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ABSTRACT

Two band switchable low noise amplifiers (LNA) are designed for
ultrawideband (UWB) and Worldwide Interoperability for Microwave Access
(Wi-MAX) applications. The proposed dual=band:L NA for UWB wireless receiver
has two switchable bands. This LNA can operate at both 3.1-5GHz and 6-10.6GHz
frequency bands. The design consists ofia‘input-matching circuit, two cascode
common-source amplifiers and an output buffer for. measurement. Moreover, we give
a procedure to analyze the input matching circuit [9], which is important for input
matching design. The proposed LNA is designed with two loadings of switched
capacitors which use NMOS in order to make high quality factor (Q). The LNA gives
10.8dB and 16.8dB gain, 6.2dB and 6.5dB noise figure at 3.25-5.6GHz and
6-10.4GHz frequency band while consuming 22.46mW through a 1.8V supply using
the TSMC 0.18 # m CMOS technology. Based on the switch circuit of band
switchable UWB LNA the new switch circuit is also designed for of band switchable
Wi-MAX LNA. The LNA operates at 2.3GHz, 2.5GHz, 3.5GHz and 5.8GHz. The
proposed LNA consists of a wideband input matching circuit, a NMOS connected to
ground switch circuit, a common-source amplifiers and an output buffer for
measurement. The simulation result shows that the gain is 10.1dB, 11.1dB, 13.5dB
and 15.3dB at 2.3GHz, 2.5GHz, 3.5GHz and 5.8GHz, respectively. NF is 4dB, 3.5dB,
2.8dB and 3.4dB at 2.3GHz, 2.5GHz, 3.5GHz and 5.8GHz, respectively. The power
consumption is 11.5mW with 1.5V power supply. The LNA also uses TSMC 0.18 ¢z m

CMOS technology.



(S el

BANBRBESEEF SR A2 A A BARA BRI

¥ ’;L;‘J!'H;Eb"‘f'/* JEAD ¥ T Yt r‘ﬁ:?{% ’gi\fréf‘;lﬁ mlE;HT < R m;zr;g

ALy At indp o RN AP R LA £ R R R B R B

HR L RSN S kﬂp%’*dsb¢ﬁbﬁwwrﬁpz BE#Hr#EL R R X
PN h VUL R 5 R E -

#ﬁa?%%m%ﬁ%?é’*ﬂpzéﬂﬁﬁwiﬁﬁ@?uﬁm@',

\

.

BEALFAE R F AT IREFRE S BEHEEA - 2R ORI &
RF IC4g5 425 3 BHEEW > L ABRBTHZ gw,ﬁte,;i&,.gg 4
me 3 S L3 -

FERLLEIRRL ST R GRS EHRE A
7 lg‘n; ' BB &\; A2 A BT E o BRI ey o R F o dk s B TR
e 32 R B wE o SR PER R RAAR A2k %fﬁ
)xm?—p\*”ﬁ"ﬂpj’&j'l BAEST émfﬁuf%}:@v*\ B E R DA R EA A
?%i@mﬁ@mﬁw’Mﬁp’wﬁﬁﬁ%%iwpkum%@

N IE E RN AL SR B Y oE 4 23‘_&‘5’{‘ it o BRI RS Y o F AR
AT R o RIS PAN anRA 0 FI@ RS A SRR A - Y RE R
T P LA T R i G 515 £ R 7k -
TR RRAR (7 e F N F E e SRR e e L7 AR
Bd BRBE FILNE i ™ o AR 2R 3F 5 &R B gt 2R B
G N TN R S

et



Contents

Chinese AbStract. . ... .. i [
English Abstract. . . ... . i
Acknowledgment. . ... ... i
CONEENTS. . ..o 1\
Listof FIQures. . ... ..o Vi
Listof Tables. .. ... ... Xi
1 Introduction 1
L L UWB .. 1
L 2 Wi-MAX e 2
1.3 TraNSCRIVEr . . it e 3
1.4 Motivation and Contribution e, oo 4
1.5 Thesis Organization . .. .o . et oo 6
2 Background of LNA Design 8
2.1 S-parameters . ... ... 8
2.1.1 Multiple-Port NetworkS e o oo 12
21.2SmithChart . ... .. 14
22Noise INMOSFET .. ... 20
2.2 1FlCker NOISE . . ... 21
2.22Thermal NoOISe . . ... .. 21
2.2.3DrainNOISE . .. ..o e 22
224 Gate NOISE . . ... 23
225 NO0ISE FIgUIe . .. ..o 24
2.2.6 Noise factor in cascaded circuits . . . .................. .. 26
2.3 LiNearity . . ..o 27
24 LNA Architectures . .. ... 31
2.4.1 The Analysis of Inductive Source Degeneration LNA ... .. ... 32
3 Band Switchable UWB LNA Design 37
3.1 Consideration for UWB Switchable LNA .. .................. 37
3.2 Wideband Input Matching . ........... ... ... . i 38
3.3 Switch Circuit Topology . . ......... i 45



3.3.1LCHanK . ... e 45

332SwitchLoad . ........ ... ... 46
340utputBuffer . ... ... 51
3.5 The UWB Switchable LNA . . ......... ... ... .. ... ... ..... 53

3.5.1 Cascoded Amplifier with LC-Tank Load ................ 53

3.5.2 Cascade Amplifier with LC-Tank Load . ................ 54

3.5.3 Proposed Dual-band Low Noise Amplifier............... 55
3.6 Considerationof Layout . . ......... .. ... .. i, 56
3.7 Microphotograph of Chip . ........... ... ... . i 58
3.8 Measurement Result of Band Switchable UWB LNA .. ........ 58

3.8. L DISCUSSION . . .ttt 67
3.9 Improved Band Switchable UWB LNA . .................... 68
3.10 Layout of Improved Band Switchable UWB LNA . ........... 69

3.11 Microphotograph of Improved Band Switchable UWB LNA ... 70
3.12 Measurement Result of Improved Band Switchable UWB LNA . 70

312 1 DISCUSSION &« o vt e e e e e e e 73

4 Band Switchable Wi-MAX LNA Design 82
4.1 Consideration for Wi-MAX Switchable LNA . .. ............. 82
4.2 Wideband Input Matching ... . .o 0 0o 83
4.3 Switch Circuit Topology= . v cimmim i v o e e 84
440utput Buffer .. ... .. e 86
4.5 Band Switchable Wi-MAX LNA . . ... ... . 88
4.6 Simulation Result . . ... ... . 88
4.6.1 DISCUSSION . . o v e e e e 94

5 Summy 98
5.1 CoNCIUSIONS . . ..o e 08
5.2Future Work . .. ... 99

Reference 100



List of Figures

1.1

1.2

2.1
2.2
2.3
24
2.5

2.6

2.7

2.8

2.9

2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19

Bandwidth of UWB: (a) Band Groups of MB-OFDM. (b) Low

Band and High Band of DS-UWB. . . ... ... ... ...... 2
The Transceiver of direct-conversion transceiver. . . . . . . . . .. 4
The two-ports network. . . . . . . . . .. ... ... 10
The two-ports network inserted in to a transmission line. . . . . . 11
The two-ports network for S-parameters. . . . . . . . .. ... .. 12
The N-ports network for S-parameters. .. . . . . . . .. ... .. 13
Mapping Smith chart from impedance plane: (a)constant-r. (b)constant-
b /SN e - S 17
Smith chart. . . . . . .k WSl 4 . . . . . L. L L 18
The characteristic of Smith*ehastewr v, . . . . . 0 0 0 L 000 L 18
admittance Smith chart. . . . . .. ... ... 000000 19
The characteristic of admittance Smith chart. . . . . .. ... .. 19
The combined impedance-admittance Smith chart.. . . . . . . .. 20

The series or parallel of the inductance or capacitor of Smith chart. 20

A thermal noise model: (a) voltage type, (b) current type. . . . . 22
Drain noise model. . . . . . .. ... oo 22
The gate noise model: (a)voltage type. (b)current type. . . . . . . 23
cascade noise model. . . . . .. ..o 27
N-stage noise model. . . . . . . .. ... oo 27
The spectrum for the input and output of nonlinear amplifier. . . 28
Definition of the 1-dB compression point. . . . . . . . . . ... .. 29
The spectrum of the nonlinear circuit with two tone input. . . . . 30

vi



2.20
2.21

2.22
2.23

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

3.10

3.11

3.12

3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20

Definition of the [1P; point. . . . . . . . . . ... ... ... ...
The LNA architecture: (a) common source amplifier with shunt in-
put resistor. (b) common gate amplifier. (c¢)shunt-series amplifier.
(d)inductive source degeneration. . . . . . . ... ... ... ...
The cascode LNA architecture. . . . . . ... ... ... .....

The noise model of inductance source degeneration LNA. . . . . .

The dual feedback wideband matching. . . . . . . . ... ... ..
The small signal circuit of dual feedback circuit at high frequency.
The small signal circuit of dual feedback circuit at low frequency.

The Chebyshev filter for wideband matching. . . . . . . . . . . ..
The Chebyshev filter for passive device. . . . . . . . . .. ... ..
The input matching for UWB LNA. . . . . . ... ... ... ...
The input matching of passive.deviee for UWB LNA. . . . . . ..
The classical LC-tank amplifier. . . ... . .. . ... ... ..
The load of (a) switched capacitor-using PMOS [11] (b) switched
inductor [12]. . . . . =u. o UL i L
The proposed switched tapaecigor-amplifier: (a) The proposed cir-
cuit. (b) Condition for Mg,y offs(e)Condition for M, on.

The three types of switch band circuit: (a) PMOS-based switch.

(b) NMOS-based switch. (¢) NMOS-based switch with large resistor.

The impedance of three types switch band circuit: (a) at low fre-
quency, (b) at high frequency. . . . .. ... ... oL
The output buffer for measurement. . . . . . . . ... .. ... ..
The small signal circuit of output buffer. . . . . .. ... ... ..
The small signal circuit of output buffer for deriving gain.

Cascode amplifier. . . . . . .. .. ...
Cascade amplifier. . . . . . . .. . ... ... L
The proposed dual-band low noise Amplifier. . . . . . .. ... ..
The layout of band switchable UWB LNA. . . . . .. ... .. ..
The chip photo of band switchable UWB LNA. . . . .. ... ..

Vil

33
34
34

39
39
40
40
41
42
42
45

47

47

49

20
o1
D2
23
o4
95
26
57
59



3.21
3.22
3.23
3.24
3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35

3.36

3.37

3.38

3.39

3.40

The Si; parameter of band switchable UWB LNA at low frequency. 60
The S5; parameter of band switchable UWB LNA at low frequency. 60
The Sy parameter of band switchable UWB LNA at low frequency. 61
The NF parameter of band switchable UWB LNA at low frequency. 61
The Pyyp parameter of band switchable UWB LNA at low fre-

quency for measurement. . . . . . ... ... 62
The Pi4p parameter of band switchable UWB LNA at low fre-
quency for simulation. . . . .. ... ... 62
The I1P; parameter of band switchable UWB LNA at low fre-
quency for measurement. . . . . . .. ... 63
The I1P; parameter of band switchable UWB LNA at low fre-
quency for simulation. . . . .. ... .. 63

The 511 parameter of band switchable UWB LNA at high frequency. 64
The S5, parameter of band switchable UWB LNA at high frequency. 64
The Sy parameter of band switehable UWB LNA at high frequency. 65
The N F parameter of hand switchable UWB LNA at high frequency. 65
The Pi4p parameter of-band switchable UWB LNA at high fre-

quency for measurement. <. ... L L L Lo 66
The Pi4p parameter of band switchable UWB LNA at high fre-
quency for simulation. . . . .. ... .. 66
The I1P; parameter of band switchable UWB LNA at high fre-
quency for measurement. . . . . . .. ... 67
The I1P; parameter of band switchable UWB LNA at high fre-
quency for simulation. . . . .. ... ... 68
The layout of improved band switchable UWB LNA. . . . .. .. 72
The chip photo of improved band switchable UWB LNA. . . . . . 73

The S;; parameter of improved band switchable UWB LNA at low
frequency. . . . . .. L 74
The Sy; parameter of improved band switchable UWB LNA at low
frequency. . . . ... 74

viil



3.41

3.42

3.43

3.44

3.45

3.46

3.47

3.48

3.49

3.50

4.1

4.2

4.3

4.4

4.5

4.6
4.7

The Syy parameter of improved band switchable UWB LNA at low
frequency. . . . ...
The NF parameter of improved band switchable UWB LNA at
low frequency. . . . . . . ...
The P45 parameter of improved band switchable UWB LNA at
low frequency for measurement. . . . . . . ... ... ... ....
The I1P; parameter of improved band switchable UWB LNA at
low frequency for measurement. . . . . . . ... .. ... ... ..
The S;; parameter of improved band switchable UWB LNA at
high frequency. . . . . . . . .. ...
The Sy, parameter of improved band switchable UWB LNA at
high frequency. . . . . . . . .. ...
The Sy, parameter of improved band switchable UWB LNA at
high frequency. . . . . . o800, Lo
The NF parameter of improved band.switchable UWB LNA at
high frequency. . . . =00 o0 fd ol s oL
The P4 parameter ofdmproved.-band switchable UWB LNA at
high frequency for measurement. . . . % . . . .. ... ...
The I1P; parameter of improved band switchable UWB LNA at

high frequency for measurement. . . . . . . . . . .. ... ... ..

