

NF=10l0g(1+y)=10l0g(1+2/3)=2.2 dB (39)

In practice this noise figure will be higher due to thermal noise of resistance, and als~ a
higher coefficient y, as discussed before.

4.3 Summary

It can be concluded that a common gate configuration is not the best choice to satisfy the
the specifications (see paragraph 3.6) for the LNA design, because the noise figure
cannot be smaller then 2.2 dB. From the other side a common source LNA can have an
arbitrary small noise figure. The only question is the trade off between noise figure and
power consumption, because it is necessary to apply more power in order to reduce the
noise figure. When a specific type of matching is applied, it is possible to save power,
when the LNA operates in Bluetooth mode (power-adaptivity). These are the main
reasons why the common source LNA is selected.
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5 LNA design procedure

In this section a brief description of the design procedure for a LNA is presented.
After investigation of various LNA topologies, the next step is to get insight into LNA
operation with the chosen topology. After that, simulations with the Cadence-SpectreRF
simulation tool are done. These are simulations on the circuit level. As a result all the
circuit behavior of interest can be studied, including the parameters described in section
3.
After the circuit achieves low noise figure, high voltage gain and acceptable linearity
(IIP3), according to the specifications in paragraph 3.6, the LNA will be biased, and
matched at the input, to the source resistance (Rs=50 Q). Design goal is that an optimum
has to be found between noise figure, high gain, good linearity, with low power
consumption and a small chip area. This trade-off is depicted in figure 12.
The last step is to implement adaptivity between DECT and Bluetooth; in order to save
power.

chip area

linearity

Figure 12: LNA design procedure

The LNA design flow is represented in figure 13.
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Figure 13: LNA design flow
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6 Multi-band adaptive LNA
This section presents a multi-band adaptive common source LNA. Conditions for biasing
and matching are explained in the first and second subsections. In the last two
subsections the simulation results are presented, and conclusions are made. The LNA can
operate for DECT 1.9 and 2.4 GHz, and is matched at both frequencies. The LNA
operates in DECT or Bluetooth mode, because in Bluetooth operation the input voltage is
lowered. This concept is called adaptivity and can be applied because the Bluetooth
specifications are less stringent. With adaptivity power can be saved by lowering the DC
input voltage, when working in Bluetooth mode. The schematic of the LNA is depicted in
figure 14. The core of the LNA consists of two cascoded NMOS transistors. The
inductors and capacitors provide the matching.
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Figure 14: Inductively degenerated LNA
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6.1 Biasing

Both transistors are operating in the saturation region. The equation for the drain current
of a transistor in saturation if channel length modulation is neglected is given below.

(40)

The biasing voltages (VDECT, VBluetooth) and the aspect ratios of the transistors are chosen
in a way that both transistors operate in saturation. This means that the drain-source
voltage of each MOST has to be larger then the difference between the gate-source
voltage and the threshold voltage. (VDl ~ VOl - Vrp and VDO ~ Voo - Vro in figure 14).

Overdrive voltages of the transistors are set to be inbetween 100 mV and 200 mV.
Threshold voltage is approximately 500 mY. This complies with the input voltages for
DECT respectively Bluetooth mode. A value for the transconductance is chosen (gm= 29
mS), together with a value for the drain resistance to have sufficient gain (equation 22). A
higher transconductance means that L s and Cgs can be smaller, according to equation (50).
This also means that the noise figure win decrease, according to equation (59).
The values of the biasing voltages are displayed in figure 14. The aspect ratios of the
transistors are displayed in table 5. These values are obtained when setting the
transconductance to 29 mS, by means of manipulating the aspect ratios of the transistors
and the biasing voltages. This is done in the pre-matching stage, with only two cascaded
transistors and a drain resistance, thus without the matching components. Reason for this
is that matching does not influence the transconductance. By setting the transconductance
and the input voltages for DECT and respectively Bluetooth to a fixed value, the aspect
ratios are set to a fixed value and they are listed in table 5.

Table 5: Aspect ratios of NMOS transistors

I

NMOS I WIL (m)
--=M----::-o ---'7c...:.7...LJl:....:c\1:....:8:....:0..::n'----- _
M 1 50~\180n----------------
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6.2 Matching

Figure 15 shows a general solution for matching a single stage amplifier in common
source configuration [5] [6].
The NMOS in figure 15 is an intrinsic transistor, which means that all the parasitics of
the MOS are included in the external impedances at the different MOS terminals as
shown in figure 15.

C=J-----4t----lz5 V out

Vdd

Zgd

Zg

Yin

r
Zin Zgs

Figure 15: General model for a single stage amplifier in common source configuration

In this paragraph the gate-drain impedance is assumed to be infinite and will not betaken
into account. In table 6 is listed which components in figure 14 correspond with the
impedances of figure 14. Note that Zgs corresponds with the external Cgs in figure 14, but
in the formulas and calculations the parasitic gate-source capacitance is included, as in
figure 15.
A general equation for the gain can be calculated.

(41)

When the drain current noise (ind) is assumed to be the most important noise source, the
noise factor can be given by equation (42) [6]. The noise current is is associated with the
source admittance Ys.

F=I+ll+Y(Z +Z +Z)2. 1 .i;d
s g gs s ~ 21 12 .2

gm Zgs Is

(42)

And the noise figure is:
NF =1010g(F) (43)
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The noise current from the voltage source can be calculated with equation (44):

(44)

The drain current noise power can be calculated [15] with the following equation:

(45)

where gdO is the drain source conductance when Vds=O [15]. In the case that the MOS is in
saturation, then gdo = gm, and the noise formula matches the standard noise formula

(equation 24) for a MOS: i~ = 4kT]'gm!::.f

Equation (42) shows that an increase of gm and Zgs decreases the noise figure. From
equation (42) it follows that the noise figure can be minimized if:

(46)

As listed in table 6, the impedances of equation (46) are in first order reactive. Since
reactive components have a finite quality factor, they have a parasitic resistive part that is
referred to as Rmin. Hence the minimum noise figure that can be obtained in accordance to
equation (41) and (46) is:

The input impedance is calculated to be:

Z in = Z g + Z gs + Z s (1 + g m Z gs )

(47)

(48)

When substituting equation (46) into (48), a new equation for the input impedance is
obtained:

(49)

In figure 14, the passive elements that form the impedances are displayed.
Table 6 lists which components in figure 14 correspond with the impedances of figure 15.

Table 6: Passive components (fig. 14) corresponding with impedances (fig. 15)

Impedance (fi2. 15) Passive components (fi2. 14)
ZIl Lb + LIlIICIl
ZIlS CIlS

Zs Ls
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In the following text it will be explained how these elements can be calculated. The input
impedance must be real and matched to the source resistance: Rin = Rs = 50 n . As
explained in subsection 6.1, the transconductance is set to a value of 29 mS. Using
equation (49) and table 6 follows:

(50)

Now Ls can be calculated.

When the passive components corresponding with the impedances of table 6 are
substituted in equation (46) it follows that:

(51)

Equation (51) can be rewritten:

(52)

For DECT operation at 1.9 GHz and 2.4 GHz, equation (52) has to be solved for 2
frequencies simultaneously. Calculating equation (52) for these two different frequencies
((0\ and (02), and using those two equations a new equation is obtained:

(53)

When substituting the expression for Lg*Cg (equation (53)) in equation (52)) Lg can be
calculated

(54)

The two terms in the denumerator of equation (54) have to be positive, to obtain an
inductive value. This gives two conditions. The two conditions are:
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If we designate Ls+Lb=Lx , then these two conditions can be depicted in figure 16 to
visualize the working area. The working-area wherein Lx can be chosen is located in
between the two hyperbolas, as given by condition 2. The middle hyperbola is the mean
value of the two bordering hyperbolas. If Lx is chosen on this hyperbola, the value is able
to vary (due to process spread) in both (vertical) directions for a certain value of Cgs, and
this is the safest option.

RinCgs
The linear function in figure 16 depicts Ls as a function of Cgs: L s = (equation

gm

50), where Rin = 50 nand gm = 29 mS (explanation follows).

