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Abtract

The goal of thisthesisis to study,the noise phenomenon and property of the device.
And how noise applied to design.the RF cireuits. First, the noise figure to LNA is
presented.

The feasibility of the technique of source inductive feedback (SIF) for low noise
amplifiers (LNA) design is examined-in different frequency domains. The variations
in noise and input impedance are obtained by two different approaches. One is from a
noisy two-port analysis to observe the variation of F,, and R, and the other is
from equivalent circuit model to trace out the key element. Using I SF, the results with
both good input return loss about -23dB and low minimum noise figure about 1dB at
C band are demonstrated. The frequency limitations of the SIF technique in package
devices are aso addressed.Another circuit of 2.4GHz CMOS LNA was fabricated by
the process of UMC 0.5um DPDM technology. It has 12.5dB gain and 5.6dB noise
figure under 3V bias. Owing to the gate sheet resistance 30W/[ ] is so high that it
affects the noise figure and signal gain. From the noise analysis of gate effect to LNA,
it shows very match the noise level by taking gate resistance of the device into
account. In words, choosing lower sheet resistance of poly gate is necessary to RF
circuits.

Secondly, the phase noise to VCO with 2GHz operating frequency is proposed.
The fully integrated LC voltage controlled oscillator by TSMC 0.35um CMOS
technology is demonstrated. It has 2GHz oscillation frequency, 23.58mW power
consumption under 3V biased and 9.1% frequency tuning. The layout optimization



method of inductor to increase quality factor and also to reduce phase noise is used. A
general method is  proposed which is capable of making an effective prediction of F,
device excess noise number, and acquiring to phase noise of oscillators accurately.
From this proposed method, the low phase noise by calculation is attained. The phase
noise of measured value which shows good match with calculating data is about
-115.5dBc/Hz at offset frequency 600KHz.
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Chapter 1

I ntroduction

1.1 Motivation

In the early 1980s a marketing firm hired by AT&T to survey the potential U.S.
market for its newly inaugurated cellular phone service arrived at an estimate of less
than 900,000 users by the year 2000. Like many predictions of technological progress,
this one turned out to be off by a wide margin—in 1998 the number of cellular
subscribers in the United States was over 60million (already an error of more than
6000 percent). It is now estimate that half of al business and persond
communications will be wireless by the year 2010 [1]. Rapid growth is also occurring
with other wireless systems, such as Direct Broadcast Satellite (DBS) television
service, Wireless Local Area Networks (WLANS), paging systems, Global Positioning
Satellite (GPS) service, and Radio Freguency: ldentification (RFID) systems. These
systems promise to provide, forsthe firsistime:in history, worldwide connectivity for
voice, video, and data communicati ons. The sticcesses of wireless technology to date,
and the technological challenges of future wireless systems, make this an exciting and
rewarding field in which to work. In this'section we give a brief introduction to some
of the major wireless systems in‘use today. These'include wireless cellular and PCS
telephone systems, wireless data networks. Wireless systems can be grouped
according to their operating frequency. Table 1.1 lists the operating frequencies of
some of the most common wireless systems.

Cellular telephone systems were proposed in the 1970s in response to the
problem of providing mobile radio service to a large number of users in urban areas.
Early mobile radio systems could handle only a very limited number of users due to
inefficient use of the radio spectrum and interference between users. In 1976, for
example, the entire mobile phone system in New York City could support only 543
users [1]. The cellular radio concept introduced by Bell Laboratories solved this
problem by dividing a geographical area into non-overlapping hexagonal cells, where
each cell has its own transmitter and receiver (base station) to communicate with the
mobile users operating in that cell. Each cell site may alow as many as several
hundred users to simultaneously communicate with other mobile users, or through the
land-based tel ephone system.

The first cellular telephone system to offer commercial service was built by the
Nippon Telephone and Telegraph company (NTT), and became operational in Japan



TABLE 1.1 Wireless System Frequencies

Wireless System Operating Frequency

Advanced Mobile T: 824-849 MHz
Phone Service (AMPS) R: 869-894 MHz
Globa System Mobile T:800-915 MHz
(European GSM) R:925-960 MHz
Personal Communications T:1710-1785 MHz
Service (PCS) R:1805-1880 MHz
US Paging 931-932 MHz
Global Positioning L1:1575.42 MHz
Satellite (GPS) L2:1227.60 MHz
Direct Broadcast Satellite (DBS) 11.7-12.5 MHz
Wireless Local Area Networks(WLANS) 902-928 MHz
2.400-2.484 GHZ

5.725-5.850 GHz

Local Multipoint Distribution Service (LMDS) 28GHz
US Industrial, Medical, and Scientific bands (I1SM) 902-928 MHz

2.400-2.484 GHz
5.725-5.850 GHZ
T/R = mobile unit transmit/receive frequency

in 1979. This was followed by the Nordic Mobile Telephone (NMT) system in Europe,
which began operation in 1981. The first cellular telephone system in the United
States was the Advanced Mobile Phone System (AMPS), deployed by AT& T in 1983.
All of these systems use analog FM modulation and divide their allocated frequency
bands into several hundred channels, each of which can support an individual
telephone conversation. These early systems grew slowly at first, because of the initial
costs of developing an infrastructure of base stations and the initial expense of
handsets, but by the 1990s growth became phenomenal.

In 1998 88% of all cellular telephones in the United States used the analog
AMPS system, but newer digital standards have been growing in popularity and will



soon replace the AMPS system. These systems are generally referred to as Second
Generation Cellular, or Personal Communication Systems (PCS). Third generation
PCS systems, which may include capabilities for email and Internet access, are in the
planning stages.

Because of the rapidly growing consumer demand for wireless telephone device,
as well as advances in wireless technology, several second generation standards have
been proposed for improved service in the United States, Europe, and Japan. These
PCS standards all employ digital modulation methods and provide better quality
service and more efficient use of the radio spectrum than analog systems. Digital
systems also provide more security, preventing eavesdropping through the possible
use of encryption.

PCS system in United States use either the 1S-136 time division multiple access
(TDMA) standard, the IS-95 code division multiple access (CDMA) standard, or the
European Global System Mobile (GSM) system [1], [2], [3]. Many of the new PCS
systems have been deployed using the same frequency bands as the AMPS system.
This approach takes advantage of existing infrastructure, and facilitates the use of
dual-mode handsets that can operate.on both the older AMPS system as well as one of
the newer digital PCS systems.*Additional-spectrum has also been allocated by the
Federal Communications Commission (FCC) around-1.8GHz, and some of the newer
PCS systems use this frequency band.

Outside the United States; the Global~System Mobile (GSM) TDMA system is
the most widespread, being used in.over 100 countries [1]. The uniformity of a single
wireless telephone standard throughout Europe and much of Asia allows travelers to
use a single handset throughout these regions. In contrast, the different PCS systems
in the United States are incompatible. Table 1.2 lists the magjor cellular and PCS
telephone systems that have been deployed throughout the world [1], [3].

It is interesting to compare how the development of first and second generation
cellular services has differed in the United States and Europe [1]. The first U.S.
cellular system, AMPS, provided a single standard allowing every cellular user in the
United States and Canada to communicate within range of a base station. In the
Europe of the early 1980s, however, individual countries developed their own analog
cellular standards with different frequency bands and modulation methods, so that
there were at least four incompatible systems in use (see Table 1.2). These situations
were reversed for second generation digital systems. The organization of European
countries under the European Union in the 1980s led to the establishment of GSM as
asingle digital PCS standard, which is now used by over 100 countries in Europe and
elsewhere. In the United States, however, government policies relating to the
allocation of radio spectrum, as well as the structure of the telecommunications



TABLE 1.2 Major Worldwide Cellular and PCS Telephone Systems

Frequency
Standard Countr ear of Type Bnad Modulation Channel
y Introduction yp Bandwidth
(MH2)
NTT Japan 1979 cellular 860-940 FM 25 KHz
NMT-450 Europe 1981 cellular 453-468 FM 25 KHz
AMPS United
1983 cellular 824-894 FM 30KHz
States
E-TACS  Europe 1985 cellular 872-950 FM 25 KHz
C-450 Germany 1985 cellular 450-466 FM 20KHz
NMT-900 Europe 1986 cellular 890-960 FM 12.5KHz
JTACS Japan 1988 celular 860-925 FM 25 KHz
GSM Europe 1990 PCS 890-960 GMSK 200 KHz
|S-54 United
1991 PCS 824-894 DQPSK 30KHz
States
NAMPS United
1992 Cellular 824-894 FM 10 KHz
States
|S-95 United
1993 PCS 824-894 QPSK 1.25KHz
States
PDC Japan 1993 Cellular= 810-1513 DQPSK 25 KHz
NTACS Japan 1993 Cellular 843-922 FM 12.5 KHz

industry and the competitive nature of R&D in the United States, has allowed the
technological and economic trade-offs between CDMA, TDMA, and GSM PCS
systems to be decided in the marketplace. Meanwhile, wireless telephone consumers
in the United States are left to choose between an out-of-date analog system and a
variety of incompatible digital systems.

Wireless local area networks (WLANS) provide connections between computers
over short distances. Typical indoor applications may be in hospitals, office buildings,
and factories, where coverage distances are usually less than a few hundred feet.
Outdoors, in the absence of obstructions and with the use of high gain antennas,
ranges up to a few miles can be obtained. Wireless networks are especially useful
when it is impossible or prohibitively expensive to place wiring in or between
buildings, or when only temporary access is needed between computers. Mobile
computers users, of course, can only be connected to a computer network by a
wirelesslink.

In spite of their attractiveness, market penetration of WLAN products has been



slow, probably due to a combination of factors that include relatively high costs,
relatively slow data rates, and poor immunity to fading and interference. In 1996 the
market for WLANSs was about $200M, which is a negligible fraction of the several
billion dollar cellular telephone industry. It is expected, however, that market growth
for WLANSs will soon increase substantially. A major new WLAN initiative is the
Bluetooth standard, where very small and inexpensive RF transceivers will be used to
link a wide variety of digital systems over relatively short distances. Possible
Bluetooth applications include wirelessly networking printers, scanners, cell phones,
notebook and desktop computers, persona digita assistants (PDAS), and even
household appliances. Current Bluetooth systems operate in the ISM band at 2.4GHz,
and offer data rates up to IMbps. Market projections for Bluetooth devices are in the
range of several hundred million units per year.

Currently most commercial WLAN products in the United States operate in the
Industrial, Scientific,c and Medical (ISM) frequency bands, and use either
frequency-hopping or direct-sequence spread spectrum techniques in accordance with
|EEE standard 802.11. Maximum bit rates range from 1 to 2 Mbps, which are much
sower than the data rates that can-bé achieved with wired Ethernet lines. WLANS
amost universally use Internet protoeels: (TCP/IP) for communication between
computers. In Europe, the HIPERLAN standard provides for WLAN operation with
data rates up to 20Mbps.

1.2 Review of Receiver Design

The receiver is often the most critical component of a wireless system, having
the overall purpose of reliably recovering the desired signal from a wide spectrum of
transmitting sources, interference, and noise. Here we review some of the
fundamental principles of radio receiver design, beginning with the evolution of
receivers to provide progressively improved performance.

Receiver design has evolved from the simple circuits used in the early days of
radio in order to provide improved performance, ultimately allowing more efficient
use of the radio spectrum for more users, communication over larger distances, and
the use of lower transmit powers[1].

Receiver Requirements
The well-designed radio receiver must provide the following requirements:
I High gain (~100dB) to restore the low power of the received signa to a
level near its original baseband value.
I  Sdectivity, in order to receive the desired signal while rejecting adjacent
channels, image frequencies, and interference.



I Down-conversion from the received RF frequency to an IF frequency for
processing.

I Detection of the received analog or digital information.

I Isolation from the transmitter to avoid saturation of receiver.

Because the typical signa power level from the receive antenna may be aslow as
-100 to -120 dBm, the receiver may be required to provide gain as high as 100 to 120
dB. This much gain should be spread over the RF, IF, and baseband stages to avoid
instabilities and possible oscillation; it is generally good practice to avoid more than
about 50-60dB of gain at any one frequency band. The fact that amplifier cost
generally increases with frequency is a further reason to spread gain over different
frequency stages.

By far the most popular type of receiver used today is the superheterodyne
circuit, shown Figure 1.1. The block diagram is similar to the direct conversion
receiver, but the IF frequency is now nonzero, and generally selected to be between
the RF frequency and baseband. A midrange IF allows the use of sharper cutoff filters
for improved selectivity, and higher 1F gain through the use of an IF amplifier. Tuning
is conveniently accomplished by:varyingsthe frequency of the local oscillator so that
the IF frequency remains caonstant. The ‘superheterodyne receiver represents the
culmination of over 50 years of receiver development, and is used in the mgjority of
broadcast radios and televisions, radar systems; cellular telephone systems, and data
communications systems.

N
;Fp Mixer BPF IF
am
fre D—®_ % f;,”: ’ Demod |——
X ; ]
LO
f LO

Figurel.1l Block diagram of a single-conversion super heterodyne receiver

At microwave and millimeter wave frequencies it is often necessary to use two
stages of down conversion to avoid problems due to LO stability. The dual-conversion
superheterodyne receiver of Figure 1.2 employs two local oscillators and mixers to
achieve down-conversion to baseband with two IF frequencies.
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Figure1.2 Block diagram of a double-conversion super heterodyne receiver

Figure 1.3 shows a graphical view of the input and output dynamic ranges of a
typical receiver. The dynamic range of the input signal from the antenna is on the
order of 100dB, while the output dynamic range of the receivers is typically about
60dB. The power gain through the receiver must therefore vary as a function of the
input signal strength in order to fit the input signal range into the baseband processing
range, for a wide range of input signal’levels.A receiver gain on the order 60dB may
be required for low level signals; whilesagain. of enly 20-30dB may be required for
high-level signals. This variable-gain function is accomplished with an automatic
gain control (AGC) circuit. AGC is'most.often implemented at the IF stage, but some
receivers may use AGC at the RE stageaswell: Virtually all modern communications,
broadcast radio, and television receivers use AGC to control signa levels.
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Figure1.3 Diagram illustrating the change in power levels between the input
and output of atypical receiver.