The input frequency is 3.5GHz, and noise is in two condition: (a)
narrow band, (b) wideband. . . . . ... ... 0000
The input frequency is 3.5GHz, and the interferences are in two
condition: (a) narrow band, (b) wideband. . . . . ... ... ...
The input matching for Wi-MAX LNA. . . . . . ... ... .. ..
The switch circuit of Wi-MAX LNA. . . . ... ... .. ... ..
The impedance of four types switch band circuit: (a) at low fre-
quency, (b) at high frequency. . . . .. ... ... L.
The proposed Wi-MAX low noise Amplifier. . . . . . ... .. ..
The S;7; parameter of band switchable Wi-MAX LNA. . . . . ..

X

76

76

84



4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18

The Sy; parameter of band switchable Wi-MAX LNA. . . . . ..
The Sy parameter of band switchable Wi-MAX LNA. . . . . ..
The NF parameter of band switchable Wi-MAX LNA. . . . . ..

The Py4p parameter of band switchable Wi-MAX LNA at 2.3GHz.
The Py4p parameter of band switchable Wi-MAX LNA at 2.5GHz.
The Py4p parameter of band switchable Wi-MAX LNA at 3.5GHz.
The P45 parameter of band switchable Wi-MAX LNA at 5.8GHz.
The I1P; parameter of band switchable Wi-MAX LNA at 2.3GHz.
The I1P; parameter of band switchable Wi-MAX LNA at 2.5GHz.
The I1P; parameter of band switchable Wi-MAX LNA at 3.5GHz.
The I1P; parameter of band switchable Wi-MAX LNA at 5.8GHz.

91
92
92
93
93
94
94
95
95



List of Tables

2.1

3.1
3.2
3.3
3.4
3.5

4.1
4.2

The harmonic of different w. . . . . . . . . . . . . ... .. ... 29
The measurement result of band switchable UWB LNA. . . . .. 69
The simulation result of band switchable UWB LNA. . . . . . .. 70
The performance comparison of band switchable UWB LNA. . . . 71

The measurement result of improved band switchable UWB LNA. 80

The performance comparison_of improved band switchable UWB

The simulation result of band switchable Wi-MAX LNA. . . . .. 96
The performance comparison of band-switchable Wi-MAX LNA. . 97

x1



Chapter 1

Introduction

In this chapter, we will introduce the background of UWB and Wi-MAX. More-
over, we introduce the corresponding RF transceiver. Finally motivation, contri-

bution and proposed design methodology.

1.1 UWB

UWRB system has became one of the most popular technologies which can trans-
mitting the data that has high data rate‘and-lewspower over a wideband spectrum,
since the UWB technology is defined for low pewér wireless communications in
February, 2002 [1]. However, the agreement of IEEE UWB standard (IEEE
802.15.3a [2]) has not been completely defined by two main proposed solutions,
multi-band-orthogonal frequency division multiplexing (MB-OFDM) and direct
sequence UWB (DS-UWB), that are both permitted to transmit in the band be-
tween 3.1GHz-10.6GHz for MB-OFDM and 3.1GHz-9.6GHz for DS-UWB. The
bandwidth of MB-OFDM is shown in Fig. 1.1(a). The band of OFDM-UWB
extends from 3176MHz to 10552MHz. The bandwidth of DS-UWB is with Low-
Band and High-Band which is shown in Fig. 1.1(b) is from 3100MHz to 4900MHz
and 6000MHz to 9700MHz. For UWB, we should avoid using the U-NII band
and the band for WLAN, because the band of U-NII and WLAN cover the group
2 of OFDM-UWRB. On the other hand. In DS-UWB, the band of 4900MHz to
6000MHz is not using, too. The thesis focuses on how to switch the band to
achieve the UWB application.
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Figure 1.1: Bandwidth of UWB: (a) Band Groups of MB-OFDM. (b) Low Band
and High Band of DS-UWB.

GHz

1.2 Wi-MAX

The Wi-MAX system is a larger coverage area, high data rate and low-power
consumption wireless communication. In 2009 the Wi-MAX equipment sales
are expected to hit 3 billion US dollars [3]. There are two types for Wi-MAX
standards, i.e. fixed and mobile broadband data services. The later is more
popular in recent years. For the IEEE 802.16e standard, the bandwidth is from
2GHz to 11GHz. The frequency bands of Wi-MAX are different in different



countries. For example, American uses 2.3GHz, 2.5GHz, and 5.8GHz, and Taiwan
uses 2.3GHz and 2.5GHz. The 3.5GHz and 5.8GHz are used in fixed Wi-MAX
systems. So in order to achieve all the requirement for those applications, the
band switchable topology is desired. The thesis also discusses how to design band

switchable LNA to fit the application of the multi-band Wi-MAX.

1.3 Transceiver

In communication system, one of the most popular transceiver architecture is
the direct-conversion transceiver, because it does not need the image-rejection
band-pass filter, and it only has two mixers and one local oscillator (LO). The
direct-conversion transceiver architecture is shown in Fig. 1.2. It is known that
the direct-conversion transceiver is similar to homodyne or zero-IF receiver. It
receives the signals from antennas, andsamplifies the signals by the LNA. It de-
modulates the signals by mixing them with-the LO: signals. After the demodula-
tion, the frequency of the signalsis down to be the baseband that can be used by
analog-to-digital-converter (ADC). When the signals’are converted to be digital,
the digital-signal-process (DSP) can "process-the signals. The direct-conversion
transceiver also transmits the signals fromrthe DSP. The signals that from DSP
is converted to be analog using digital-to- analog converter (DAC). The mixer
also modulates the signals to high frequency band. The power amplifier (PA)
amplifies and transmits the signal to antennas. Note that the signals created by
LO is synthesized in the desired frequency carrier. They provide the quadrature
phase signal for the quadrature mixer, because the two sideband of RF spectrum
has the different information, the I and Q channels are needed. The low-pass
filter is used to extracted desired signal. The filter also can be implemented with
on-chip active circuits. The performance of receiver impacts the baseband signal,
amplification, signal converting, and channel flitting, which are critical issues for

transceiver design.
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Figure 1.2: The Transceiver of direct-conversion transceiver.

1.4 Motivation and Contribution

In recent years, the market of wireless communication becomes large. For exam-
ple, the cell phone and Bluetooth wireless headset. The requirements of wireless
communication prefer low power, high speed and low cost, where the CMOS
technology satisfies with these requirements. The CMOS technology has the
advantages of low cost, integration, and increasing performance by scaling [4,
5]. In wireless communication, the transceiver is an important part which con-
tains LNA, mixer, phase locked loops (PLL) and filter. LNA is the first stage
of transceiver; its design determines the level noise and sensitivity of transceiver.
In addition LNA should provide enough gain and very low noise contribution.
Hence LNA is one of the most critical components in transceiver design.

As introduced in Sec. 1.1, UWB technology has become the solution of low

cost, low power, high speed for wireless communication. In recent years, there



were some proposed UWB LNA topologies, e.q. [17][22][23]. In [17], the authors
designed the 3.1GHz-10.6GHz wideband LNA for UWB receiver by common-gate
input matching circuit. In [22], the authors also designed the wideband LNA for
UWRB by using three stage common-source amplifier and its bandwidth was from
3GHz to 6GHz. In [23], the authors optimized gain, noise, linearity and return
losses of LNA for UWB applications. In UWB systems, the wideband input
impedance matching is a crucial design challenge. There were some excellent
wideband input impedance matching solutions proposed in [9] and [10]. In [10],
the authors gave the broadband input matching. However we need to have the
accurate transformer parameters. But the standard devices of TSMC 0.18um
does not include the transformer parameters. In [9], the authors used the topology
in UWB LNA design is actually the Chebyshev filter. Although the topology also
achieves the input matching, it needs four inductances. The inductance costs a lot
of area. In our proposed design, we uge the topolegy that contains a conventional
source-degeneration input matching, janfinductor shunted in input RF path and
a capacitor seriesed in input RF 'path [9], becauserit does not need to exact
transformer parameters and the number.of inductances is one fewer than the
Chebyshev filter. Then we present+the analysis of input matching circuit for our
designs. It is worth to emphasize the input'matching analysis did not appear in
conventional work. Our proposed analysis procedure can help a lot in adjusting
the parameters used in input matching circuit.

Because the bandwidth of UWB is overlapping with other technology, e.g.
WLAN, there should be some methods to avoid bandwidth overlapping. There
are two solutions to avoid this. One is using switching-band, and another is
using notch filter [16]. Because the quality factor (@) in integrated circuit (IC)
is in general low, the notch filter of IC does not good enough for UWB design.
Although in [16], the authors used active notch filter to avoid low @, it used more
power. Another method is using switching band. The benefits of using switching
band are that it do not need much device to achieve the application requirements
and the noise of the other band can be removed because we do not use two bands

simultaneously [6].



In recent years, various types of switches for switching narrow band LNA were
proposed, e.q. [11][12][15]. In [11], the authors used PMOS as a switch in the
load of LNA. However the mobility of PMOS is much lower than NMOS. Thus,
its turn on resistance is large, which leads to a small quality factor and a low
gain. In [12], the authors changed the passive device value by switching inductor.
However the switching inductor needs large area. Although in [15], the authors
used NMOS-based switch, its gain was not good enough.

To overcome these drawback, hence we use NMOS as switch. The large re-
sistor can reduce the parasitic capacitance. Due to reduction of the parasitic
capacitance, the size of the switch can be larger, which leads to a lower r,,. Thus
the gain is larger when switch is on.

As introduced in Sec. 1.2, the Wi-MAX technology also prefer the solution
of low cost, low power, high speed and larger coverage area. But Wi-MAX
was different bands for different countries and'different applications. Because
there are four bands in Wi-MAX*standards, using notch filter is too difficult to
achieve the application requirements becausé it needs too many components to
cut the bandwidth of the frequency that-not-iithe application. In recent years,
there were some proposed Wi-MAX. LNA [13][18}{19][24]. In [13], the authors
were wideband band Wi-MAX LNA for"2GHz-11GHz, it was distorted by other
interference. In [18], the authors used the notch filter to get the three bands
of WI-MAX and WLAN, but noise was not good and it used five inductance.
In [19], the authors were a LNA of band scalable receiver in 65nm CMOS for
Wi-MAX. In [24], the authors were low power design for Wi-MAX LNA using
capacitive cross coupling. In the thesis, we also proposed a band switchable LNA

of Wi-MAX applications to reduce the other interference signal and uses all bands
of Wi-MAX applications.

1.5 Thesis Organization

This thesis discusses about the LNA in UWB and Wi-MAX standards that all
need the band switchable topology. The proposed LNA design used TSMC



0.18um CMOS technology. In this thesis we introduced two major topics: ”A
band switchable UWB LNA” and ” A band switchable Wi-MAX LNA”. In Chap-
ter 2, we will discuss theoretical MOSFET noise model and noise theory. The
classical theory of linearity and analysis of S-parameters, is presented in Sec. 2.2
and Sec. 2.3. Sec. 2.4 introduces some fundamentals of conventional LNA. In
Chapter 3, a band switchable UWB LNA was proposed. The analysis of input
matching circuit is presented in Sec. 3.2. The switch circuit topology of the
LNA was discussed in Sec. 3.3. Also some design methodologies and layout
consideration and trade-off are discussed here. The layout graph was presented
in Sec. 3.6. The measurement and simulation result of the LNA was discussed
in Sec. 3.7. Finally the second modified circuit was designed to achieve better
performance in this chapter. In Chapter 4, a band switchable Wi-MAX LNA is
proposed. The switch circuit in the LNA improves the circuit in Chapter 3. By
connecting the loading capacitors to ground, wé:can remove one capacitor from
the switch circuit in Sec. 3.3. Another contribution’is to achieve the application
of multi-band Wi-MAX. The simulation restult of the LNA is discussed in Sec.

4.5. Conclusion and future work-wasigiven-in_Chapter 5.



Chapter 2

Background of LNA Design

In this chapter, the significant parameter, S-parameter is discussed in Sec. 2.1,
the noise in MOSFET is introduced in Sec. 2.2. In Sec. 2.3 we discuss the
linearity of LNA. Finally we analyze the noise of Complementary Metal-Oxide-
Semiconductor (CMOS) and introduce warious design of LNA in Sec. 2.4.

2.1 S-parameters

In radio-frequency (RF) design; The-S-parameters are parameters for perfor-
mance measurement. However the metwork that has many ports is too compli-
cated to describe the characteristic of the network. Hence we usually use the
two-port network that can be easily extended to the n-port network to describe
the characteristic of system.In the system or network with two ports as illustrated
in Fig.2.1, we often use the parameters including the y-parameters, h-parameters,
and z-parameters to describe the systems in the analog design. Those parameters

are expressed as follows:

H — parameters :

Vi = hiidy + hiaVa, (2.1)
Iy = hoi Iy 4 hooVs, (2.2)

where



hll =

h12 =

hoy = —

h22 =

Y — parameters :

I = yuVi +yi12Va,
Iy =y Vi + y22 Vo,

where

Z — parameters :

_ I
71|V2=07

- 712“/1:Oa

= 721"/2=07

= 722|V1=07

Vi = Zu i+ 231,
Vo = Zo1 Iy + Zaa 1o,

where
Zn =
Zyg =
Zy =
Ziyg =

All the parameters of the networks

Pimo,
o,
Plimo,
Pli=o.

are related to the total voltage and the

total currents at both two ports. Hence the accuracy of the voltages and currents

is demanded to obtain accurate the parameters. However in radio-frequency de-

sign the h, y, z-parameters cannot be measured, due to the following reasons,



I, I,
+o——» «—o01
Two-ports %
V. Network ’

Figure 2.1: The two-ports network.

e Short and open network are difficult to obtain in the radio-frequency, since
the coupling effect of capacitance and inductance, and the transmission line

effect.

e The high frequency circuit is sensitive to the impedance and may lead to

unstable or fail to work well when the terminal is open or short.

e The measured total voltage and the total current are not accurate in radio

frequency due to coupling efféet of capacitance and inductance.