Now all conditions have defined the working area between the two hyperbolas and above
the linear function. This is represented in figure 16. First a value for Cgs is chosen, and
then a value for Ls can be read from the graph. For Ls = Lx, Lb = 0, otherwise there is a
possibility to choose Lb up to the second hyperbola.
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Figure 16: Working area (in-between hyperbolas) and linear upper boundary for Ls (for gm=29 mS)
as a function of egs
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The set value for gm is a compromise between power consumption, gain, noise figure,
voltage drop and size of the components.
When MOS Mo is biased to have a low transconductance of approx. 10 mS, gain and
noise figure deteriorate significantly, according to equations (41) and (42). Simulations
that have been done for a transconductance gm ~ 9.3 mS and where Lb=O and Cgs=1 pF
give bad results. The noise figure (>5 dB) and gain «10 dB) do not satisfy the
specifications. When MOS Mo is biased to have a high transconductance of approx. 60
mS, the width of the MOS transistors will become much larger then 100 Jl «200Jl), and
the drain current and thus power consumption will be high (Id ~ 9mA).
When Cgs is increased, the input resistance of the MOS transistor will drop, and the gain
will be affected.
The transconductance is set to gm = 29 mS, and a value for Cgs is chosen, to have
acceptable gain that satisfies the specifications: Cgs = 0.5 pF. With equation (50) the
corresponding value for Ls can now be calculated. For a Cgs = 0.5 pF a corresponding
value of Lx = 10 nH is chosen, with the help of figure 17. Since Lx = Ls+Lb, the value of
Lb can be calculated (Ls=858 pH, Lb=1O.74 nH).
Only the values for Lg and Cg have yet to be determined. The product Lg*Cg as a function
of Cgs can be displayed in a graph.
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Figure 17: Lg*Cgas a function ofCg•
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Looking at the product makes it possible to choose values for Lg and Cg, that give the best
matching results. The value of Lg*Cg according to figure 17 has to be 6.2* 10-21 H*F at
Cgs is 0.5 pF. Simulations showed that the value of Lg has to be chosen below 1 nH, to
have acceptable matching results (SI1<10dB). For an aspect ratio ofWIL=77~m1180nm

the parasitic gate source capacitance is (by means of simulations) found to be 171 fF.
Because of the fact that the parasitic capacitance Cgs is not high enough, an external
Cgs,ext= 329 fF is shunted.
In table 7 the component values for the matching are presented. At first they are
calculated with a Matlab program (appendix A). To get a good match, and thus Sll at the
wanted frequencies, some adjustment is done, by means of simulations. By adjusting the
values of the components in table 7, the Su-characteristic can be shifted to the left or the
right. However this influence can be considered minor compared to possible influence of
component spread, which can shift the Su-characteristic even more. These adjusted
values are also presented in table 7. To calculate the input resistance (equation (48)) a
simplified small signal model of a MOS transistor is used. Since the simulator uses more
complex models, the simulation results can deviate somewhat from calculations done
with a simple small signal model.

Table 7: Calculated passive component values

Passive component Calculated Value Adjusted Value
L s 858 pH 858 pH
Lb 9.1 nH 10.7 nH
Lfl 800 pH 780 pH
Cfl 7.7pF 7.0pF
CflS total 500 fF 500 fF
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6.3 Simulation results

In this section the simulation results for the multi-band adaptive common source LNA
(figure 14) are given. The figures present simulation results with ideal components.
Together with the noise matching (equation (51) this is the reason why a very low noise
figure is obtained.
Adaptivity is implemented by lowering the input voltage from 720mV to 620 mY. At
these input-voltages the overdrive-voltages stay between 100-200 mY, and the gain is
satisfactory. The motivation for applying adaptivity is saving power, while still satisfying
the specifications.
The gain is depicted in figure 18 for both DECT and Bluetooth operation mode.
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Figure 18: Gain for DECT and Bluetooth
frequency (GHz)

With the help ofequation (41) and table 6 the magnitude of the gain can be calculated:

(55)
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When 1- m 2LgCg =0 then the gain is very small. The notch in the gain-characteristic

appears exactly on the resonance frequency of the Lg-Cg filter (see fig. 18).

(56)

The notch in the gain curve helps to get some selectivity, but with component variations
(± 20 %) it is dangerous, because it can fall in the band of interest.
Under the matching constraint of equation (46) in equation (40), it is found that the gain
only depends on Ri and coLs:

IAvl=~
mLs

which corresponds with the simulation results in table 8.

(57)

Figure 19 shows that there is not much difference in the noise figure characteristics for
DECT and Bluetooth, except that the noise figure of Bluetooth is 0.6 dB higher. This
corresponds to equation (41), where a lower gm yields a higher noise figure. Because of
the lower gate-voltage in Bluetooth mode gm decreases. The peak in the noise figure
characteristic is also caused by the Lg-Cg filter, as can be seen when equation (51) is
substituted in equation (41).

(58)

At the resonance frequency of the Lg-Cg filter, the noise figure peaks. Like for the gain,
this is dangerous in terms of component variations due to process spread. Under matching
constraints (equations (46) and (51)), and by substituting equations (50), (44) and (45) in
equation (47), the noise figure becomes:

F =1+ (1 + Rnrin J2 .m 2o.r' LR {"-' gs s
s

(59)

The Su-parameter is significantly better for the DECT mode as depicted in figure 20. The
notches in the DECT characteristic are much steeper, which suggest there is less
reflection and energy loss in this mode. The LNA is matched for DECT, and not for
Bluetooth. Hence there is a mismatch for Bluetooth, and more reflection will occur.
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In table 8 the simulation results for ideal components are displayed in numerical form.

Table 8: Simulation results with ideal components

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz 2.4 GHz
input volta~e (Vi,,) 720mV 720mV 620mV
transconductance(~m) 29.1 mS 29.1 mS 22mS
voltage gain (A v) 19.4 dB 17.3 dB 16.3 dB
noisefigure (NF) 0.41 dB 0.66 dB 0.83 dB
SII -28 dB -30 dB -17 dB
i-dB C.p. -17.8 dBm -16.3 dBm -14.1 dBm
IIP3 - 8.8 dBm -8.1 dBm -3.0 dBm
draincurrent (ItiJ 4.2 rnA 2.1 rnA
power consumption 7.6mW 3.8mW

The results in table 9 are obtained by simulation with simple models of real components.
This means including a series resistance for every capacitance and inductance. The
resistance values can be calculated with equation when a finite quality factor is taken into
account. The quality factor is considered to be Qc = 20 for the capacitances and QL = 10
for the inductances, which are realistic values [8]. The equations for calculating the series
resistances are:

Q
_ mL

L -
R

1
Qc = meR

Table 9: Simulation results with non-ideal components

(60)

(61)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz 2.4 GHz
input volta~e (~n) 720mV 720mV 620mV
transconductance(~m) 28.9 mS 28.9 mS 21.7 mS
volta~e ~ain (A v) 16.4 dB 14.3 dB 13 dB
noisefigure (NF) 3.3 dB 3.7 dB 3.9 dB
SII -11.4 dB -11.1 dB -12.9 dB
i-dB C.p. -14.4dBm -13.2 dBm -11.4 dBm
IIP3 -5.3 dBm -5.0 dBm -1.6 dBm
draincurrent(ItiJ 4.4 rnA 2.04 rnA
power consumption 8.0mW 3.7mW
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The degradation of the noise figure is significant. Parasitic resistors introduce a lot of
extra thennal noise:

(62)

where Rmin represents the total parasitic resistance of the reactances used for the matching
(equation (47)). A second cause for the increase in the noise figure is that the noise match
(equation 51) is disturbed.
The parasites degrade the matching, and the voltage gain is reduced by 3 dB, but Sll is
still lower than -10 dB. The I-dB compression point and IIP3 are improved by the
resistance. Reason for this is the extra source degeneration provided by adding source
resistance.

Table 10: Worst case simulation results with non-ideal components

Parameter: DECT variations Bluetooth variations
frequency (f) 1.9 GHz 204 none 2.4 GHz none

GHz
transconductance(g,rJ 10.4 mS lOA Comp.:+20% 2.9mS Comp.:+20%

mS /pr.spr.:slow /pr.spr.:slow
/ V.sup.-l0% / V.sup.-10%

voltage gain (A v) 4.7 dB 3dB Comp.:+20% -3 dB Comp.:+20%
/pr.spr.:fast / /pr.spr.:slow
V.sup.-10% / V.sup.-l0%

noise figure (NF) 3.9 dB 5.2 dB Comp.:+20% 4.9 dB Comp.:-20%
/pr.spr.:slow /pr.spr.:slow
/ V.sup.-l0% / V.sup.-10%

Sll -7.1 dB -9.6 Comp.:+20% -8.6 dB Comp.:+20%
dB /pr.spr.: fast! /pr.spr. :slow

V.sup.-10% / V.su~.-10%
IIP3 -6.5 -0.84 Comp.:+20% -9.8 dBm Comp.:+20%

dBm dBm /pr.spr.: fast! /pr.spr.:
V.sup.-10% slow/ V.sup.-

10%

In table 10 the worst-case results are depicted for simulations including process spread,
voltagesupply variations (± 10 %) and variations of the component values (± 20 %).
When the process spread results in a higher threshold voltage (ca. 100 mV higher), it is
referred to as slow, and a lower threshold voltage (100 mV lower) as fast. Nonnally the
threshold voltage ranges around 500 mY. The transconductance and thus gain are very
low, because the transistors go out of saturation in the triode regions (equation 21,22).
The transistors go in triode region because of the decreased threshold voltage (hence
bigger overdrive voltage) and drop of the voltage supply, and as a result the overall
voltage overhead drops (equation 40). Another cause for the transistors going into triode
region is that when the threshold voltage drops, the overdrive voltage increases and hence
the drain-current increases, which on its tum increases the voltage drop over the resistor
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at the drain (Ri), so that the drain source voltage (Vds) of the transistor decreases, and the
transistor goes into the triode region. To prevent the transistors from going into triode
region, a biasing circuit should be utilized. Then the influence of the proces spread has be
investigated again, to see if the results are good. If the results are still bad, then there is
the option to decrease the value of the drain resistance (Ri), so that more voltage
overhead is left for the MOS transistors. The disadvantage of decreasing Ri is that the
gain decreases, and to have the same gain the transconductance then should be increased
which on its tum will require too much power.
The noise figure is more then 1 dB higher, because of the extra resistance of the
components variation. Again the IIP3 improves by adding extra resistance, as in table 9.
Process spread, resulting in component variations, leads to the shifting left or right of the
Su-characteristic, which deteriorates the matching. It also causes the gain and noise
figure characteristics to shift, and especially when the band of interest ends up in the
notch or peak (see figure 18 and 19), results are very bad, as is the case for the
attenuation in Bluetooth mode (table 10).

