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Abstract

The thesis presents low frequency noise (LFN) characterization of Gallium
Nitride (GaN) High Electron Mobility Transistors (HEMTs) for low phase
noise oscillator design.

First, GaN HEMT technology is benchmarked versus other transistor
technologies, e.g., GaAs-InGaP Heterojunction Bipolar Transistor (HBT) and
GaAs pHEMT, in terms of noise and power. In the comparison, LFN at given
frequency normalized to DC power is used as a benchmark parameter. It is
verified that InGaP HBT technology provides better performance in terms of
both absolute noise level and normalized values compared to other
technologies. However, at higher frequencies where flicker noise is less
critical, GaN HEMT has an advantage of higher power. For this reason, GaN
HEMT is considered to have good potential for design of oscillators for
communication systems with large channel bandwidth.

Then, some factors which influence the LFN of two types of GaN HEMT's:
AlGaN/GaN based HEMT and AIInN/AIN/GaN based HEMT such as surface
passivation methods and variations in transistor geometry are studied. It is
seen that the surface passivation has a major impact on the noise level while
the effect of transistor geometry (e.g. gate length, gate width and source-drain
distance) is insignificant. The best surface passivation, with respect to LFN,
is AlO3 deposited with thermal Atomic Layer Deposition (ALD).

Finally, two monolithic integrated circuit (MMIC) oscillators based on GaN
HEMT technology are demonstrated. A fixed frequency GaN HEMT oscillator
1s designed at about 10 GHz with the best achieved phase noise of -100 dBc/Hz
@ 100 kHz offset. Another GaN HEMT voltage controlled oscillator (VCO) is
also designed with medium (15%) tuning range between 6.45-7.55 GHz, high
tuning linearity, average output power about 1 dBm and low phase noise. For
a bias of Vi/l;= = 6 V/33 mA, the measured phase noise is -98 dBc/Hz @ 100
kHz and -132 dBc/Hz @ 1 MHz offset frequencies, respectively. This is the
lowest phase noise reported for a GaN HEMT based VCO with comparable
tuning range and oscillation frequency. Its 1 MHz phase noise performance is
comparable to state-of-the-art VCOs based on InGaP-HBT technology with
similar tuning range.

Keywords: Low frequency noise, flicker noise, phase noise, oscillator, MMIC,
InGaP HBT, GaAs pHEMT, GaN HEMT, VCO, passivation, deposition method.
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Notations and abbreviations

Notations
Ab Fitting parameter in G-R noise model
Ay Current dependency factor in //fnoise model
An Amplitude noise
Ao Nominal amplitude
alwot) Normalized periodic function
OH Hooge parameter
C Capacitance
Chax Maximum capacitance of varactor
Chmin Minimum capacitance of varactor
Co Zero bias capacitance
co Mean value of impulse sensitive function
Cn Real valued coefficients of impulse sensitive function
Af Frequency offset
A1y Corner frequency between 1/fnoise and white noise
Afp Corner frequency between 1/f>noise and white noise
AV Instantaneous voltage change
Aw Small displacement from the center frequency @
F Frequency
Fre Frequency dependent power factor in //f noise model
Fres Resonant frequency
fo Frequency when G-R centers are activated
Jr Current-gain cut-off frequency
fo Oscillation frequency
G Conductance
hy Impulse response
o Phase noise
in(t) Cyclostationary noise source
ino(t) Stationary noise source
Ip Drain current
k Boltzmann’s constant
K» Fitting parameter in G-R noise model
Kr Level fitting in //fnoise model
L Inductance
L(Af) Single sideband phase noise
n Colpitts capacitance division ratio
N Number of carriers



I eff
Lrms

T
u()
Vaa
VCC
Vin
Vout

Pout

2o

Factor depending on the doping profile in p-n junction
Power stored in the resonator

Electron charge

Maximum charge stored in the tank
Unloaded quality factor

Loaded quality factor

Resistance

Parallel resistance of parallel resonator
Conductance noise spectrum

Current noise spectrum

Resistance noise spectrum

Voltage noise spectrum

Impulse sensitive function

Effective impulse sensitive function
RMS value of impulse sensitive function
Temperature

Power transmission loss ratio at resonance
Relaxation time

Unit step

Drain bias

Collector bias

Input voltage

Output Voltage

Angular frequency

Built-in potential of p-n junction

Output power
Tank impedance
Characteristic impedance



Abbreviations

ALD
AlGaN
AlInN
ADO3
AM

DC
DSA
DUT
FET
FFO
FFT
GaN
GaAs
G-R noise
HB
HBT
HEMT
InGaP
ISF
LFN
LTI
LTV
MIM
MMIC
PECVD
pHEMT
QAM

SiN
SNR
VCO

Atomic Layer Deposition
Aluminum Gallium Nitride
Aluminum Indium Nitride
Aluminum Oxide

Amplitude Modulation

Direct Current

Dynamic Signal Analyzer

Device Under Test

Field Effect Transistor

Fixed Frequency Oscillator

Fast Fourier transform

Gallium Nitride

Gallium Arsenide

Generation Recombination noise
Harmonic Balance

Heterojunction Bipolar Transistor
High Electron Mobility Transistor
Indium Gallium Phosphide

Impulse Sensitivity Function

Low Frequency Noise

Linear Time Invariant

Linear Time Variant
Metal-Insulator-Metal

Monolithic Microwave Integrated Circuit
Plasma Enhanced Chemical Vapor Deposition
Pseudomorphic High Electron Mobility Transistor
Quadrature Amplitude Modulation
Radio Frequency

Silicon Nitride

Signal to Noise Ratio

Voltage Controlled Oscillator
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Chapter 1

Introduction

Low phase noise oscillators are of paramount importance in modern wireless
communication systems and radar systems. It has been shown that the phase
noise of voltage-controlled-oscillator (VCO) in the systems using advanced
modulation techniques, e.g. higher order Quadrature Amplitude Modulation
(QAM), is one of the main limiting factors of system performance [1]. For the
design of oscillators, low frequency noise (LFN) characterization is important
since LFN is up-converted to phase noise around the microwave signal [2].
Although the exact origin of flicker noise is unclear, the level is known to differ
between transistor technologies, e.g. the bipolar junction transistors (BJTs)
have lower levels of flicker noise compared to field-effect transistor (FETs) [3].
On the one hand side, it is obvious that a device with low flicker noise level, e.g. a
BJT, should be used for low phase noise oscillator design. On the other hand side,
the phase noise is directly proportional to signal-to-noise ratio (SNR) [4] which
favors devices that can deliver high power, e.g. GaN HEMT. Thus, there is a need
to consider both noise and power when choosing transistor technology used for low
phase noise oscillators.

It is known that the LFN level is related to the semiconductor lattice quality
and device reliability [5-6]. The noise level is generally higher in a material with
higher density of traps and defects. The impact of surface traps can be
significantly reduced by good passivation methods. Some previous works have
shown that a good passivation maintains a low gate leakage current and
improves both DC and RF characteristics of the device [7-9]. Therefore,
methods to improve LFN characteristic of a transistor, e.g. different
passivation methods, are important to investigate for low phase noise
oscillator design.

From the power handling capability perspective, GaN HEMT technology is
a promising candidate for the design of low phase noise oscillators thanks to
its particularly high breakdown voltage, enabling good SNR. An ideal GaN
HEMT based VCO can theoretically reach very low phase noise, provided that
its LFN level is not too high. However, none of the reported GaN HEMT VCOs



present performances near the theoretical limit [10-12] and in particular the
performances reported are yet not comparable to other technologies such as
GaAs-InGaP HBT [13-18], see Fig. 1-1. It should be mentioned that the phase
noise theoretical limit of each transistor technology is calculated based on
reasonable assumptions of available quality factor and power handling
capability of each technology [19]. The major challenge is the relatively high
level of flicker noise in GaN HEMTSs, resulting in a phase noise slope that is
steeper than -30 dB/decade. Thus, minimization of LFN up-conversion into
phase noise 1is critical for the design of low phase noise oscillators based on
GaN HEMT.