Hence we need the parameters excluding h, y, z-parameters to describe the char-
acteristic of the network. Let u§ explain-this as follows. Let use add the trans-
mission line in the two-port network as shown in'Fig. 2.2, where Ej;; is the wave
voltage transmitted from the input port to the network, F,; is the wave voltage
reflected from the network to the input port, E;s is the wave voltage transmitted
from the output port to the network, and FE,5 is the wave voltage reflected from
the network to the output port. The voltage and current can be expressed as

follows

Vi=LEn+ B, (2.5)

‘/2 - Ei2 + Er2> (26)
I

I = Tla (2.7)
Ei - ET’

I 7 2 (2.8)

10



<L
Two-ports Z,
Network
o O

Figure 2.2: The two-ports network inserted in to a transmission line.

where Z, is the characteristic impedance of the transmission line. Then we derive
E,1 and E,5 in terms of the other parameters from the equation by replacing the
total voltage and total current, so we derive the reflected traveling waves E, which
depends on the incident traveling voltage waves E'i by rearranging Eqs.(2.5)-(2.8),
which leads to

E. = fuEiL 4 fi12Bio, (2.9)
E.o =1 Ei +yfaelkio. (2.10)

where fi1, fi2, fo1 and fos are the new parameéters of this network related to trav-
eling voltage waves. Egs.(2.9)-(2:10)is similar to that h-parameters in Eqs.(2.1)-
(2.2), but they can also be expressed:in other from-like z-parameters in Eqs(2.3)-
(2.4). By dividing the both sides of thése equations by /Z,, we can reexpress
Eqgs.(2.9)-(2.10) by

Erl o fllEil f12Ei2

= + ; 2.11
VZo NZo N2 20
E.s faEn | faFEp
= + . 2.12
VZo NZo N2 212
Let us define the following parameters
E; E;
ay = —=, a; = —=, (2.13)
2 2
E. E.
by = —2 by = —L (2.14)

11



Let us define S11 = f11> S12 = f12, S91 = f21, S99 = f22, and Eqs(211)—(212) are

reexpressed as follows

by = s11a1 + si2a2,
by = s91a1 + S220a9,
where

by
S11 a—l‘azzoa
S12 = a_l2|a1:07
S21 = a_21|a2:07

)
S22 = a_2|a1:0-

and s11, S12, S91 and Soo are called as the scattering parameters or simply S-
parameters. As shown in Eqs.(2.13)-(2.14) the unit of s11, $12, S91 and sy is the
square root of power. Hence the S-parameters use the power of traveling wave
rather than total voltage and total €urrent at the ports at the radio-frequency.

The two-port network for S-parametersis shown asiFig. 2.3.

Two-ports &
- Z,
Network b,

Figure 2.3: The two-ports network for S-parameters.

2.1.1 Multiple-Port Networks

As discussed in Sec. 2.1, let us derive the S-parameters of multiple-port network.
For multiple-port network, the S-parameters for two-port network is not enough
to measure the power transmission. To represent the S-parameters of multiple-
port network, we usually use S-parameter matrix for this propose. Assume a
multiple-port network has n ports, and every transmission line is lossless as shown
in Fig. 2.4, where a; is the incident traveling wave, and b; is the reflected traveling

wave. As the theory discussed in Sec. 2.1, the incident and reflected traveling

12
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! n-ports a
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Figure 2.4: The N-ports network for S-parameters.

waves are related by
bi= Y sija for i =1,2:3,...,n (2.15)
i=j

where s;; is the transmission coefficient that performs forward transmission from
the jth port to the ith port when ¢ = g, with all other ports impedance matched.
si; is the transmission coefficient that performs reverse transmission from the jth
port to the ith port when ¢ < j, with all other ports impedance matched, and
si; is the reflection coefficient that reflects from the ith port when i = j, with all

other ports impedance matched. Therefore we can rearrange Eq.(2.15) as

bl = 51141 + S12Q9 + S1303 + ...+ S1nQn,

bg = S910a1 + S2209 + So303 + ...+ Sonln,

by, = Sp1a1 + Spala + Sp3a3 + ... + Spn . (2.16)

13



Represent Eq.(2.16) using matrix form Eq.(2.17) as follows

by S11 S12 - - . Sin a1
by S21 S22 . . . Son a2
_ . . .o . 2B ( 9. 17)
_b3_ _Snl Sp2 - . . Snn_ _CL3_

which can be used in the multiple-port network.

2.1.2 Smith Chart

In order to solve transmission problem in radio-frequency signal, complex calcu-
lation is required. However the complex calculation is not intuitively to design
the circuit of RF system. Hence a graphical solution is proposed by Philip H.
Smith. The solution is called Smith chart that helps the designer to design cir-
cuit more intuitively. Before introdueing the Smith chart, let us discuss the input
impedance matching first, because an impeortant.application of Smith chart is in-
put impedance matching. To design an LNA; the input impedance matching is
necessary, because it helps to achieve the-maximum power transfer requirement.
An ideal input impedance matching means thedgad impedance of input is set to
the complex conjugate of the input impedance. For example, the input matching
impedance of a + jb is a — 7b. However the input impedance that we usually use
in communication system is 50 ohm. Thus the complex conjugate impedance is
also 50 ohm. Then we define the reflection coefficient, I, i.e. s;;(i = j), that is
used in the impedance matching expressed as
Z—Z,

= 752 (2.18)

where Z,, is the characteristic impedance of a lossless transmission line. Eq.(2.18)

can also be expressed by
=T, +jT; = |[|e¥¥r), (2.19)

where I', and I'; are real part and imaginary part of the reflection coefficient,

respectively. ' is the ratio of signal reflected from input load to input port. In

14



addition the ideal condition for input matching is that I" equals to zero. Because
the load impedance usually has real part and imaginary part, we define the load
impedance of the transmission line by Z = R + jX. Replacing Z by R + j X,
Eq.(2.18) can be rewritten as

Z|Zy -1  z-—1
CZ)Z,+1 241

where

Z R X .
2= =g tig =t (2.20)

and z is called normalized load impedance and r and z is the normalized load
resistance and reactance, respectively. By rearrange Eq.(2.20) z can be described

by

14T 1+ |T|eVfr)

T1-T 1 _|[jelsni A
_1+FT+jFi_(1—Ff)—F?+j2Fi (2.21)
C1-T, —jB - HAE T 2 '
From Eq.(2.20) and Eq.(2.21), where
(1 - L= 17
THTET, ) + 17 (2.22)
and
o,
T = (2.23)

(1-T,)*+T%

Eqgs.(2.22)-(2.23) are equations of circles. Thus we can draw circles on the I'-

plane. From the constant-r circle equation in Eq.(2.22), we have

r[(1 -T2 +T?%=(1-T1?% -T%
= (1+7r)2—2rT, + (1 + )F2—1—7“

2r
:>F2—— r,
I+r <1+r)

r
= (T, ———) +I?= :
( 1+r) (1+02
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where the center is [r/(1 + r),0] and radius is 1/(1 + r). Similarly from the

constant-z circle equation in Eq.(2.23), we have

z[(1 —T,)* +I'?] = 2T,

2 1\? 1\?
:>1—2FT+F§——FZ-+F§+<—> :<—) :
x x xXr

= (I, — 1)+ (ri - %)2 = (%)2

where the center is [1,1/x] and radius is 1/|z|. The constant-r circles and the
constant-z circles on the I'-plane are shown in Fig. 2.5(a) and Fig. 2.5(b),which
is called Smith chart.

Combining with the two circles, the Smith chart is shown in Fig. 2.6. We
can get the reflection coefficient by pointing the impedance of the load (r + jx)
on the Smith chart or get the impedance of the load by pointing the reflection
coefficient (I' = I', + jI;). As diseussed before the perfect matching is at the
point that reflection coeflicient (F) is zeto. When the normalized load resistance
and reactance are 1 and 0, the ‘actually resistance ahd reactance are Z, and 0,
respectively. In addition on the_upper half-plane /of the Smith chart it always
give the positive reactance. Hence it has the characteristic of the inductance.
Similarly the lower half plane has the characteristic of the capacitance as shown
in Fig. 2.7.

The Smith chart also has the admittance type, i.e. Y = 1/z = g + jb, where
Y is the admittance of the load, g and b are the normalized load conductance

and susceptance, respectively. The admittance Smith chart is shown in Fig. 2.8.

Similarly the lower half plane has the characteristic of the capacitance and
the upper half plane has the characteristic of the inductance as shown in Fig.
2.9. In order to achieve impedance matching we can parallel and seriatim con-
nect the lossless passive devices such as inductance and capacitor to match the
impedance. However the combined impedance-admittance Smith chart is usually
preferred, because using the admittance Smith chart to describe parallel connec-

tion of passive device is easier than impedance Smith chart. Hence by combining

16



Impedance Mabpi
pping -

o 4 Im[1]
Im[Z]

Re[I]

Impedance =
plane o

Im[Z]

Figure 2.5: Mapping Smith chart from impedance plane: (a)constant-r.
(b)constant-x.

17



Im[["]

Re[T]

Figure 2.6: Smith chart.

T[] 4

Figure 2.7: The characteristic of Smith chart.

the impedance Smith chart and admittance Smith chart, the Smith chart is drawn
in Fig. 2.10. The characteristic of parallel and seriatim connected devices are

shown in Fig. 2.11.
From the Smith chart, we can achieve the matching by series and parallel

connection of inductance and capacitor. Note that the center of the Smith chart

18



Im[I']

Figure 2.8: admittance Smith chart.

VIm[F] 7

apacitive

Figure 2.9: The characteristic of admittance Smith chart.

is the goal to reach. However there are many possible solutions for one matching
condition. In addition the matching network usually uses lossless components
like inductance, capacitor, transformer and transmission line, because lossy com-
ponent like resistor leads to loss of power and induces noise. And it wastes the

energy.
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Figure 2.10: The combined impedance-admittance Smith chart.

Im[I"] 7

/éarallel L A Re[I']

Parally \ Sen'es/:
//

\

S B

Figure 2.11: The series or parallel of the inductance or capacitor of Smith chart.

2.2 Noise in MOSFET

The noise in Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) is
a significant issue for LNA design, because in LNA design MOSFET device will

contribute the most noise when compared to the components such as inductance
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and capacitor. Hence the analysis of noise for MOSFET is important for LNA.
In order to analyze noise, the noise model of MOSFET is needed. Important
parameters to analyze noise are input-referred noise, signal-to-noise ratio, and

noise figure [6]. Let us discuss the noise source in LNA design as follows:

2.2.1 Flicker Noise

One of the noises in the MOSFET is flicker noise that arises from the channel
of MOSFET. The effect is due to that the interface of the oxide-silicon in the
MOSFET traps the charges. The noise density of flicker noise in the gate can be

presented by
— K

V2= ——
" WLCy f
where K is the process-dependent constant [6]. From Eq.(2.24), the flicker noise

(2.24)

is small in high frequency. Hence in radio-frequency design the flicker noise is not

a significant issue.

2.2.2 Thermal Noise

The thermal noise is produced by*the théermalagitation of the charge carriers. The
thermal noise is from the resistance i the cirecuit such as the resistor, the channel
resistance of MOS and the gate resistance of MOS. It depends on the absolute
temperature (7). The higher the absolute temperature is, the larger the thermal
noise is. So the thermal noise can be described by P,, = kTAf, where Af is
the noise bandwidth per hertz and k is Boltzmann’s constant. In the normal
temperature (25C°), the noise power per Hz is 1.38 x 10723 x 293 (25C°) =
4 x 1078 mW = —174 dBm. The value of -174 dBm is also called the noise
floor, because it is like floor below the signal. In addition the thermal noise is as
a random distributed signal, and it is Gaussian white distributed. The thermal

noise can be described in form of voltage square by
v2 = 4KTRAf (2.25)

where R is the resistance as shown in Fig. 2.12 . We can also get the thermal

noise in form of current square described by i2 = 4kT(1/R)Af from Eq.(2.25).
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= v} 4KTA

JE— . 2 n

v 2=4KTRAf " ~ R?
(a) (b)

=4KTGAf

Figure 2.12: A thermal noise model: (a) voltage type, (b) current type.

2.2.3 Drain Noise

The drain noise is the channel noise of MOSFET that is from the voltage control
resistor of MOS channel. It can be described by

i3 = 4kTyga N f,

where the g4 is the drain conductanee of the device when Vpg is zero , and « is a
bias dependent factor that is unity when Vg i8 zero: In the long channel device,
v decreases toward a value of 2/3in saturation. But in short channel device, 7 is
greater than 2/3. Hence the v can be larger'by using more advanced technology
process, because of use of the short ehannel. Fhe model of drain Noise can be as
illustrated in Fig. 2.13. The noise current source is connected between the drain

and source of MOS. [7]

drain

ol

source

Figure 2.13: Drain noise model.
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2.2.4 Gate Noise

Besides channel noise, other significant noise source is the gate noise, which is
due to the channel charge with thermal agitation. Because the channel voltage
variation couples to the gate directly, the gate terminal produces a noise source.
This noise can be neglected at low frequencies, but it still affects the noise perfor-
mance at radio frequencies due to the coupling. The gate noise can be expressed

as
i2 = 4kTég, A f, (2.26)

where g, is conductance of noise source given by

2,12
w*Cy;

) 2.27
99do ( )

9g =

J is the coefficient of gate noise. The value of ¢ is 4/3 for long-channel devices.
Eq.(2.27) obtained with assumptionsthat the MOS working in saturation mode.
The noise source has two models ite. ¢urtent-model and voltage model. The noise
model of gate noise in the MOS is shown in Fig. 2.14, where the g, connects
between the gate and source, and the tesistor—(r,) is connected series with the

parasitic capacitor (C,s). The gate noise depends‘on the frequency. The higher

) ML
l'g2 %gg C. B g i : Cgs
I ¢ —
(a)

(b)

Figure 2.14: The gate noise model: (a)voltage type. (b)current type.

the frequency is, the larger the noise is. Because the gate noise is correlated to
the drain noise, we use the correlation coefficient to describe the correlation. The

correlation coefficient can be expressed as




This case is for long channel device that has the correlation coefficient with value

0.395;. Using the correlation coefficient, we can re-express Eq.(2.26) by
2 = 4kTdgy(1 — |c|*) A f + 4kTdgy|c|* A f, (2.28)

where the first item is the uncorrelated gate noise and the second item is the gate

noise correlated to drain noise.