6.4 Conclusions

It is possible to have a multi standard LNA, but at the price of several coils, costing chip
area. It is obvious that the simulations with the real components that have a realistic finite
quality-factor show an increased noise figure, because of the large value (and hence
sizes) of the passive components used for matching.
Power-adaptivity can be implemented just by decreasing the input biasing voltage,
because Sll stays below -10 dB, and hence the gain is still within the specifications of
subsection 3.6. With adaptivity, the power that is needed in Bluetooth mode is halved.
Worst case simulations show that performance of the LNA can be disturbed significantly
by process spread, and voltage supply variations. Main reason for this disturbance is that
the transistors get out of the saturation region as a result of a larger overdrive voltage and
a smaller voltage overhead. This can be prevented with a biasing circuit
Because of the notches in figure 18 and peak in figure 19, performance of the LNA can
be significantly degraded when the characteristics of the figures shift left or right so that
the center frequency is in the notch or on the peak. This can be caused by process spread,
which results in variations in the sizes of the components.
The specifications of subsection 3.6 are satisfied, except for the DECT noise figure,
which is 0.3 dB higher then the specification for maximum DECT noise figure, but this
minor deviation is acceptable.
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7 Transformation of two single-band LNA's in all adaptive
band-switched LNA.

In the first subsection two single-band LNA's are presented. Biasing and matching are
discussed in the second subsection. Simulation results are discussed in the third
subsection.
In the fourth subsection these two single-band LNA's are combined in a band-switched
LNA with adaptivity. The approach to matching and adaptivity is explained in the fifth
subsection. New simulation results are discussed in the sixth subsection. In subsection
seven, conclusions and a comparison between the LNA's is presented.
The problem of the design in the previous section; the notch and peak in the gain
characteristics and respectively the noise figure-characteristics, which will shift due to
process spread, are avoided in the new design that is presented in this section.
The difference between the multi-band adaptive LNA in section 6 and the adaptive band
switched LNA of subsection 7.4 is that in section 6 there was matching at 1.9 and 2.4
GHz for DECT, and there are two notches in the Swcharacteristic (figure 20) and this
presented a danger with respect to process spread. In this section there will be matching
at one of the frequencies at the time. By shunting an external gate-source capacitance by
means of a switch the Swcharacteristic will shift to the wanted frequency-band, as in
figure 27.
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7.1 Single-band LNA

In figure 21 the basic circuit of the LNA is displayed. It can be biased and matched for
both DECT and Bluetooth band, with different component values.
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7.2 Biasing and matching

Applying the same approach for the trade off between noise and impedance matching, as
it is explained in section 6.2, in the case of this LNA impedance and noise matching can
be done in the following way.
The noise figure can be expressed as:

(63)

In figure 21 the reactances that form the impedances are displayed.
Table 11 lists which reactances in figure 21 correspond with the impedances in figure 15.

Table 11: Passive components (fig. 21) corresponding with impedances (fig. 15)

Impedance (fig. 15) Passive components (fig. 21)
Zg LQ
ZgS C:s
Zs Ls

Since the reactive components that form the impedances have a parasitic resistance, the
minimum obtainable noise figure is:

(64)

The noise figure is minimized if:

(65)

Substituting the corresponding components from table 11 in equation (65) gives equation
(66).

. .r 1
jOJ.Lg + + jOJLs =0

jOJCgS

The input impedance is described by equation (67).

(66)

(67)
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To have an impedance match together with the minimum noise figure, equation (65) is
substituted in equation (67):

(68)

Substituting the reactive components from table 11 gives:

(69)

Where Rin = Rs = 50 nand Cgs is the sum of the parasitic CMOS Cgs and an external Cgs.
Equation (66) can be rewritten in the form

(70)

When Lg and Ls are equal, new equations can be calculated and a direct relationship
between Ls, Lg and Cgs can be derived from equation (69) and (70).
The condition for the validity of the following equations is:L= Lg = Ls. Making the two
inductances equal, simplifies the design, because only one coil has to be designed in that
case.

c -Riimgs - 2m 2R.
In

(71)

(72)

Substitution of equation (72) in equation (71) shows the relationship between Land gm.

(73)

Note that an enlargement of the value for the transconductance results in a smaller L, but
a larger Cgs, if the frequency and input resistance values are fixed (equations (72) and
(73)).

This concept can be generalized, when the following conditions are valid: Ls=L and
Lg=nLs=nL.
Using equation (69) and (70), the more general expressions are found:

(74)
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(75)

Substitution of equation (75) in equation (74) shows the relationship between Land gm.

(76)

With the basic voltage gain equation (41) and table 11, the voltage gain for the LNA's in
this section can be calculated.

(77)

Substituting equations (74), (75) and (76) in equation (77), the voltage gain under
matching constraints can be expressed as:

(78)

and expressing the gain in dB:

(79)

Note that by increasing n, the gain increases with --In.

By substituting equation (67) in equation (63), the noise factor can be expressed as:

(80)

Substituting equations (74), (75), (76), (44) and (45) in equation (64), the minimum noise
factor under matching constraints can be expressed as:

F =1+ [1 + Rmin J2 ]gdO

Rs (n + l)gm
(81)

And since the MOS is in saturation gdO=gm, and the noise figure only depends on Rmin,
andn.
Increasing n lowers the noise figure.
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All figures, component calculations and simulation results in section 7 and 8 are
conducted for the case that n=l, if not so, this is mentioned explicitly. The Matlab
programs used to plot the Matlab figures and calculate the component values are
presented in Appendix B.

For a particular frequency (DECT or Bluetooth), the transconductance as a function of
Cgs can be depicted.
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Figure 22: Transconductance gm as a function of total gate-source capacitance eg5

Simulations for high values (approx. 30 mS) and medium values (approx. 10 mS) of gm
have shown that satisfactory results for gain and noise figure are obtained with a medium
value for the transconductance gm.
As shown in equations (78) and (81), the noise figure does not depend on gm, and only
the gain depends on --Jgm.

Now the transconductance is set to be gm=9.27 mS, the accompanying value ofCgs can be
read from figure 22 (Cgs=753 fF).
In figure 23, L as a function of Cgs is plotted (according to equation (69)), and it is
possible to find the value ofL that accompanies the value found for Cgs (L=4.3567 nH).
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Figure 23: L as a function of Cgo

The graph shows that decreasing Cgs means increasing L.
In table 11 the calculated component values are listed. For the Bluetooth LNA, a smaller
input voltage is supplied, and hence the transconductance is lower. According to equation
(69), a smaller Cgs is needed (if L has a constant value), to match the input of the LNA.
The reason for this will be explained in subsection 7.5

Table 12: Calculated component values (n=l)

Passive component DECT 1.9 Calc. Value Bluetooth Calc. Value
W/L (Moand M j) 25 !-lmlO.18 !lm 25 !-lmlO.18 !-lm
Rd 700n 700n
L 4.4nH 4.4nH
C"s total 753.4 fF 454.8 fF

Table 13: Calculated component values (n=9) for DECT

Passive component DECT 1.9 Calculated Value
W/L (Mo) 54 !-lmlO.18 !-lm
W/L (Mj ) 100 !-lmlO.l8 !lm
Rd 200n
L 1.26 nH
Cf!S total 454.6 fF
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7.3 Simulation results for single-band LNA

In table 14, results are given for two single LNA's as depicted in figure 21, one for
DECT, and one for Bluetooth, with component values as in table 12.
Note that for the Bluetooth LNA a lower input voltage is used, and hence the
transconductance is also lower, that results in somewhat lower gain and lower power
consumption.