Recently, it has been demonstrated that fixed-frequency GaN HEMT
oscillators can reach fairly low phase noise if the resonator impedance is well
matched to the active device and the bias condition is carefully selected to
avoid extensive flicker noise problems [20-23], see Fig. 1-1. It can be seen from
those works that a typical good GaN HEMT based oscillator is often worse at
near-carrier offsets, but better at far-carrier offsets compared to an InGaP
HBT based oscillator. When the communication bandwidth increases, the far-
carrier phase noise becomes more important and GaN HEMT based VCOs
become more attractive since the flicker noise is not as critical as in narrower
bandwidth systems. Besides, there is a demand for integration and GaN
HEMT technology is excellent for other circuits, e.g. power amplifiers [24-25].
Therefore, GaN HEMT based oscillators are still of interest even though their
near-carrier phase noise performance at this moment cannot be better than
InGaP HBT based oscillators due to high flicker noise level.
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Fig. 1-1 Phase noise at 100 kHz of published works in GaN HEMT and InGaP HBT
technologies for MMIC oscillators, together with theoretical noise limits at 100 kHz
of GaN HEMT and InGaP HBT technologies.

2



In this thesis, LFN of GaN HEMT devices are characterized and compared
to other transistor technologies (GaAs pHEMTSs and GaAs InGaP HBTS).
Besides, some factors which affect LFN of GaN HEMT devices (e.g. surface
passivations, variations in transistor geometry) are studied. In addition, two
MMIC oscillator designs with fairly good phase noise are also presented.

The thesis is arranged as follows. Chapter 2 gives general oscillator
considerations such as oscillator phase noise, noise origins, phase noise
models and figures of merit for varactors. Then, LFN characterization is
discussed in detail in Chapter 3. Two different LFN setups are presented and
evaluated in section 3.1. Section 3.2 compares LFN measurement of three
different technologies InGaP HBT, GaAs pHEMT, and GaN HEMT. Then, the
studies of GaN HEMT LFN are presented in section 3.3. Chapter 4 presents two
MMIC oscillator designs: a 10 GHz fixed frequency oscillator (FFO) and a
voltage controlled oscillator (VCO). Section 4.3 also demonstrates accurate
phase noise simulations for the two designed oscillators. Finally, chapter 5
gives some conclusions and future works.






Chapter 2

Fundamentals of phase noise in
oscillators

This chapter presents background of phase noise in oscillators. The definition
of phase noise is introduced in section 2.2. Section 2.3 presents noise sources
that influence an oscillator’s phase noise. Two types of phase noise models:
the well-known Leeson and Hajimiri models, are described in section 2.4.
Figures of merit of varactors are presented in section 2.5.

2.1 What 1s an oscillator?

An oscillator is an electronic circuit which can generate a periodic signal by
converting DC power to RF power. The oscillator is one of the key building
blocks in many digital electronic and RF communication systems. There are
two commonly used methods for analysis of oscillators: the feedback oscillator
and negative resistance oscillator approaches [26]. In the feedback method,
the oscillator is considered as an amplifier with a positive feedback network
as shown in Fig. 2-1. The amplifier and the feedback will form a loop and the
condition for oscillation is that a part of output signal is combined in phase
with the input signal and the amplitude of the loop gain is larger than unity,
as expressed in (2-1) to (2-3).

_ Al 2-1
Vo) =Vu) 1 Cps 2-1)
|A(s)B(s)| > 1, (2-2)
ZA(s)B(s) = n2x, (2-3)

where A(s), B(s)are the gains and ZA(s), ZB(s) are the phases of the amplifier
and the feedback network, respectively.
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+B(s)

F

Fig. 2-1 Block diagram of a feedback oscillator.

Fig. 2-2 displays a block level schematic for a negative resistance oscillator.
It has a passive resonator separated from the amplifying active element. Each
side is considered as a one-port network. Hence, the oscillation condition may
be expressed by the reflection coefficients. The oscillation occurs when the one-
port reflection coefficients of the two sides are in phase and their amplitudes’
product is greater than unity, as expressed in (2-4) to (2-5).

Ce ()04 (s)] > 1, (2-4)

LT ()T, () = n27, (2-5)
where I',(s)and I',(s) are the reflection coefficients of the passive resonator
and the amplifying active element, respectively.

l_ R(s) : A(s)

I
I‘Rm‘] | rl’Atsl

Fig. 2-2 A block level schematic of a negative resistance oscillator.

2.2 Phase noise

An ideal output signal generated from an oscillator is a pure sinusoid at single
frequency, see Fig. 2-3. It can be described in time domain as

V(t) = A, sin(2af, 1), (2-6)

where 4, is the nominal amplitude and f; is the nominal frequency.



In frequency domain, the ideal signal is shown as an impulse function at a
single frequency. However, in practice, an electronic signal always has small
random fluctuations in amplitude and phase which are known as amplitude
noise and phase noise, see Fig. 2-3. Phase noise in frequency domain can be
equivalently described by jitter in the time domain. A real signal including
amplitude noise and phase noise can be expressed as

V(e)=[A, + A,@)]sin(27f, t + D, (1)) (2-7)

where A,(t) is the amplitude noise and @,(t) is phase noise.

The level of phase noise is often the factor that determines the performance
of communication systems. Amplitude noise is less important since its effect
1s usually suppressed when the active device goes into compression.

Ideal case V(t)
Fourier transform ]

V(t)= A, sinQ7f,t) N
BSAY,

t

v
Y

V(t)

Practical case Fourier transform I

_uth L. " f

V(0)=[4, + A,(0)]sinQft +,(0))

Fig. 2-3 A sinusoidal signal generated from an oscillator in the ideal case and the
practical case (with amplitude noise and phase noise).

2.3 Noise sources

2.3.1 Thermal noise

Thermal noise is a type of electronic noise caused by the random thermal
motion of the electrons [27]. It was formulated first by Johnson and Nyquist
in 1926, and is often referred to as Johnson-Nyquist noise. Thermal noise is
directly related to the absolute temperature 7"and is not affected by applied
voltage or current. In a resistor, thermal noise is white Gaussian noise.
Thermal noise can be modeled by a series voltage generator or shunt current
generator as



v? = AKTRAS, (2-8)
or i’ =4kT % Af, (2-9)

where &k 1s Boltzmann’s constant, A 1s the circuit resistance, Af is the
bandwidth in hertz and 7 is the absolute temperature. At the room
temperature (300°K), 4kT ~1.66-10 W-s.

2.3.2 Shot noise

Unlike thermal noise, shot noise is always related to a direct current flow. It
is present in diodes and bipolar transistors [27]. Shot noise is the result of the
fluctuations in current which is caused by carriers travelling across the
potential barrier at the junction. The noise current produced by shot noise can
be modeled as:

i =2q1 ,Af, (2-10)

where ¢gis the electronic charge (g =1.6x107" C), Ipis the bias current.

The shot noise is white noise and it is proportional to the bias current.

2.3.3 Flicker noise (1/fnoise)

Flicker noise is a physical property in all active devices. It has a large impact
on circuits, especially on oscillators. It is called 7/ noise since noise is
generated with a slope inversely proportional to the frequency [3]. Flicker
noise can be expressed in form of resistance noise spectrum (Sg or voltage
noise spectrum (S}) or current noise spectrum (S) or conductance noise
spectrum (S, and these spectra are usually normalized, e.g. Sg/R?, SV/VZ,
SrYE or S¢/G?. In 1969, Hooge proposed that the fluctuations in conductivity
cause 1/ noise [28]. The conductivity fluctuations lead to changes in the
resistance. Since the resistance varies with the carrier and mobility, changes
in one of the two terms generate 7//noise. This leads to two major 7/ noise
models: one based on the fluctuations in carrier density and the other based
on the mobility fluctuations [29]. Also in [28], an empirical relation was
proposed by Hooge in which Z/noise is inversely proportional to the number
of carriers in the device.