2.2.5 Noise Figure

The noise figure (NF) is an important specification for LNA design. In analog
circuit design we usually use the signal-to-noise-ratio (SN R) to describe the noise
performance of a circuit. It is defined as the ratio of the total signal power to the

total noise power as described by

SNR — the totalssignal power

. 2.29
thé total noise power ( )

In RF design the parameter that describes.the noise performance is the noise
figure, because of its computation conveniénce and the tradition. Since there are
different definitions for noise figire, we:choose-the most popular definition here.

The definition of the noise figure is
10 logyo(F),

where [’ is the noise factor, which is the input SNR over the output SNR

expressed by
SNR;,

- SNRout’

where SNR,,; and SN R;,, are the signal-to-noise-ratio measured at the output

2 (2.30)

and the input, respectively. Note that the noise factor is always larger than 1.
Because if the system is ideal noiseless, it means the noise contribution is zero.
Hence SNR,,; is equal to SN R;,, and the noise factor is the minimum value of
1. When the noise factor is the minimum, the noise figure also has the minimum
value of 0 dB, but it is unlikely to achieve the noise performance of noise figure

of 0 dB because there is always noise in the circuit. To analyze the noise factor,
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we usually calculate the total output noise due to the source and the total output
noise, because from Eq.(2.30), the noise factor can be re-expressed as
Szn/Nzn . Szn Nout . Nout

Sout/Nout B Sout Nzn B GNz
total output noise

noise factor =

= : , , (2.31)
total output noise due to input

where G = S,/ Sin is the gain of LNA, so we can get the noise factor by calcu-
lating the total output noise due to the source and the total output noise. Hence
calculating noise factor can be easier, and we will use the rule in Sec. 2.4.
Another critical specification of system dependent on noise figure is the sen-
sitivity, which is the minimum signal level able to be detected with acceptable
signal-to-noise-ratio. In order to calculate the sensitivity, we re-express the noise

factor as
SNRin s Pio/ Pr,

B SNRout B SNRout’

where Ppg, is the source resistance noise:-power per Hz, and Py, is the input

F

signal power per Hz. Hence FPsy = Pg, +F - SNR,,. P, is the unit band-
width signal power. Thus to get the full-bandwidth signal power we integrate
the unit bandwidth signal power over the bandwidth. Hence for the flat channel,
Psigtot = Pr,-F-SN Ry B, where B is the bandwidth of the channel, P, ;01 is the
total signal power of the bandwidth. Usually the unit of power is dBm, so we re-
place the milliwatt with dBm. Hence we can get the total signal power expressed
aBm/H="NF|ag- SN Roulap - 1010g,o(B), where Py, i is the

minimum total signal power level that can achieve the minimum requirement of

as Pin,min‘dBm = PRS

signal-to-noise-ratio. If our circus has the conjugate input matching, Prg is the
noise floor, -174 dBm per Hz. By replacing Pggs with noise floor, the minimum
total signal power level is Py, jin, = —174dBm/Hz+ NF +10log,o(B)+ SN Rnin.
Hence the overall bandwidth noise floor of the system is the sum of the first three

items, and we can increase the sensitivity by decreasing the bandwidth [6].
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2.2.6 Noise factor in cascaded circuits

In order to get the total noise factor in the system, we should analyze the noise
factor in the cascaded circuit, because the system usually consists of multiple
stages. From Eq.(2.31), the noise factor is

o 1 Nout

F =
GNin’

where N,,, = N, + GN;,, and N, is the noise contribution of the circuit. For
a two-stage circuit we define GG; be the gain of the first-stage circuit, G5 be the
gain of the second-stage circuit, N; be the noise contribution of the first-stage
circuit, and N, be the noise contribution of the second-stage circuit as shown in
Fig. 2.15, respectively. The amplifier not only amplifies the signal from the input
but also the noise from the input. Hence the first stage amplifies the noise and
signal, the output noise is Ny + GG Nj,.« Similarly the output noise of the second
stage is Ny + Go(Ny + G1N;,). So'the final.noise factor is the output noise over
the input noise multiplied by the total gain given by

F 1 Nowe  Np + GoN1 +G1Go Ny, > Ny n No
B G Nzn B G1G2Nin 0 GlNzn GlGZNin
Fy—1
= F 2.32
where
N1 N2
F, =1 d Fh=1+—"—
! + Gle an 2 * G2Nz ’

Based on the noise factor of the two-stage cascaded circuit in Eq.(2.32), we
can achieve the noise factor of the N-stage cascaded circuit shown in Fig. 2.16.
The noise factor of the N-stage cascade circuit can be expressed as

-1 F-1 F, -1
2 L5

F =F AU GRS
! + G1 G1G2 + + G1G2"'Gn—1’

(2.33)

where F is the noise factor of the first stage, Fy is the noise factor of the second
stage and so on. From Eq.(2.33) if the gain of the first stage is large enough, the

other items excluding F} can be neglected, and the total noise factor is equal to
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N,=kTB N+N,G
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N] N2
Figure 2.15: cascade noise model.
Z@T [\
: >G>

N, N,

i e

Figure 2.16: N-stage noise model.

the first stage noise factor. In other, wotds; the total noise factor is dominated
by the first stage noise factor if G iis large enough. This is why the first stage of

transceiver is called low noise amplifier.

2.3 Linearity

The linearity is defined by the superposition. If the input signal is x and the
output signal is y, they should have two characteristics. One is additivity, another
is homogeneity. That is if y; = f(21), vo = f(22), ayi +bys = f(ax1) + f(bxs),
a and b can be any value of constant. If any system does not follow the rule,
it is nonlinearity system. However most system in natural is nonlinear system.
But in RF design we expect that all the systems are linear, because the linear
system can be solved more easily. Hence the LNA design should take care of the
linearity. By the way the linearity of system is also limited by the mixer design. If
the signal passes thought the nonlinear system as shown in Fig. 2.17, the system

can product many harmonics, so the output signal can be expressed as
Vour = a1Vin + azVip + agVi, 4+,
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where V,,; is output voltage, V;, is input voltage, aq, as, as... are the coefficients.
By replacing V;,, by the sinusoidal signal, V;,, = Acoswt, the nonlinear output

can be re-expressed as

Vout = a1 A coswt + agA? coswt® + azA® coswt® + - - -

A? A3
= aAcoswt + 2 (cos2wt + 1) + a5 (cos 3wt + 3 coswt) + - - -
A? 3az A3 2 A3
= a22 + {alA + 20 ] coswt + 2 cos 2wt + 22 cos 3wt + - (2.34)

where ayA%/2 is the DC offset, coswt is the fundamental frequency signal that we

want, and the other items are the harmonic terms. Because the harmonic terms

A

fe
/-

. 2 c
£ in I\out ‘ ]{ f3f ‘s
A =

Figure 2.17: The spectrum for“the input-and output of nonlinear amplifier.

can distort the signal in fundamental frequency, we prefer a linear system. In
order to get non-distortional signal, the design of linearity is taken seriously. To
describe the linearity performance, Py and I1P; are usually used in RF design.
The P4p can be regarded as the gain compression of the system. The output
and input signal usually have the linearity when the input signal is not too large,
but when the input signal is too large, the linearity rule breaks. From Eq.(2.34)

the signal gain can be expressed as

Vour a1 A+ 3“%[‘3] coswt 3az A3
= = Q 5
Vi Acoswt ! 4

(2.35)

where a3 is usually smaller than 0, so the gain can decrease to 0 when the input
signal is too large. Hence we define the input value at the gain compressed 1dB

point as Pygp. From Eq.(2.35) the 1-dB gain compression point is described by
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201og|a;|—1dB = 201log |a;+(3/4)A?_,gzas|. So the point is A;_45 = , /0.145[ 2,

we can draw it on the output and input transform plot as shown in Fig.2.18.

Other factor that affect the linearity is the intermodulation distortion. When the

Figure 2.18: Definition of the 1-d B compression point.

system has the two or more interferende sources as shown in Fig. 2.19. As the

sum of two input interference is V5, = Aficosa@it + A, coswot, the output can be

expressed as

‘/out =

ay(A; coswit + Ay coswat) Fas{AiCostt + Ay coswyt)? +

as(A; coswit + Ay cos Wl )b

Because the calculation is too complex, we list the items in different angular fre-

quency in Tab. 2.1. Because the 3"%-order harmonic may be directly located in

Frequency(w) | harmonic

w1 £ wo ag Ay A cos(wy + wa)t + ag Ay A cos(wy — wo)t

2wy £ wo % cos(2wy + wo)t + M cos(2wy — wo)t

2ws + wy 3%‘4 A1 cos(2wy + wy )t + =225 3a3A A1 cos(2ws — wy )t

w1, Wo [a1 Ay + 3a3A + gagAlA 2] coswit + [a1 Ay + 3a3A y Boadi AZ] cos wot

Table 2.1: The harmonic of different w.
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Figure 2.19: The spectrum of the nonlinear circuit with two tone input.

the channel, the signal in the desired channel is distorted. Hence in order to de-
scribe the nonlinearity due to interference, we define the input 3"?-order intercept
point (I1P;) be the input signal level at the point that the 3"4-order intermod-
ulation distortion equals to the input signal excluding the gain compression as
shown in Fig. 2.20. When the input signal is at /1 Ps, it means that the power in

’

7

[ 20log 4, =
/

I
I
!
I
—

20log 4,

4

1IP,

Figure 2.20: Definition of the I1P; point.

fundamental frequency is the minimum acceptable value, because the distortion

and the signal are at the same level.
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2.4 LNA Architectures

In this section we discuss about some basic LNA architectures that are usually
used in the RF design. From sections in Chapter 2, the LNA design cares about
power gain (sa1), noise figure (NF), linearity (Pigp, [1P3), and reflection coeffi-
cient (s11), but those are trade-off parameters. Hence the design of LNA is to get
the balance of all the parameters.

In LNA design, one of the critical design issues is the reflection coefficient, be-
cause it represents the amount of signal power reflected in the input stage. Since
communication systems usually choose the 50 ohm to be the input impedance
value. (50 ohm has the properties of low loss and high power transfer rate), the
input impedance of LNA should be designed to be 50 ohm.

In basic amplifier design, there are two types of topology that are usually used.
One is common source amplifier, the gtheris.common gate amplifier. There are
some topologies of input impedanee matching for LNA including common source
amplifier with shunt input resistor, common gate amplifier, shunt-series amplifier,
and inductive source degeneration as shown in Fig. 2.21.

The first one technique is common‘source amplifier with shunt input resistor
as shown in Fig. 2.21(a), where 50-ohm theresistor connects the input directly to
get the perfect input impedance matching, but the noise contribution is the worst,
because the added input resistor contributes the noise that equals to the source
noise. Also the added input resistor attenuates the input signal as well, and the
attenuated power can contributes the noise. Because the bad noise performance
of the architecture, it is difficult to apply it to the general RF receivers that
demand good input impedance matching.

The second one is shown in Fig. 2.21(b), where the common gate amplifier
that uses the common gate stage as the input terminal. The input impedance
of the common gate can be calculated by 1/(gm + gms) = 50S2, where g, is
transconductance of the input stage, g,., is the back-gate transconductance of
the input stage, they are all designed to achieve the input impedance of 50 ohm.

By noise analysis the noise factor can be expressed as F' = 1 + I when the
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input impedance is matched, where « is the ratio of the device g, and drain
conductance ggo when Vpg = 0, and ~ is the coefficient of the channel thermal
noise [6]. For the short-channel device « is always smaller than one and ~ is
greater than one. For long channel devices v is 2/3 and « is 1. By replacing ~
and « with the values in the long channel devices the noise factor is F' =1+ % >
2 =22 (dB). Hence the common gate amplifier architecture of LNA can achieve
the minimum noise figure value of 2.2dB.

The third LNA architecture is shunt-series amplifier that achieves the input
impedance matching and output impedance matching by the series and shunt
feedback resistors as shown in Fig. 2.21(c). The shunt-series amplifier architec-
ture always have high power consumption compared to others under similar noise
performance. However the shunt-series amplifier architecture can be used in some
wideband LNA designs, because it is easy to get the wideband impedance match-
ing. But for narrow band LNA design the shunt-series amplifier architecture is
not popular, due to its high powér dissipation.

The fourth LNA architecture is the inductive source degeneration LNA as
shown in Fig. 2.21(d). The induetances connect. to the source and gate of the in-
put stage. In the input impedancesthe inductive Source degeneration contributes
a real term as we will show later. And it also has the opportunity to achieve the
best noise performance, because it also achieve the noise match [20]. However
since the inductances are sensitive to the frequency, the inductive source degen-
eration is utilized in narrow band LNA design. The wideband input matching
circuit will still contain the inductive source degeneration architecture as will be
introduced in Chapter 3. The inductive source degeneration LNA is discussed in

the following subsection.