The power levels of an amplifier that exceed the 1 dB compression point Py will
cause harmonic distortion, and power levels in excess of the third-order intercept
point Pz will cause intermodulation distortion. Thus it is important to track power
levels through the stages of the receiver to ensure that P, and P; are not exceeded.
This can be conveniently done with a graph of the form shown in Figure 1.4. This
diagram tracks the power level of small and large input signals, analog with the noise
level (noise power or noise figure may be plotted), through the front-end stages of the
receiver. The compression and third-order intercept points of the amplifiers and
mixers can be plotted on the graph, making it easy to see if these limits are exceeded,
and to determine the effect of changing component specifications or position in the
receiver circuit.

Oscillators are required in wireless receivers and transmitters to provide
frequency conversion, and to provide sinusoidal sources for modulation. Typical
transmitters and receivers may each use as many as 4-6 oscillators, at frequencies
ranging from several kilohertz to many gigahertz. Often these sources must be tunable
over a set frequency range, and must provide very accurate output frequencies (often
to within afew parts per million).
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The simplest oscillator uses a transistor with an LC network to control the
frequency of oscillation. Frequency can be tuned by adjusting the values of the LC
network, perhaps electronically with a varactor diode. Such oscillators are simple and
inexpensive, but suffer from the fact that the output frequency is very susceptible to
variations in supply voltage, changing load impedances, and temperature variations.
Better frequency control can be obtained by using a quartz crystal in place of the LC
resonator. A crystal-controlled oscillator (XCO) can provide a very accurate output
frequency, especially if the crystal isin atemperature controlled environment. Crystal
oscillators, however, cannot easily be tuned in frequency. A solution to this problem is
provided by the phase-locked loop (PLL), which uses a feedback control circuit and
an accurate reference source (usualy a crystal controlled oscillator) to provide an
output that is tunable with high accuracy.

Phase-locked loops and other circuits that provide accurate and tunable
frequency outputs are caled frequency synthesizers. Virtualy al modern wireless
systems rely on frequency synthesizer circuits for the key stages of frequency
conversion. Important parameters that characterize frequency synthesizers are tuning
range, frequency switching time, freguency: résolution, cost, and power consumption.
Another very important parameter is themneise:associated with the output spectrum of
the synthesizer, in particular‘the phase ‘noise.- Phase noise is a measure of the
sharpness of the frequency domain spectrum of an oscillator, and is critical for many
modern wireless systems.

1.3 Organization of ThisThess

It is the aim of this thesis to study the role of noise in the low noise amplifier
(LNA) design and low phase noise VCO design. The noise figure plays important key
for low noise amplifier circuit design. And the phase noise is another crucial property
for oscillator design.

In chapter2, the noise theory of the circuit is introduced. The content of the noise
properties including the noise definition, noise spectrum, noise representation of the
passive and active element will be described. The noise source property of the two
port network is also mentioned. Especialy, the characterization of noise figure on
LNA and phase noise on VCO aso included in this chapter.

In chapter3, the design procedure of low noise amplifier is described first.
Secondly, the structure of circuit topology of LNA with inductor feedback is used.
Finally, the comparison of the simulation and measurement data is well matched for
the performance with 4GHz low microwave band. Another circuit with 2.4GHz
CMOS LNA was fabricated by the process of UMC 0.5um DPDM technology is aso
presented. We focus on the noise analysis of the circuit.



In chapter4, the basic design of microwave oscillator is described first.
According to the concept of microwave oscillator design, the circuit structure with
Complementary Cross-Coupled pair of voltage controlled oscillator is used. Secondly,
the design methodology of VCO is mentioned. We proposed a new calculation
method of the phase noise of VCO. The implementation of the VCO with the help of
Chip Implementation Circuit (CIC) and Tawan Semiconductor Manufacture
Company (TSMC). The 0.35um 1P4AM CMOS standard processes is employed.
Finaly, the proposed method of phase noise calculation is also compared to that of
others.

In chapter5, the short conclusion of our work and the view of the future work.
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Chapter 2

General Noise Theory

2.1 Introduction to Noise Concept
Noise is a random process. This statement means the value of noise cannot be

predicted ay any time even if the past values are known. Compare the output of a
sinewave generator with that of a microphone picking up the sound of water flow in a
river (Fig. 2.1). While the value of x,(t) at t = t; can be predicted from the observed
waveform, the value of x,(t) at t = t, cannot. This is the principal difference between
deterministic and random phenomena [4].

x,(t)
Generator |,

| | o
f, t
(a)
x,(t)
t2 t
(b)

Figure2.1  Output of a generator and the sound of ariver
If the instantaneous value of noise in the time domain cannot be predicted, how

can we incorporate noise in circuit analysis? This is accomplished by observing the
noise for along time and using the measured results to construct a “statistical model”
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for the noise. While the instantaneous amplitude of noise cannot be predicted, a
statistical model provides knowledge about some other important properties of the
noise that prove useful and adequate in circuit analysis.

Which properties of noise can be predicted? In many cases, the average power of
noise is predictable. The concept of average power proves essential in our anaysis
and must be defined carefully. Recall from basic circuit theory that the average power
delivered by a periodic voltage v(t) to aload resistance R, is given by

2
P =3 @)
where T denotes the period. This quantity can be visualized as the average heat
produced in R by v(t).

However, since the signals are not periodic, the measurement must be carried out

over along time:

P, =lim@y 2.2)

Te¥ M2 R
where x(t) is avoltage quantity. Figure 2.2 illustrates the operation x,(t); each signal is
squared, the area under the resulting:\wave form. is calculated for a long time T, and
the average power is obtained by-normalizing.the areato T.

ot T s i

Figure2.2  Average noise power

To simplify calculations, we write the definition of P,, as

TR R v
Py =lim= QX (t)at (2.3)

2

where P, isexpressed in V2 rather than W. The ideaisthat if we know P, form (2.3),
then the actual power delivered to a load R_ can be readily calculated as P,/R.. In
analogy with deterministic signals, we can also define a root-mean-square (rms)

voltage for noise as,/P,, where Py, isgiven by (2.3).

The concept of average power becomes more versatile if defined with regard to
frequency content of noise. The noise made by a group of men contains weaker
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high-frequency components than that made by a group of women, a difference
observable from the “spectrum” of each type of noise. Also called the “power spectral
density” (PSD), the spectrum shows how much power the signal carriers at each
frequency. More specifically, the PSD, S(f), of anoise waveform x(t) is defined as the
average power carried by x(t) in a one-hertz bandwidth around f. That is, asillustrated
in Fig. 2.3(a), we apply x(t) to a bandpass filter with center frequency f; and 1-Hz
bandwidth, square the output, and calculate the average over a long time to obtain
S(f1). Repeating the procedure with bandpass filters having different center
frequencies, we arrive at the overall shape of S(f) [Fig. 2.3(b)]. While it is possible
that the PSD of a random process is random itself, most of the noise sources of
interest to us exhibit a predictable spectrum.

Band—-Pass
Filter
()]
x(t) iz 25 T e
e L { ) -
! L t
xp4(t)
-
f
{a)
- 15—
LA N I

by

Figure2.3  Calculation of noise spectrum

It is customary to eliminate R_ from S(f). Thus, since each value of the plot in
Fig. 2.3(b) is measured for a 1-Hz bandwidth, S(f) is expressed in VV?/Hz rather than
W/Hz. It is also common to take the square root of S(f), expressing the result

inv/VHz .

2.2 Type of Noise

Analog signals processed by integrated circuit are corrupted by two different
type of noise: device electronic noise and environmental noise. We focus on device
electronic noise here. There are three main fundamental noise mechanisms—thermal
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noise, shot noise and flicker noise.

2.2.1 Thermal Noise

Thermal noise is due to the thermal excitation of charge carriers in the conductor.
It is also dependent on bias conditions. The random motion of electrons in a
conductor introduces fluctuation is the voltage measured across the conductor even if
the average current is zero. Thus, the spectrum of thermal noise is proportional to the
absolute temperature.

- s (N
R Vo AKTR
o M _D+ 0
Noiseless ~
Resistor f

Figure 2.4+ Thermal.noiseof aresistor

As shown Fig. 2.4, the thermal noise of a resistor R can be modeled by a series

voltage source, with the one-side spectral density
S,(f)=4kTR,f30 (2.4)

where k = 1.38x10% JK is the Boltzmann ‘constant. Note that S,(f) is expressed in
V?/Hz. Thus, we writev? = 4kTR, where the overline indicates averaging. We may
even say the noise “voltage” is give by 4kTR even though this quantity is in fact the
noi se voltage sgquared.

It should be mentioned here that thermal noise is also referred to as Johnson or
Nyquist noise since it was first observed by J. B. Johnson [Johnson, 1928] and
analyzed using the second law of thermodynamics by H. Nyquist [Nyquist, 1928].

2.2.2 Shot Noise

Shot noise was first studied by W. Schottky using vacuum-tube diodes [ Schottky,
1918], but shot noise also occurs in pn junctions. This noise occurs because the dc
bias current is not continuous and smooth but instead is a result of pulses of current
caused by the individual flow of carriers. As such, shot noise is dependent on the dc
bias current. It can also be modeled as a white noise source. Shot noise is aso
typically larger than thermal noise and is sometimes used to create white noise
generatorg[5].
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2.2.3 Flicker Noise

Flicker noiseis the least understood of the three noise phenomena. It is found in
all active devices aswell asin carbon resistors, but it occurs only when adc current is
flowing. Flicker noise usually arises due to traps in the semiconductor, where carriers
that would normally constitute dc current flow are held for some time period and then
released. Flicker noise is also commonly referred to as 1/f noise since it is well
modeled as having a 1/f* spectral density, where a is between 0.8 and 1.3. Although
both bipolar and MOSFET transistors have flicker noise, it is a significant noise
source in MOS transistors, whereas it can often be ignored in bipolar transistor.

The flicker noise of MOSFET is more easily modeled as a voltage source in
series with the gate, and roughly given by

L
" Cc W f

where K is a process-dependent constant on the order of 10%°V?F. Note that our
notation assumes a bandwidth of 1Hz. Interestingly, as shown in Fig. 2.5, the noise
spectral  density is inversely proportional “to, the frequency. For example, the
trap-and-release phenomenon associatedywith the, dangling bonds occurs at low
frequencies more often. For this reason, flicker noiseis also called 1/f noise. Note that
(2.5) does not depend on the bias current or: the: temperature. This is only an
approximation and in reality, the flicker noise equation is somewhat more complex

[6].

(2.5)

20|.::-an2'A

-
logf
Figure25  Flicker noise spectrum
The inverse dependence of (2.5) on WL suggests that to decrease 1/f noise, the
device area must be increased. It is therefore not surprising to see devices having

areas of several thousand square microns in low-noise applications. It is aso believed
that PMOS devices exhibit less 1/f noise than NMOS transistors because the former
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carry the holes in a “buried channel”, i.e., at some distance from the oxide-silicon
interface. Nonetheless, this difference between PMOS and NMOS transistors is not
consistently observed [6].

A

20log Vng

Jf" Corner

/ Thermal

fe f (log scale)

Figure2.6  Concept of flicker noise corner frequency

In order to quantify the significance of L/f noise with respect to thermal noise for
agiven device, we plot both spectral. densities on the same axesin Fig. 2.6. Called the
V/f noise “corner frequency”, theiintersection:point serves as a measure of what part of
the band is mostly corrupted by flicker noise. In-the.above description, the 1/f noise
corner, fc, of the output currentis determined as

fe = CTNL 9m8% (2.6)

This result implies that fc generaly ‘depends on device dimensions and bias
current. Nonetheless, since for a given L, the dependence is relatively weak, the 1/f
noise corner is relatively constant, falling in the vicinity of 500KHz to 1IMHz for
submicron transistors [4]

2.3 Noise Modelsfor Circuit Elements[5]
Resistors

The major source of noise in resistors is thermal noise. As just discussed, it
appears as white noise and can be modeled as a voltage source, Vg(f), in series with a
noiseless resistor. With such an approach, the spectral density function,V2(f), is
found to be given by

V2(f)=4kTR (2.7)

where k is Boltzmann’s constant (1.38x10% JK), T is the temperature in Kelvins, and
Ristheresistance size.

An alternate model can be derived by finding the Norton equivalent circuit.
Specifically, the series voltage noise source, Vg(f), can be replaced with a parallel
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current noise source, Ig(f), given by

CVE(f) _akT
(f)—?—? (2.8)

Both resistor models are summarized in Fig. 2.7.