Se_ o (2-11)

R N-f
where NVis the number of carriers in the device, fis the frequency and ay is
the Hooge parameter.




According to Hooge, ay depends on the crystal quality and scattering
mechanisms. He also proposed an average Hooge parameter of 2 x 103 and
this value could be 2 or 3 orders of magnitude lower in perfect material. The
Hooge parameter has been used as figure of merit for characterizing 7/ noise
of many materials and devices [30-33]. However, most of LFN
characterizations in open literature were often taken at low biasings which is
not applicable for circuit applications. The author in [3] believes that Hooge
parameter should be used only for material comparisons, not for device
comparisons.

The exact origin of flicker noise is unclear. However, it is seen that 1/noise
1s commonly associated with traps and defects in the device. The traps capture
and release carriers randomly, leading to noise increase with energy
concentrated at low frequencies [27]. Flicker noise is usually modeled as

5 I
i"=K f f fFE

Af, (2-12)

where Kr is level fitting, Aris the current dependency factor, and fzzis the
frequency dependent power factor.

2.3.4 Generation-Recombination noise

Generation- Recombination (G-£) noise is a type of electrical noise generated
by fluctuations in the number of free carriers in semiconductor materials [34].
It is related to the random transitions of carriers between states in different
energy bands, e.g. between conduction band and trap levels in the bandgap,
conduction and valence bands [34]. G-R noise has Lorentzian power spectral
density which is expressed as [28]
2

Sa_S¢ Sy _(AN) 4T (2-13)

R® G’ N N l1+o'c’
where 7 is a relaxation time which is a characteristic of the trap, @ is the

angular frequency, (AN)’/ N’ is the fluctuation quantity.

G-R type of noise current can be modeled as

J— Ab
o2 IDC

I"=K, —
1+(f}
1,

where K, and A are fitting parameters, 7 1s the frequency when G-R centers
are activated.

Af, (2-14)



Flicker noise and G-R noise are two dominant noise sources at low
frequencies. In general, the noise sources in Field-Effect-Transistor (FET) and
Bipolar Junction Transistor (BJT) are different. In FETSs, the thermal noise is
caused by the gate and drain resistances while the flicker noise and G-R noise
appear in the channel. The shot noise in FET devices is generally low and can
be neglected. In BJTs, the base resistance causes the thermal noise while the
shot noise appears at the base-emitter junction and the collector-base
junction. There is both flicker noise and G-R noise in BJTs but the level of
flicker noise 1s much lower in BJTs compared to FETs.

2.4 Phase noise models

As already mentioned above, phase noise is an important parameter in the
performance of a system. In an oscillator, low frequency noise (flicker noise
and G-Enoise) is up-converted into phase noise around the microwave signal.
A phase noise model has to take into account the effect of low frequency noise.
This section presents two different phase noise models: Leeson’s model and
Hajimiri’s model. The former is a linear time invariant (LTI) model while the
latter is linear time variant (LTV) model.

2.4.1 Oscillator phase noise calculation

Assuming that we have a perfect RLC oscillator composed of a lossy resonator
and a noiseless energy restorer as seen in Fig. 2-4 [35]. The noiseless
restoration box would supply energy to the RLC tank in order to compensate
for losses in the resistance £.

-]

Moiseless energy
restorer

o

Fig. 2-4 A perfect RLC oscillator

In this model, the tank resistance is the only noisy element. Assuming that
the resistor has only thermal noise, the single sideband phase noise in 1/#Z
region, see Fig. 2-5(a), is expressed as [36]
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L(Af)= IOlogl{ J (2-15)

20Af
where f is the output frequency, Afis the offset from the output frequency, & is

2 I)sig

Boltzmann’s constant, € is the unloaded quality factor of the tank (Q = R/ w,L),

Pz 1s the power stored in the resonator.

A A

-20 dB/decade -20 dB/decade

L {AF)

L{&f)

noise floor

>

(a) (b)
Fig. 2-5 (a) Phase noise in 7/Zregion. (b) Experimental spectrum

Equation (2-15) is modified in order to fit the experimental spectrum, as
shown in (2-16) and Fig. 2-5(b).

£(Af)101og10[l ul {1+| Jo |}J (2-16)

2P 1204f|

sig

2.4.2 Leeson’s phase noise model

Leeson’s model is probably the most well-known phase noise model which was
proposed by D. B. Leeson in 1966 [4].

The phase noise described in (2-16) is the case when only thermal noise is
considered. In reality, the active device is also affected by flicker noise. When
both thermal noise and phase noise are included, the single sideband phase
noise is expressed as in (2-17).

2 A .
.B(Af)—lOlogw{f ;T !1+[2Qf OAfj ]{HZ]—;}, (2-17)

where f; is the output frequency, Af1s the offset from the output frequency, /'is

an effective noise factor, k£is Boltzmann’s constant, €, is the loaded quality factor,
Pz 1s the power stored in the resonator, and Af;#1s the 1/f corner frequency.

Depending on the loaded @:-factor and low frequency noise corner frequency
Afyp, two possible cases may occur when LFN is up-converted into phase noise as
described by Leeson’s equation, see Figs. 2-6 (a) and (b).
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Fig. 2-6 Two different phase noise spectra that may occur according to Leeson’s

equation. (a) low @z-factor oscillator, 0, < So () high @r-factor oscillator, g > fo .
2Af 20

Based on Leeson’s phase noise model in equation (2-17), the power stored
in the tank and @:-factor should be maximized to have a low phase noise
oscillator. Also in (2-17), the factor F'is an empirical fitting parameter to
adjust the level, thus it is determined from the measurement and cannot be
predicted from circuit noise analysis.

2.4.3 Hajimiri’s phase noise model

LTI models, e.g. Leeson’s model, assumes that noise is linear, only depends
on bias currents and is upconverted without time-variance. However, real
oscillators are time-invariant systems. Hence, there is a need for a
quantitative model which can predict time-variant circuit. A linear time
variant (LTV) model was demonstrated by A. Hajimiri and T. Lee in 1998 [37],
enabling an accurate phase noise prediction. In this model, an oscillator is
considered as a system with n inputs, corresponding to n noise sources and
two outputs which are associated with instantaneous amplitude and excess
phase of the oscillator. Considering a current impulse injected to a circuit
node, the instantaneous voltage change across load capacitor is
Av =2 (2-18)

C
where Aqg is the total charge injected by current impulse, Cir is the total
capacitance at the node.

total
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The change in phase is proportional to the change in voltage. The amount
of excess phase is also proportional to the ratio of injected charge to the
maximum charge swing across the capacitor [37]. Thus, it can be expressed
as

AD =r(a)0t)lf—V=r(a)ot)ﬂ, (2-19)

where Vmax 1s the peak amplitude of the oscillator, gmax1s maximum charge
displacement and I'(w,t) is referred to as impulse sensitivity function (ISF).

Based on the ISF, the unit impulse response for excess phase can be expressed
as

hy (t,7) = Ceyr) u(t -7, (2-20)

max

where u(?)is the unit step, zis the time when impulse is injected.