2.4.1 The Analysis of Inductive Source Degeneration LNA

The well known method, inductive source degeneration LNA [8], to optimize the
noise performance was proposed by Thomas H. Lee and Derek K. Shaeffer in 1997.
The inductive source degeneration cascode LNA and the input stage noise model

are shown in Fig. 2.22 and Fig. 2.23. The cascode topology has high isolation

32



Figure 2.21: The LNA architecture: (a) common source amplifier with shunt
input resistor. (b) common gate amplifier. (c)shunt-series amplifier. (d)inductive
source degeneration.

property between the input and output. Since the most important influence on
input impedance and noise performance is the input stage, we discuss the input
stage noise factor in this section.

The input matching of this circuit is distributed by

I 1
Zin =8(L, + L) + + = wrlL, at w=uw, = ,
(L ) sCls Clos ! < (Lg ‘l'Ls)Cgs)
(2.36)

where wr Ly = ¢,/ Cys, Cys is the parasitic capacitance of the input stage, L is the
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Figure 2.22: The cascode LNA architecture.
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Figure 2.23: The noise model of inductance source degeneration LNA.

source degeneration inductance, L, is the gate inductance, g,, is transconductance
of the input stage. The input impedance Z;, is equal to the multiplication of L,
and wr at resonant frequency. This value is designed to be 50 ohm for input
matching. From Fig. 2.23 R, is the gate resistor of the input stage and FR; is
the parasitic resistor of the gate inductance, R, contributes the noise, called v_g
and R; also contributes the noise, called 1)_12 The current noise source g is the

channel thermal noise of the input NMOS, 137 and 7 . are the gate noise that

are correlated and uncorrelated term, respectively. In the analysis we neglect
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the noise contribution of next stage, because the input stage gives sufficient gain
of LNA. From Eq.(2.30) the noise factor is the total output noise over the total
output noise due to the source. Hence in order to get the total output noise when
the amplifier is driven by a 50-ohm source we calculate the transconductance of
the input stage first. Because the output current is proportional to the voltage
on Cy, and the input stage takes the form of a series-resonant network, G, can
be expressed as

gm1 _ wr _ wr
CUngs(Rs + CUTLS) CUORS(l + %) 2WORS’

(2.37)

where @Q);, is the effective ) of the amplifier input circuit. Define 50-ohm source
noise power density is Sg..(w,). From Eq.(2.37), the output noise power density
due to the 50-ohm source (S, c(w,)) can be expressed as
4kTw?

_ 2 _
Sa,src(wo) — Ssrc(wo)Gm — ngs(l T w%fs)2 . (238)
Similarly the output noise power densityrsdue to Rz and R; is
AET(Ry 4 B )uw?
Sa, Ry, Ry (@Wo )= i et (2.39)

TWw2R2(1 -+ = L
Then the most important noise ‘eontributor-of the-LNA is the channel current
noise of the input MOS device, so we'caleulateidy by expressing the power spectral
density of the source, one can derive that the output noise power density from
the source given by
S (wa) = Z%/ALf _ 4]{:T7§d0 ‘
(1+ “’%—Ss)z (1+ “’2—35)2

The noise power density of the correlating part of the gate noise to drain noise is

Sa,id,ig,c(wo> = HSa,id (wo> =

4kTEYGdo
(14 “zlsy2’

where
2
oo da? 9
k=1 — | + =,
el [5-| 5l
1
QL - woRSCgs’
and o= g_m.
Jdo
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The noise power density of the uncorrelated part of the gate noise is expressed as

4/{;T§’ygdo

Sa,id,u(wo) = CSaJd(wO) = W’

where
(= 7(1—| )1+ Q7).

Because the noise contribution of the drain noise is from the first device M;,
which is part of S,;,(w,). So it is appropriate to define the contribution of M;
be

4kTXfygdo
Sa7’id7M1 (wo) = XSa,id(wo) = W’ (240)
where
ja? o’
=R == 2y (1+Q3). (2.41)

Hence by adding the total output noise in Eqs:(2.38)-(2.40), dividing it by the
total output noise due to the input jinFq.(2:38), the total noise factor can be

derived as

R R W, \ 2
F=1 i . oRs - ;
+ R, o R, T X Gd (w)

By replacing
gm 1 wr
a woRsClys awoRs’

the noise factor can be re-expressed as

R Ry X [wo
F=14—+4—/— . 2.42
N Rs + s + aQL (wT) ( )

Finally Eq.(2.41) gives that x is part of Q%, and Eq.(2.42) shows that the noise

gdoQL

factor is the part of y over (J;,. Hence there is a particular ()7 to minimize F'.
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Chapter 3

Band Switchable UWB LNA
Design

In this chapter, we will present the dual-band Switchable UWB LNA. First we
discuss the consideration in the UWB switchable LNA design in Sec. 3.1. Second
the important circuit for wideband input matching is presented in Sec. 3.2. In
Sec. 3.3 we propose the new tgpologyr of the,switch circuit. In addition, an
output buffer for measurement is discussed in'Sec. 3.4. In Sec. 3.5 all the circuits
discussed in Secs. 3.2 - 3.4 are extended-and-used in the UWB switchable LNA.
Secs. 3.6 and 3.7 discuss the layout . consideration and the microphotograph of
tape out chip. The measurement of this“chip is shown in Sec. 3.8. We further
improve the band switchable UWB LNA and show the result in Sec. 3.9. The
layout and measurement of the improved band switchable UWB LNA are shown

in Sec. 3.10 and Sec. 3.11, respectively.

3.1 Consideration for UWB Switchable LNA

The design considerations for UWB LNA are mainly in input return loss, power
gain and noise figure (N F'), linearity (Pygp, I1P;) and power consumption, but
there are some trade-off between these important parameters. In order to get
great input return loss, the wideband input matching is necessary. However in
UWB systems, the wideband input impedance matching is a crucial design chal-

lenge. There were some excellent wideband input impedance matching solutions
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proposed in [9] and [10]. The wideband input impedance matching in [9] and
[10] are discussed in Sec. 3.2. However because the wideband input matching
and the wideband noise matching [20] cannot achieve at the same time, there is a
trade-off between the wideband input matching and the wideband noise matching
[20]. The power gain is related to the power consumption and input return loss.
Usually as the power gain is higher, the power consumption is larger, because the
given energy is larger. Also the power gain is higher when the input return loss
is lower, because lower input return loss means more signal power is transferred
to the circuit. The linearity is most influenced by the output stage, because
the signal power is the largest in the output stage. Hence the output buffer
for measurement need to consider both the linearity and the output impedance
matching. It is worth to emphasize that the power gain is also contributed from
the output buffer, because the buffer increases the output current. Bandwidth is
also an important parameter in the {JWB swit¢hable LNA. As discussed in Sec.
1.1, in order to avoid the 5-6GHzband in UWB; we should use the switch circuit.
The classical switch circuit was proposed in {11}. Tn-Sec. 3.3 we will discuss the

switch circuit in [11]. Furthermore we will propose a new switch circuit used in
LNA load in Sec. 3.3.

3.2 Wideband Input Matching

Some popular UWB input matching topology for LNA design are shown in Fig.
3.1 [9)and Fig. 3.4 [10]. In Fig. 3.1 the wideband input matching utilizes the
transformer as the series feedback and the capacitive as the shunt feedback. And
the feedback produces the real part of the input impedance for matching. The
topology contributes two resonance frequencies at different frequency, respec-
tively. In the high frequency, we can adjust the resonate frequency by properly
choosing the drain inductor (L4) and the load capacitance (CL). It means the
source of the two input transistors is connected to the ac ground, so the small

signal circuit is shown in Fig. 3.2. We can derive the input impedance as

. 1 M- g,
Zin = jwL + - + s
H = I8 Jw(Cys + Cya)  Cys + Cya
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Figure 3.2: The small signal circuit of dual feedback circuit at high frequency.

where M is mutual inductance between the windings and the real part is con-

tributed by the transformer and the resonance frequency expressed as

fu= (2nvECe) " = (2[00 + 00

The real part is designed to be 50 ohm and the imaginary part is designed to be

-1

0 ohm. In low frequency the small signal circuit is shown in Fig. 3.3, the input

impedance can be expressed as

1
Zm’L = ijg + -

, (3.1)
jw(Cys + Cya) + Req-i—ll/ij'eq

where Req = (Cya + C1)/(gmCya) and jwCey = jwCyigmTas, and the real part of

input impedance is the capacitive feedback. From Eg.(3.1), in low frequency the
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Figure 3.3: The small signal circuit of dual feedback circuit at low frequency.

influence of the load impedance capacitive and the capacitive feedback dominate
the input impedance. Due to the high voltage gain, the Miller capacitance Cg,
that dominates the imaginary part will appear. Hence the input circuit uses
L, to cancel the imaginary part. In addition the real part is designed to be
50 ohm and the imaginary part is designed to be 0 ohm in low frequency. Its
resonance frequency is f; = (2%@)‘1{ The topology gives the broadband
input matching and good noise inatching[20]. However we need to have the
accurate transformer parameters. yBut the standard devices of TSMC 0.18um
does not include the transformer. Hence®it is difficult to obtain M.

Another commonly used topology in UWB LNA*design is the Chebyshev filter
as shown in Fig. 3.4 [10]. As discussed‘in Sec: 2.4, Z,,, is

Z[n

Lo L
| |
| | M,
A 1
VS LZ C2 C/?
L,
? Vbim‘ —_

Figure 3.4: The Chebyshev filter for wideband matching.
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1

L L S
sy + L)+ So =

+ wTLsa (32)

where wr = g,/ (Cys + Cp). We can redraw Fig. 3.4 from Eq.(3.2) by replacing
the transistor (M;) with the resistor and the parasitic capacitors. Then the new

graph is shown in Fig. 3.5. In general the real part of the input impedance

Ll Cl .
| |
[ f(m\
R
@vs Lz

V bias

Figure 3.5: The Chebyshev:filter for passive device.

is set to be 50 ohm, and other inductances-and capacitors contribute different
resonance frequency. Although the topology alse achieves the input matching
and noise matching [20], it needs four inductances. The inductance cost a lot of
area and cost. In CMOS IC design, the cost is an important issue in business.
Hence in this thesis we do not choose this solution for wideband input matching.

In this thesis we use the topology that contains a conventional source-degeneration
input matching, an inductor shunted in input RF path and a capacitor seriesed in
input RF path as shown in Fig. 3.6[9], because it does not need exact transformer
parameters and the number of inductance is one fewer than the Chebyshev filter.

As discussed in Sec. 2.4 from Eq.(2.36) the input impedance can be expressed as

1

s(Ly + Ly) + 78(05]3 e

+ wTLS7

where wy = ¢,,,/(Cys + C;). The impedance consists of one resistor, one induc-
tance, and one capacitor. Hence we can redraw the circuit of input matching.

The input matching circuit is shown as Fig. 3.7. In high frequency the induc-
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Figure 3.6: The input matching for UWB LNA.
Z in

LCb DLy Co+C,
] Qe -
Ry i
Vv, Q)TLSE
T V o =

Figure 3.7: The input matching of passive device for UWB LNA.

tor shunted in input RF path, i.e. Ly, is approximately as open, because the
impedance of inductance is proportional to frequency. Hence the circuit acts like
an inductive source degeneration circuit. Note that the equivalent capacitance
is the series connection of (Cys + C.) and Cj. Hence the input impedance is

expressed as

1
((CysCp + C.Cp) [ (Cys + C. + Cy))

s(Ly+ L) + . +wrLy,
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where wr L, is set to be 50 ohm. The resonance frequency for high frequency is

1
o \/(Lg + L) ((C4sCy + CeCy) [ (Cys + Ce + Cy)) (3.3)

For low frequency the input impedance can be expressed as

siob + lsLd// (s(Lg + L)+ Cg81+ &yt ggf)} : (34)

Define L = L, + L,, C = Cys + C. and R = ¢,,,Ls/Cys, Eq.(3.4) can be rewritten

" sicb + {sLd// <sL + % + R)] . (3.5)

Eq.(3.5) can be rearranged as

oy (s L)
1 1
_sC’b+<1/8Ld+1/(sL+1/sC-l—R)>
1 sLq(sL + 1/30:4+ R)
50, <sL+1/sC’+R+sLd>
1 ( sLq(s*LC ¥ sCR+1) )

sC, s2LC + s2L,C % 8€CR + 1
_ $’LCO 4 $°LgC + sCR+ 1+ s*LyCy(s*LC + sCR + 1)
N sCy(s2LC + s2LyC + sCR+ 1)

. (36)

Then we design the impedance to be 50 ohm. Thus design Eq.(3.6) is 50, .i.e.
letting

$2LC + $*LqC 4+ sCR + 1 + s*LyCy(s’LC + sCR + 1)
sCy(s2LC + s2LyC + sCR+ 1)

= 50. (3.7)

Replacing s by jw, Eq.(3.7) can be rearranged by

—w?LC — W?LiC + jwCR + 1 — W LyCy(—w?LC + jwCR + 1)
JwC(—w?LC — w?L,C + jwCR + 1)
N w2(—LC — LdC) + jwCR+1+ w4(LdCbLC) — ngLdCbCR — W2Ld0b _
—ngLCCb — jw?’LdC’Cb — QJZCRCb + jUJCb
N w4(LCLdCb) - ngLdCbCR + w2(—LC - LdC - LdCb) + ju)CR +1 o
—jw3(LCC'b —+ LdCCb) — w2CRCy + ij’b

=30

20

50
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Hence we can express the equation as

W (LOLyCy) — jw? LiCyOR 4 w*(—LC — LyC — LyCy) + jwCR + 1
= —jw350(LOCy + LyCOCh) — w?*50C RCy, + jw50C,,. (3.8)

From Eq.(3.8) the real part of Eq.(3.8) can be rearranged as
W (LCLyCy) + w?(—LC — LyC — LyCy) + 1 4 w?50C RCy, = 0. (3.9)
Define X to be w?. Eq.(3.9) is given by
X?*(LCL4Cy) — X(LC + LyC + LyCy — 50CRCy) + 1 = 0.