Table 14: Simulation result with ideal components (n=l)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz 2.4 GHz
input voltaf!e (V;,J 720mV 720mV 591.4 mV
transconductance(f!m) 9.3 mS 9.3 mS 5.8mS
voltaf!e f!ain (A v) 22.6 dB 20.3 dB 20.7 dB
noisefif!ure (NF) 2.3 dB 4.1 dB 2.7 dB
Sll -20.2 dB -9.6 dB -19.3 dB
i-dB c.p. -15.1 dBm -14.4 dBm -11.6 dBm
IIP3 -10.9 dBm -10.2 dBm -5.1 dBm
draincurrent(I~ 1.5 rnA 0.48 rnA
power consumption 2.6mW 0.86mW

The simulations in table 15 are obtained by including parasitic series resistances
calculated with equation (60) and (61). The quality factor is considered to be Qc = 20 for
the capacitances and QL = 10 for the inductances [8].

Table 15: Simulation results with non-ideal components (n=l)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz 2.4 GHz
input voltaf!e (V;n) 720mV 720mV 591.4 mV
transconductance(f!mJ 9.1 mS 9.1 mS 5.7mS -
voltaf!e f!ain (A v) 21.4 dB 19.3 dB 19.4 dB
noisefif!ure (NF) 3.8 dB 5.5 dB 4.2 dB
Sll -14.5 dB -9.7 dB -14.1 dB
i-dB C.p. -14 dBm -13 dBm -10 dBm
IIP3 -6.6 dBm -4.9 dBm 0.589 dBm
draincurrent(I~ 1.4 rnA 0.46 rnA
power consumption 2.5mW 0.83 mW

The increase in noise figure is due to thermal noise produced by parasitic resistors. A
second cause for the increase in the noise figure is that the noise match (equation (70)) is
disturbed. The noise figure degrades approx. 1.5 dB by the total parasitic series
resistance, which total series resistance is approx. 15 Ohms. Linearity improves, because
of the extra source degeneration.
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Table 16 shows simulation results for the case that n=9. The reason that these simulations
are done is that the noise figure for DECT in the case that n=l does not satisfy the
specifications.

Table 16: Simulation result with ideal and non-ideal components (n=9) for DECT

Parameter: DECT (ideal) DECT (non-ideal)
frequency (f) 1.9 GHz 1.9 GHz
input volta~e (Vin) 750mV 750mV
transconductance(~m) 21 mS 21mS
volta~e ~ain (A v) 22 dB 21 dB
noisefi~re (NF) 0.735 dB 2.5 dB
Sl1 -23 dB -15 dB
I-dB c.v. -13 dBm -12 dBm
IIP3 -3 dBm -2dBm
draincurrent (Id) 3.8 rnA 3.8 rnA
power consumption 6.8mW 6.8mW

Comparing table 16 (n=9) with table 14 and 15 (n=I), it can be seen that most results are
similar, but by increasing the power consumption the noise figure is lowered
significantly.
Now all the specifications in subsection 3.6 are satisfied.
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7.4. Adaptive band-switched LNA

In this subsection the single-ended LNA's from section 7.3 are combined in an adaptive
multi-band LNA. In subsection 7.7 simulation results are compared to the single-band
LNA. Figure 24 depicts the schematic of the adaptive band-switched LNA.
Transistor M2 functions as a switch, and is on in DECT mode. It shunts the capacitor in
DECT mode whem the switch is on. In DECT mode it operates on Vin=720 mY, and in
Bluetooth mode, when the switch is off, Yin 591 mY. In this way power- and noise
matching are taken care of, while simultaneously power-adaptivity is implemented.
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Figure 24: Adaptive band-switched LNA
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7.5 Matching and adaptivity

The two single band LNA's of the previous subsections can be combined in one adaptive
multi-band LNA. To do this a scaling-factor /),o} is introduced that allows simultaneous
power- and noise-matching when operating in Bluetooth-mode or in DECT-mode.

/),OJ2 = (OJblueloolh J2 = 1.6
{J)DECT

(82)

As explained in subsection 7.2, a noise match is obtained when the following equation is
satisfied:

(83)

It is convenient to keep the inductances Ls and Lg equal, when switching from DECT to
Bluetooth mode, because inductances are more problematic to layout then capacitances.
Also this makes it possible to simplify calculations, as is shown in subsection 7.2.
In equation (83) the factor /),o} has to be compensated by Cgs when L=Ls=Lg is
considered to have a constant value for both frequencies. This means that when switching
to DECT mode, Cgs has to be multiplied with the scaling-factor /),0)2; to compensate for
the change in frequency. This can be accomplished by shunting a capacitance to the
existing capacitance, so that the total gate-source capacitance will become a factor /),o}
larger. The equation for the noise matching is satisfied for DECT and Bluetooth now, and
the next step is to match the input resistance for both frequencies.

R Ls
in =gmc

gs

(84)

When switching from DECT to Bluetooth mode, Cgs will become a factor l!/),o} = 0.63
smaller. According to equation (84), gm has to be multiplied by the same factor, to have
an impedance match. Lowering the input voltage lowers the transconductance, and hence
saves power. This concept is called adaptivity and can be applied for Bluetooth. With this
design technique (shunting Cgs), it is possible to achieve noise and impedance matching
for DECT and Bluetooth, and at the same time reduce the power consumption in the
Bluetooth mode. Because the Bluetooth specifications are less stringent then the DECT
specifications it is possible to save some power (adaptivity), and at the same time satisfy
the specifications for Bluetooth. Bluetooth demands less gain and allows a higher noise
figure.
Transistor M2 operates in the triode region, and functions as an on-off switch. In DECT
mode it is on, shunting the capacitance. In Bluetooth mode it is off, and the ac-current
will not flow through the capacitance. It can be switched on by applying 1.8 V, and off
when 0 V is supplied. The resistance of a switch when it is on is the inverse of the
transconductance:
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(85)

The NMOS switch has been optimized with respect to noise figure and to have low
resistance (when it is conducting), in order to get the best results. Its parameters are
shown in table 17.
The values of table 12 are applied, and to get the capacitance for DECT mode (753 iF), a
capacitor of 293 iF is switched in parallel with the existing capacitance (455 iF) for
Bluetooth mode.
These Cgs values are adjusted to have the lowest SII exactly for the DECT / Bluetooth
center frequencies in the DECT and Bluetooth mode. To calculate the noise and
impedance matching equations a simplified small signal model of a MOS transistor is
used. Since the simulator uses more complex models, manual adjustment is necessary.
In table 17 and 18, the adjusted component values for the matching are presented for n=l,
respectively n=9, where n= the ratio between Lg and Ls (see also page 41). At first they
are calculated with a Matlab program (appendix B). To get a good match, and thus SII at
the wanted frequencies, some adjustment is done, by means of simulations. These
adjusted values are presented in table 17 and 18. To calculate the input resistance
(equation (67)) a simplified small signal model of a MOS transistor is used. Since the
simulator uses more complex models, the simulation results can deviate somewhat from
calculations done with a simple small signal model.
By adjusting the values of the components in table 12, the Sn-characteristic can be
shifted to the left or the right. However this influence can be considered minor compared
to possible influence of component spread, which can shift the Sn-characteristic even
more.

Table 17: Component values (n=l)

Passive component DECT Value Bluetooth Value
W/L (MoandMj) 25 urn/0.18 urn 25 urn/0.18 urn
W/L (M2) 100 urn/0.18 urn 100 urn/O.l8 urn
Rd 700n 700n
L (=Ls=Lf!) 4.4 nH 4.4 nH
Cf!S total 854.2 iF 509 iF

Table 18: Component values (n=9)

Passive component DECTValue Bluetooth Value
W/L (Moand M j ) 54 urn/O.l8 urn 54 urn/0.18 urn
W/L (M2) 100 urn/0.18 urn 100 urn/0.18 urn
Rd 200n 200n
Ls (= L) 1.26 nH 1.26 nH
Lz (nL) 11.38 nH 11.38 nH
Czs lotal 454.6 iF 166.57 iF
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7.6 Simulation results for adaptive band-switched LNA

In table 19 the simulation results with ideal components are given. Although the LNA is
not matched at 2.4 GHz, while working in DECT mode, these results have been put in the
table to show that the adaptive band-switched LNA nevertheless has reasonable
performance at this frequency.