A maximum phase change occurs when an impulse is injected at the zero
crossing without the change in the amplitude. On the contrary, an impulse
injected at the peak voltage causes maximum voltage change, but does not
cause phase change. Thus, the ISF is a periodic function with the same
periodicity as the signal waveform. It can be expressed by a Fourier expansion
as

[(w,7) = c?() + ¢, cos(nwyt +06,), (2-21)
n=1
where ¢, are real-valued coefficients and &, 1s the phase of nth harmonic. The
ISF can be calculated from oscillation waveforms obtained from circuit
simulation, e.g. from a circuit simulation algorithm. Then, the excess phase
may be determined by a superposition integral

O(t) = Th¢ (t,7)i(r)dt = b jF(wot)i(T)dT, (2-22)

max -—oo

where 7(#)is the input noise current injected at the node of interest.

Substituting equation (2-21) into (2-22), the excess phase noise is obtained as

D(t) = 1 {%’ j.i(r)dr + i c, j[l"(a)ot)i(r)dr}. (2-23)

max

Based on equation (2-23), it can be seen that noise at DC is up-converted to
phase noise around the microwave signal ,.
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If only thermal noise is considered, the phase noise can be expressed [37]

: A . < 2 _
L(Aw)=101o ln/ ' Z‘;c =101lo (Ffzms ij/Af) (2-24)
® a0’ i 2007

rms

0 e 2
with Y ¢} = L Jj IC(x)| dx = 2T, where I}usis the rms value of 1),
n=0 T

For flicker noise up-conversion, only the DC coefficient is relevant, thus the
noise spectrum can be calculated as [37]

0

2
cn o2 / 2 3
Z i, |Af c. i /Af ,
L(Aw)=10log(=2— L =10log(—>——* &

( ) g( 2 . 2 ) g(qZ 8'Aa)2 Aa)

max max

)s (2-25)

where co 1s the dc value of the ISF.

In Hajimiri’s theory, he proved that the 1/ corner frequency is not the
same as the device Z/fcorner. Their relation is proven to be as [37]

2 2
O =0 .-C—Oza)l/f-(c—oJ . (2-26)

It should be noted that the noise sources in the oscillator might be time
variant with the same period as the oscillation, e.g. current dependent noise
which is known as cyclostationary noise sources. Noise sources without time-
variance are referred to as stationary noise sources, e.g. thermal noise. A
cyclostationary noise source can be expressed by stationary noise i,,(¢)

multiplied to the normalized periodic noise amplitude modulation function
a(wyt).

(2-27)
L,()=1,(@) Aaqp).

A new effective ISF is defined with the cyclostationary noise source as

(2-28)
L (@)= apt)- Aayt).

This effective ISF is used for accurate phase noise calculation in /2 and 1/
regions based on (2-24) and (2-25), respectively.

In short, Hajimiri’s model is based on the periodic function ISF to analyze
the oscillator phase noise. In this model, the cyclostationary noise source
which strongly depends on the signal waveform of the oscillator is also
introduced.
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2.5 Varactor

In oscillator design, the frequency of output signal can be fixed or variable.
For microwave applications, the design of a fixed frequency oscillator is
usually based on the resonant inductor (Z) and capacitor (O) circuits
which can be in series or in parallel. In the microwave monolithic integrated
circuit (MMIC) technology, inductors are usually implemented as spiraled
transmission lines and capacitors as metal-insulator-metal (MIM) capacitors.
In order to tune the oscillation frequency, the variable elements, e.g. variable
inductor or variable capacitor (varactor) are used. In MMIC, a varactor diode
1s commonly used to replace for MIM capacitors, enabling the tuning of the
oscillation frequency. The varactor uses p-n junction in the reverse bias region
and its capacitance i1s varied with a reverse applied voltage. The C-V
relationship 1s

1
C,v,)=C, — (2-29)

1+ ™)
( LPO)

where C, is zero bias capacitance, ¥, is the built-in potential of p-n junction,

the exponent 1 is a factor depending on how the doping density of the
semiconductors depend on distance away from the junction, V), is the applied
voltage.

Like a MIM capacitor, a varactor is not an ideal component since it always
has an intrinsic resistance and parasitic inductance. Thus, an equivalent
circuit of a capacitor/varactor can be drawn as in Fig. 2-7. The losses of
passive elements is usually defined in term of quality factor. The quality factor
of a varactor can be expressed as

1
27f,C,(V)R(V)’

where f)is the fundamental frequency, C/(V)and R(V)are the bias dependence
capacitance and parasitic resistance, respectively.

oV)= (2-30)

R L G

o—AMN— YY" —o

Fig. 2-7 An equivalent circuit of a real capacitor/varactor.
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In general, the @ factor of a varactor is lower than for a MIM capacitor. An
oscillator design based on varactor is called a voltage-controlled-oscillator
(VCO). The oscillation frequency of a VCO is expressed as

1

fo =27z‘/LCj(Vm)'

The tuning range of a VCO is associated with the ratio Ciax/Canin of the
varactor. Moreover, it also depends on the inclusion-factor of the varactor in
the tank. A high inclusion factor will help to increase the tuning range.

(2-31)

In practice, the @factor characterization of a varactor is quite sensitive to
measurement errors since it relies on the accuracy of the extracted parasitic
resistance. An alternative method that is based on a resonant structure was
proposed by Deloach in 1964 [38]. A Deloach structure is a through
transmission line shunted with a series resonant circuit consisting of a
microstrip line and a varactor connected in series to ground, as shown in
Fig. 2-8.

Microstrip line

Varactor

Fig. 2-8 Schematic diagram of a Deloach test structure.
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The @ factor at resonant frequency can be calculated from the 3 dB
bandwidth of Sz;, as seen in Fig. 2-9. The capacitance value of the varactor
and other parasitic components can also be extracted from Deloach
measurement as follow

R =(Z,/2) S (2-32)

JT, -1
1 \F,-F 2"
C = z__| (T —1)1-= (2-33)
P \x*zZ, \ Fy*F, JV7 T,

L= 1 (2-34)
4x7° \ F,*F,*C,

Q=F, /(F,-F) (2-35)

where 7y is the characteristic impedance of the transmission line, 7 is the power
transmission loss ratio at resonance, /1 and F:> are two frequencies at 3 dB
bandwidth, Fesis the resonant frequency.

Fres

Fig. 2-9 Typical measured transmission loss (827 of a Deloach structure.

Deloach’s method provides an accurate measured ¢ factor, but a drawback
of this method is area-consuming structure.
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Chapter 3

Low Frequency Noise
Characterization

This chapter presents details on LFN characterization. Two types of LFN
setup used for the LFN measurement are described in section 3.1, and
followed by setup verification. In section 3.2, GaN HEMT LFN is
benchmarked versus other transistor technologies such as GaAs pHEMT,
GaAs InGaP HBT for low phase noise applications. Section 3.3 investigates
the effects of different passivations and deposition methods and the variations
of transistor geometry on the LFN for two types of GaN based HEMTs:
AlGaN/GaN based HEMTs and AlInN/GaN based HEMTs.

3.1 Low frequency noise setup

The principle in LFN measurement is that the device is biased in operating
condition and the noise spectra detected in a signal analyzer. Beside the signal
analyzer, a low-noise baseband amplifier is needed. It is possible to use either
current or voltage amplifiers. One of the main challenges in the setup is the
low-frequency bias Tees used to separate the noise from the DC signal. This
chapter presents two different LFN measurement set-ups based on a current
amplifier and voltage amplifier, respectively.

3.1.1 Current Amplifier based setup

This LFN measurement setup, called setup A, was proposed by Franz Sischka
from Agilent Technologies [39]. The setup is based on a current to voltage
preamplifier from Stanford Research (SR570) as seen in Fig. 3-1 and its
internal supply for collector current/drain voltage biasing. The base

19



current/gate voltage is injected through a parameter analyzer 4156 for
accurate current/voltage control. A 1 Hz low-pass filter is used for the noise
leakage elimination. The fast fourier transform (FFT) calculation is
performed by the Dynamic Signal Analyzer (DSA). Since the DSA can
measure only up to 105.7 kHz, the whole LFN measurement range is limited
from 1 Hz to 105.7 kHz. The measured noise current at the collector/drain side
of device under test (DUT) is calculated by the multiplication of the measured
noise voltage performed at the DSA and the sensitivity of the SR570. Thanks
to the good noise floor of the internal bias from SR570, this setup is well suited
for LFN measurement of low noise devices, e.g. HBTSs, at low current/voltage
biasing.