2
I R

Element Moise Models
Resistor
R (Noiseless) 5 KT
%H Vi) = 4KTR REQ®RO=F
(Moiseless)
Diode fy = L (Noiseless)
qID rd - ﬂ L - a3
% 2 b F Ol = 20l
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Figure2.7  Circuit elements and their noise modes. Note that capacitors and
inductors do not generate noise.
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Diodes

Shot noise is typically the dominant noise in diodes and can be modeled with a
current source in parallel with the small-signal resistance of the diode, as Fig. 2.7
shows. The spectral density function of the current source is found to be given by

13()=2q, (2.9)

where q is one electronic charge (1.6x10™° C) and Ip is the dc bias current flowing
through the diode. The small-signal resistance of the diode, ry, is given by the usual
relationship,

_ kT

SHLLE (2.10)
o

Iy

Bipolar Transistors
The noise in bipolar transistors is due to shot noise of both the collector and base
currents, the flicker noise of the base current, and the thermal noise of the base
resistance. A common practice is.10 combine all these noise sources into two
equivalent noise sources at the base of thetransistor, as shown in Fig. 2.7. Here, the
equivalent input voltage noise, Vi(f), is given by
10
2gm;
where the r, term is due to the thermal noise of the base resistance and gmterm is due
to collector-current shot noise referred back to the input. The equivalent input current
noise, | (), equals

v2(f)= 4|<T§‘?b ¥ (2.11)

& 0
|i2(f):2qQ|B+&+ o 7.

g f p(f)5

where the 2glg term is a result of base-current shot noise, the Klg/f term models 1/f
noise (K is a constant dependent on device properties), and the Ic term is the

input-referred collector-current shot noise (it is often ignored).

(2.12)

MOSFETS
The dominant noise sources for active MOSFET transistors are flicker noise and
thermal noise, as shown in Fig. 2.7. The flicker noise is modeled as a voltage source
in series with the gate of value
ey K
vi(f)= WLC,, f
where the constant K is dependent on device characteristics and can very widely for

(2.13)
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different devices in the same process.

The derivation of the thermal noise term is straightforward and is due to the
resistive channel of a MOS transistor in the active region. If the transistor was in
triode, the therma noise current in the drain due to the channel resistance would
simply be given by 12(f)=(4kT)/r,., Where rgis the channel resistance. However,
when the transistor is in the active region, the channel cannot be considered
homogeneous, and thus, the total noise is found by integrating over small portions of
the channel. Such an integration results in the noise current in the drain being given

by
13(f)=4kT g g, (2.14)

the coefficient y is derived to be equal to 2/3 for long-channel transistors and may
need to be replaced by alarger value for submicron MOSFET [7]. The exact value of
this number is under active research.

Opamps

Noise in poamps is modeled tusing three uncorrelated input-referred noise
sources, as shown Fig. 2.7. With an opamp+that+has a MOSFET input stage, the
current noise can often be ignored at fow:frequencies since their values are small.
However, for bipolar input stages, all three noise sources are typicaly required, as
shown in Fig. 2.8. In Fig. 2.8(a),.if V,(f)iismot included in the model , a unity-gain
buffer with no resistors indicates that the circuit output is noiseless. In fact, the
voltage noise source, V(f), dominates. I I, (f) is not included in an opamp model, the
circuit shown in Fig. 2.8(b) indicates that the output noise voltage equals V(f). Here,
the current noise may dominate if the resistance, R, islarger. A similar conclusion can
be drawn with I ,.(f), as shown in Fig. 2.8(c).

2 2 2 .5
o Vi (f) Ve R o V. (f)
5 0 2 T 2 2
W (f)ignored: ‘u’ib =) L.(f) ignored: Vﬁu =V L (fyignored: Vi, = Vg
: 3
Actual: V5 = V- Actual: Actual:
no n : ]
Ve, = VPl R Vo, = Vo +(IL.R)
(a) it (e}

Figure2.8 Opamp circuits showing the need for three noise source in an
opamp noise model. Assume the resistance, R, is noisdess is
simplified from V(f) to V,,, and so on.
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2.4 Noise Theory Apply to RF Circuit

In this section, we focus on the noise theorem applying to RF circuit design. The
first circuit is the low noise amplifier (LNA) with using MESFET for 4GHz band
transmission. The noise figure plays important role for LNA. Therefore, the noise
figure represented by two port network will be described.

The second circuit is the oscillator at 2GHz signal generation with using
MOSFET to fabricate the integrated circuit under voltage controlled. Deal with
oscillator property, the phase noise shows the critical parameter for circuit design. In
the following, noise figure and phase noise will be introduced separately.

2.4.1 Definition of Noise Figure by Two-Port Networ k

FN. = H?;.B
—_—
Moisy : Py, = (KkT.B) Gy +
Moiseless o o
two-port P (KT8 )G
network - 1’;?&: S
Ga Ga
Pn KT.B
JE—

(a) (b)
Figure2.9 (a) Noisy two-port network;=(b) noiseless two-port representation.

It iswell know that the maximum noise'power that a noisy resistor can deliver to
a network within the bandwidth B is
Vnzrms
P, = R KTB (2.15)
Next, we consider the noise characterization of a two-port network. A two-port
network is shown in Fig. 2.9, where the available input noise power from the resistor
Rs at temperature T is Py = KT¢B. This input noise power gets amplified by the
available gain of the two-port network (Ga) and appears at the output. In addition, the
noisy two-port network contributes a certain amount of noise power to the output,
shown as P, in Fig. 2.9a. The total available noise power at the output is

P, =G,P, +P, =G,KT,B+P, (2.15)

Associated with P, we can define an effective input noise temperature T, such
that

T = (2.16)
kBG,
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The noise figure F of atwo-port network at a specific signal frequency is defined
as[9]

_ B, _ total availablenoise power at the output 2.17)
PG, amplify theavailablenoise power at theinput '
By some manipulation, the noise figure is
Fot+le (2.18)
T

S

2.4.2 Oscillator Phase Noise

For a nominally periodic sinusoidal signal, we can writex(t) = Acodw_t +f _ ()],
where fn(t) is a small random excess phase representing variations in the period.
The function f,(t) is “called phase noise”. Note that for [f ,(t) <<1rad, we have
x(t) » Acosw,t - Af (t)sinw,t ; that is, the spectrumof f (t) istransatedto +w..

In RF applications, phase noise is usually characterized in the frequency domain.
For an ideal sinusoidal oscillator operating at w,_, the spectrum assumes the shape of
an impulse, whereas for an actual oscillator, the-spectrum exhibits “skirts” around the
carrier frequency in Fig. 2.10. To quantify phase noise, we consider a unit bandwidth
at an offset Dw with respect tow_; calculate the noise power in this bandwidth, and
divide the result by the carrier {(average) power [10].

Ideal Oscillator Actual Osclllator

-
(Ve )

Figure2.10 Output spectrum of ideal and actual oscillators.

Phase noise is defined as the ratio of power in one phase modulation sideband to
the total signal power per unit bandwidth (one Hertz) at a given offset; f,,, from the
signal frequency, and is denoted as L(f, ). It is usually expressed in decibels relative

to the carrier power per Hertz of bandwidth (dBc/Hz). A typical oscillator phase noise
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specification for an FM cellular radio, for example, may be -110dBc/Hz at 25KHz
from the carrier.

In general, the output voltage of an oscillator or synthesizer can be written as[1]:
Vo (t) = Vo [L+ Alt)] coswit +a(t)] (2.19)
where A(t) represents the amplitude fluctuations of the output, and 6(t) represents the
phase variation of the output waveform. Of these, amplitude variations can usually be
well controlled, and generally have less impact on system performance.

Small changes in the oscillator frequency can be represented as a frequency
modulation of the carrier by letting

q(t):?fsinwmt =q, sinw,t (2.20)

where f_ =w,/2p is the modulating frequency. The peak phase deviation is
q, =Df /f (also called the modulation index). Substituting (2.20) into (2.19) and
expanding gives

v, (t) =V, |cosw,t coslg, sinw,t)- sinwtsinlg, sinw,t)] (2.21)
where we set A(t) = 0 to ignore amplitude fluctuations. Assuming the phase deviations

are small, so that q,<<1, the small argument expressions that sinx € x and
cosx €1 can beused to simplify (2.21) te

v, (t) =V, |cosw,t - g, sinw,tsinwt]

=V, | cosw,t - q?"[cos(wO +w, Jt< cosw, - w,, )t]g (2.22)
1

This expression shows that small phase or frequency deviations in the output of
an oscillator result in modulation sidebands at w, +w,,, located on either side of

carrier signal at w,. When these deviations are due to random changes in temperature
or device noise, the output spectrum of the oscillator will take the form shown in
Figure 2.10.

According to the definition of phase noise as the ratio of noise power in asingale
sideband to the carrier power, the waveform of (2.22) has a corresponding phase noise
of

}aé/oqu2
28 2 5 g2 g2
L(f):ﬂzéﬂ:%:qm’s (2.23)
PC 1v2 4 2
EO

where g, =0, / 2 is the rms value of the phase deviation. The two-sided power

spectral density associated with phase noise includes power in both sidebands:
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_ _95 _
8 (fn)=2L(f,) =2 =a% (2.24)
2.4.3 Leeson’s M odel for Phase Noise

Noise-free

amplifier
Vi (w) V, (w)
—— A=l >
S, (@) S, (®)
—

Hw) |e———

Figure2.11 feedback amplifier model for characterizing oscillator phase noise.

In this section we present keeson’ssmedel for-characterizing the power spectral
density of oscillator phase noise [9], [11]. We will model the oscillator as an amplifier
with a feedback path, as shown in Figure2.11. If the:voltage gain of the amplifier is
included in the feedback transfer. function—rH{w ), then the voltage transfer function
for the oscillator circuit is
V, (W

Volw)= . Ig(\?v)

If we consider oscillators that use a high-Q resonant circuit in the feedback loop,

the H(W) can be represented as the voltage transfer function of a parallel RLC

resonator [4]:

(2.25)

H(w)= L = : L (2.26)
1+ .Qaai_%g 1+2jQDw/w,
e, W

where w, is the resonant frequency of the oscillator, and Dw =w - w, is the offset
relative to the resonant frequency. We know that the input and output power spectral
densities are related by the square of the magnitude of the voltage transfer function, so
we can use (2.25) to write

_1+4Q°Dw? /wg
(W)

w) = 407 D S, (w)
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2

gﬂ 4QWDN2 3, g Ej (2.27)

where S, (w) is the input PSD, and S (w) is the output PSD. In (2.27) we have

also defined w, =w,/2Q asthe half-power (3dB) bandwidth of the resonator.

- |
= | 1 :
S - Nse
= f
[ ¥] o .
= 1 ; at carrier
= — noise |
i~ f | Thermal
22d] | noise
= |
e
| | .
Ju fo

Figure2.12 Noise power versus frequeney for, an amplifier with an applied
input signal.

The noise spectrum of atypical’ transistor: amplifier with an applied sinusoidal
signa at fo is shown in Figure 2:12.. Besides kKTB.thermal noise, transistors generate
additional noise that varies as 1/f at frequencies below the frequency f,. This 1/f, or
flicker noiseislikely caused by random fluctuations of the carrier density in the active
device. Due to the nonlinearity of the transistor, the 1/f noise will modulate the
applied signal at fo, and appear as 1/f noise sidebands around f,. Since the 1/f noise
component dominates the phase noise power at frequencies close to the carrier, it is
important to include it in our model. Thus we consider an input power spectral density
as shown in Figure 2.13, where K/Df represents the L/f noise component around
the carrier, and KToF/Py represents thermal noise. Thus the power spectral density
applied to the input of the oscillator can be written as

s (w)= KT,F Kw 0
P, &€ Dwg
where K is a constant accounting for the strength of the 1/f noise, and w, =2pf, is
the corner frequency of the 1/f noise. The corner frequency depends primarily on the
type of transistor used in the oscillator.

(2.28)
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Figure2.13 Idealized power spectral density of amplifier noise, including 1/
and thermal components.

Using (2.28) in (2.27) gives the power spectral density of the output phase noise
as

2 2 Py
s (W) _ KT,F aeKw,w, Lo Wo o Kw, N 1%

P, &4Q°Dw® 4Q°Dw® Dw 4

2 2 s

aKwW._ W Dw o]

_ KToF Wa3h | th | -KDw, 12 (2.29)
R, é Dw Dw Dw 3

This result is sketched in Figure 2:14:"There are two cases, depending on which
of the middle two terms of (2.29) is.more significant. In either case, for frequencies
close to the carrier f, the noise power decreases as 1/f%, or -18dB/octave. If the
resonator has a relatively low Q, so that its 3dB bandwidth f, > f,, then for
frequencies between f. and f, the noise power drops as 1/f %, or -12dB/octave. If the
resonator has a relatively high Q, so that f, < f_, then for frequencies between fj,
and f. the noise power drops as 1/f, or -6dB/octave.

k by (] 8y Cu)

l4) (b}
Figure2.14 Power spectral density of phase noise at the output of an oscillator.
(a) responsefor f, > f, (low Q). (b) responsefor f, <f, (high Q).
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Chapter 3
Microwave L ow Noise Amplifier with Source
| nductance Feedback

3.1 Introduction

The first stage of a receiver is typically a low-noise amplifier (LNA), whose main
function is to provide enough gain to overcome the noise of subsequent stages (such
as a mixer). Aside from provide this gain while adding as little noise as possible, an
LNA should accommodate large signals without distortion, and frequency must also
present a specific impedance, such as 50(2, to the input source[9].Recently, Source
inductive feedback (SIF) has found its applications in the low noise amplifiers by
MMIC and CMOS IC technologieg12-15]. The noise properties of amplifiers are
described typically by minimum noise figure F ., equivalent noise resistance R,

min ?

and optimal reflection coefficient +G ;. A low noise amplifier is normally designed to

have the source reflection coefficient G equal to G, to obtain the lowest noise

figure F_. , at the expanse of.the return-toss: The technique of SIF can introduce

equivalently aresistor to achieve input impedanece and noise matching simultaneously,
and even dlightly reduce both F_,, and 'R} "[16-20]. As the frequency is raised, this
technique may fail. The package parasitic is conjectured to be the crucial role. But
until now, a study of the relationship between FET parameter and SIF inductance has
not been detailed. The information of frequency limitations of SIF in package
device are also not available. It isinteresting to study the universality of the technique,
especialy in the discrete circuit design for practical applications. Due to the circuit
complexity, the studies are explored by numerical computation. We study the noise
problem with a noisy two-port network [21,22,23,24]. In section 3.2, the generic
behaviors of packaged MESFET with SIF at various frequencies region are examined
from the two-port scattering and noise parameters. In section 3.3, the equivalent small

signal model with noise sources are extracted. The mechanisms of degradation inF

are elucidated by inspecting each element of the model. Finally, the frequency
limitation of SIF technique in the package deviceis indicated.