Table 19: Simulation results for ideal components (n=l)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz 2.4 GHz
input volta~e (~,J 720mV 720mV 591.35 mV
transconductance(~mJ 9.3 mS 9.3 S 5.8mS
volta~e~ain (Av) 22 dB 19.7 dB 20.5 dB
noisefi~re (NF) 2.3 dB 4.2 dB 2.9 dB
Sll -27.9 dB -9.2 dB -27.5 dB
i-dB C.p. -13.7 dBm -12.8 dBm -10 dBm
IIP3 -5.7 dBm -4.7 dBm -0.18 dBm
draincurrent (ItiJ 1.5mA 0.48mA
power consumption 2.6mW 0.86mW

Comparing table 19 to 14 it is clear that the switch that is on in DECT mode, introduces
an extra 0.2 dB noise.
The simulations results in table 20 are obtained by including parasitic series resistances
calculated with equation (60) and (61). The quality factor is considered to be Qc = 20 for
the capacitances and QL = 10 for the inductances.

Table 20: Simulation results for non-ideal components (n=l)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz 2.4 GHz
input voltaie (Vin) 720mV 720mV 591.4 mV
transconductance6!m) 9.1mS 9.1 mS 5.7mS
volta~e~ain (A v) 20.7 dB 18.6 dB 19 dB
noisefi~re (NF) 3.8 dB 5.5 dB 4.4 dB
Sll -21.7 dB -9.8 dB -16.6 dB
i-dB C.p. -13 dBm -11.8 dBm -11.7 dBm
IIP3 -4.9 dBm -3.8 dBm -5.2 dBm
draincurrent(Id) l.4mA 0.46 mA
power consumption 2.5mW 0.83mW
As expected there is a similar degradation of the parameters as in subsection 7.3.
Linearity improves, while noise figure and gain degrade.
The increase in noise figure is due to thermal noise produced by parasitic resistance. A
second cause for the increase in the noise figure is that the noise match (equation 83) is
disturbed.
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The tables below show simulations results for ideal and non-ideal components. These
simulations are conducted with components that are calculated with n=9 (table 18).
Reason for this is that the noise figure for DECT ifn=l (table 20) does not meet the 3 dB
specifications. As can be seen in equation (81), the noise figure will decrease if the factor
n Increases.

Table 21: Simulation results for ideal components (n=9)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz
Vb 1.5 V 1.5 V
input vo/taze (VinJ 750mV 600mV
transconductance(Zm) 21.9 mS 13.6 mS
vo/taze zain (A v) 21.5 dB 21 dB
noise fizure (NF) 0.95 dB 0.85 dB
SII -23 dB -20 dB
I-dB c.p. -13 dBm -10.5 dBm
IIP3 -3 dBm -0.5 dBm
draincurrent(Id) 3.8 rnA 1.2 rnA
power consumption 6.8mW 2.16 mW

Table 22: Simulation results for non-ideal components (n=9)

Parameter: DECT Bluetooth
frequency (f) 1.9 GHz 2.4 GHz
Vb 1.5 V 1.5 V
input vo/taze (Vin) 750mV 600mV
transconductance(Zm) 21.9 mS 13.6 mS
voltaze zain (A v) 20 dB 19 dB
noisefizure (NF) 2.7 dB 2.57 dB
SII -14 dB -16 dB
I-dB c.p. -11.6 dBm -10 dBm
IIP3 -1.6 dBm OdBm
draincurrent(I~ 3.8 rnA 1.2 rnA
power consumption 6.8mW 2.16 mW

From tables 21 and 22 it can be concluded that al specifications are satisfied. The
simulations with non-ideal components show that the noise figure is still below 3 dB.
Comparing tables 21 and 22 to table 16, it can be concluded that the switch introduces 0.2
dB to the noise figure when it is on.

In figure 25 and 26, gain and noise figure are depicted. These graphs are obtained by
simulations with ideal components for the case that n=1. The gain is 6 dB lower then in
tables 19 and 20, because the source resistance is included in the simulation circuit.
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Comparing figure 25 and 26 to figure 18 and 19 of the multi-band adaptive common
source LNA in subsection 6.3, it can be seen that the notch in the gain, and the peak in
the noise figure are not present in the characteristics off the new design. This is due to the
fact that there is no Lg-Cg-filter as in section 6 that provides simultaneous matching at 1.9
and 2.4 GHz.

In figure 27 The Su-parameter simulation results (real components) for DECT and
Bluetooth mode are depicted. The characteristic shifts to the right, when switching to
Bluetooth mode. Instead of having two notches as in figure 20, now one notch is present
that shifts, when switching to a different mode.
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54



Table 23: Worst case simulation results with non-ideal components

Parameter: DECT variations Bluetooth variations
frequency (f) 1.9 GHz 2.4 GHz none 2.4 GHz none
transconductance 3.2mS 3.2 mS Comp.:+20% 0.93 mS Comp.:+20%
(g"J /pr.spr.:slow /pr.spr.: slow

/ V.sup.-1O% / V.sup.-10%
voltage gain (A v) 12.4 dB 9.5 dB Comp.:+20% 5.35 dB Comp.:+20%

/pr.spr.:slow /pr.spr.:slow
/ V.sup.-l0% / V.sup.-10%

noise figure (NF) 9.1 dB 11.9 dB Comp.:+20% 21.3 dB Comp.:+20%
/pr.spr.:slow /pr.spr.:slow
/ V.sup.-1O% / V.sup.-10%

SlI -8.6 dB -3.8 dB Comp.:+20% -8 dB Comp.:+20%
/pr.spr.:slow/ /pr.spr.:slow
V.sup.-l0% / V.sup.-10%

IIP3 -12.1 -11 dBm Comp.:-20% -13 dBm Comp.:+20%
dBm /pr.spr.: fast! /pr.spr.: fast!

V.sup.-10% V.sup.-1O%

Worst case simulations in table 23, including process spread, voltage supply variation
(10%) and passive component value variation, give very bad results for gain and noise
figure.
In table 23 the worst-case results are depicted for simulations including process spread,
voltagesupply variations (± 10 %) and variations of the component values (± 20 %).
When the process spread results in a higher threshold voltage (ca. 100 mV higher), it is
referred to as slow, and a lower threshold voltage (100 mV lower) as fast. Normally the
threshold voltage ranges around 500 mV. The transconductance and thus gain are very
low, because the transistors get out of saturation in the triode regions (equation 21,22).
The transistors go in triode region because of the decreased threshold voltage (hence
bigger overdrive voltage) and drop of the voltage supply, and as a result the overall
voltage overhead drops (equation 40). Another cause for the transistors going into triode
region is that when the threshold voltage drops, the overdrive voltage increases and hence
the drain-current increases, which on its tum increases the voltage drop over the resistor
at the drain (Rt), so that the drain source voltage (Vds) of the transistor decreases, and the
transistor goes into the triode region. To prevent the transistors from going into triode
region, a biasing circuit could be utilized. Then the influence of the process spread has be
investigated again, to see if the results are good. If the results are still bad, then there is
the option to decrease the value of the drain resistance (Rt), so that more voltage
overhead is left for the MOS transistors. The disadvantage of decreasing Rt is that the
gain decreases.
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7.7 Conclusions
In this section a design concept for adaptive band-switched LNA's is presented, and it is
shown that it is possible to combine two single band LNA's in a multi-band band
switched LNA for DECT and Bluetooth without significant influence on the simulation
results. The needed chip area is halved.
Choosing the parameter n, and setting the transconductance to a value of choice, makes it
possible to design an adaptive band-switched LNA, with the help of just two equations
((75) and (76)). The desired noise figure and gain can be determined on forehand with
equations (78) and (81). This design procedure is implemented in a Matlab-program
(Appendix B).
Two types of adaptive band-switched LNA's are simulated. The first LNA is simulated
for n=1 and the second for n=9, where On' is the multiplying factor that determines the
relationship between the value of the gate inductance and the source inductance
(Lg=nLs=nL). If n increases the overall component sizes increase, especially the gate
inductance. This can be optimized since there are choices in setting parameter values.
The adaptive band-switched LNA for n=1, reaches all the specifications in subsection
3.6, except for the noise figure in DECT mode, which is 0.8 dB higher. This LNA is very
low power, and with the concept of adaptivity, only a third of the power in DECT mode
is needed when operating in Bluetooth mode. Making the inductances equal (n=1),
simplifies the layout process, since only one coil has to be designed and layouted.
To satisfy the 3 dB specification for the maximum DECT noise figure, a second adaptive
band-switched LNA for n=9 is simulated. This LNA uses two and a halve times more
power, but it satisfies all the specifications, and the DECT noise figure is even 0.3 dB
better then the specifications. The noise figure for Bluetooth (2.57 dB) is twice as good as
the required maximum noise figure (5 dB) the specifications in subsection 3.6.
Worst-case simulations give bad results and a biasing circuit is the suggested solution.
The new design has no large inductors and does not have peaks and notches in the noise
figure and gain as in section 6. Those could significantly increase noise figure and
decrease gain if the characteristics in figure 18 and 19 would shift left or right under
influence of process spread.
Since the noise figure for the multi-band adaptive common source LNA in section 6 is
not as good as for the adaptive band-switched LNA with n=9 in section 7.4, it can be
preferred to implement the adaptive band-switched LNA for n=9 of subsection 7.4. It
consumes more then twice the power then the LNA with n=1, but still has low power
consumption. This LNA also prevails the danger of the notches and peaks that occur in
the gain- and noise figure-characteristics of the multi-band adaptive common source
LNA in section 6.
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8 Differential adaptive band-switched LNA