Dynamic
Current Gain

offset Signal
Parameter analyzer Analyzer
4156 \
+

‘—O— % _._Ej:.r Agilent

— Internal 35670A
bias

Low Z

Fig. 3-1 LFN measurement setup based on current-voltage amplifier (SR570).

However, the internal voltage supply of the SR570 cannot support a
voltage larger than 4 V and a current larger than 6 mA. Therefore, an external
bias tee 1s added in setup A, as shown in Fig. 3-2, to improve the
voltage/current handling capability. Unfortunately, this leads to some
drawbacks of this setup. Firstly, the additional bias tee has a cut-off frequency
of 3 Hz, leading to a discontinuity in the LFN spectrum. Moreover, the big
electrolyte capacitors used in the bias tee are noisy which limits the noise
floor. Besides that, the big capacitors also require long time for
charging/discharging at every collector/drain bias point, leading to slow
measurements and difficulties in automatic control of the setup.
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Parameter analyzer

4156
—
~
Dynamic
Current
110 mH offset oo Signal
22 mF Analyzer
| \ ,
% mal Agilent
Internal | 35670A
bias
1 Hz LPF SR 570
Low Z

Fig. 3-2 Setup A with external bias tee.

3.1.2 Voltage Amplifier based setup

An alternative solution to set up A completed with external bias tee is to use
a voltage to voltage preamplifier from Stanford Research (SR560). It is called
setup B which is shown in Fig. 3-3. In setup B, an internal voltage supply of
the SR570 is used for gate bias. At the drain side, the SR 560 is connected to
the DUT and the drain voltage is biased from a parameter analyzer through
a constant load resistor Kz of 110Q. First, the DC I-V measurement is
performed. Then, the compensation for the voltage drop across Rz is
calculated. In every measurement, the channel resistance R4 also needs to be
determined from the measured I-V curve (Ris= 4V/A4J). Finally, the measured
drain noise current is calculated by normalizing the measured drain noise
voltage (which is performed in DSA and multiplied by the sensitivity of the
SR560) to the parallel combination of resistances of Rs and Bz. The two
outputs from the SR570 and the SR560 are connected with a dual channel
DSA. It can be seen that this method also allows LFN measurement at the
gate side. The accuracy of this method is very good in the forward-active
region of the IV curve where R is dominating resistance over Fg. The
experiments have shown that a minimum drain voltage of 2 V for GaN
HEMTs and 0.5 V for GaAs pHEMT can be measured with this setup. All
measurements are controlled automatically with Matlab.
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Fig. 3-3 LFN measurement setup based on voltage-voltage amplifier (SR560).

3.1.3 Setup Evaluation

A 4x125 pm GaAs pHEMT from United Monolithic Semiconductors (UMS)
technology with 220 nm gate length is used for the evaluation of the setup. Its
LFN is measured with the different measurement setups (setup A with
external bias tee, setup B and setup B complemented with battery) for both
low current and high current bias conditions. At high current biasing, the
LFN results agree very well between the three setups, see Fig. 3-4. It can be
seen that the measured LFN spectra does not have a clear 1/slope and seems
to be affected by a Lorentzian noise which is related to defects acting as traps.
It is a sign of imperfection in the fabrication process. However, at low current
bias, setup B is limited by the noise floor of the parameter analyzer as seen in
Fig. 3-5. To measure LFN below this level the parameter analyzer 4156 can
be replaced by a battery, but then it is difficult to control the bias
automatically. Despite having a noise floor limited by the parameter analyzer,
setup B is still preferred for measurements of devices having 1/ noise levels
higher than the noise floor of the parameter analyzer, e.g. GaN HEMT.
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Fig.3-4 Measured LFN spectra of 4x125 pm pHEMT device versus the frequency for
different measurement methods at Va=3V, V;=-0.8 V and /;= 16 mA.
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Fig.3-5 Measured LFN spectra of 4x125 pm pHEMT device versus the frequency for
different measurement methods at Vz=3V, V,=-1.2 V and Z;=0.04 mA.
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3.2 Benchmark of different
transistor technologies

In this part, the LFN of some commonly used MMIC transistor technologies,
e.g., GaAs- InGaP HBT, GaAs pHEMT and GaN HEMT are presented. GaAs
InGaP HBTSs require a low noise floor; they are measured with setup A, while
GaAs pHEMT and GalN HEMT's are measured with setup B.

Fig. 3-6 shows a chosen LFN spectrum of a 4x20 pm GaAs-InGaP HBT
with a collector voltage V..= 3 V while a base current is biased from 20 pA to
60 pA, corresponding to a collector current of 3 mA to 9 mA. The LFN
increases with the collector current until the device i1s saturated. Moreover,

LFN also increases with collector voltage although this is less pronounced
than the current.

Collector noise current {A%/Hz)

I, = 20pA, 30pA, 40pA, S0pA, 60 pA

18-20 I | | I |
— — — — — = N
m m m m m m
- o] W P (S )]
Freq (Hz)

Fig.3-6 Measured LFN spectra of a 4x20 pym GaAs InGaP HBT device for V=3 V.

Fig. 3-7 shows a chosen LFN spectrum of a 150 nm GaAs pHEMT device
with 80 um gate-periphery versus the frequency at a drain voltage V;=3 V
and the gate voltage is swept from -1.2 V to -0.2 V. It is seen that the level of
noise is higher compared to InGaP HBT, but the shape of the noise is very
near the ideal 7//which indicates that the crystal quality of the material is
good. Some GaAs pHEMT devices with 100 nm gate-length have also been
measured, their spectrum is similar to the 150 nm gate-length devices but the
level of noise is higher. An assumption is that the higher noise in devices with
shorter gate-length is due to more defects along the gate.
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Fig.3-7 Measured LFN spectra of a 4x20pm pHEMT with 150nm gate length for
Va=3 V.

Several GaN HEMT devices from different vendors have also been
measured. These devices all have different gate widths and number of fingers.
The drain voltages are held constant at 2 V, 6 V and 10 V while the gate bias
1s swept. Fig. 3-8 shows a typical LFN spectrum of a 2x75 pm GaN HEMT
with 250 nm gate length at 10 V drain voltage. It is observed that the slope is
somewhat steeper than 1/ It can be expressed as 1//. Some previous works
have shown that the slope of GaN HEMT, y ,varies from 1 to 1.3 [3]. However,
in this experiment the slope is even steeper, from 1.3 to 1.5. The whole LFN
data from several different measured devices are summarized in Table I. It
should be mentioned that the measurements listed in Table I are taken in the
forward active region, where the flicker noise normalized versus power has its
lowest value.
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Fig.3-8 Measured LFN spectra of a 2x75 pm GaN HEMT with 250 nm gate length,
for V4=10 V.