3.2 Calculations of Noise Parameters

3.2.1 Low-Noise Amplifier Design
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Besides stability and gain, another important design consideration for a
microwave low noise amplifier is its noise figure. In receiver applications especialy,
it is often required to have a preamplifier with as low a noise figure as possible , the
first stage of areceiver front end has the dominate effect on the noise performance of
the overall system. Generally it is not possible to obtain both minimum noise figure
and maximum gain for an amplifier, so some sort of compromise must be made. This
can be down by using constant gain circles and circles of constant noise figure to
select a usable trade-off between noise figure and gain. Here we will derive the
equations for constant noise figure circles, and show how they are used in transistor
amplifier design.

As derived in references [1,8,9], the noise figure of a two-port amplifier can be
expressed as

Ry

2
F=F_. + ‘

min

‘YS - Yopt (31

S

where the following definitions apply :
Y s= Gs + | Bs = source admittance presentéd.to transistor.
Y opt = Optimum source admittance thatresults in-minimum noise figure.
Fmin = minimum noise figure:of transistor, attained when'Ys =Y gy
Rn = equivalent noise resistance of transistor.
Gs = real part of source admittance:
Instead of the admittance Y sand-Y g, We can use the reflection coefficients G, and

G, » Where
1- ¢
v, = - s (3.29)
Z,1+ G,
1- ¢
-1 on (3.2b)

Y "
ot Z,1+ G,

C, is the source reflection coefficient . The quantities Fmin, G,,, and Ry are

S

characteristics of the particular transistor being used, and are caled the noise
parameters of the device; they may be given by the manufacturer, or measured.

Using (3.2), the quantity ‘YS - You ’

can be expressed intermsof G, and G,

2 4 ‘CE qm‘z

= : (3.3)
Z, 1+ G| 1+ G,

Ys- Y,

pt ‘2
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Also,

1 1- -G . 11-|g/°
Go=Rely}= L (3. 1G,) 1G] 39
22, 1+G 1+G Zyji+G|
Using these resultsin (3.1) gives the noise figure as
2
S T (35)

2
2o (1- G2+ Gy
For a fixed noise figure, F, we can show that this result defines a circle in the C,

plane. First define the noise figure parameter, N, as

2

_ |GS - Gopt _ F - me
1- |GS|2 4R, 1Z,

2

+G

opt

(36)

which is constant, for a given noise figure and set of noise parameters. Then rewrite
(3.6) as

G- GG - G, )=N@- |G|,

GG - (GGy *+G G,)+GeGy =N NG,
* (GSGopt* +GS*Gbpt) _ N- ‘GOF’“Z

&& N+1 N1

Now add |G, ‘2 / (N +1)? to both sidesto complete the square to obtain

2
Gy [NV G, ) o
N +1 (N +1) ’
This result defines circles of constant noise figure with centers at
_ G
PNl (3.8)
and radii of
2
NN +1- G, )
R. = G (3.9)

- N +1

3.2.2 Noise Two-port Network Theory of Cascode Connection
First, the generic behaviors of packaged MESFET with SIF shown in Fig.3.1 are
examined through the noise and scattering parameters. In general, the noise

parametersareintermsof F R, and G, inthedatasheetof Table3.1. The

min ?
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Input Dutplrlt i
n Matching Matching >
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1s(Zs) Gin(Zin) lout  IL(ZL)
out)
Fig 3.1

Fig.3.1 Block diagram of the single stage microwave amplifier with SIF

Table3.1 NEC NE42484A under V4= 2V and | 4s= 10mA

* HEC HE42484A
i GHz s MA R 5a

8.1 a.999 -1.9 5.116 178.3 08.882 87.2 0.673 -1.3
8.2 8.998 -3.9 5.11% 176.2 0.804 B85.5 0.672 -2.7
8.5 8.994 -9.8 5.181 178.8 8.811 B81.6 0.667 -6.7
1.8 8.981 -19.7 5.847 1681 @8.821 75.7 B.657 -13.2
2.8 0.944 -39.1 4853 1.4 8.837 63.7 8.634 -26.1
3.8 0.988 -57.5 4.594 124,89 @.68580 52.4 9.604 -38.7
4.0 0.852 -74.5 L4.314 167.7 0.8061 42.2 8.571 -51.8
5.8 g.881 -89.9 L4.844 92.3 8.4978 33.4 8B.536 -63.8
6.8 8.750 -184.1 3.798 F7.5 B8.8f7 25.5 B.499 -75.8
7.8 8.698 -117.2 3.584 63.2 8.884 18.4 B.4562 -B7.0
8.0 0.648 -129.8 3.403 49 2 B8.898 11.7 B.428 -99.4
9.0 0.598 -142.4 3.251 35.4 0.095% 5.2 8.399 -112.7
18.8 8.551 1554 3121 21.7 8.188 -1.3 8.378 -127.5
11.8 8.588 -169.5 3.0068 7.9 08186 -7.9 8.367 -144.2
12.8 0.469 1749 2.962 -6.8 8.111 -14.9 8.369 -163.3
13.8 0.435 157.6 2.796 -28.3 8.116 -22_.3 8.38B5 175.5
14.08 0.487 138.6 2.682 -34.9 8.121 -30.3 0.413 154.6
15.8 8.386 118.1 2.552 -58.1 8.125 -38.9 8.452 134.2
16.8 8.373 96.5 2.484 -65.7 8127 -48.3 8.580 115.8
17.8 8.37a 4.9 2,234 -B81.9 8.129 -58.5 8.553 99.7
18.8 8.376 S4 4 2,045 -98.1 8.128 -69.7 0.612 85.5
19.08 8.394 37.1 1.848 -113.3 06.124 -82.0 0.673 3.8
28.08 0424 25.1 1.627 -124.3 8116 -95.3 0.737 61.5
* HOISE PARAMETERS

1.8 8.31 8.78 18 8.43

2.8 8.34 8.76 28 8.38

4.0 a.48 8.72 58 8.28

6.8 B.47 8.65 84 8.1

8.8 8.56 8.57 113 8.15%
18.8 B.66 8.58 141 @8.18
12.8 g.8@ a.4h 173 0.68
14.08 8.93 8.36 -148 0.069
16.8 1.18 8.38 -186 8.21
18.8 1.31 8.38 -5 B8.36

29



noise figure F is described again as [17].
I::Fmin +& i
G

S

(3.10)

Y, - Y

opt

where Y, =G, + |B, represents the source admittance, and Y,, is the optimum

pt

admittance. The admittance Y,

isequal to :

_1_ GoptY

Yopt = Gopt + jBopt - 1+ C%pt 0 (3.11)
For convenience, another form of noise figure isgiven by :

r+9.|Z, +2,|
F=1+ n gn‘ s c‘ (312)

R

where r, is the equivalent normalized noise resistance, g, is the equivalent
normalized noise conductance [25], and Z_ is the correlation impedance. Their
interrelationsare given as :

- (4RnGopt - Fmin +1)( I:min ] l)

M 3 (3.13)
4R, Nopt|
B 2
Onh = Ry |Yopt| (3.14)
F..-1-2RG,, +j2R B
Zc - min R1 opt . J R1 opt =R3 + ch (315)
2R, Yo
Inversely, we also get another form of noise figure asfollowing :
Fain =129, (R +Ry,) (3.16)

After SIF is added , new parameters r, ~ g, and Z, with subscript t denoted as
total are represented as follows [22] :

re =1, (3.17)
_ 2
Ont _|Dn| On (3.18)
+
Z, = Z°D S0z R, + X, (3.19)
where
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(Zuta +Zi)

E =- le + 21 (320)
L (ZeatZw)
Z
,=——a (3.22)
Ly + Lo,
and Zj,andZ,, I, j=1,2 represent the element of the impedance matrix of the

transistor in network N, and the external inductor in network Ny, respectively. The
inductance involved by N, network is Ziip = jwL and Zz1, = j @ L. Accordingly, from
(3.13) to (3.16) the new noise figure, noise resistance, and optimal admittance with
SIF become :

_ 5
Frint =1+ ZggntRct +\/gntrnt +(gnR:) % (322)
2
Rt =t + Ont| Zct| (3.23)
r% +RE + X g
Yoptt = ; k 2 (3.24)
o+l
nt
and then
1- h
Y,
G = (3.25)
1+ optt

0
Hereafter, the subscript t is dropped for convenience.
The scattering parameters are also changed as the inductor is included into the active
device . They are obtained via a numerical manipulation of two to three port
transformations [18,21]. To obtain the noise and gain matching, the portraits of new

*

G, and G, inthe Smith chart asa function of feedback inductance are calculated.
Here, G, isfurther replaced by S;; under the assumption of small S,,. In fact, the

behavior of Q: is by no means more complicated than S;;. The S; acts as a

precursor of G,,. Thisapproach gives us a quick examination.
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3.2.3 Graph of Numerical Computation with Loci of G, and S,

Following the mentioned procedures, the total G, and scattering parameters can

be obtained. A typical microwave FET ( Pseudomorphic HJ FET NE42484 from NEC)
used in satellite receiver is employed. Fig.3.2(a) and Fig.3.2(b) show the calculated

loci of G, and S,; with inductance from 0~1 nH, respectively[18].Fortunately, the

starting points for two corresponding portraits in Fig.3.2(a) and 3.2(b) happen to be
close to each other. Hence, the portraits can approach to each other as the inductor is
added. While this feature maintains only under 8GHz in Fig.3.2(b). As frequency is

raised, the portrait of S, deviate seriously from the constant reactance circle and

even runs out off the unit circle. Thus, there is no opportunity for the G, and S,

portraits to approach each other. It implies that the SIF technique for simultaneous
noise and input matching can be applied for frequency under 8GHz in our case with
discrete package devices.

Smith Chart

Fig. 3.2(a)
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Smith Chart

RGIIz

AFHz

Fig. 3.2(b)
Fig.3.2Loci of (a) G, (b) S,,~as funetionsof feedback inductor from 0to 1nH
at various frequencieswith NE42484 biased at V=2V, | 4s=10mA .

Next, the dependence of the hew. ‘F...—.and_R_ ‘as functions of source inductance
L at two different operating frequencies (4GHz at' C band and 14GHz at Ku band)
are examined. Fig. 3.3 reveals that' F | is dlightly improved at 4GHz as the
inductance is increased. On the contrary, F,,, isdegraded at 14GHz . The equivalent
noiseresistance R, revealsthe same behavior as shown in Fig.3.3.Therefore, the bad
grounding and parasitic effect may cause noise degradation in Ku band.

—-— -
3 . i W e FEAGE
- *

" 0e B a am] oo F=4GHz !f

ny L P = (3 - = P
e iy o
EWF g Ceeeedns F=4GHz 5 ”
E oo | s 20| ’-f
T s | r )
E el En 1] Sy ; T T,
:D b4 S A R R = o i L

i3 i | i 3 ik

.1 n.z fhd [ 5 | K] 1] .2 1.4 i [ ] 1A

(a) Inductance LinH) (b) Inductance LinH)

Fig.3.3 Behaviors of (a) Fnin and (b) Ry  as functions of feedback inductor for
NE42484 biased at V ¢s=2V, 13s=10mA.
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3.2.4 Experiment of Both Input Impedance and Noise M atching

According to the above calculation, the SIF is healthy for the C-band operation.
With the help of SIF, both input and noise can be simultaneously matched. In this
example the transistor NEC42484 has a minimum noise figure of 0.4dB and an
associated gain of 15.5dB at 4GHz and bias at V ,=2V and |, =10mA. Without
SIF, the input matching is only about —7dB for best noise figure. The measured results
with gray lines are shown in Fig.3.4. With the help of SIF, the calculated input
matching is improved to —25dB and an associated gain of 16dB under F_,,=0.39dB
with inductor 0.35nH. These simulation results are shown in Fig.3.4, represented by
the broken line. And the solid lines indicate measured data. In practice, the inductor is

HF 8970 B Noise Figure Meter
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Fig.3.4 Experimental results of a C-band amplifier with SIF (a) low noise
performance and (b) gain and return loss.



realized by a high impedance line with characteristic impedance Z = 92W and the
length 30 mil [13,19,26]. The inductor 0.08nH from via hole is also included. The
measured result is shown in Fig3.4 with good input return loss about —23dB under
mark 3 symbol, gain about 14dB and noise figure about 1 dB at 4 GHz, respectively.
The deviation of noise figure level is due to the connector and microstrip to coaxial
transition 10ss(0.3~0.4dB each).