In this section the adaptive band-switched LNA from section 7 is implemented as a
differential LNA. The schematic of the LNA is depicted in figure 28. As can be seen in
the schematic, only the output is differential, and the LNA has no current tail, that is why
the LNA in the schematic is actually pseudo-differential. Since the source inductances
form a very low impedance at the DECT and Bluetooth frequency, the pseudo LNA can
be considered as a fully differential LNA.
A fully symmetric differential amplifier is obtained by mirroring the single-ended LNA
of subsection 7.4.
The main advantage of differential amplifiers compared to single ended amplifiers is that
interfering signals with equal amplitude and phase on the differential inputs, are
subtracted from each other, and thereby cancelled, leaving the wanted input signal intact.
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V out

f----.--1~-- CB\ue -!f----j

CDECTC DECT-i E-- .._) ~-

M, f jL, ~d L, \ fM<

Von=1.8V (DECT) v~~T Von=1.8V (DECT)

/--_V_Of_F_O_V_(_B_L_U_E_) ...il/'~.,N.r.----V-O-fI--O-V_(B_L_U_E_)_---.,
R=l MD R=l MD

Figure 28: Differential adaptive band-switched LNA
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8.1 Biasing and matching

To have the same noise figure as in subsection 7.6 (approx. 21 dB), the LNA is biased
with the same transconductance as in section 7. More specifically, with the same aspect
ratios and same biasing voltages.
Since the source resistance is now divided over two differential amplifier-inputs each of
the inputs sees half of the total source resistance. This is called the half circuit concept,
and can be applied when calculating on fully symmetrical differential amplifiers [2].
Hence the component values for one half circuit have to be recalculated. In equation (84)
the input impedance that a half circuit sees at its input is now halved, and hence Rs = Rin
= 25 0 at both of the inputs. The values for all the capacitances and inductances have to
be recalculated, to match the new input resistance (for the half circuit) according to
equation (71) and (72).
Table 24 shows aspect ratios of the transistors and the matching values calculated for the
different components. They are obtained using the Matlab program in appendix B.
The parasitic gate-source capacitance is approx. 50 fF for a transconductance of approx.
10 mS. The value of Cgs in table 24 includes this parasitic capacitance and represents the
total gate-source capacitance needed for the input match. Since the matching components
(L and Cgs) are recalculated, these values differ a factor --.J2 from the values in table 17.

Table 24: Calculated component values (n=l)

Passive component DECT Calculated Value Bluetooth Calc. Value
W/L (Mo, MI, M3, M 4) 25 ~mlO.18 !lm 25 ~mlO.18 ~m

W/L (M5 and M6) 100 ~mlO.18 ~m 100 ~mlO.18 !lm
Rd 7000 7000
L 3.1 nH 3.1 nH

C"s total 1146 fF 687 fF
In table 19 a theoretical comparison between a single-ended and the differential
implementation the LNA is given. This comparison is only valid for a balanced LNA that
has the same transconductance as its single-ended implementation. Applying the half
circuit concept and substituting Rin,diff = Rin,single12 in equations (71) and (72), and
substituting these into equation (59) (which is also valid for section 7), it follows that the
noise figure for a differential LNA is the same as for the single ended LNA in section 7,
under the condition that gm has the same value.
The voltage gain increases with 3 dB. This can easily be shown by substituting Rs,diff =

Rs,single12 Rin,diff = Rin,single/2 in equation (79) for the single ended LNA.

Table 25: Differential against single-ended parameters

Parameter Sin2Je-ended Differential
gain (A v)

IA,I~ 10IOg[ (~:.:~: ] + 20 log[Rd ] IA,I ~ 1010g[ (~:~!::]+ 201og[Rd ]+ 101og(

NF
F ~ 1+ [I + Rmior )goo F~I+[l+ Rmmr )goo

Rs (n + l)gm Rs (n + l)gm
powercons. Id*Vdd 2*Id* Vdd
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8.2 Simulations results for differential adaptive band-switched LNA

Tables 26 and 27 show simulation results for ideal and non-ideal components. (n=Lg/Ls)

Table 26: Simulation results for ideal components (n=l)

Parameter: DECT Bluetooth
frequency (f) 1.89 GHz 2.4 GHz 2.4 GHz
input volta~e t'Vin) 720mV 720mV 591.4 mV
transconductance(~m) 9.3 mS 9.3 mS 5.8mS
volta~e~ain (A v) 25 dB 21.8 dB 23.5 dB
noisefi~ure (NF) 2.4 dB 5.1 dB 2.7 dB
Sl1 -25.5 dB -5.9 dB -22.6 dB
I-dB c.p. -12.6 dBm -10.7 dBm -8.6 dBm
IIP3 -5.6 dBm -2.9 dBm -4.2 dBm
draincurrent(I~ 3 rnA 0.93 rnA
power consumption 5.2mW 1.7mW

Table 27: Simulation results for non-ideal components (n=l)

Parameter: DECT Bluetooth
frequency (f) 1.89 GHz 2.4 GHz 2.4 GHz
input volta~e (Vin) 720mV 720mV 591.4 mV
transconductance(~m) 9.2 mS 9.2mS 5.8mS
volta~e~ain (A v) 23 dB 20.4 dB 20.5 dB
noisefi~ure (NF) 4.7 dB 6.8 dB 5 dB
Sl1 -12.6 dB -6.2 dB -12 dB
I-dB c.p. -10 dBm -8.7 dBm -6.7 dBm
IIP3 -2.4 dBm -0.25 dBm +4.9dBm
draincurrents (I~ 2.8 rnA 0.95 rnA
power consumption 4.5mW 1.7mW

Tables 26 and 27 can be compared with table 19 and 20 in subsection 7.6.
The voltage gain is approx. 3 dB higher then for the single ended LNA of section 7.5.
Changes in the noise figure in comparison with section 7 are negligible in the case of
ideal components. In the case of non-ideal components the noise figure is approx. 1 dB
higher for the differential, then for the single ended LNA, because doubling the quantity
of components means also increasing the parasitic resistance, and hence increasing the
thermal noise in comparison to the single ended LNA of section 7.4.
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There is a general degradation of the Sn-parameter compared to the single-ended LNA in
section 7. Figure 29 shows the shifting of the Sn-characteristic when going from DECT
into Bluetooth mode.

10

[ Sll (dB)

Bluetooth=-22.6 dB @2.44 GHz
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-
m -10
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-20
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freq ( Hz )

2.2G 2.6G

frequency (GHz)

3.0G

Figure 29: Su-characteristics for differential adaptive LNA

There is a small improvement in the I-dB compression point, in the case of ideal and
non-ideal components.
The IIP3 is degraded in Bluetooth mode for ideal components, while in the case of non
ideal components there is a general improvement.
Because the drain current of the single-ended LNA in section 7 is now doubled while the
power supply has t he same value as in section 7, the power consumption is doubled.

In figures 30 and 31, gain and noise figure are depicted for both frequencies. The graphs
are similar to the graphs of the adaptive single-ended LNA in figures 25 and 26. The gain
is 6 dB lower as in tables 26 and 27, because the source resistance is included in the
simulation circuit.
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Figure 31: Noise figure for differential adaptive LNA
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8.3 Conclusions

The differential adaptive band-switched LNA is biased with the same values for the
transconductance (aspect-ratios) and biasing voltages as the single-ended adaptive band
switched LNA with n=1 of subsection 7.4 and those have been compared. The values of
the matching components are multiplied with a factor "';2, since the source resistance is
halved and the half circuit concept is applied [2], as explained in subsection 8.1. The
following comparisons can be made under the condition that, the transconductance is the
same for both single ended and balanced differential topologies. A differential LNA with
the same transconductance as its single-ended version has 3 dB additional gain. When
simulations are conducted with ideal components, the noise figure of a balanced
differential LNA has the same noise figure as the single ended LNA. However if
simulations are conducted with non-ideal components, the noise figure of the differential
LNA increases more then 0.6-0.9 dB compared to the single-ended LNA.
There is no significant difference between a single-ended and a differential LNA
considering the simulation results, except for the increase in noise figure due to the fact
that more components are used, and thus more parasitic effects introduced in the circuit.
The differential LNA produces more gain, but has the disadvantage that it uses twice as
much power. Another disadvantage is that in comparison with the single ended adaptive
LNA, approximately twice the amount of components are needed, and hence twice the
chip area.
The main advantage of differential amplifiers compared to single ended amplifiers is that
interfering signals with equal amplitude and phase on the differential inputs, are
subtracted from each other, and thereby cancelled, leaving the wanted input signal intact.
The second advantage is that the presented differential LNA has 3 dB additional gain.
Since simulation results are similar, but in particular the noise figure degrades in
comparison with the single ended adaptive LNA, and weighting advantages against
disadvantages, the single-ended implementation of the LNA is preferable above the
differential LNA.
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9 Low voltage folded cascode LNA

In figure 32 a folded cascode LNA with current mirror is depicted. The current mirror is
formed by MOST M2 and M3 (in saturation) and provides a constant DC current, copied
from an external reference current. Multi-band functionality is provided by having two
different inputs, one for the DECT-band, and the other for Bluetooth-band. This is based
on changing the value of the input inductance, and the goal is to obtain an input-match at
the desired frequency. This will be explained in the next subsection.
The folded cascode has the full voltage headroom available to both transistors, and that is
the advantage compared to the normal common source cascode described in previous
sections. In the common source cascode configuration, transistors will drop out of
saturation if the power supply is lowered too much. In a folded cascode configuration
voltage supply can be lowered while the transistors stay in saturation. As long as the
transistors stay in saturation the LNA specifications are not influenced significantly by
the lower power supply.