The measured LFN of different devices verify the well-known fact that
bipolar devices have lower flicker noise compared to field-effect-transistors.
However, since the measurements of different devices are taken for quite
different bias points, the measured noise level should be normalized versus
power to have a fair comparison. With the target on oscillator applications, we
may initiate from Leeson’s equation in which the oscillator’s single-side-band
phase noise spectrum is defined as (2-17). It is seen that oscillator phase noise
is proportional to (LEN)VPse. Assuming a well-designed oscillator and a
constant conversion efficiency, a fair benchmark is LFN/Py., where Pa=Va*1a.
Table I shows that the LFN of GaN HEMT technology is about the same level
as for GaAs pHEMT, but when normalized to DC power, GaN HEMT has a
better performance compared to GaAs pHEMT. For example, at 10 kHz the
best GaN HEMT device demonstrates a benchmark parameter approximately
five times better than the best GaAs pHEMT one, corresponding to a
predicted improvement of 7 dB in oscillator phase noise. The best performance
in terms of absolute flicker noise levels is obtained for GaAs-InGaP HBTs.
However, for higher frequencies the difference is less, and in particular the
power normalized noise spectra of GaN HEMT is rather competitive at high
frequencies. For example, at 100 kHz, the best GaN HEMT device has power
normalized to flicker noise that is better than the measured InGaP HBTSs.
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3.3 GaN HEMT Low Frequency
Noise Studies

As shown in section 3.2, GaN HEMT is a promising candidate for low phase
noise oscillators design. Thus, an in-depth study of some factors which affect
LFN characteristics of GaN HEMT devices is performed in this section. The
LFN measurements of the devices in this part are carried out with setup B as
described in section 3.1.

3.3.1 Surface passivation and deposition
methods

There are two different GaN based HEMTSs: the traditional AlGaN/GaN
HEMT [33] and the alternative AIInN/AIN/GaN HEMT [40-41]. This part
investigates LFN behavior of AIInN/AIN/GaN HEMTs with different
passivation methods [42-43]. In fact, the LFN measurements is demonstrated
for the devices on the three samples. One is passivated with SisNs and
deposited with Plasma-Enhanced Chemical Vapor Deposition (PECVD). Two
other pieces are passivated with the same Al2Os, but with two different
deposition methods: plasma-assisted Atomic Layer Deposition (ALD) and
thermal ALD. The devices are fabricated at Chalmers University of
Technology by Chalmers’ in-house technology. All devices have the same size
of 2x50 um. Some data of devices are summarized in Table II. The HEMTs
used in this part have the same gate length (Z,) of 100 nm and source-drain
distance (dsp) of 1 um.

TABLE 11
ALINN/GAN HEMTS
Thermal ALD HEMT  Plasma ALD HEMT PECVD HEMT
Passivation  Al;O; by thermal ALD Al O; by plasma- SizN4s by PECVD
assisted ALD
n, [cm?) 1.529x10" 1.602x10" 1.663x10"
R [(V/sq] 259 253 241
p [em*Vist] 1575 1540 1555
Vo [V] -1.3 -1.7 -1.8

where #; is carrier density, 4 is mobility, Ry is sheet resistance, V), is pinch-off voltage.
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In this study, LFN is measured under high drain voltage condition which is
relevant for oscillator applications. The drain voltage is held at 10 V while
the gate bias is swept. The measured drain noise current spectral density
S (A2/Hz) normalized to the drain current squared () is used as LFN figure
of merit.
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Fig. 3-9 Drain noise current spectra of the three AIInNN/AIN/GaN HEMTSs versus
frequency at Vae=10V, laa=~ 17 mA.

Fig. 3-9 shows the normalized drain current noise spectra (S of the
three AIInN/AIN/GaN HEMT'Ss at a bias of Vzz= 10V and Zzz=~ 17 mA. This is
a reasonable operating point of an oscillator circuit. It can be seen that the
noise spectrum level of the sample passivated with AloOs by thermal ALD is
significantly lower than for the two other samples. Furthermore, the noise
spectrum of the thermally deposited AloOs HEMT has a nearly constant slope
1/ff with y=1.3 while the noise spectra of the plasma deposited AloOs and
PECVD deposited SisN4 HEMTs are more Lorentzian type, which indicates
the existence of deep level traps [30].

Fig. 3-10 shows the LFN spectral densities at the 10 kHz off-set versus DC
drain current measured at Vz=10 V of the three HEMTSs in this study, a
commercial AlIGaN/GaN HEMT measured in section 3.2 and a state-of-the-
art AlIGaN/GaN HEMT published in [3]. There is no significant difference in
noise performance between the three AIInN/AIN/GaN HEMTSs for low drain
currents while for larger drain currents, the thermal ALD AlsOs HEMT
presents an order of magnitude lower noise compared to the plasma ALD
Al2Os HEMT and about 50 times better noise compared to the PECVD SisNy
HEMT. For an oscillator circuit, the difference in LFN between thermal ALD
HEMT and the two other HEMTs would manifest more than 10 dB
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improvement in the oscillator’s phase noise [4]. It is also seen that the
AlInN/AIN/GaN thermal ALD HEMT presents noise in the same order of
magnitude as AlGaN/GaN HEMTs.

108 . .
—— Thermal Al,O,
—— Plasma Al,O,
—_ 10.1(:, — PECVD Sj;N,
N [3]
E — commercial AlGaN/GaN HEMT
N
g 1012 i
® Z
& 1014} |
10-16 ; R R . .
0 0.02 0.04 0.06 0.08 0.1

la (A)

Fig.3-10 Drain noise current spectra at 10 kHz versus the DC drain current of the
three AIInN/AIN/GaN HEMTs at Vas= 10 V, a 2x50 pm commercial AlGaN/GaN
HEMT measured in section 3.2 at Vaz =10 V and an AlGalN/GaN device reported in
[3] at Vas =5 V. The dashed line indicates Ju ~ 17 mA.

Furthermore, it 1s found that AlIInN/GaN HEMTs with thermal Al2Os
passivation has a lower measured gate leakage current compared to the two
other AIInN/GaN HEMTS, see Fig. 3-11. According to [33], devices with higher
gate leakage current generally display higher LFN, due to larger number of
defects in the device. All results show that the thermal ALD AlsOs HEMT
results in a better LFN characteristic, compared to the plasma ALD Al2Os and
PECVD Si3sNs HEMTs.

30



104

=
- 61
= 10
=] H
A H
1o .
Z i
g 10°}
s :
-2
3 !
: 10_10 I ——— Thermal A1203 :
5 — Plasma ALO,
—— PECVD Si;N,
10_12 0 1
10 10

Vgl] (V)

Fig. 3-11 Measured gate leakage current of the three AIInN/AIN/GalN HEMT's versus
the effective gate bias Ven (Vae=10V). The dashed line corresponds to Ju =~ 17 mA.

The large signal microwave properties of the three different passivations
have also been characterized with 3 GHz load-pull measurements [43]. The
output power densities of the thermal ALD Al2Os, plasma ALD Al20s, and
PECVD HEMTSs SisNasare 1.9, 3.3, and 2.4 W/mm, respectively. Interestingly,
the maximum power density is not obtained for the same passivation as the
lowest flicker noise. It means there is a trade-off between LFN result and load-
pull measurement result. Nevertheless, for oscillator applications, the
thermal ALD HEMT is much more suitable due to its significantly lower
flicker noise level. Assuming flicker noise as the dominant noise source, the
10-50 times improvement in noise spectral density would result in more than
10 dB improvement in oscillator phase noise while the difference in power

density between the three samples would affect phase noise by less than 3 dB
[4].

3.3.2 Transistor gate length and source-
drain distance

In this part, LFN measurements of AlIInN/AIN/GaN HEMTs with variation
in the gate length (Z) and the source-drain distance (dsp) are presented. The
study i1s based on samples passivated with Al2Os plasma-assisted ALD
mentioned in Section 3.2.1. The measured devices have the same gate width
(2x50 um), but differ in L, and dsp. Three different gate lengths
(L = 50, 100, 180 nm) and three different source-drain distance
(dsp=1, 1.5 and 2 um) are investigated.
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Fig. 3-12 present the measured drain noise current spectra of the three
AlInN/AIN/GaN HEMTSs having the same dspof 1 um, but having different Z,
of 50, 100 and 180 nm, respectively, versus the frequency at Vz = 10 V,
lia~ 16 mA. The HEMT with longest gate length presents slightly higher
LFN level at low frequencies, but in general there is not much difference in
the noise level between the three devices.
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Fig. 3-12 Drain noise spectra of AIInN/AIN/GaN HEMTs with identical dsp but
different L., versus the frequency at Vie=10V, luw~ 16 mA.
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Fig. 3-13 Drain noise spectra of AIInN/AIN/GaN HEMTs with identical Z, but
different dsp, versus the frequency at Vae=10V, Jaz~ 18 mA.