Hence X is

LC + LyC + LgCy — 50CRCy + \/(LC + LaC + LaCy, — 50CRCy)? — ALC LyCy
2 LOL 0% ‘

Because we want to get 50 ohm at low frequency, we choose smaller X as

LC + L4C + LyCy — 50CRC), — \/(LC + LgC + L0, — 5OCRCb)2 —4LCL4Cy
2LC EgCy '

Hence the resonance frequency for low-frequeneyis given by

LC + LyC + LyCy — 50CRC, — \/(LC + L,C + LaCy — 5OCRCb)2 —4LC L Cy
2LCL,Cy .
(3.10)

In a word, according to Eq.(3.3) we first design the input impedance in high
frequency by adjusting Ly, Ls, Cc, C, and M; in the inductive source degen-
eration circuit. Then according to Eq.(3.10) we design the input impedance in
low frequency by adjusting L,. Finally the two band results in a wideband input

matching. The procedure to determine the parameters is follows:

1. At high frequency we first design the size M; to get wrLs=50. Then design
Ly, Cc, Cy to let the imaginary part of input impedance to be zero from

Eq.(3.3).
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2. After designing high frequency, according to Eq.(3.10) we design L, to get the

input matching at low frequency.

When we use the ideal devices to implement the input matching network
the method is exact, because it uses basic circuit rule. We can easy to get two
frequencies that matching to be 50 ohm. For no ideal devices such as TSMC
0.18um model, this is not absolutely exact, because there are many no ideal
conditions such as parasitic capacitance and parasitic resistance. Hence we cannot
easy to get the input matching, but we still can use the method to simulate circuit.

After some tuning, the input matching can also be achieved by the method.

3.3 Switch Circuit Topology

3.3.1 LC-tank

The proposed LNA belongs to LC-fank amplifiers: The classical LC-tank ampli-
fier can be found in [8] shown in-Fig. 3.8.- Let the loading impedance of the LC-
tank be Zp. The voltage gain of'this elassical LC-tank amplifier is g,,Z1. Hence
it can produce different resonance frequency and different voltage gain by chang-

ing the corresponding capacitance, ‘which is.contained in Z;. The impedance of

Vb

::C L%

in out

Figure 3.8: The classical LC-tank amplifier.
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loading is expressed as

B 1 B sL
- sC+1/(sL) 1+ s2CL’

Zr (3.11)

where L is the inductance of loading and C' is the capacitance of loading. Re-
placing s by jw Eq.(3.11) can be rewritten as
JwL

P iy
L1 cL

(3.12)

From Eq.(3.12) the maximum impedance at the frequency given by

Hence we can produce different resonance frequency and different voltage gain

by changing the capacitance, which is contained in Z7,.

3.3.2 Switch Load

In recent years, various types of switches forsswitching narrow band LNA were
proposed [11][12]. The one using PMOS as a.switch in the load of LNA is as
shown in Fig. 3.9(a). However themobility of PMOS is much lower than NMOS.

Because the turn on resistance of MOS'is expressed as

L
Ton = . 3.13
W (Vas — Vi — Vpg) (3.13)

Thus, its turn on resistance is large, which leads to a small quality factor and a
low gain. The other method to change the passive device value is implementing
switched inductor as shown in Fig. 3.9(b). In addition, the above two schemes
are proposed for narrow band systems. But this topology leads to lager area
because it needs two inductors. To overcome the above drawback, the proposed
switched capacitor amplifier place the PMOS in Fig. 3.9(a) with a NMOS and
adds a resistor Ry as shown in Fig. 3.10(a), which consists of switched capacitors
C1, (5, an inductor L, in parallel and a resistor R;. Because NMOS has lower 7,
than PMOS, NMOS has larger gain than PMOS when switch is on. Hence we use

NMOS as switch. The large resistor (R;) can reduce the parasitic capacitance.
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Figure 3.9: The load of (a) switched capacitor using PMOS [11] (b) switched
inductor [12].

That is if we do not have R;, the equivalent capacitance, C,,, is that C; series
Cys when the switch is off. If we have R,, C¢, is that C,, and Cyq series C; and
Cy when the switch is off. Hence the parasitic capacitance is reduced from Cl
to Cys and Cyq series. Due to reduction of theparasitic capacitance, the size
of the switch can be larger, which leads to-a lower r,,. Thus the gain is larger

when switch is on. From Fig. 3.10(b) when M, is turned off, the equivalent

Vop

P Voo

C: _'_]; P
ng lj_

O—W Miwi %Ll KL‘/\/\/\_[: %L Viw % Fon %Ll

Ci

in out in out ;

(a) (b)

Figure 3.10: The proposed switched capacitor amplifier: (a) The proposed circuit.
(b) Condition for Mg, off. (¢) Condition for Mj,; on.

capacitance is the parasitic capacitor of M1, i.e. Cys and Cyq series C and Oy,

because of R;. By designing that Cy, Cy > Cys, Cyq, the equivalent capacitance,
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Ceq, 1s that Cy, series Cyq given by
o _ CysCyd '
“ Cgs + ng
On the contrary, from Fig. 3.10(c) when Mg, is turned on, the equivalent
capacitance is that r,, series C; and Cy. From Eq.(3.13) r,, is low resistance,
because we use NMOS and R;. Because r,, is a low resistance, r,, can be
neglected. Hence the equivalent capacitance is

C1Cy
C., = .
O+ Cy

That is

CoCl .
m, Mswl 1S Off.
Chy =
C1Ch :
m, Mswl 1S On.

Thus the circuit can satisfy the resonancé of the load at two different frequencies
by turning Mg, on or off. The resonant frequency is
1

AV LICeq .

The size of Mg, trades off between Cys, Cyq and r,,. In UWB switchable LNA

o —

design the critical design challenge is the range switchable of band, because it
demands wider frequency. In our design the widest range is 5.6GHz (10.6GHz-
5GHz), because we use cascade topology, which generates two resonate frequen-
cies. This will be discussed in Sec. 3.5. Hence we simulate the three types of
switch band circuit for 10.6GHz and 5GHz. The three switch band circuits are
PMOS-based switch, NMOS-based switch and NMOS-based switch with large re-
sistor as shown in Fig. 3.11. The simulation result is shown in Fig. 3.12. From
Fig. 3.12 we can find the one who has the largest impedance at the low band is
the NMOS-based switch with large resistor. This is because its r,, is smallest,
and the @ is largest at the low band. The low r,, is due to high mobility of
NMOS and the size of switch. The PMOS-based switch is smallest at the low

band, due to its low mobility. However at high band the largest impedance is
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Figure 3.11: The three types of switch band circuit: (a) PMOS-based switch. (b)
NMOS-based switch. (¢) NMOS-based switch with large resistor.
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Figure 3.12: The impedance of three types switch band circuit: (a) at low fre-
quency, (b) at high frequency.
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PMOS-based switch. This is because its mobility is smallest and it looks like as
ideal open switch. This implies that at the low band the gain of NMOS-based
switch with large resistor is the largest and that of the PMOS-based is the small-
est. At the high band the gain of NMOS-based switch with large resistor is the
smallest and that of the PMOS-based is the largest. From Fig. 3.12 we can find
the impedance of every switch is larger at high band than at low band. Hence the
gain of low band is lower than high band. Thus in order to fit specification, the
gain of low band is a more important issue. Hence we choose the NMOS-based
switch with large resistor as our switch band circuit to increase the gain of low

band .

3.4 Output Buffer

In the section we discuss how to get the output impedance matching for the UWB
Switchable LNA. In the LNA we'use the output-buffer for output impedance
matching as shown in Fig. 3.13,.because output buffer has the designable output
impedance. This characteristiczhelps the output imipedance to match 50 ohm.

Fig. 3.13 show a typical output buffer.:Wereplace the current source (I,) with a

V i
Vin —
e—| M,
> V.

@T"

Figure 3.13: The output buffer for measurement.




NMOS, because the resistance of current source is infinite and the resistance of
NMOS that looks into the drain terminal is large. The small signal model is shown
in Fig. 3.14, where V, and I, is the test source to derive the output impedance,
rop 18 the output resistance of current source NMOS, r, is the output resistance
of M,,, Cys is the parasitic capacitance of M, and g,, is the transconductance of
M,,. From Kirchoft’s current law (KCL) we can express KCL as

T

—C,

Figure 3.14: The small signal eircuit offoutput buffer.

Vv Vv V.
— 2 T — W
1/(sCp) T v, Pripppppierr ot

(o el L)
¢ ]-/(SCgs) To Tob 1/gm ¢

Hence the output impedance (Z,,;) is expressed as

V. 1 1
Zout = 7 = —HTOHTObH_’

I,  sCy Im

Because r, and 7, > 1/g,, 7, and r,, can be neglected. Hence Z,, can be

re-expressed as
1 || 1
sCys  Gm’

In addition there is a DC-blocking capacitor (C}) series at the output terminal

Zout -

in order to avoid DC current, thus the actual Z,,; is expressed as

Zout - (

1 1 1
— —_— 3.14
| gm) + (3.14)
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Hence we design 1/gm is equal to be 50 ohm and the imaginary part (Cy, Cy)
approach zero at the band that we want. And the voltage gain of the output buffer
can be derived. From Fig. 3.14 because r,, is too large, r,, can be neglected.

Hence the Fig. 3.14 can be redrew as show in Fig. 3.15. From Fig. 3.15

po— i 1
Vs reo

V out

Figure 3.15: The small signal circuit of output buffer for deriving gain.

‘/out

To

= GmUgs and Vgs = ‘/;n — Vout

Hence the voltage gain of output buffer is expréssed-as

‘/;ut i ngo
B Wity O

AV =

Finally the voltage gain of output is equal to be 1 when g,,r, > 1.

3.5 The UWB Switchable LNA

3.5.1 Cascoded Amplifier with LC-Tank Load

In this thesis, no matter the switch is on or off, the loading of the LNA acts like
an LC-tank. One of the most popular technologies of the LNA is the cascode
amplifier with LC-tank as shown in Fig. 3.5.1, because it reduces the Miller
effect on input transistor M; to attain high-frequency performance. The loading
with LC-tank is mostly applied to narrow-band systems because of its prominent
frequency-selective characteristics. Its voltage gain A is given by

ng2rolro2L
Y
32gm2rolro2LC + sL + Gm2T 01702

A(S> = —gm1
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SN}
g > M

RF,,

Figure 3.16: (Qascode amplifier.

where ¢,,1 is the transconductance” of My, ro15 o2 are the output impedance of
the transistors (M; and M,), and the inductor L, capacitor C' are the loading of
the LC-tank.

3.5.2 Cascade Amplifier with LC-Tank Load

We use cascade amplifier to generate two frequency bands. In the cascade circuit
as shown in Fig.3.17 the first stage amplifier with LC-tank resonated loading
contributes the power gain of low frequency, and the second stage amplifier con-
tributes the power gain of the high frequency. Therefore, the wide bandwidth

and high power gain can be achieved by two stages LC-tank amplifiers.
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3.5.3 Proposed Dual-band Low Noise Amplifier

Figure 3.17: Cascadesamplifier.

The proposed dual-band LNA is shown'in Fig.3.18 which consists of the input
matching network that is implemented by the Butterworth Filter [9] (consisting
of Ly, Ly, L, C. and Cys) ; the two stages of cascode amplifiers (containing Mj,
My, M3, and M,) ; the switch capacitance loading of the amplifiers (consisting of
Ly, Ly, Mgy, C3, Cy and Mg,s) ; the output buffer (consisting of Mg and Mz); the
three DC blocking capacitors (consisting of Cj); RF chocks (consisting of Ry, Ry
and Rp). Vi1 and Vi, are the control voltage source of the switch capacitance
loading. When V,; and Vs are both 1.8, it is in the low frequency mode.
On the contrary when both the voltages are 0, it is in the high frequency mode.
Given an operation frequency, we can achieve this frequency by adjusting the size
M1 and Mg,» when they are off. On the other hand, when M,,,; and My, are
on, the size of M, and M, will affect the resistance of the switch capacitance

loading. The first stage cascode amplifier contributes the lower frequency power
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Figure 3.18: The proposed dual-band low noise Amplifier.

gain, where the lower frequency band is 3.1GHz to 6GHz. The second cascode
stage amplifier contributes the higher frequency power gain, where the higher
frequency band is 5GHz to 10.6GHz. The size of M; trades off between the input
matching and the noise figure of the LNA.

3.6 Consideration of Layout

The layout of band switchable UWB LNA is shown in Fig. 3.19. The band
switchable UWB LNA chip is fabricated in CMOS process with TSMC 0.18-
pm. It uses a single poly layer and six layers of metal (1P6M). The capacitors
are metal-insulator-metal (MIM) capacitors, the inductances are thick-metal in-

ductor and the resistors are high sheet HRI P-poly resistors without silicide,
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Figure 3.19: The layout of band switchable UWB LNA.

respectively. All MOS devices are the NMOS with triple-well technique. The
inductances are at a reasonable distance from the other devices of circuit that
prevents the interference and mutual inductance with circuit working. The pads
of RFin and RFout are located in opposite direction, because it increases the
isolation between the input and output. All DC pads are located in the top of
the layout, because the bottom of the layout is ready for the pads that used by
mixer. Because all the body terminal of devices is connected to ground, we need
a wide ground plane. We use the low resistive metal-1 material to be the wide
ground plane, because it is low loss. In addition it can also minimize the noise

effect of substrate on the system.
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The signal direction is uni-direction, because we do not want the signal re-
turns close to its input. If the signal returns too close to its input the feedback
will interfere with the circuit. The RFin and RFout ports used the standard
Ground-Signal-Ground (GSG) configuration for measurement, and the DC port
used standard Power-Ground-Power-Power-Ground-Power (PGPPGP) configu-
ration[21]. Two of the DC ports are used to be the switch control ports as shown
in Fig. 3.19. The other two ports are DC biasing voltage and power supply, re-
spectively. Signal paths are as short as possible, because we want to decrease the
transmission line effect. The total chip area is 1.17mm x lmm. The size relates
to the number of inductance. The empty area is filled by by-pass capacitor to

stabilize the biasing voltage.