ITef

Vdd=l V

lout

V out

Figure 32: Low voltage folded cascode LNA
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9.1 Biasing and matching

When the concept of power-adaptivity, discussed in subsection 7.5 is not applied, Lg can
be the variable component, instead of Cgs. Adaptivity is not possible when Lg is the
variable component, because Lg has to present in both the impedance-matching equation
(86) and the power-matching equation (87) to be able the power-adaptivity concept of
subsection 7.5. The advantage is that it is not necessary anymore to switch Cgs. With the
loss of the switch, noise figure is improved. Instead of switching Cgs now two inputs
(DECT or Bluetooth) are available. As in figure 32 the DECT-input has a larger
inductance at the gate.
All transistors are in saturation. The input resistance has to be matched to the source
resistance (Rin = Rs = 50 n), as in equation (70). Through biasing the transistor the
transconductance is set to a value of gm=14.46 mS, to have gain according to the
specifications. Choosing a value for Cgs makes it possible to calculate Ls as in equation
(86).

L R;nCgs
R;n = g m _s ~ Ls = (86)

CgS gm

The next step will be to calculate Lg. The value of Lg changes depending on the operating
frequency off the LNA. From equation (83) a new equation can be derived.

(87)

For each the DECT- and the Bluetooth frequency a value of Lg that is required for
matching is calculated. In table 28 the values are listed. The parasitic gate source
capacitance has a value of 60 fF for both frequencies and is taken into account in the
calculations.

Table 28: Component values for low voltage folded cascode LNA

Passive component DECT Value Bluetooth Value
W/L (Ma) (NMOS) 30 urn/0.18 urn 30 urn/0.18 urn
W/L (Mj) (PMOS) 100 urn/0.18 llm lOOu/0.18 urn
W/L (M2) (PMOS) 75 urn/0.18 urn 75 urn/0.18 urn
W/L (M3) (PMOS) 25 urn/0.18 urn 25 urn/0.18 urn
Cf!S total 900 fF 900 fF
Rd 1500 n 1500 n
Ls 3.8nH 3.8nH
Lf! 4.3 nH 1.19 nH

With the help of table 28, the value for Lg,DECT can be calculated:

Lg,DECT =4.3-1. 185= 3.115 nH,
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Which is placed in series with the inductance for Bluetooth mode when operating in
DECT mode, as depicted in figure 32.

9.2 Simulation results for folded cascode LNA

In table 24 the simulation results for the low voltage folded cascode are listed.
It is possible to meet all the specifications presented in subsection 3.6, except for the fact
that the noise figure is very high. This is due to the current mirror, which 2 PMOS
transistors introduce a lot of additional noise.
Results from simulations with ideal resistors, inductors and capacitances are presented in
table 30, and no further simulations with non-ideal components are conducted. Reason
for this is that the noise figure is already unacceptably large.
The results in table 29 are obtained with the use of an ideal current source, instead of a
current mirror.

Table 29: Simulation results for ideal components

Parameter: DECT Bluetooth
frequency (I) 1.9 GHz 2.4GHz 2.4 GHz
input volta$!e (Vin) 700mV 700mV 700mV
transconductance6~m) 11.5 mS 11.5 mS 11.5 mS
volta$!e $!ain (A y) 22 dB 17.5 dB 18.3 dB
noise fi$!ure (NF) 2.5 dB 04.5 dB 3.3 dB
Sl1 -44.4 dB -6.7 dB -28.1 dB
lout 2 rnA 2 rnA
Vdd IV IV

Table 30: Simulation results for non-ideal components

Parameter: DECT Bluetooth
frequency (f) 1.89 GHz 2.4 GHz 2.4 GHz
input volta$!e (VirJ 700mV 700mV 700mV
transconductance6~m) 11.5 mS 11.5 mS 11.5 mS
volta$!e gain (A y) 18.1 dB 13.3 dB 14.3 dB
noise fiJ;!Ure (NF) 7.4 dB 8.8 dB 8.3 dB
Sl1 -44.4 dB -6.7 dB -28.1 dB
i-dB C.p. -16.935 dBm -15.1828 dBm -15.2 dBm
IIP3 -9.2 dBm -8.6 dBm -8.6 dBm
Iref 1 rnA 1 rnA
lout 2 rnA 2 rnA
Vdd IV IV
It IS ObVIOUS from table 29 and 30 that the current mirror negatively affects noise figure
and gain. Noise figure increases with 5 dB, and gain decreases with 4 dB. Sl1 is not
affected by the use of a current mirror.
In figures 33, 34 and 35, gain, noise figure and Su-parameters are depicted, for DECT
mode as well for Bluetooth mode. The graphs are obtained with the use of an ideal
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current source (table 28) instead of the current mirror. Though parameters degrade when
a current mirror is used instead of an ideal current source, the characteristic shape of the
graphs is the same. The gain is 6 dB lower as in tables 26 and 27, because the simulation
circuit includes the source resistance.
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Figure 33: Gain for low voltage folded cascode LNA
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Figure 34: Noise figure for low voltage folded cascode LNA
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9.3 Conclusions

The folded cascode topology with a current source is not suitable for a LNA that has to
meet the specifications of subsection 3.6. This current source is implemented by means of
a current mirror, consisting off two PMOS-transistors, which produce additional noise, so
that the noise figure degrades significantly.
Except from this disadvantage an advantage is that the folded cascode can easily operate
on low voltage (1 Volt instead of 1.8 Volt), without significant influence on the
performance.
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10 Conclusions and directions for future research

In the first subsection final conclusions and recommendations are given. The second
subsection gives directions for future research.

10.1 Conclusions

Several LNA topologies, with different matching approaches are researched. All
investigated LNA's are simultaneously power and noise matched.
In section 6 the multi-band adaptive common source LNA is investigated. Problems were
the large component sizes, and vulnerability to process spread. The LNA in section 6
satisfies all the specifications in subsection 3.6, except for the 0.3 dB higher noise figure
when the LNA is operating in DECT-mode. The LNA is low power, and with the concept
of adaptivity half the power is saved when the LNA is operating in Bluetooth-mode.
These problems were attacked in section 7 (adaptive band-switched LNA), and the gain
and noise figure characteristics showed that the peaks and notches, due to the L-C- filter
of the previous LNA where gone. In section 7 it is shown that it is possible two combine
two single-band LNA's in one adaptive band-switched LNA, while having the similar
simulation results. Section 7 also reveals a LNA design-concept that makes it possible to
design a noise and power matched adaptive band-switched LNA, utilizing two equations.
Desired gain and noise figure can be determined on forehand, so that the specifications
are satisfied. The adaptive band-switched LNA's are low power and being adaptive it
uses one third of the power when it is operating in Bluetooth mode. Two adaptive band
switched LNA's are designed in section 7. The first LNA is designed with the parameter
n=l (where n is the ratio between the gate inductance and the source inductance) and it
satisfies all the specifications, except the noise figure when operating in DECT-mode is
0.8 dB higher then the specification of 3dB. The second adaptive band-switched LNA,
with the parameter n=9 satisfies all the specifications of subsection 3.6,and its noise
figure of2.7 dB is better then required by the specifications.
In section 8 the adaptive band-switched LNA from section 7 is implemented as a
differential adaptive band-switched LNA. This differential adaptive band-switched LNA
has several disadvantages compared to its single ended counterpart. It has a higher noise
figure, consumes twice the power and chip area. Advantage is that this LNA has 3 db
extra gain. The differential adaptive band-switched LNA in section 8 satisfies all the
specifications in subsection 3.6, except for the fact that noise figure is 1.7 dB higher
when the LNA is operating in DECT-mode.
For all discussed LNA's worst-case results suggest the use of a biasing circuit.
In section 9, a low voltage folded cascode LNA is presented. Advantage of this LNA is
that it works on a low supply-voltage. The matching approach to this LNA is slightly
different then the adaptive band-switched LNA in section 7. A switch is not needed, at
the cost of having no adaptivity. For multi-band operation, there are now two inputs

69



available, for DECT or Bluetooth. The folded cascode topology needs a current source,
and the MOS transistors of this current source produce an unacceptably high noise figure,
so that the specifications in subsection 3.6 are not satisfied in the case off the noise
figure, while the other specifications are satisfied.
The adaptive band-switched LNA with n=9 in subsection 7.5 is the LNA that shows the
most promising results and it satisfies all the specifications in subsection 3.6.