32



Fig. 3-13 presents the measured drain noise current spectra versus
frequency of the three AlInN/AIN/GaN HEMTs having identical Z, of
180 nm, but different dsp of 1, 1.5 and 2 pm, respectively, versus the frequency
at Vaa= 10V, Iz~ 18 mA. The device with shortest dsp has sligtly higher
LFN level compared to the two other HEMTSs, but the difference is not
significant.

In short, it is found that neither Z, nor dsp affects considerably the LFN
spectra of AIInN/GalN HEMT devices.

3.3.3 Transistor gate width

As already discussed in chapter 2, LFN is up-converted to phase noise around
a microwave signal. A question raised is whether the device size used has
effect on the LFN performance, especially with GaN HEMT which has a high
LFN level. In this study, LFN spectra of GaN HEMT transistors with
different sizes are considered. The devices used are commercial AlGaN based
HEMTs which are designed and fabricated by UMS technology. They have
gate widths of 2x50, 4x50 and 8x50 pum, respectively.

Fig. 3-14 shows the drain current noise spectra (S/Z) of the three
AlGaN/GaN HEMTSs with different width sizes at a bias of Vi = 10 V and
Iia~ 20 mA. It can be seen that there is no significant difference in the noise
spectra of these device. It seems that the LFN is scaled with the transistor
size. Thus, the device geometry has only marginal effect on the LFN
properties.
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Fig. 3-14 Drain noise current spectra of the three AlGaN/GaN HEMTs with different
gate width, for Vi =10V, Lia~ 20 mA.
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Chapter 4

GaN HEMT based Low Phase
Noise Oscillators

In this chapter, two GaN HEMT MMIC oscillators are presented: a fixed-
frequency oscillator (FFO) and a voltage controlled oscillator (VCO). The two
oscillators are designed and fabricated in UMS’s GH25-10 GaN MMIC HEMT
process, with a /= 30 GHz. The topology used for both of them is common
gate balanced-Colpitts which is known for providing low phase noise MMIC
oscillators [13-14]. The GaN HEMT based FFO is designed at 10 GHz while
the GaN HEMT based VCO is tunable between 6.45-7.55 GHz, corresponding
to a tuning range of 15%. The best phase noise achieved for the FFO is about
-100 dBc/Hz @ 100 kHz at the bias Vu/l;==6 V/10 mA while the lowest phase
noise obtained for the VCO is -98 dBc/Hz @ 100 kHz at the bias
Valla== 6 V/33 mA. The VCO has a high tuning linearity with little variation
in phase noise over the tuning range. Section 4.3 compares measured phase
noise of the two oscillators to predictions based on a time-variant phase noise
model.

The designed FFO and VCO are characterized using an FSUP50 signal-
source analyzer from Rohde & Schwarz. The low-noise internal bias supplies
of the FSUP are used for gate and drain bias supplies. The varactor voltage is
biased with an external battery up to 50 V.
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4.1 A MMIC GaN HEMT fixed-
frequency oscillator

4.1.1 Circuit design

The schematic and chip photo of the designed FFO are shown in Figs. 4-1(a)
and 4-1(b), respectively. The transistor size is 2x50 um. The tapping ratio of
the capacitive divider in Fig. 4-1(a) (n = C,/(C; + C;)) is 0.31. The width of
the microstrip line in the tank inductance is 50 um. The gate bias voltage is
injected through a resistance of 1 kQ. The source resistance is Ks= 50 Q. The
two RF output signals are extracted from two small MIM capacitors of
0.2 pF. The size of the FFO is 1000x1300 um2. The circuit is designed with
Agilent Advanced Design system (ADS 2009).

Fig. 4-1 Balanced Colpitts GaN HEMT FFO. (a) Schematic. (b) Chip photo.

4.1.2 Measurement result

Fig. 4-2 shows the drain currents versus the gate voltage for different drain
voltages. The gate voltage is swept from -3.2 to 0 V while the drain voltage is
kept constant at different values from 2 to 14 V.
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Fig. 4-2 Drain current versus gate voltage for different drain voltages

Fig. 4-3 and Fig. 4-4 present the oscillation frequency and output power
versus gate voltage of the FFO. It is seen that the oscillation frequency is
shifted down compared to the simulation, probably due to the parasitic
capacitances. The measured output power is a bit higher than the simulated
result and it seems the pinch has shifted in the measurement. Nevertheless,
the trend between the measurement and the simulation still agrees well in
both figures.
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Fig. 4-3 Oscillation frequency versus gate voltage at different drain voltages.
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Fig. 4-4 Output power versus gate voltage at different drain voltages.

Output power (dBm)

Measured phase noise versus offset frequency for the FFO is shown in
Fig. 4-5. Fig. 4-6 presents a contour plot of the phase noise at 100 kHz offset
for all bias points. It is found that the best phase noise of this FFO is about
-100 dBc¢/Hz @ 100 kHz for a bias point V;/V,=6 V/-3.2 V.
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Fig. 4-5 Measured phase noise versus offset frequency of the FFO with bias condition
as parameter.
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Fig. 4-6 100 kHz phase noise versus drain and gate bias voltage.

4.2 A MMIC GaN HEMT Voltage-
Controlled Oscillator

4.2.1 Circuit design
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G
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Fig. 4-7 Balanced Colpitts GaN HEMT VCO. (a) Schematic. (b) Chip photo.
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In Figs. 4-7(a) and 4-7(b), respectively, the schematic and chip photo of the
designed VCO are shown.

Similar to the GaN HEMT FFO described in section 4.1, the transistor size
used in this VCO is 2x50 pm. The component values in the schematic are
chosen for optimum phase noise. The tapping ratio (n = C,/(C; + C5)) is 0.3.
A varactor size of 8X50 pum is chosen for wide tuning range. Due to the
limitation of varactor dimensions, two varactors are combined in parallel in
order to reach the desired capacitance value. The gate resistance is K,=1 kQ
and the source resistance is Bs= 50 Q. The output signal is extracted from a
small MIM capacitance of 0.2 pF at one RF port while the other RF port is
open. The size of the VCO 1s 1300 x1400 umZ2. The VCO is designed with ADS
20009.

4.2.2 Varactor characterization

Fig. 4-8 presents the extracted C(V)and @(V)at 10 GHz of the 8x50 um GaN
varactor used versus the tuning voltage. Varactor capacitance C(V) is
extracted from a two-port structure with two-port S-parameter
characterization, see Fig. 4-9 (a), while @-factor is extracted from a Deloach
test structure, see Fig. 4-9 (b), based on the method described in section 2.5.
It can be seen that the ¢ factor is poor for bias voltage > -5 V. Thus, the useful
tuning range is defined to be between -5 V to -40 V. Below -25 V, the
capacitance variation of the varactor decreases significantly.
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Fig. 4-8 Extracted varactor capacitance and ¢factor at 10 GHz versus the tuning voltage
of the 8x50 um varactor.
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Fig. 4-9 (a) Two port structure of the 8X50 pm GaN varactor. (b) Deloach test
structure of the 8X50 um GaNN varactor.

4.2.3 VCO measurement result

Fig. 4-10 shows drain current versus gate voltage for different drain voltages
while the bias voltage across the varactor is fixed at -10 V. The gate and drain
bias voltages are swept from -2.2 to 0 V and from 6 to 10 V, respectively. It is
seen that the current of this VCO can be well controlled with the gate voltage.