3.7 Microphotograph of Chip

The microphotograph of band switehable. lJWB LNA is shown in Fig. 3.20 that
is fabricated in the TSMC 0.18am _CMOS process, technology. The die area is
1.17mm x 1mm with the bonding pads.

3.8 Measurement Result-of Band Switchable UWB
LNA

The measurement results of the proposed band switchable UWB LNA is using
the 4-Port Network Analyzer (Agilent 5230A), Noise Figure Analyzer (Agilent
N8975A) and Signal Generator (Agilent E8247C) that supported by National
Chip Implementation Center (CIC) [21]. The simulation results are using Agilent
Advance Design System (ADS) 2006A simulator. At low band mode simulation

results and measurement results are itemized as follows:

e S-parameters

Flg 3.21: 511
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Figure 3.20: The chip photo ofband switchable UWB LNA.

Flg 3.22: 521

Flg 3.23: 522

Noise Figure

Fig. 3.24: NF

PldB

Fig. 3.25: Pi4p of measurement

Fig. 3.26: P4 of simulation

I1IP;
Fig. 3.27: I1P; of measurement

Fig. 3.28: I1P5 of simulation
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Figure 3.21: The S; parameter of band switchable UWB LNA at low frequency.
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Figure 3.22: The S5, parameter of band switchable UWB LNA at low frequency.

At high band mode simulation results and measurement results are itemized as

follows:
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Figure 3.23: The Sy parameter of band switchable UWB LNA at low frequency.
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Figure 3.24: The N F parameter of band switchable UWB LNA at low frequency.

e S-parameters

Flg 3.29: 511
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Figure 3.25: The Py, p parameter of band switchable UWB LNA at low frequency
for measurement.
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Figure 3.26: The Py, parameter of band switchable UWB LNA at low frequency
for simulation.

Flg 3.30: 521
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Figure 3.27: The II P; parameter of band switchable UWB LNA at low frequency
for measurement.
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Figure 3.28: The I P; parameter of band switchable UWB LNA at low frequency
for simulation.

Flg 3.31: 522
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Figure 3.29: The S, parameter of band switchable UWB LNA at high frequency.
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Figure 3.30: The Sy, parameter of band switchable UWB LNA at high frequency.

e Noise Figure

Fig. 3.32: NF
o Pip
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Figure 3.31: The Sy parameter of band switchable UWB LNA at high frequency.

50 - —=— NF_measurement|
NF (dB) —— NF_simulation

40
30
20 4

10

04

T T T T T T T T T T T T T 1
0.0 2.0G 4.0G 6.0G 8.0G 10.0G 12.0G 14.0G

F (Hz)

Figure 3.32: The N F parameter of band switchable UWB LNA at high frequency.

Fig. 3.33: Piyp of measurement

Fig. 3.34: Py4p of simulation
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Figure 3.33: The P45 parameter of band switchable UWB LNA at high frequency
for measurement.
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Figure 3.34: The P, parameter of band switchable UWB LNA at high frequency
for simulation.

® IIPg
Fig. 3.35: I1P; of measurement
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Figure 3.35: The 11 P; parameter oftband switchable UWB LNA at high frequency

for measurement.
Fig. 3.36: I1P5 of simulation

3.8.1 Discussion

Finally measurement and simulation results are listed as Tab. 3.1 and Tab. 3.2,
respectively. The total power of measurement and simulation pass through a 1.8
V power supply are 28.62mW and 18.54mW, respectively. The comparison is
shown in Tab. 3.3. The simulation power consumption is lower than others, but
the power gain approximate the power gain of [22] and the power gain of [15]
that also used switch capacitor topology. Note that [15] is simulation result and
the gain of [16] is maximum voltage gain. The noise figure of [16] is minimum
noise figure. However we see that the power consumption of measurement is large
and the bandwidth in low band is narrower than simulation results. Hence we

redesigned it in next section.
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Figure 3.36: The 11 P; parameter of band switchable UWB LNA at high frequency

for simulation.
3.9 Improved Band Switchable UWB LNA

From the measurement result shéwn in‘Secr3:8pwe/can find the bandwidth of low
band is smaller than simulation result:. The bandwidth in fabricated chip only is
1GHz that is half of the simulation result. In addition the power consumption
is large than simulation result. The reduced bandwidth is due to the low power
gain in the second stage and the parasitic resistance in via that connect the
switch NMOS and capacitors. In order to reduce the parasitic resistance we
use more via. In addition, we improve the lower power gain by adding the gain
tunable bias. We separate the bias voltage terminal in the second stage from
all bias voltage terminals. Thus the bias voltage terminal of the second stage is
independent. Thus we can tune the gain in the second stage by controlling the
bias voltage terminal in the second stage. The large power consumption is due to
the MOS variation in process, because we can get the simulation result by adding
DC current. However there are different DC conditions for individual stages in

MOS variation in process. Hence we separate all bias voltage terminals, because
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Technology TSMC 0.18um
Topology Switch-Capacitor
Specification Low High
Supply Voltage 1.8V 1.8V
St < -10.4 dB <-10 dB
S99 <-11dB < -14 dB
Power Gain | 7.5dB - 10.5dB | 11.2dB - 14dB
NF 3.4dB - 4.9dB | 3.1dB - 6.8dB
PldB -20 dBm -22 dBm
IIP; -8 dBm -16 dBm
BW(GHz) 3.4-4.4 6-10.6
Power 28.62 mW 28.62 mW

Table 3.1: The measurement result of band switchable UWB LNA.

the tunable bias circuit helps us to get the DC condition for every stage.

3.10 Layout of Improved Band Switchable UWB
LNA

As discussed in Secs. 3.6 and 3.9; the layout is added the pads for different
stages. As shown in Fig. 3.37. The/chipis fabricated in CMOS process with
TSMC 0.18um. It uses 1P6M. The total chip area is 1.15mm x 1.02mm.
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Technology TSMC 0.18um
Topology Switch-Capacitor
Specification Low High
Supply Voltage 1.8V 1.8V
S11 < -8.8dB < -9.56 dB
Sao < -9.98 dB < -10.68 dB
Power Gain | 6.9dB - 10.6dB | 12dB - 15.7dB
NF 3dB - 4.8dB | 2.5dB - 5.9dB
Piis -21 dBm -26 dBm
IIP; -12 dBm -17 dBm
BW(GHz) 3.1-5 6-10.6
Power 18.54 mW 18.54 mW

Table 3.2: The simulation result of band switchable UWB LNA.

3.11 Microphotograph of Improved Band Switch-
able UWB LNA

The microphotograph of improved band switechable UWB LNA is shown in Fig.
3.38 that is fabricated in the TSMC 0.18gm CMOS process technology. And the

die area is 1.15mm x 1.02mm with the'bonding pads.

3.12 Measurement Result of Improved Band Switch-
able UWB LNA

As discussed in Sec. 3.8, using identical instrument to measure. At low band

mode measurement results of improved LNA are itemized as follows:

e S-parameters

Flg 3.39: 511
Flg 3.40: 521
Flg 3.41: 522
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Paper Topology | Techno- BW S11 Sao So1 NF Power

logy (GHz) | (dB) (dB) (dB) @B) | mw)

This work Switch CMOS 3.1-5 < -8.8 < -9.98 6.9-10.6 3-4.8 18.54

simulation Capacitor | 0.18um 6-10.6 < -9.56 | < -10.68 12-15.7 2.5-5.9 18.54

This work Switch CMOS 3.4-4.4 <-10.4 <-11 7.5-10.5 | 3.4-4.9 | 28.62
measurement | Capacitor | 0.18um 6-10.6 <-10 <-14 11.2-14 3.1-6.8 28.62
[15] Switch CMOS 3.1-4.8 <-8.9 <-8.3 5.6-8.4 4.1-4.9 24.8
Capacitor 0.18um 6-8.1 <-9.4 <-9.7 9-11.1 3.8-4.1 24.8

8.1-10.3 <-8.4 <-10.1 8.1-10.3 4.1-4.8 24.8

[16] Notch CMOS 3-5 <-10 N/A 19.4% 3.5% 31.5
Filter 0.13um
(17] 4-stages CMOS
common- 0.18um 3-10.6 <-9 <-13 15.9-17.5 | 3.1-5.7 33.2
source
[22] 3-stages CMOS
common- | 0.18um 3-6 <-12.2 <-1071 13.5-15.8 | 4.7-6.7 59.4
source
(23] Cascode UMC 2929 <-9.2 <10 11.3 3.9-4.6 30
0.13um

t: simulation result. {:maximum voltage gain. x:minimum NF.

Table 3.3: The performance comparison of band switchable UWB LNA.

e Noise Figure

Fig. 3.42: NF

e Pup

Flg 3.43: PldB

[ ] I[Pg
Fig. 3.44: IIP;

At high band mode measurement results of improved LNA are itemized as follows:
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Figure 3.37: The layout of improved band switchable UWB LNA.

e S-parameters

Flg 3.45: SH

Flg 3.46: 521

Flg 3.47: 522

e Noise Figure

Fig. 3.48: NF
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Figure 3.38: The chip phote of improved band switchable UWB LNA.

e Pup
Flg 3.49: PldB

® I]Pg
Fig. 3.50: I1P;

3.12.1 Discussion

Finally the results are list as Tab. 3.4. The comparison is shown in Tab. 3.5. The
total power of measurement pass through a 1.8 V power supply are 22.46mW.
The improved power consumption is lower than others. The improved noise
figure is lower than [22]. The improved gain is higher than [22]. Note that [15] is
simulation result and the gain of [16] is maximum voltage gain. The noise figure

of [16] is minimum noise figure.
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Figure 3.39: The S;; parameter of imiproved band switchable UWB LNA at low
frequency.
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Figure 3.40: The Sy; parameter of improved band switchable UWB LNA at low
frequency.
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Figure 3.43: The P45 parameter of improved band switchable UWB LNA at low
frequency for measurement.
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Figure 3.44: The II P; parameter of improved band switchable UWB LNA at low
frequency for measurement.

76



0 —0— S11_improved
S11(dB) | —— 811_non-improved

T —
0.0 2.0G 4.0G6 6.0G 8.0G 10.0G

F (Hz)

T
12.0G

Figure 3.45: The S;; parameter of improved band switchable UWB LNA at high
frequency.
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Figure 3.46: The Sy; parameter of improved band switchable UWB LNA at high
frequency.
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Figure 3.47: The Sy parameter of improved band switchable UWB LNA at high
frequency.
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Figure 3.48: The N F' parameter of improved band switchable UWB LNA at high
frequency.
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Figure 3.49: The P45 parameter of:improved:band switchable UWB LNA at
high frequency for measurement.
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Figure 3.50: The IIP; parameter of improved band switchable UWB LNA at
high frequency for measurement.
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Technology TSMC 0.18um
Topology Switch-Capacitor
Specification Low High
Supply Voltage 1.8V 1.8V
511 <+-9.6dB <-10.8 dB
Sao < -8.4-dB < -10.4 dB
Power Gain | ¥.hdB - 10.8dB |.13:8dB - 16.8dB
NF 3.6dB - 6.2dB | 3.1dB - 6.5dB
Pyip -22.dBm -25 dBm
IIP; <11"dBm -16 dBm
BW(GHz) 3.25-5.6 6-10.4
Power 22.46 mW 22.46 mW
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Paper Topology Techno- BW S11 Soo S21 NF Power

logy (GHz) | (@B) (dB) (dB) @dB) | (mw)

This work improved Switch CMOS | 3.25-5.6 <-9.6 < -84 7.5-10.8 | 3.6-6.2 | 22.46

measurement Capacitor | 0.18um 6-10.4 < -10.8 | <-104 | 13.8-16.8 | 3.1-6.5 22.46

This work non-imp- Switch CMOS 3.4-4.4 <-10.4 <-11 7.5-10.5 3.4-4.9 28.62

roved measurement Capacitor | 0.18um 6-10.6 <-10 <-14 11.2-14 3.1-6.8 28.62
[15]f Switch CMOS 3.1-4.8 <-8.9 <-8.3 5.6-8.4 4.1-4.9 24.8
Capacitor | 0.18um 6-8.1 <-9.4 <-9.7 9-11.1 3.8-4.1 24.8

8.1-10:3 <-8.4 <-10.1 8.1-10.3 | 4.1-4.8 24.8

[16] Notch CMOS 3-5 <10 N/A 19.4% 3.5% 315

Filter 0.13um

(17] 4-stages CMOS
common- | 0.18um 3-10.6 <-9 <-13 15.9-17.5 | 3.1-5.7 33.2
source
[22] 3-stages CMOS
common- 0.18um 3-6 <-12.2 <-10.1 13.5-15.8 | 4.7-6.7 59.4
source
(23] Cascode UMC 2.2-9 <-9.2 <-10 11.3 3.9-4.6 30
0.13um

t: simulation result. I:maximum voltage gain. *:minimum NF.