10.2 Directions for future research.

Since the LNA's are very sensitive to the combination of process spread that results in
component variations and voltage supply variations, it is advisable to include a bias
stabilizing circuit.

In section 9, where the low voltage folded cascode LNA is presented, a current source is
necessary. This current source is implemented by means of a current mirror that
introduces a lot of extra noise. Instead of using a current mirror it could be possible to use
an inductance as a current source, with the goal to decrease the noise figure.
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Appendix A: Matlab programs ad subsection 6.2

%calculation of component values if value for gm-dect is chosen. gm_dect must be
chosen and Cgs-'parasitic_bluetooth nd Cgs-'parasitic_dect must be determinated by
means of simulations.
dc;
Rin=50;
C dect=1.897*10"9;
C bluetooth=2.402* 10"9;
w_dect=2*pi*Cdect;
w_bluetooth=2*pi*Cbluetooth;
gm_dect=29.13041 *10"-3 %the parameter of choice
Cgs_dect_total=1.8247*10"-12 %read this value in the graph produced by matching.m
Cgs-'parasitic_dect_magnitude_I=2.059*10"-3 %simulate to get this parameter [A];
Cgs-.parasitic_dect-.phase_I=97.87*(pi/180) %simulate to get this parameter [rad];
Cgs-'parasitic_dect=(Cgs-'parasitic_dect_magnitude_1*sin(Cgs-'parasitic_dect-'phase_1))/
w dect
Cgs_dect=Cgs_dect_total-Cgs-'parasitic_dect %Cgs_dect IS placed parallel to
Cgs-'parasitic_dect
Lx=10*1O"-9 % Lx=Lb+Ls. %read this value in the graph produced by matching.m
Ls=(50*Cgs_dect_total)/gm_dect
Lb=Lx-Ls
condl=(w_bluetooth"2*Ls*Cgs_dect_total)-l
cond2= l-(w_dect"2*Ls*Cgs_dect_total)
cond3=w_dect"2*w_bluetooth"2*Ls*Cgs_dect_total"2
Lg=(((w_bluetooth"2*Ls*Cgs_dect_total)-l )*(1-
(w_dect"2*Ls*Cgs_dect_total)))/(w_dect"2*w_bluetooth"2*Ls*Cgs_dect_total"2)
Cg=1I(w_dect"2*w_bluetooth"2*Ls*Cgs_dect_total*Lg)
LgCgl=Lg*Cg
LgCg2=1/(w_dect"2*w_bluetooth"2*Ls*Cgs_dect_total)
Ls*Cgs_dect
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% this program plots graphs in subsection 6.2
clc;
C dect= 1.897*10"9;
f_bluetooth=2.402* 10"9;
w_dect=2*pi*Cdect;
w bluetooth=2*pi*f bluetooth;- -
gm_dect=29.13041 *10"-3 %the parameter of choice
b=2;
x=O;
y=0;
Cgs(l)=200*10"-15; %Cgs means Cgs_dect_total
for b=b:1:300

Cgs(b)=Cgs(b-1)+10* 10"-15
Lx_dect(b)=1I(w_dect"2*Cgs(b));
Lx_blue(b)=1/(w_bluetooth"2*Cgs(b));
Ls(b)=(50*Cgs(b))/gm_dect; % Ls has to be smaller then Lx_av, because Lb=Lx-Ls
Lx_av(b)=(Lx_dect(b)+Lx_blue(b))/2;
LgCg(b)=1/(w_dect"2*w_bluetooth"2*Ls(b)*Cgs(b));

end
plot(Cgs,Lx_dect,'r');
hold on;
plot(Cgs,Lx_blue,'b');
plot(Cgs,Lx_av,'g');
plot(Cgs,Ls,'m');
xlabelCCgs [F]');
ylabelCLx [H]')
grid;
hold off;
figure;
plot(Cgs,LgCg,'k')
ylabelCLgCg [H*F]');
xlabelCCgs [F]');
grid;
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Appendix B: Matlab programs ad subsection 7.2

%Calculation of component values for simultaneous noise and power matching if value
for gm-dect
%and the integer n is chosen.
%Simulation values of phase and magnitude from current through particular
%parasitic capacitance must be provided.
dc;
Rin=50;
C dect=1.9*10"\9;
C bluetooth=2.4*1 01\9;
w_dect=2*pi*Cdect;
w_bluetooth=2*pi*Cbluetooth;
delta_w2=(w_bluetooth/w_dect)A2 %delta_wl\2
gm_dect=9.267343*101\-3 %the transconductance is the parameter of choice
gm_bluetooth=(1/delta_w2)*gm_dect
n=1 %provide this parameter of choice
Cgs_decCtotal=sqrt(gm_dect/((n+1)*w_dectl\2*Rin))
%incorperates the parallel Cgs-parasitic
Cgs_bluetooth_total=(1/delta_w2)*Cgs_dect_total;
Ls=l/((n+1)*(w_dect)A2*(Cgs_dect_total))
L=Ls %with a little change ofthe program, this can also be the parameter of choice
Lg=n*L
% 3 parasitic MOS capacitances are calculated, and also the value for the two external
%Cgs-shunts, while taking all the parasitics into account to get accurate matching.
Cgs-parasitic_dect_magnitude_1=650.2*101\-6 %simulate to get this parameter [A];
Cgs-parasitic_dect-phase_1=92.21*(pi/180) %simulate to get this parameter [rad];
Cgs-parasitic_dect=(Cgs-parasitic_dect_magnitude_1*sin(Cgs-parasitic_dect-phase_1))/
w dect
Cgs-parasitic_bluetooth_magnitude_1=741.1 *101\-6 %simulate to get this parameter;
Cgs-parasitic_bluetooth-phase_1=91.9*(pi/180) %simulate to get this parameter;
Cgs-parasitic_bluetooth=(Cgs-parasitic_bluetooth_magnitude_1*sin(Cgs-parasitic_bluet
ooth-phase_I))/w_bluetooth %simulate to get this parameter;
%The switch is off in Bluetooth-mode, and thats when it has a high capacitance and
should be taken into account
Cds-parasitic_switch_ofCmagnitude_1=7.594*101\-3%simulate to get this parameter [A];
Cds-parasitic_switch_off-phase_1=175*(pi/180) %simulate to get this parameter [rad];
Cds-parasitic_switch_off=(Cds-parasitic_switch_off_magnitude_1*sin(Cds-parasitic_sw
itch_off-phase_I))/w_dect
%calculation off Cgs_dect_shunt; there are 2 solutions from a parabolic equation
caps=Cgs_bluetooth_total+Cgs-parasitic_dect-Cgs_dect_total-Cgs-parasitic_bluetooth
Cgs_dect_shunt_sol_1 =(-caps+sqrt(capsI\2-(4*caps*Cds-parasitic_switch_off)))/2
Cgs_dect_shunt_sol_2=(-caps-sqrt(capsI\2-(4*caps*Cds-parasitic_switch_off)))/2
%calculation off Cgs_blue_shunt
Cgs_blue_shunt_sol_1 =Cgs_dect_total-Cgs-parasitic_dect-Cgs_dect_shunt_sol_1
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Cgs_blue_shunt_sol_2=Cgs_dect_total-Cgs-lJarasitic_dect-Cgs_dect_shunt_sol_2
%take the results of solution 1 or 2, but negative solution is unvalid

%this program plots the graphs in subsection 7.2
Rin=50 %(Ohm);
f=1.9* 1QI"9;
w=2*pi*f;
b=2;
Cgs(1)=200* 1QI"-15;
for b=b: 1:200

Cgs(b)=Cgs(b-1)+10*lQ1"-15
Ls(b)=1/(2*w/\2*Cgs(b));
gm(b)=2*w/\2*Rin*Cgs(bY2

end
figure;
p10t(Cgs,Ls);
xlabel('Cgs [F]');
ylabel('Ls=Lb [H]')
grid;
figure;
p10t(Cgs,gm);
xlabel('Cgs [F]');
ylabel('gm [S]');
grid;
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