3.3AnalysisFrom The Equivalent Circuit

3.3.1 Verification by small signal noise model

To clarify the origins of frequency limitation, we examine the dependence of the
noise figure on each circuit element of the small-signal model, containing noise
sources and packaged elements. The model including noise sources of the MESFET
device as shown in Fig.3.5. The value of each element is determined by the method of
extraction technique from the dc measurement, S parameters, and noise parameters
[25,27,28]. The parameters are listed in table 3.2. The extracted values of the noise
coefficient P, R and C are 0.65, 0.4 and 0.76, respectively. The S parameters of the
noise model in Fig.3.5 have also been calculated. They show a coincident behavior
with that of the measured resultsin Fig.3:4:

Fig.3.5 Equivalent small-signal model including the package effects and noise
sour ces.
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Table 3.2 Small signal parameter sincluded noise parameters

The extracted values of the device NE42484
Intrinsic Parameter Extrinsic Parameter
Cas(pf) 0.25 Rg(Q2) 0.31
Cgd(pf) 0.04 Rd(Q2) 0.0072
Cds(pf) 0.13 Rs(Q2) 2.54
Rds(Q2) 224.56 Lg(nH) 0.47
Ri(€) 2.0 Ld(nH) 0.19
gm(ms) 61.89 Ls(nH) 0.12
T (ps) 6.1 Cpg(pf) 0.16
P 0.65 Cpd(pf) |0.07
R 04 Lpg(nH) ]0.06
C 0.76 Lpd(nH) |0.16

To test the effects from package, al parasitic e ements are intentionally removed
from the circuit. To explore further/the variations of. F .. in bare chip, we examine
the influences from intrinsic parts'step by step, especially for the elements of Cya °
Cyand Ry . The dependence is shownin-Fig.36. It reveas that Cgy and R
contribute to decrement of F_, ‘with SIF as in-the curve A and B of Fig. 3.6, while
C, contribute to increment of F; as'in‘the curve C. The contributions from Cq
and R, are larger than that from C, such that the overall F_, of the bare chip
device decreases dightly.

20

1.9
1.8 -
E ]_ /"‘F
8 L
=
E 1.6
toLe #
5 s
2 14 P "‘“‘*:n....q_“_‘
a 1.3 L"""l-q__ [P
£ : A. —
=3
E i.2
1.1 e —
1.0
[IX]] 1 0.2DIv L

Inductance LinH)

Fig3.6 F,, versus L forintrinsic mode plus C ,,R, and C, individually
for curveA, B, C respectively at frequency 18GHz.
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3.3.2 Discussion of Parasitic Effects on Frequency Performance

As for the package effects, capacitance Cyy resided in the input port is confirmed
to be the most essential, although other elements can also affect F_;,. The variations
of F,, a various Cyy are detailed in Fig.3.7. When the parasitic capacitance Cyg is
larger than 0.6 pF, Fnin is degraded with SIF. Referring to package data, it is quite
easy to produce C,y above 0.6pf. We may also consider that the inductor with SIF
is a part of parasitic in package device. The inductor effects at the source of the
transistor can improve the amplifier stability and the input impedance matching. The
inductor with proper value under given frequency makes the path go through to the
ground for the noise coming from the transistor. Therefore, we detect the lower noise
from the output port. These results promote the value of SNR. When the frequency is
raised, the parasitic capacitance C,y may destroy the functions of the inductor. The
transistor noise must find another way via output port to pass through; hence, we can
catch the more noise level from measurement at output port. These facts explain why
the Frinincreased as the frequency increased in Fig.3.3.

= L4 ﬁ
=]
_E 1.3 ] -
v L2 P
] ] —— n
B -é”f ——
= h—'"-‘"—\-n. 1‘
.E 10 o
0.0
0.0 1 0.2DIV 10

Inductance T.(nH)

Fig.3.7 F,,as a fucntion of inductance L in various value of package parasitic

Cpg from 0 pf to 0.2pf with 0.04 pf increase for each curve from curve 1
tocurveb6 at 14 GHz.

3.3.3 Conclusions

The limitations of SIF technique applied to LNA design are studied by numerical
computation. The variations of noise and input matching are examined both from the
scattering parameters and from equivalent circuit. At low microwave frequency, both
noise and return loss matching can be easily obtained. The results are also confirmed
by the C-band LNA with input VSWR about —23dB and an associated gain about
14dB under low minimum noise figure. In the meantime there is a positive influence
innew F_ .. . While above C-band, package parasitic becomes profound and resultsin
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degradation of F_, and prevents the good matching. The degradation is verified
mainly from the interaction between Cpy and L. According to our observation, SIF
technique should be carefully employed above C-band for package devices
fabrications.

3.4 NoiseAnalysisof 24GHz CMOS LNA

3.4.1 Topology of Low Noise Amplifier

In this section, the SIF technique also used in the 2.4GHz CMOS LNA. The
manufacture parameter for circuit design is by standard CMOS process under UMC
0.5um DPDM technology. The whole circuit is shown in the Fig 3.8[9,12,30]. The
circuit consists of two stages: the input stage with M1 and M2 is formed by the
cascoded SIF topology. The output stage, M3 is a common-drain buffer. The spiral
inductor of L; in the output of the first stage is chosen to resonate out with the total
capacitance at the drain of M2, and gate capacitance Cys of M3. The on-chip spiral
inductor used the top layer metal as spiral and the bottom layer metal as the lead out
bridge. Lgng and Loy are parasitic inductors formed by bondwires which should be
kept as small as possible. While chokeskygq , Which resonates with the bypass
capacitor C, to eliminate the noise from the supply should be as large as possible. It
can be formed by a long bondwire."Ls and L4 Which-play the important role in noise
and impedance matching are also formed by-bondwires. The value of Lg set the input
impedance of the LNA and Lg tunes out the input capacitance at the frequency of
operation.

e
PR PR ———

Figure 3.8 LNA whole circuit
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3.4.2 Conventional Design Flow of LNA

In the study, the approach of the fixed power optimization is used to yield the
minimum noise factor for a given power consumption under the assumption of input
matched. According to the reference [12], the noise factor F can be expressed as
follows:

F=1+3%l o p) (3.26)
N
PD(1+i)+2\C\ /ir ? +FFE’OIr4
with P(r,P,) » > P5g 0 (3.27)
0

The optimized Q_ is hidden in the equation of (3.26). The noise figures as a
function of Q_ with power consumption as parameters are plotted in Fig 3.9. This

NF(dB)

25

Fig 3.9 Device geometry for particular power consumption and noise figure

contour provides the guidance for choosing device geometry for particular power
consumption and noise figure. Here, the power 15mW and Q. =4.6 are choosed, then
the noise figure 2.4 dB is aso obtained. The optimum width of M1 device can be
determined by the following equationg 12]:

3

Wiioptp, = » 465um
e 2><NO >4- >Cox st >QLop’(

Where w,=15.08Grad/s, L=0.37um, C, =256mF/m’, and Rs=50W .

The actual width is only 450um, which is confirmed from SPICE simulation. The
final design parameter of the whole LNA circuit is shown in Table 3.3.
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Table 3.3 Design parameter of 0.5 um UMC DPDM technology

Frequency 2.4GHz
M1 Size 450um
M2 Size 220um
M3 Size 300um

Lt inductor 4nH
Lout inductor 4nH
Lsinductor 0.8nH
21 20dB
NF 2.9dB
DC Power 24mwW

3.4.3 M easurement and Discussion
Fig 3.10 shows the return loss S;; of LNA with the value of -24.7dB at 2.4GHz.

On the Sy; curve, the gain has a peak value of 12.47dB at 2.4GHz is plotted in Fig
3.11 which shows the large difference with simulation results. Both input noise and
gain matching curves are shown in.Fig 312: At 2.4GHz operation frequency, while
the location of peak gain is also the place where the lower noise figure is improved
than other frequency. From the noise figure chart, it' shows 5.6 dB. The DC power

from calculation is about 40mW.
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The value of noise figure with 5.6 dB is higher than the smulation of whole

circuits with 2.9 dB. According our observation, the gate resistance is not included in
the model from 0.5um UMC technology. Here, we should discuss the gate resistance
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effect on the performance of the LNA [31,32]. The n-channel RF MOSFET with
multifingers are fabricated with a 0.5um standard CMOS process. Devices with
different bias are measured under the on-wafer probe station with the help of
ATN-NP5B module. The HF measurement system consists of an HP8753D network
analyzer, HP 85122A noise figure meter and HP41421-V tester. The S parameters are
measured for the devices at various bias conditions and de-embedded with a two
step(open and short) procedure. The noise parameters are obtained under the same
bias condition and the frequency range from 0.3GHz to 6GHz.The distributed gate
resistanceis given by [32]:

_ WRg
R, = AN (3.28)

Where W is the total gate width of the device, L is the channel length, N is the
number of gate fingers, R is the sheet resigtivity of the polysilicon, and the factor 1/3
arises from a distributed analysis of gate. The samples are from UMC 0.5um DPDM
process with sheet resistivity is 30W/[_] and the width 500um(20umX25), where
N=25. To account for the high frequency behavior of R, the scattering parameters of
NMOS are measured. The magnitude ofyRg-is extracted from S;;, from which the

admittance matrix can be obtained: Ry is deduced by R, = Re[1/Y),]. Fig 3.13 shows

the measured S;; and those caleulated withi/-without Ry in the BSIM3V3 model.

S11

Svip hlan
5GHz

O: Measurement Rg = 16 Q
A : with Rg

] : without Rg

Figure3.13 Measured Sy; and those calculated with / without Ry in the
BSIM3V3 model
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The extracted and calculated Ry are equal to 18.6W and 16W, respectively. The

contribution of the noise figure with R, =16W taking account in the model is about

1.21 dB. The transition loss for each SMA is 0.4 dB. Then the rest of noise figure is
0.71 dB(5.6-2.9-1.21-0.4X2=0.71), might be induced from Ls and L.

The gate resistance also degraded the performance of circuit, Fig 3.14 shows the
measured and simulation results. The large deviation between BSIM3v3 model and
measurement is that the gate resistance effect doesn’t account in the model. Without
Rg taking into account, the gain peak is overestimated by 4.6 dB. The modified
BSIM3V3 model with gate effect taking into account shows good match with
measured one. It means that gate resistance has great influence on the effect for input
matching, isolation, noise figure and signal gain attenuated.
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—o— Modified BSIM3v3 Model
20 4

—4— Measurad
[iT} af%%a
= ] =" @
— a° a o
a 0oog o
w oDD 'n,_ﬂf——FM o
E DD ‘,D’D o
3 10_9&3‘3‘” S o
% linnn !r—_hg
g -0
o u\\o
o o*q
= a
o o 3\9\
a e \o\
E 04 ° n\Q
& i
[=
&
'—
T T T

T T T T T K
1.50 1.75 2.00 225 2.50 275 3.00
Frequency (GHz)

Figure 3.14 S;; measured and simulation results

3.4.4 Conclusions

The circuit design of 24GHz CMOS LNA with 12.5 dB gain and 5.6 dB noise
figure was fabricated by the process of UMC 0.5um DPDM technology. The circuit
with using SIF topology, the noise and input matching can be easily obtained, the gain
and isolation are examined to be improved. Owing to the gate sheet resistance
30W/ o is so high that it affects the input matching, noise figure and signal gain.
Therefore, choosing lower sheet resistance of poly gate is necessary to RF design.



Chapter 4
Design of the CM OS Voltage-Controlled Oscillator

4.1 Introduction

A mgjor challenge in the design of CMOS single-chip transceiver systemsis the
phase-locked-loop frequency synthesizer. The phase noise of the synthesizer is the
most information transfer and is mainly determined by the phase noise of the Voltage
Controlled Oscillator. LC-tank voltage controlled oscillators are a better choice than
relaxation oscillators or ring oscillator to fulfill the required high frequency and noise
specifications. A monolithic LC-tank VCO however, requires the integration of high
guality passive devices, such as inductors and varactors in an inherently lossy CMOS
technology. The design becomes even more challenging, when a high tuning range is
necessary to provide the required frequency band over process tolerances. The
combination of a wide tuning range and a low power supply voltage (meaning a low
tuning voltage range) requires a high-VCO'gain.(MHz/V), which makes the oscillator
much more sensitive to voltage noise i nduced. phasenoise 32].

It is a well known that, from the Leeson’s model, the single-sideband power
spectral density is given by [9.11]:

7

é |
L{DW} =10X0gea T o1+ (Mo )2]x1+ 21 @.1)
g Ps 2Q, Dw [ Dw |

where FKT is the effective thermal noise with the multiplicative factor F, K is
Boltzmann’s constant, T is the absolute temperature, P is the average power
dissipated in the resistive part of the tank, Dw is the offset frequency, Q, is the
effective quality factor of the tank and is dominant by quality factor of spiral inductor,

w, isthe center frequency, and Wy is the corner of the flicker noise. This model

describes well the shape of the spectrum. It suggests that a good oscillator needs high
Q factor, low effective thermal noise and low flicker noise of the active device. While
the factor F, also denoted as the device excess noise number, is a posterior fitting
parameter derived from measured data]11]. These important parameters which have
influence on phase noise will be discussed in the following section. The LC tank with
complementary cross coupled pair circuit is used and shown in Fig. 4.1 [30.31]. The
layout of die microphotograph is also shown in Fig. 4.2 by implementation with
standard 0.35um COM S process technol ogy.



Fig. 4.2 The photogr aph of S35-90D VCO
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4.2 Microwave Circuit Design of VCO

The traditional circuit design of microwave oscillator has separated two ways
with one-port network and two-port network[1.8].
4.2.1 One-Port Negative Resistance Microwave Oscillator
Here we present some of the basic principles of operation for one-port negative
oscillators; much of this material will also apply to two-port (transistor) oscillators.