Table 3.5: The performance comparison of improved band switchable UWB LNA.
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Chapter 4

Band Switchable Wi-MAX LNA
Design

In this chapter, we will present the Band Switchable Wi-MAX LNA. First we
discuss the consideration in the Wi-MAX switchable LNA design in Sec. 4.1.
Second the circuit for wideband input matchingis presented in Sec. 4.2. In Sec.
4.3 we propose the new improved topolegy.of the switch circuit from Sec. 3.3.
And an output buffer for measurement is discussed in Sec. 4.4. All the circuits
discussed in Secs. 4.2 - 4.4 combine the'Band Switchable Wi-MAX LNA in Sec.

4.5. Finally the simulation result of this circuit.is;shown in Sec. 4.6.

4.1 Consideration for Wi-M A X Switchable LN A

In general the conventional Wi-MAX LNAs are wideband LNA [1][2] for example
2-11GHz [1] and 2-6GHz [2]. However the frequency bands of Wi-MAX are
different in different country. Thus there is no need to use the whole band of
Wi-MAX. That is, different frequency band can use different LNA with narrow

band so that we have advantages including
1. Reducing the input noise.
2. Restraining the interference from other bands.

It can reduce the input noise then raises the input SNR. Because if the LNA

is whole band, all the noise in the whole band will be included in the system
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as shown in Fig. 4.1. Hence the total noise is not decreased and all the noise
including out of desired band will be amplified by the LNA. Hence we should use

better filters to remove the noise at back-end. Another benefit is it can restrain

Band
N

Noise

LG R

(a)
Band

4 A

Noise

IR

=

(b)

Figure 4.1: The input frequency s 3.5GHz, and.noise is in two condition: (a)
narrow band, (b) wideband.

the interference from other bands. If using the whole band LNA | all other signals
will be received as shown in Fig. 4.2. But those signals are not in the desired
band. They will interfere with the our desired signal. Also, the harmonics of
those unwanted signals also distort our the desired signal. As discussed in Sec.
2.3, not only the 3-rd intermodulatoin but also 5-th and 7-th intermodulatoin

can distort desired signal. Hence the switch band LNA is desired.

4.2 Wideband Input Matching

As discussed in Sec. 2.1, we need input matching circuit to get input matching.
However the switch bands is 4 bands (2.3GHz, 2.5GHz, 3.5GHz, 5.8GHz), thus

using switchable input matching circuit is too complex. The switch can product
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Band

signal .
en interference

(a)
Band

signal  interference

Figure 4.2: The input frequeney is 3.5GHzs and the interferences are in two
condition: (a) narrow band, (b)-wideband:

the noise, because it is a noise source: The noise ‘can influence our noise perfor-
mance directly, hence we use the wideband input matching circuit as discussed in
Sec. 3.2. The wideband matching circuit that we chose is shown in Fig. 4.3. But
the design frequency is different, in this circuit the band we used is 2.3GHz to
5.8GHz. Hence we redesign the wideband matching circuit. In a word, according
to Eq.(3.3) we first design the input impedance in 5.8GHz by adjusting L, L,
Cc, Cp and M in the inductive source degeneration circuit. Then according to
Eq.(3.10) we design the input impedance in 2.3GHz by adjusting L4. Finally the

two band results in a wideband input matching.

4.3 Switch Circuit Topology

As discussed in Sec. 3.3, we already have a good switch band circuit. In this

section we improve our switch band circuit again. From Fig. 3.11(c) , we remove
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e S
;RS Ld C_C|

Figure 4.3: The input matching for Wi-MAX LNA.

the capacitor that connects to V4, then connects the source of switch NMOS to

ground as shown in Fig. 4.4, where C' is the switched capacitor.

Figure 4.4: The switch circuit of Wi-MAX LNA.

The benefit is this circuit saves a capacitor and reduces the size of loading
capacitor, because now the loading capacitor is C' when switch MOS is on. Hence
the equivalent capacitance is C' when M, is on. However the conidtion is the
same with Fig. 3.11(c) when My, is off. Hence the equivalent capacitance is

_ CysCya
eq ng I ng7

when M., is off. That is
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CysCl

, My, is off.
C. — gs T Cgd
eq —
C, Mg, is on.
The resonant frequency is
1

w = o

The impedance of the band switch circuit shown in Fig.4.4 and Fig.3.11 are
shown in Fig .4.5. The largest impedance at low frequency is the NMOS-based
with large resistor connects to ground. This is because its 7., is smallest, and
the @ is largest at the low band. The low r,, is due to high mobility of NMOS
and the size of switch. This implies that at the low band the gain of NMOS-
based switch with large resistor connects to ground is the largest and that of the
PMOS-based is the smallest. At the high band the gain of NMOS-based switch
with large resistor connects to ground and:the gain of NMOS-based switch with
large resistor are both the smallest. This. is. because the condition is the same.
As discussed in Sec. 3.3 the PMOS-based switich is.the largest. From Fig. 4.5
we can find the impedance of every switch is larger at high band than at low
band. Hence the gain of low band islower-than high band. Thus in order to fit
specification, the gain of low band is a‘mereimportant issue. Hence we choose the
NMOS-based with large resistor connects to ground as our switch band circuit

to increase the gain of low band .

4.4 Output Buffer

As discussed in Sec. 3.4, we use buffer to achieve output matching. From

Eg.(3.14), the output impedance is

1 1 1
Zou = — |+ —,
! (ngs H gm) sCh

Hence we design 1/gm is equal to be 50 ohm and the imaginary part (Cy, Cy)

approach zero at the band that we want.
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impedance
(ohm)

impedance
(ohm)

240
220—-
200—-
180—-
160—-
140

120

—o0— PMOS
—0— NMOS
—A— NMOS with resistor

—v— NMOS with resistor connects to ground

500

400

300

200 —

—0— PMOS

—O0— NMOS

—A— NMOS with resistor

—v— NMOS with resistor connects to ground

Figure 4.5: The impedance of four types switch band circuit: (a) at low frequency,
(b) at high frequency.
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4.5 Band Switchable Wi-MAX LNA

As discussed in Sec.3.5, we use the cascode LNA topology, because it reduces
Miller effect on input transistor M; to attain high-frequency performance. How-
ever we do not need the cascade LNA topology, because the Wi-MAX LNA we
designed is a narrow band LNA. Hence the power of next stage is saved. And we
use 1.5 voltage for power supply to reduce power consumption of band switchable
Wi-MAX LNA.

The proposed Wi-MAX LNA is shown in Fig.4.6 which consists of the input
matching network that is implemented by the Butterworth Filter [9] (consisting
of Lq, Ly, Ly, C. and Cys) ; the one stage amplifier (containing M; and Ms) ;
the switch capacitance loading of the amplifiers (consisting of L, Mg,1, Ci, Cs,
C3, Mg and Mg,s) ; the output buffer (consisting of Mz and M,); the three
DC blocking capacitors (consisting of Cy)s iy R and Rj are resistor that reduce
parasitic capacitance of switch. Vi, Viwe-andV 5:are the control voltage source
of the switch capacitance loading. First when: Vi1, Vi and Vi3 are all 0, it is
in the 5.8GHz mode. Second when V1, Vaws and V4,3 are 0, 0, and 1.5, it is in
the 3.5GHz mode. Third when Vg, Vs and Vi35 are 0, 1.5, and 1.5, it is in
the 2.5GHz mode. Finally when V1, Vigsrand V3 are 1.5, 1.5, and 1.5, it is in
the 2.3GHz mode. Given an operation frequency, we can achieve this frequency
by adjusting the size Mg,1, Mg, and M,z when they are off. On the other
hand, when Mg,1, M2 and Mg, are on, the size of M1, Mg, and Mg,3 will
affect the resistance of the switch capacitance loading. The size of M; trades off

between the input matching and the noise figure of the LNA.

4.6 Simulation Result

As discussed in Sec. 3.8, the simulator is ADS 2006A. Simulation results are

itemized as follows:

e S-parameters

Flg 4.7: 511
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C,
Mswz I— MsuS
R,
R= 4L
VW; VSW2 VSW}

L C,
Mswl
|, 1.
RF, C, L,
<
C A~
L, ¢
= 1
Vhim

Figure 4.6: The proposed Wi-MAX low noise Amplifier.

Flg 4.8: 521

Flg 4.9: 522

e Noise Figure

Fig. 4.10: NF

e Pup

Fig. 4.11: Pyyp at 2.3GHz

Flg 4.12: PldB at 2.5GHz



S11(dB) , ]

F (Hz)

Figure 4.8: The Sy; parameter of band switchable Wi-MAX LNA.

Flg 4.13: PldB at 3.5GHz
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Figure 4.9: The S5, parameter of band switchable Wi-MAX LNA.

Figure 4.10: The N F parameter of band switchable Wi-MAX LNA.

Flg 4.14: PldB at 5.8GHz

[ ] I[Pg
Fig. 4.15: I1P; at 2.3GHz
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Figure 4.11: The Py4p parameter of band switchable Wi-MAX LNA at 2.3GHz.
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Figure 4.12: The Py4p parameter of band switchable Wi-MAX LNA at 2.5GHz.

Fig. 4.16: 1IPy at 2.5GHz
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Figure 4.13: The Py4p parameter of band switchable Wi-MAX LNA at 3.5GHz.
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Figure 4.14: The Py45 parameter of band switchable Wi-MAX LNA at 5.8GHz.

Fig. 4.17: I1P; at 3.5GHz

Fig. 4.18: IIPy at 5.8GHz
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Figure 4.15: The IIP; parameter of band switchable Wi-MAX LNA at 2.3GHz.
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Figure 4.16: The IIP; parameter of band switchable Wi-MAX LNA at 2.5GHz.

4.6.1 Discussion

Finally the results are list as Tab. 4.1. The comparison is shown in Tab. 4.2.

The total power of simulation pass through a 1.5 V power supply are 11.5mW.
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Figure 4.17: The IIP; parameter of band switchable Wi-MAX LNA at 3.5GHz.
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Figure 4.18: The IIP; parameter of band switchable Wi-MAX LNA at 5.8GHz.

The simulation power consumption is lower than others of Tab. 4.2, however
the power gain is largest except for [24]. [18], [13], [24] are simulation results.

[19] is measurement result. The gain of [24] is voltage gain. The gain of [19] is
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transconductance gain.

Technology TSMC 0.18um
Topology Switch-Capacitor
Specification 2.3GHz | 2.5GHz 3.50GHz | 5.8GHz
Supply Voltage 1.5V 1.5V 1.5V 1.5V
St -9.2dB | -12.7dB -9 dB -10.2dB
Soo -9dB -9dB -10dB -15.2 dB
Power Gain 10.1 dB 11.1dB 13.5dB 15.3dB
NF 4dB 3.5dB 2.8dB 3.4dB
Piis -16 dBm | -16 dBm | -18dBm | -21dBm
11P; -7dBm | -8 dBm -8dBm | -10dBm
Power 115 mW | 11.5 mW [ 11.5 mW | 11.5 mW
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Paper Topology Techno- BW S11 S21 NF I1Ps Power
logy (GHz) (dB) (dB) (dB) (dBm) | (mW)
This work Switch CMOS 2.3 <-9.2 10.1 4 -7 11.5
simulation Capacitor 0.18um 2.5 <-12.7 11.1 3.5 -8 11.5
3.5 <-9 13.5 2.8 -8 11.5
5.8 < -10.2 15.3 34 -10 11.5
(18] Notch CMOS 2.4 < =10.79 11.79 3.89 -3 13.5
0.18um 3.5 < -10.41 11.7 4.03 -2.1 13.5
5.2 < -13.56 10.06 3.73 -0.4 13.5
[19]* transcon- CMOS [#2.4-2.7 < -10 28mST 2.9 -13 14.8
ductance 65nm
(13] Current- CMOS 2-11 <-9.9 10.8-12.1 3.6 -10 14.3
reuse 0.18um
[24] capacitive CMOS | 0.2-6.2 < -10 10.5% 2.62-2.85 -2.7 2.23
cross-coupling | 0.13um

: transconductance gain. I: voltage gain. *: measurement result.

Table 4.2: The performance comparison of band switchable Wi-MAX LNA.

97




Chapter 5

Summy

5.1 Conclusions

In this thesis, we proposed a architecture for band switchable UWB LNA and
band switchable Wi-MAX LNA. We designed a band switchable UWB LNA using
NMOS-based switch with large resistor. The LNA was implemented in TSMC
0.18um technology and was taped out. |The measurement results showed that
the LNA has power gain of 10.6dB for low band and 14dB for high band. The
band switchable UWB LNA has:noise fignre-of:3.4-4.9dB for low band and 3.1-
6.8dB for high band. The total power consumption is 28.62mW. Moreover, in the
second taped out chip, we also improved this LNA. The improved band switchable
UWB LNA has power gain of 10.8dB for low band and 16.8dB for high band.
The improved band switchable UWB LNA has noise figure of 3.6-6.2dB for low
band and 3.1-6.5dB for high band. The total power consumption was reduced to
22.46mW. Furthermore, a band switchable Wi-MAX LNA using a NMOS-based
switch connected to ground was proposed. This LNA also used TSMC 0.18um
technology. The pre-simulation results showed that power gain are 10.1dB for
2.3GHz, 11.1dB for 2.5GHz, 13.5dB for 3.5GHz and 15.3dB for 5.8GHz. The
noise figure are 4dB for 2.3GHz, 3.5dB for 2.5GHz, 2.8dB for 3.5GHz and 3.4dB
for 5.8GHz. The power consumption is 11.5mW with a 1.5V power supply. The
proposed architectures can achieve higher gain under same power consumption

compared to [15], [16] and [18].
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5.2 Future Work

In the future work, we can move the low band frequency of the improved band
switchable UWB LNA to 3.1GHz-5GHz by adding the capacitance in the second
stage of the switch capacitor. Also, we would like to implement the proposed

Wi-MAX LNA in TSMC 0.18um technology and tape out.
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