0.075 T T T T

0.07

0.065

0.06

0.055

Id (A)

0.05

0.045

0.04

0.035

0.03 1 L L 'l
-2 1.5 -1 -0.5
Vg (V)

Fig. 4-10 Drain current versus gate voltage for different drain voltage.

Fig. 4-11 presents the measured oscillation frequency versus varactor
voltage compared to simulation. The gate and drain voltages are held constant
at -2 Vand 6 V, respectively, while tuning voltage across the varactor is swept
from -8 V to -38 V. It can be seen that the measured oscillation frequency is
shifted down roughly 10% compared to simulation due to parasitic
capacitance and coupling effects. Nevertheless, the tuning shape agrees well
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between measurement and simulation. The VCO has a tuning bandwidth of
1.1 GHz (6.45-7.55 GHz), corresponding to a tuning range about 15%.
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Fig. 4-11 Oscillation frequency and phase noise versus tuning voltage of the varactor.

Fig. 4-12 presents the measured and simulated output power versus tuning
voltage of the varactor. The measured power is 1.5 dB higher than the
simulated. Similar to the oscillation frequency, the shape of measured and
simulated output power agree well. The output power varies from —2 dBm to

2 dBm.
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Fig. 4-12 Oscillator output power versus tuning voltage of the varactor.
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Fig. 4-13 shows the measured phase noise versus offset frequency with
varactor tuning voltage as parameter. The lowest phase noise achieved is
-98 dBc/Hz @ 100 kHz and -132 dBc/Hz @ 1MHz offset frequencies,
respectively, for a tuning voltage of V;,=-28.5V. It can be seen that the LFN
1s up-converted into the phase noise of GaN HEMT VCO. The corner
frequency between 1/ and 1/£ phase noise slope occurs about 2 MHz. From
1 kHz to 10 kHz offsets, the slope is almost 40 dB/decade which is a clear
indication of generation-recombination (G-£) noise appearance.

The measured phase noise @ 1MHz offset versus varactor tuning voltage is
shown side by side with the oscillation frequency in Fig. 4-11. The measured
result is about 2-4 dB higher than in the simulation. TABLE III shows a
comparison of this VCO versus other fully integrated GaN and GaAs-InGaP
VCOs reported in open literature. For comparable frequency, the phase noise
performance @ 100 kHz and @ 1 MHz offsets of this VCO is better than other
MMIC GaN VCOs. In other words, this VCO present a state-of-the-art phase
noise reported for a GaN HEMT based VCO. The 1 MHz phase noise
performance of this VCO is also in the same level as good MMIC GaAs-InGaP
HBT VCOs [35-36].
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Fig. 4-13 Measured phase noise versus offset frequency with varactor voltage as parameter.
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TABLE 1
COMPARISON TO OTHER MMIC GAN AND INGAP HBT VCOSs

Technology | Frequency Pout |PN @100 PN @ Ref

(GHz) (dBm)| kHz 1 MHz

(dBc/Hz) | (dBc/Hz)

fmin | fmax | BW

GaN HEMT [9.11|9.55]1 04 | 3.3 -82 -110 [10]
GaNHEMT | 859510 31.8 -77 -101 [11]
GaNHEMT | 65| 75|10 | 17 -81 -110 [12]
GaN HEMT | 6.45|7.55]| 1.1 2 98 -132 This
work
InGaPHBT | 6.1 | 75|14 | -5 -102 -125 [14]
InGaP HBT | 80 | 9.7 | 1.7 7 -106 -128 [15]

4.3 Accurate phase noise simulation

Agilent ADS is used for the simulations of the GaN HEMT FFO and VCO.
However, the phase noise simulation in ADS does not include the flicker noise
model. Therefore, this work addresses the method proposed in [23] to
accurately predict the phase noise of a GaN HEMT oscillator. To apply this
method, a LFN measurement and oscillator waveforms from a HB simulation,
l.e. transistor intrinsic current, tank resonance current, tank resonance
voltage, are required. Fig. 4-14 shows the measured low frequency noise of the
2x50 um HEMT compared to the 7/noise model mentioned in section 2.3.3
for V5= 6V and V,being swept from -3.8 to -2.8 V. The setup used is setup B,
referring to chapter 3. The extracted values of the constants in the flicker

noise model are: Kr=1.3e19, A,=0.8, frr=1.3.
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Fig. 4-14 Measured low frequency noise of the 2x50 um HEMT and 7/noise model
at Va=6V, V:is swept from -3.8 to -2.8 V.

Figs. 4-15 and 4-16 show measured phase noise of the FFO and the VCO,
respectively, versus offset frequency compared to the cyclostationary
calculation and the phase noise simulation from the ADS. In both cases, it can
be seen that the calculated phase noise agrees very well with the measured
result in the 7/ region, while the ADS simulation is accurate in the 1/

region.

Phase noise [dBc/Hz]
S s
o (=]

140 -

-160 -

-180

——PN calculation using linear time variant method
—— Measurement -
- - - ADS simulation without flicker noise

10°

104

10° 10° 107
Freq [Hz]

Fig. 4-15 Measured phase noise of the FFO versus offset frequency compared to simulated
phase noise using the time-variant method in [23] and phase noise simulation in ADS at

VdVe=6V/-32V.
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Fig. 4-16 Measured phase noise of the VCO versus offset frequency compared to simulated
phase noise using the time-variant method in [23] and phase noise simulation in ADS at a
varactor voltage of 1,=-285V.
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Chapter 5

Conclusions

This thesis presents LFN characterization and comparison of several different
ITI-V transistor technologies, e.g., GaAs- InGaP HBT, GaAs pHEMT, and GaN
HEMT. The characterization targets low phase noise oscillator design and
with the motivation that phase noise is inversely proportional power, LEFN
normalized to DC power is used as a benchmark parameter. It is verified that
the best performance in term of both absolute noise level and normalized
value is obtained for GaAs-InGaP HBT, in particular for low frequency. For
higher frequencies, GaN HEMT's have potential for better performance due to
less shot noise compared to GaAs-InGaP HBT technology. Thus, GaN HEMT
1s an attractive transistor technology for oscillator applications where phase
noise at far off-set frequencies is of concern.

Then, an in-depth investigation on some factors which influence LFN
characteristic of ITI-N GaN based HEMTs, 1.e. AlGaN/GalN based HEMT's and
AlInN/AIN/GaN based HEMTs with different surface passivation methods
(Als03 thermal ALD, AlsOs plasma-assisted ALD and SisNy PECVD) and
variations in transistor geometry (gate length, gate width and source to drain
distance) are studied. It is found that the surface passivation has considerable
impact on the LFN while transistor geometry has only marginal effect. The
lowest noise is achieved for samples passivated with AloOs deposited with
thermal ALD.

Furthermore, two MMIC circuits: a GaN HEMT based FFO and a GaN
HEMT based VCO have been designed. Fairly good phase noise is
demonstrated for both circuits. The GaN HEMT FFO, with an oscillation
frequency of 10 GHz presents a phase noise of -100 dBc/Hz @ 100 kHz offset
from the carrier. The GaN HEMT VCO has a tuning range of 15%
(6.45-7.55 GHz) with nearly constant output power, high tuning linearity and
good phase noise. Its phase noise performance at 1 MHz off-set is better than
state-of-the-art InGaP HBT VCOs with comparable oscillation frequency and
tuning range. Beside good performance, the measured phase noise in the 7/
region of both circuits is well predicted with a time variant phase noise model.
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Future work involves improvement of the VCO design to reach a lower
phase noise in given technology. Besides, LFN studies of GaN HEMT devices
with novel material compositions will be investigated.
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