/.f"‘;—“‘--,_* /_,,- '\\‘
/ Y
X; / X \
IJI \I Negative
o i | resistance
\ | device
\ /
b
I-'L. I_In
(Zp) (Zy)

Fig. 4.3 Circuit for a one-port negative-resistance oscillator

Fig. 4.3 shows the canonical RF circuit for a one-port negative-resistance oscillator,
where Zin = Rin+ jXj, is the input impedance of the active device[1]. In generdl, this
impedance is current (or voltage) dependent, as well as frequency dependent, which
we can indicate by writing Zin(1,jw) = Rin(1,jw)+ jXin(l,jw). The device is terminated
with a passive load impedance. Z, = R_ + jX.. Applying Kirchhoff's voltage law gives
(ZL+Zin)1=0 (4.2)

If oscillation is occurring, such that the RF current | is nonzero, conditions must be
satisfied:
R. + Rin =0, (4.3

XL+ Xin=O. (4.9)

Since the load is passive. R. > 0 and equation (4.3) indicates that R, < 0. Thus,
while a positive resistance implies energy dissipation, a negative resistance implies an



energy source. The condition of equation (4.3) controls the frequency of oscillation.
The condition in equation (4.2), that Z|. = -Z;, for steady-state oscillation, implies that
the reflection coefficients I'L and T'i, are related as
GL:ZL' Z, - Z,-Z, :Zin+ZO :i

ZL +Zo - Zin +Zo Zin - Zo Gn

The process of oscillation depends on the nonlinear behavior of Z;,, asfollows.
Initially, it is necessary for the overall circuit to be unstable at a certain frequency, that
is, Rin(l,jw)+RL < 0. Then any transient excitation or noise will cause an oscillation to
build up at the frequency, w. As | increases, Ri(l,jw) must become less negative until
the current | is reached such that Rin(lo,jwo)+R. = 0, and X jn(lo,jwo)+X(jwo) =0. Then
the oscillator is running in a stable state. The final frequency, wo, generally differs
from the startup frequency because X, is current dependent, so that Xin(1,jw) # X
in(lo,jWo).

Thus we see that the conditions of equation (4.3) and (4.4) are not enough to
guarantee a stable state of oscillation. In particular, stability requires that any
perturbation in current or frequency will be damped out, allowing the oscillator to
return to its original state. This condition can be quantified by considering the effect
of asmall change, 61 , in the current anda;small change, 3S, in the complex frequency
s=a + jo. If welet Z1(1,5) =2Zin(1,5) +Z(s), then we can write a Taylor series for
Z+(1,s) about the operating point lo,mp @

(4.5)

2| s

ds+
Slo

d'=0 (4.6)

Slo

Z:(1,9=2Z:(I5,8) +

since Z1(l,s) must still equal zero if oscillation is occurring. In equation (4.6), o = joo
is the complex frequency at the original operating point. Now use the fact that

Z+(10,5)= 0, and that T2 _. j iz,
Is w

=

, to solve equation (4.6) for & = 6+ jow :

- 9z /1

dl =12 /)27 /W)
1z /fs |

Z, /Tw|

ds=da + jow = (4.7)

Now if the transient caused by 6l and 6w is to decay, we must have 6a < 0 when 61 > 0.
Equation (4.7) then implies that

192, 9127 U
i
P owp

<0,
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or TR TXr WX TR o,
m w9 w

For apassiveload, R /Tl =X, /Ml =TR_/fw =0, so equation (4.8) reducesto

As discussed above, we usually have that fR,/fl >0. So equation (4.9) can be
satisfied if (X, + X, )/fw >>0, which implies that a high-Q circuit will result in
maximum oscillator stability. Cavity and dielectric resonators are often used for this

purpose.

Effective oscillator design requires the consideration of several other issues, such
as the selection of an operating point for stable operation and maximum power output,

frequency-pulling, large-signal effects, and noise characteristics.

Rin(A) A
Ao,rnax =~ % Am
|
—Ro | '
3
—HFp

Fig. 4.4 Linear variation of the negative resistance as a function of the current

amplitude

In a given oscillator design, the input impedance of the active device is known
for small-signal conditions. A practical way of designing R, is to select the value of
R, for maximum oscillator power. If the magnitude of the negative resistance is a
linearly decreasing function of A which showsin Fig. 4.4, we can express Rin(A)in the

form

Ra(A)=-Ry(1- 2

A

)

where -Rg isthe value of Riy(A) at A = 0,and Ay is the maximum value of A.

InFig. 4.3, the power delivered to R, by Ry (for A <Ay) is

c/

A 7
A
48
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Hence, the value of A that maximizes the oscillation power is found from

dp _1_¢ 3A%U
— ==R,a&2A- 1=0

a2 A

which gives the desired value of A, denoted by A, max, that maximizes the power. That
is,

-2
A),max _3AM

Ru (A ) = 2
Hence a convenient value of R, which maximizes the oscillator power, is

_R
R =7 (4.11)

Observe that equation (4.11) is valid when the negative input resistance varies
linearly with amplitude. In practice, the selection of R according to equation (4.11)
produces good results. : '

4.2.2 Two-Port Networ k of:MIcrowave OSciIIator

Input Terminating
port part
I‘ T
Load Transistor Terminating
nemwork = = [5] =+ =T network
O Cr
<L Zin Zour Ery
T M) Tow) T
{a)
Terminating Input
port port
T {
T i
Terminating Transistor Load
netwoirk —— = [5] e - network
£r  Zout Ziy £
iCd  (Cour) LY Y

()
Fig. 4.5 Two-port oscillator model
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The genera block diagrams for two-port negative-resistance oscillators are
shown in Figs. 4.5(a) and 4.5(b)[1.8].The transistor network is characterized by its S
parameters, Z is the terminating network impedance, and Z, is the load impedance.
Observe the notation used in Figs. 4.5(a) and 4.5(b), which shows that in an oscillator
either port of the transistor can be used as the terminating port. Once the terminating
port is selected, the other port is referred to as the input port. The load-matching
network is connected to the input port, in agreement with the one-port notation used
inFig. 4.3.

When the two-port is potentially unstable, an appropriate Z permits the two-port to
be represented as a one-port negative-resistance device with input impedance Z,y, as
shown in Fig. 4.3. The conditions for a stable oscillation are given by equation (4.3),
(4.4), and (4.9). To start the oscillation, the value of R, is selected according to
equation (4.11) (i.e., R. = Ry/3 or, in general, R. = [Rin(0,®)]/3).

When the input port is made to oscillate, the terminating port also oscillates. The
fact that both ports are oscillating can be proved as follows.

The input port is oscillating when
C\,C =1 (4.12)

andfrom G, =S, + SeSaCt L S DG hin
1- SzzGr - Szzer

1- S,G

Szz - DGL
Also, from G, =S,, + %25aCs _ Sy 16 ,G; =C, we get equation

1-5,G6  1-5,G

— S22 - DGL

=2 L 4.14
Goor =77 5.G (4.14)
and from equation (4.13) and (4.14) it follows that
Gour G =1

which shows that the terminating port is also oscillating.
A design procedure for a two-port oscillator is as follows[8]:

1. Use apotentially unstable transistor at the frequency of oscillation .

2. Design the terminating network to make |[';n| > 1. Series or shunt feedback can
be used to increase [}y

3. Design the load network to resonate Zy, and to satisfy the start of oscillation
condition in equation (11).That is, let
XL(WO):' XIN(WO) (4.15)
and



Ro

R =3 or,ingeneral, R :7‘R'N(O’W)‘

3
This design procedure is popular due to its high rate of success. However, the
frequency of oscillation will shift somewhat from its designed value at wo. This occurs
because the oscillation power increases until the negative resistance is equal to the
load resistance and X, varies as a function of A (i.e., as a function of the oscillation
power). Also, there is no assurance that the oscillator is providing optimum power.

(4.16)

4.3 Integrated Circuit Design of Complementary Cross-Couple Pair VCO

Freguency determination of
LC tank

\ 4

Device size determination of
cross-coupled pair (Wp/Wn)

A

excess noise minimization and |
tail current trimming

NO

Low phase noise or
symmetry of output
waveform

Yes

Fig. 4.6 L C complementary cross-coupled design procedure
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Voltage-controlled oscillator (VCO) is the most challenging part of a monolithic
RF frequency synthesizer. The phase noise and power consumption are key factors.
The modified RF model is taken into account [36] for precision because the BSIM3v3
model is not suitable for RF circuits design. A simple rule is summarized for the low
phase noise VCO design. Fig. 4.6 shows the block diagram in process for good phase
noise design of LC tank cross-couple pair VCO. First, the dominant oscillator
frequency can be determined by LC tank. The value of high Q inductor must be
selected firstly. On the following, the capacitive value determined by varactor MOS
and formed the inductive properties of impedance. Second, the complementary cross
coupled pair circuit can supply the sufficient power to generate the LC tank
oscillation and also cancel the loss of tank with necessary negative resistance. Third,
the tail current should be adjusted to make all devices working at the saturation region.
And it also can be trade off between output voltage and power. Then, the excess noise
minimization can be done simultaneously[37].
4.3.1 On-Chip Spinal Inductor Design

In this section, we based on some design guideline to implement the good quality

factor of RF spiral inductor because’of ‘demand in integration of transceiver. The
availably of good quality integrated induetorsis crucial in the RF integrated circuits.
Parasitic effects such as losses!of the silicon'substrates and the series resistance of the
metal strip degrade the petformance. . The use of the slicon micromachining
techniques is the solution of substrateloss{38]. It removes the substrate under the
spiral inductor and significantly increases both the self-resonant frequency (SRF) and
quality (Q) factor. However, it needs extrapost processing. The other solution is based
on the layout optimization to minimize the series resistance [39.40]. The resistance is
from ohmic losses, duo to conduction currents, and magnetically induced losses, due
to eddy currents. The ohmic losses relate to the resistance of metal strip, which is
inversely proportional to the width of the metal strip. The magnetically induced losses
depend on the time derivative of the magnetic-field flux through the meta strip,
which is proportional to both frequency and metal strip width. An optimum in metal
strip width is performed to minimize the series resistance and maximize the Q factor.
From equation (4.1), the larger quality factor value is, the smaller phase noise is. The
fabrication of the planar inductor plays an important role to the CMOS VCO
integrated circuit design because of the quality, |osses and phase noise consideration.

The concept of layout optimization for planar inductor, if each turn width of coil

is the same, Rshas the minimum for the same width Wopt given by
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N
[}
r(Hal,
- =1
Wop =3 ﬁ (4.17)
2Ct a 9,1,
n=1
The on-chip constant width RF spiral inductor in 0.35 m CMOS technology
has been developed in our laboratory with three turns, constant width of 20 m,
spacing of 1 1 m, and the length of the first turn (the most inner turn) of 564 1 m [48].

Therefore, the constant C can be found using the above experimental information.
Once the fitted parameter C is known, the optimum metal strip width Wy, in each

turn can be obtained as following

_ | r(f)
Woptn = 3 W (4.18)

The optimum metal strip width.in each turn can.be obtained as W, =14.1823 ;z m,
W, =22.5663 ;« m, W,=40.9718 xm. The simulated:inductance and the Q factor are
shown in the Fig. 4.7. The layout of the spiral inductor is shown in Fig. 4.8. The
measurement of the inductance: and'the Q factor.between the constant width and
optimum width are Fig. 4.9. TheQ faetor, of optimum width spiral inductor is
enhanced about 25% with the same inductance 3.3nH. The difference between the
measurement and simulation may be caused from process deviations.

Graph 2 —& inductance (nH)

constant_wicth

-H- Q factor
constant_width

—¥- Q factor
optimum_width

-&- inductance (nH)
optimum_width

0.1 51 10.1 151 20
Frequency (GHz)

Fig. 4.7 The simulation of theinductance and the Q factor
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Fig. 4.8 (a) Constant width spiral inductor

Fig. 4.8 (b) Optimum width spiral inductor
Fig. 4.8 (¢) Dummy pad for de-embedding
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Fig. 4.9 The measured Q factor comparison between
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4.3.2 Frequency Tuning by M OS Var actor

In aLC-tank VCO, the varactor is used as the tuning element. The tuning range is
strongly related to the ratio of the varactors. Varactors with P+ to N-well junction
have been traditionally realized by the reverse-biased diodes. When tuning with
P+/N-well diodes with cathodes connected to the control voltage, the diodes will start
to be forwardly biased when the tuning voltage reaches around 0.5V[41]. Forwardly
biasd diodes severely degrade the oscillator’s phase noise, due to extra 1/f and
resistive noise. Furthermore, variable diode varactors have a more linear tuning
characteristic with less gain, which results in a more limited tuning range. Thistypeis
not used in our design. For the implementation of a MOS capacitor with large tuning
range, together with a much lower parasitic resistance, the use of the MOS device in
the depletion and accumulation regions only can be a better solution[42.43.44]. This
class of MOS capacitor is referred as accumulation-mode MOS capacitor. It reveals
that the D-S diffusions (p+-doped) are removed. At the same time, the bulk contacts
(n+) can be implemented to the left side of D-S which minimizes the parasitic n-well
resistance of the device. Unfortunately, this device is not supported by the foundry
and is not used here. It is well known'that an'M OS transistor with drain, source, and
bulk tied together realizes an MOS capagiter-with capacitance value depend on the
voltage Vg between bulk (B) .and gate (G). The MOS varactor is shown in Fig. 4.10.
According to the amplitude of-Vgg, the operation of MOS varactor can be separated
into strong inversion region and accumulationregion. The tuning characteristic for the
p-MOS capacitor with D=S=B is.illustrated with Hspice simulation Fig. 4.11. It
should be noted that Fig. 4.11 shows the CMOS v.s. Vgg characteristic for a very
small signal superimposed on the bias voltage Vgg. For the MOS varactor isused in a
VCO, the signal at the transistor gate is large such that the tuning capability of the
circuit isimpaired by the nonmonotonicity of Cmog[48]. One way to obtain an almost
monotonic function for CMOS is by ensuring that the transistor does not enter the
accumulation region for a very wide range of values of V. This is accomplished in
removing the connection between D-S and B, and connecting B to the highest
dc-voltage available in the circuit. The result via Hspice simulation is shown in Fig.
4.12. It is clear that the tuning range of the p-MOS capacitor with Vg=Vpp is much
wider than that in Fig. 4.11. This topology of the MOS is referred to the
inversion-mode MOS [42]. It should be noted that an equally large tuning range can
be obtained with an n-MOS capacitor with floating D-S and grounded B. The n-MOS
capacitor has the further advantage of a lower parasitic resistance than the p-MOS
varactor, but has the drawback of being more sensitive to substrate-induced noise,
since it cannot be implemented in a separate p-well. Consequently, for designing a
V CO, we would choose the p-MOS varactor to lower phase noise.
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Fig. 411 Tuning characteristic for the p-M OS capacitor with D=S=B
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Fig. 4.12 tuning characteristics of the p-M OS via Hspice simulation
with D=S, B=Vdd , W/L=400um/0.35um
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4.4 Simple Description VCO Circuit

The schematic of VCO is shown in Fig. 4.1 (a). The circuit consists of three
divisions : M1~M4 is the cross-coupled pair, L and M6~M7 isthe LC tank, and M5is
tail-current source. On chip spiral inductor as well as inversion-mode MOS varactor is
used to form LC-tank. Here, the extra p-MOS pair is employed to form the
complementary cross-coupled pair VCO to enhance the negative resistance. The
cross-coupled pair circuit provides negative resistance to cancel the resistance
generated by LC-tank. The concept of positive feedback in the cross-coupled pair is
illustrated in Figure 4.13. If the signal at A pointis0° ,through phase shift from gate
of M1todrainis 180° . The extra phase shift from the feedback loop between gate to
drain of M2 is also 180" . Therefore, the whole loop phase shift is 0" to form a
positive feedback. The parallel tank plays the role of frequency selection. According
to the Barkhausen criterion, oscillation occurs at the frequency for which the
magnitude of the loop gain is larger than one. This implies that the pair
transconductance has to overcome the tank loss a resonance. The size of
cross-coupled PMOS transistors is twice to their NMOS counterparts due to hole’s
mobility. More important, the PMOS devices all ow better symmetry to be achieved on
each of the tank nodes by the positive and negative drive strength. It is this attention
to symmetry on both the full ‘eircuit and-each half circuit that reduces phase noise.
Designing the cross-coupled pair of NMOSand PMOS transistors in saturation region
is needed. Otherwise, the oscillator swing was to become voltage limited and thus, the
cross-coupled pairs would no longer “present a negative resistance to the LC tank.
Moreover, the tail-current source M5 is used to adjust the tank amplitude which also
affect the phase noise of VCO [34]. However, the Il can influence the power
consumption. From above reasons, the trade-off between phase noise and power
consumption have to be taken into account significantly.

Fig.4.13 [llustration of positive feedback
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4.5 Prediction Method of Phase Noise

4.5.1 Prediction of Phase Noise

Phase noise prediction of the integrated LC voltage-controlled oscillators (VCOs) is
an interesting topic of research. A genera method is proposed which is capable of
making an effective prediction of F, device excess noise number, and acquiring the
phase noise of oscillators accurately.

Integrated LC VCOs are common functional blocks in modern wireless
communication systems and are used as local oscillatorsto convert up or down the RF
signals. Phase noise of the VCO is one of the important issues regarding to the
receiving quality. Active device noise usualy contributes a significant portion to
phase noise in the oscillator. It is well known that, from the Leeson’s model, the
single-side power spectral density is given by Eq. (4.1). Recently, the phase noise
behaviors are studied by many authors [11.34.40.45]. In this study, the method of
predicting the excess noise number is indicated.

Actually, the factor F is attributed from two parts, one is the total noise
sourcesNF in al active devices, and the other is from the mixing mechanism in
oscillation under large-signal operation. Fhefermer-one is closely related to the noise
figure of each device. If the multiplication factor is denoted as Km, then the excess
noise number F can be given by[42]

F(dB)=NF +Km (4.29

The total noise voltage density‘far.from the corner frequency appeared at one of the
output drain in the cross-coupled oscillator is'given by

2
V., 4KTg + 4KTg) + 4KT

= 2(
Df gm,n gm,p gtank

(4.20)

where g,,is the transconductance of transistor[4] andgis 2~3 for short channel effect
due to hot-electron [7]. The subject index n or p is the nMOS or pMOS, respectively.
The first two terms are from active deices. Because of the symmetry, the noise level is
twicee The third one is attributed from the equivalent paralel tank

conductance J,,« caused by ohmic losses in the metal and substrate. Then the total

device noise figure, NF , is calculated from
V_?/ Df

4KT >60V\/)
The up-conversion factor Km is then obtained by finding the ratio of side band

level to excited source level, ie mark B/mark A in Fig. 4.15. Accordingly, F can be
predicted by EQ. (4.19). The upconversion factor Km is 4dB in our case of optimum

NF =10log(1+ (4.20)
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situation. It may be higher value move than 10 dB from the worst case.
4.5.2 Phase Noise Minimization

As indicated in [35], the smaller ngLz/IbiaE is, the better phase noise is. When
the inductance decreases, the equivalent parallel conductance of spiral inductor J is
larger but ngins smaller, which is shown in Fig. 4.14(a) and Fig. 4.14(b),
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respectively. The minimum of L29L2 is searched in each bias current |, by
decreasing the inductance (refer to Fig. 4.14(b)) and adjusting the cross-coupled pairs

size to keep the same oscillation frequency. If L29L2 is smaller than the minimum,
J, is too larger (refer to Fig. 4.14(a)) to meet start-up condition. The start-up
condition with a small-signal loop gain of a least a,;, can be expressed
3S Oocive ° A minTank Where Giank . Jacive are tank loss and effective negative
conductance, respectively. The conductance ., IS dominant by equivalent parallel

conductance of spiral inductor J, . Then a small-signal loop gain is selected to equal
to 7. A symmetric active circuit with the same transconductance of cross-coupled

pairsis used to get the better 1/ f % corner of phase noise [36].
There are two variables, bias voltage and tail current source size (W/L), to

control the bias current | ;. . The MOS flicker noiseis

L2

| K 2 2
[n)f:fv\fg . pgwm (4.22)

By varying the bias voltage and tail current source size (W/L) with keeping the bias
current constant, the optimum-situation with the lowest g,°/W is searched. PMOS

is used for the tail current source because of fow flicker noise.Therefore, the L C-tank
components and bias current can be.determined roughly from the minimum of

L29L2/|bias-

Then, the size of cross-coupled pair can be fine tuned as follows by current
source injection method. As indicated by [45.47], a small-signal sinusoidal current is
injected at a proper frequency f,, into the output node and the signal is up-converted

into two sidebands at f, + f, due to the mixing mechanism in oscillation under

large-signal operation as shown in Fig. 4.15. The larger the difference between
sidebands and carrier is, the more symmetric the waveform is [45.46]. It implies the
effect of nonlinear mixing is minimized. By varying the drain current and the size of

cross-coupled pairs slightly with §,,, keeping constant, the optimum situation with
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Fig. 4.15 The spectrum with'eur rent injection at f

the lowest side band level is attained. The'situation.in terms of sideband to carrier
ratio is shown in Fig. 4.16. The peak of the curve is the best choice.
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Fig. 4.16 The optimum situation with the lowest side band level

Therefore, the procedure to design alow phase noise VCO is as follows:

61



1. Choose the optimum width of the inductance to increasethe Q factor.

2. Determine the LC-tank component and | roughly.

bias

3. Select asize of tail current source to keep the desired | by minimizing its

bias

flicker noise i =Kf7x9’$‘ U g—’i
Df  fWX>xC, W
4. The current injection method [45.46.47] on the output of the cross-coupled pairs to
obtain the minimum up-conversion factor is used. By varying the drain current and
the size of cross-coupled pairs dlightly with g, keeping constant, the optimum
situation of the operating point is located at the larger difference between the

VsV value and the sideband to carrier ratio.

4.6 Simulation and M easur ement

A 2 GHz fully integrated complementary cross-couple pair LC tank VCO has
been developed in our laboratoryswith constant width spiral inductor shown in Fig.
4.8 (). The optimum width spiral inductor shown'in Fig. 4.8 (b) is substituted and is
repeated in 0.35um CMOS technology again[48.49]: Fig. 4.1 and Fig. 4.2 are the
schematic and the photograph of the VCO. The aspect ratio of the NMOS and PMOS
cross-coupled pair is 300pum/0:35um*and-600pum/0.35um, respectively. The aspect
ratio of the tail current source is 200wm/0:35um. The aspect ratio of the varactor is
400pm/0.35um. The detailed size of the device is aso shown intable 4.1.

Table 4.1 Device size of cross-coupled pains VCO circuit

MOSFET Size(L" W~ M) | 0.35um CMOS technology
M1,M2 0.35um x 5umx 60
M3,M4 0.35um x 5 um x120
M5 0.35um x 5umx 40
M6,M7 0.35umx 5umx 80
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Fig. 4.17 The phase noise measurement of the S35-90D VCO

The upconversion factor, Km, is equal to 4dB. The noise figureNF from Eq.

(4.21) is equal to 9.241(dB) with g =250, =30m, Omp=22m, and g, =4.1m.

Therefore, F can be predicted-by. F (dB)=NF +Km=13.241(dB). From the Leeson’s
model in Eg. (4.1) the predicted phase-noise is shown as Fig. 4.17 with —~100dBc/Hz
and -116dBc/Hz at a specific offset frequency 100.KHz and 600 KHz, respectively.

Ps isaround 7.16mW. Q, isdomihant by the quality factor of spiral inductor,Q,,,,

i.e. Q »Q. »5, which is from the measurement. The measured VCO output
spectrum is shown in Fig 4.18. The peak power is around 2.3dBm. The tuning range
in terms of peak power holding is shown in Fig. 4.19. The tuning range is from
2.075GHz to 2.213GHz when the varactor control voltage varies from OV to 3V. The
measurement of phase noise shown in Fig. 4.17 is measured by EUROPTEST
PN9000 with 3V dry battery. The measured phase noise is —100dBc/Hz
and —115.5dBc/Hz at 100KHz and 600KHz offset from the carrier, respectively. The
measured result of phase noise is seems to be good match with simulated results. The

corner frequency w,, ;is equal to 15KHz from measurement. Table 4.2 summarizes

performance of the VCO.
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Table4.2 The Summary of VCO performance

simulation measurement
Supply voltage 3v 3V
Tuning range 1.9663~2.1538GHz 2.0751~2.2138GHz
Output power 2.63dBm 2.3dBm
Output voltage 1.1V 0.9V
amplitude
Power 22.991mW 23.24mW
consumption

Phase noise @ -116dBc/Hz -115.5dBc/Hz

600kHz

4.7 Verification of VCO Design

Here, we discuss three points for VCO design. First, the signal power is nearly
attained with maximum oscillation power[8]: Second, the calculation of phase noise
on the frequency domain will give us the.confirmation [40]. Third, the analysis of
phase noise on the time domain-by linear time varying method will be discussed[45].
4.7.1 Maximize the Oscillation Power

The circuit may be separated into.two-parts-as the passive tank and active circuit
shown in Fig. 4.20(a). The active part including the PMOS and NMOS can generate
the negative resistance to supply the energy to the passive tank. The ratio of W,/ W,
is equal to two due to the electron mobility than that of hole. A symmetric waveform
is helpful to get the better 1/f* corner in phase noise. Initially, the negative
resistance is greater than positive part and leads to amplitude growing. At steady state,
the negative resistance becomes smaller and is balanced by the positive resistance.
Amplitude stops growing. At steady state, the negative resistance is compensated by
the external positive one. The frequency is determined by the reactive part of the
impedance. In general, the negative resistance is inversely proportional to oscillation
amplitude. The relation between the negative resistance and current amplitude is
shown in the Fig. 4.20(b). The trace seems to quite linear at large amplitude, although
a dight bending at small amplitude. As a matter of fact, the steady state settles down
to the linear region. Hence, the behavior around the steady state can be approximated
by alinear relationship as
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Fig. 4.20 (a) Conceptual block diagram of the oscillator
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Fig. 4.20(b) Dependence of negative resistance on oscillation current at 2GHz

1 0

(4.23)

Rull)=-RE-

In @
where Ry is the initial value of linear fitting resistance, I, is the maximum value of

current with zero negative resistance. The power delivered to the external load R.
(oscillator) by the active part is label P asfollow:

1 g1,
p=2rl =27 R, 429

The maximum power occurs at the condition withdP/dl =0. According to ref.[8], the
maximum power occurs at the situation with current amplitude | ,x=2/3 I By
carefully trimming the size and tail current, we can easily reach this condition. In our
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cae |=11.31mA obtained from Fig. 4.20(b) and thus, |m=7.54 mA, which is
basically equal to the tail current. The measured value of the tail current is 7.66mA
with 3V supply voltage.
4.7.2 Prediction of Phase Noise on Frequency Domain

To calculate the single sided spectral phase noise density, the output phase noise
must be integrated over a 1-Hz bandwidth and divided by the carrier power [40.49] :

Dw +1/2
djVout 2{Dw}

carrier power

KT >R, {1+ A] @7;
= . (4.25)
V2/2

where Ry is the total equivalent series resistance of the tank, A is the amplifier noise
contribution factor, @, is the free-running frequency, A @ is the frequency offset
from the carrier, V%2 is the power of the carrier signal, Va is the amplitude of

oscillation. In our work, the Ry :W% =8.29W at 2GHz, A=2.51 deduced from

K, factor (4dB), and Ve =0,9V. The resultsiin.a phase noise at 600 KHz offset is

given as.

2GHz 0

1.38" 10 >30058.2951+2.51)
&600KHzg

L(600KH2) =

09%/2

_ - -12 _ dBc
=331" 100~ =-114.81 Hz

The prediction is quite agreement with the measured one.

4.7.3 Analysis of Phase Noise by Linear Time Varying M ethod
(A) Linear Time Varying Analysis on Phase Noise

Recently, another analysis on the phase noise prediction with linear time-varying

is developed [34.35.45]. This method describes a input impulse current which is
injected into the circuit. It will have a phase difference to form the phase noise,
except for the peak point. Fig. 4.21 shows the process with block diagram of linear
time-varying analysis. The unit inpulse response for excess phase can be expressed
as
h (t,t):z(wljt)u(t- t) (4.26)

max

where Omax 1S the maximum charge displacement across the capacitor on the node and
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Fig. 4.21 Blook diagram of linear time-varying analysis

u(t) is the unit step. I'y is caled the impulse sensitivity function (ISF). Iy is a
function of the periodic waveform; and represents the phase variation by ISF in time .
Given the ISF, the output excess phase @y can be calculated using superposition
integral

1A Gwt )i (t )t (4.27)

F= (‘i he (t,t) it )t =

Omax
where i(t) represents the input noise.current injected into the node of interest.

The phase variation may be viewedsas:signal by phase modulation which
transforms phase to voltage in Fig.4.21./The output voltage can be expressed by
Cos|w, +F (t)] = cos (wot)cos[F (t)]-zsin (W ot)sin Et)

» coslwot)- F (t)sin(wgt) (4.28)

For a single-tone phase modulation for output voltage, the sideband power relative to
the carrier is given by

2
Pec (D) =10 ’40929‘1'”7%2 (4.29)

Amax DW g5
The total single sideband phase noise spectral density in dB below the carrier per unit
bandwidth due to the source on one node at an offset frequency of Dw isgiven by

&z g 59
—aec; . &
cor A% - T o C
L(Dw) =10X0gG "0 +=10xogg " x 1 - (4.30)
¢80 max DW T gqmax 40w !_3
o

¥
where § ¢ = 2xG.

n=0

1

This equation represents the phase noise spectrum of an arbitrary oscillator in I

region of the phase noise spectrum. And the transformation to the flicker noise is
given by
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Tz o w g
L(Dw) =10X0gg—0— x 0" =L f L (4.31)
COhe 8DW? Dw -
é 2
¢z g, 0
wherew,, ., =w,, ; x—2—»w 0+
TR E R T 2 l/fxé(‘ﬂ.b

(B) Flicker Noise of the Device

For the purpose of prediction on phase noise, the flicker noise of the devices has
been measured by way of equipment BTA 9603 FET Noise Analyzer. Two NMOS
and one PMOS devices were measured separatedly under bias voltage at [V ¢|=0.8, 1,
1.3V and [V4=0.8, 1, 1.3V. The mean vaue of the MOS flicker noise can be
expressed as [4]:
B Kogn (4.32)
Df C., AW xLxf?
where gm, W and L are al known parameters. The value of K¢ and f “ can be
extracted from measurement data. The value a=1 is the ideal case of theory, but
practical value with 0.87~1.2 comes from experiment. Co=4.6e°F/m is given by
process parameter and expressed by the follewing :

Co = K": o (4.33)

From the measuring results; the values of g, under the same voltage Vg and
different voltage Vg4 which is-nearly closing-are shown in Fig. 4.22. There is some
more difference under different voltage Vg which'is shown in Fig. 4.23. The flicker
noise of PMOS is smaller than NMOS at the bias V g=V 4s=1V, which aso shown in
the Fig. 4.24. Table4.3 shown the device size, bias voltage and extracted parameter
with K¢ and a. The value Ky of NMOS is larger than PMOS about six times. The
value a of NMOS is about 0.87~0.94 and PMOS is 1~1.2, respectively[50].
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Fig. 422 Measurement of NMOSflicker noise with different Vds under Vgs=1V
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Fig. 4.23 Measurement of NMOSflicker noise with different Vgs under Vds=1V

Table 4.3 Extracted value of Kiand ¢« of flicker noise

Size [Vos| | Vds | Gm Kf a
NMOS1 | L=0.35um 0.8 1 26m 1.7¢%* | 0.88
W=5um 1 1 37m 1.7 0.88
M=60 1.3 1 44m 1.5¢"* 0.87
NMOS2 | L=0.35um 0.8 1 18m 2.2e% 0.9
W=5um 1 1 26m 1.9e"* 0.89
M=40 1.3 1 31m 26 | 094
PMOS1 | L=0.35um 0.8 1 7.8m 22¢% | 098
W=5um 1 1 19m 35e® | 119
M=120 1.3 1 30m 4e’® 1.17

(C) Phase Noise Prediction of VCO

The excess noise multiplication factor F of the Leeson’s model is determined by
the experimental data fit. It gives no further information on the prediction of the
phase noise for the circuit designer. The phase noise calculated by impulse
sensitivity function (ISF) is a new method which proposed in Ref. [45.46.47]. This
method is based on time-variant model makes explicit predictions of relationship
between waveform shape and 1/f noise up-conversion. It also introduces a general
method to calculated the phase noise with multiple noise source including the flicker
noise induced by the nonlinear mixing mechanism with the simple relation the
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sideband power due to an arbitrary source. The phase noise included the effect of
flicker noiseinthe 1/ f? region under | SF can be described as follow [45] :

& in2/ o
¢ G&’“‘A +
L{D\N}=10Iog§q2 e (4.34)
5

where Q. IS the maximum charge displacement across the capacitor of the tank,
G, IS the root mean square value of impulse sensitivity function, and in® Df is

the current noise density. In Fig.4.1, if the bias noise and tank loss are taken into
account, the phase noise can be modified into the following :

.:.geqzmgnp%fége w,x b0 @ S W, g
iG gL+ +C N A
162, 8XDw? + Dv L g3, 8Dw’ = Dw
- 1olod] 58 5 §
L{Dw} =10logj

| .
: < 02 X8>XDw?3 B)El Dw = gqﬁm 4D =
T

where 'n”ZDf np Af ,'”b%f arethe current “noise density of cross-couple

NMOS and PMOS and bias, réspectively, inl?+is the tank noise and is equal to
4KTGak » Ok 1S the equivalent tank parallel conductance[34.35], Wy s is the

angular corner frequency, and Dw is the angular offset frequency. The impulse
sensitivity function (ISF) in time-variant model is periodic and can be expanded in a
Fourier series:

¥
Gwgt )=c, +8 ¢, coslnw,t +q,) (4.36)

n=1

The coefficients satisfy the relation:

1

¥
[]

4c, +a an =
-1 p

ES)
%Wt ) dwt =2G2, (4.37)
0

The corner frequency in oscillator is closely related to low corner frequency and is
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4.24. The corner frequency fC Is the intersection point between the % noise and

thermal noise, which generally depends on-device dimensions and bias current. The
mean square 1/f MOSFET drain‘noise current per.unit bandwidth is given by [4]:

— K, xg2
in?/ - f7Sm 4.38
Df AW XL xf (4:38)

where K, isa process-dependent constant. Furthermore, MOSFETSs thermal noise

per unit bandwidth is given as[4]:
)
mAf =4KTg xg,, (4.39)

where the short channel effect isin terms of g = % ~ 3. Accordingly, the corner

frequency is obtained
f _ Kf )gm
7 C, AW XL X4KTg

(4.40)
where C,, =4.6" 10°F/m* in the 0.35um CMOS technology process. From the

measurement, the coefficients K; extracted are K, (PMOS=15e-25 ,
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K, (NMOS)=4e-24. The results reveal that PMOS devices have less 1/f noise than

NMOS transistors. From thermal noise measurement with NF=1.5 for device
gm=60m, frequency=300 MHz (not shown ) resultsinthat 9 isroughly equal to 1.6.
From the measurement of the device flicker noise in Fig. 4.24, the corner frequency
is in the vicinity of 150 KHz for PMOS, and in the vicinity of 9 MHz for
NMOS[50].

—— cross couple

1.05 ‘/‘/ — bias

ISF
=
=

1

-1.0

Fig. 4.25 Impulse sensitivity function (ISF)-of MOS current noise.

To apply the prediction of eguation in;(4:35); the calculated | SF is first obtained as
shown in Fig. 4.25. The ISF of cross-coupled-pair is obtained by way of using
differential current noise injection on‘the output of VCO. And ISF of bias is aso
obtained with the help of current noise injection from the node of bias to the node of

output of VCO. The coefficients calculated are Cy=0.07, G, =0.52 for
cross-coupled MOS and C,=0.13, Gjm =0.14 for tail current MOS. In our design,

Qe =1.73710%,C=1.92" 10",V =0.9, corner frequency 15 KHz. The

calculated phase noise by equation (4.35) is shown in Fig. 4.26. with = -98.0 dBc/Hz
at offset 100kHz and -114.5 dBc/Hz at offset 600 KHz, respectively. The calculated
data is very closed to the measurement data. The noise contribution percentage of
each part under the condition of 2GHz oscillation frequency at offset 100 KHz is
listed in Table 4.4. It reveals that the tail current source take a major part in phase
noise performance. This fact should not be overlooked during the design.
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Fig. 4.26 The calculated phase noise spectrum by linear time-varying model

Table 4.4 Phase noise'contribution‘of each part in the VCO circuit

LC tank 4.5%
Cross-couple 12.2%
PMOS
Cross-couple 31.6%
NMOS
Current Source 51.7%

The VCO performance by means of afigure of merit is defined as [35]

$f0ﬁset 0
FOM (dBc )= S *é +

Pye (MW) (4.42)

where Ssgg is the signal sideband noise at offset frequency fos. The value of FOM
from equation (4.41) is -173.2dBc/Hz. The comparison with some reported  papers
basing on the same structure and related technology is aso listed in Table 4.5. The
performance of our work can be compatible with some reported paperg35.51.52].
Though aless value of FOM, our VCO has large output power of signal than others.
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Table4.5 Comparison with some reported papersbasing on the same structure

and related technology

CMOS CMOS CMOS CMOS

Technology 0.35um 0.35um 0.25um 0.18um
fo(GH2) 2.06 2.03 2.45 12
Vdd (V) 3 25 25 1
Power Diss. (mw) 22.62 10 10.6 7.7

i -116@ -117@ -115@ -102@

e 0.6MHz 0.6MHz 0.6MHz 0.6MHz

FOM (dBc) -173.2 -177.6 -176.8 -179.4

Tuning range 9.1% 26% 17.9% 3.33%
Output power(dBm) 2.33 0 NA NA

4.8 Conclusion
The 2GHz low phase noise VVCO with complementary cross-couple pair
structure is implemented by the 0.35um CMOS technology. The phase noise reduces
by the quality factor of the inductor using the layout optimization firstly. From the
effective method we proposed, the minimum noise number F degrades the phase
noise directly. The determination.of.excess noise number F during the phase noise
design is indicated. The measured phase noise with -115.5 dBc/Hzis optimized by
choosing the suitable sizes of the cross-coupled pairs to achieve a lower mixing
factor. The prediction of phase noise which we proposed according the Leeson’s
model is in good agreement with the measurement. This confirmation provides a
simple rule for the low phase noise VCO design.
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Chapter 5

Conclusion

In the thesis, we first show that noise property containing passive and active
device. And how noise applied to the circuit design for LNA and VCO is described.

For LNA design, we focus on the noise property and parasitic effect of low noise
amplifiers with source inductance feedback SIF in the C-band. The topology of LNA
with SIF to improve that input and noise match can be achieve simultaneously by
adding an inductor within the amplifier.

The feasibility of the technique of source inductive feedback(SIF) for low noise
amplifier(LNA) design is examined in different frequency domains. The variations in
noise and input impedance are obtained by two different approaches. One is from a
noisy two-port analysis to observe the variation of Fy, and R,, and the other is form
equivalent circuit model to trace out the key element. Using SIF, the results with both
good input return loss about —23 dB and low minimum noise figure about 1 dB at C
band are demonstrated. Another cireuit designrof 2.4GHz CMOS LNA with 12.5 dB
gain and 5.6 dB noise figure was fabricated. by the process of UMC 0.5um DPDM
technology. The circuit with using SIF topology, the noise and input matching can be
easily obtained, the gain and‘isolation are examined. to be improved. Owing to the
gate sheet resistance 30W/ o iSso hightthatiit-affects the input matching, noise figure
and signal gain. Therefore, choosing.lower sheet resistance of poly gate is necessary
to RF design.

A fully integrated LC-tank VCO with cross coupled pair is designed for 2GHz
wireless application. The fabrication of VCO isin term of TSMC 0.35 ¢ m CMOS
process. The oscillation frequency and tuning range of VCO are determined by
LC-tank. Regarding to L C tank, the layout optimization of spiral inductor to increase
quality factor and also to reduce the phase noise is used. The inversion mode MOS
varactor is used at extend the tuning range with 9.1% under 2GHz. From our proposed
method , the low phase noise by calculation is attained. The phase noise of measured
value which shows good match with calculation data is about —115.5dBc/Hz at off set
frequency 600kHz.
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