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GaN MMIC Oscillator Design for Low Phase Noise Using a Tunable Cavity
Resonator

Johan Karlsson

Usman Shehryar

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

One of the main limiting factors that prevents higher data rates in the
communication systems of today is the phase noise of oscillators. To reach lower
phase noise, the most eledtive improvement is to use resonators with higher
quality factor (Q). On-chip resonators typically have poor quality factor so an
external resonator is preferred from a performance perspective. Another way of
lowering phase noise is to increase the power inside the oscillator, e.g., by using a
high-power device technology.

This thesis presents simulation and design of two Gallium Nitride (GaN) MMIC
based reflection type oscillators with integrated phase shifters, designed in the WIN
Semiconductors NP15 GaN HEMT technology. The integrated phase shifter can be
used for compensating interconnect parasitics as well as phase locking with a PLL.
The designs are intended for high-Q mechanically tunable cavity resonators for two
di Lerent frequency bands, 11.6 to 13.0 GHz and 13.3 to 14.7 GHz.

The thesis also presents transistor-model port de-embedding, required to extract a
three-port transistor model from the two-port common-source model available in
the design kit.

Simulations based on WIN’s design kit, the de-embedded device model, and
simulated cavity S parameters indicate minimum phase noise of -142 dBc/Hz at
100 kHz o[sek for the low-frequency band and -133 dBc/Hz at 100 kHz o [sek for
the high-frequency band.

Keywords: GaN oscillator, GaN, Reflection oscillator, Cavity resonator, MMIC,
High Q ocillator
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Introduction

In order to increase the data rates in wireless communication systems, the
communication moves to higher and higher frequencies where more bandwidth is
available. Low phase noise frequency generation is di cult at the high frequencies
that will be used in next generation wireless systems. One of the main problems
that limit data rates is the phase noise performance of the local oscillator (LO) in
both transmitters and receivers [2]. Because of this, the frequency generation often
takes place at a lower frequency and by using frequency multipliers, the wanted
LO frequency is attained. This has the drawback of increasing the phase noise,
which prevents higher data rates in wide-band systems [3].

There are two main strategies for lowering the phase noise. The rst is to utilize
a high quality factor (Q) low-loss resonator as a part of the oscillator. The second
way of reducing the LO phase noise oor is to have more power in the oscillator
[4, 5].

For large scale communication systems, monolithic microwave integrated circuits
(MMIC) based system components are preferred. In a MMIC, active and passive
circuit elements are combined on a semiconductor substrate. This enables the
creation of complex high-performing systems, that can be mass produced reliably,
in a small circuit footprint. A drawback of MMIC systems are their inability to be
tuned after manufacturing. Thus it is very important to use good models during
the design, that accurately describe the performance of a manufactured MMIC.

1.1 Microwave resonators

A simple microwave resonator can consist of only an inductor and a capacitor.
When implemented in a MMIC the quality factor is poor, often around 40 [2]. A
distributed element MMIC resonator have a similarly poor quality factor [2]. An

o -chip resonator can have much higheQ than an integrated MMIC resonator and
has the disadvantage of using much more space than an integrated resonator. The
0 -chip interconnects also constitute a problem at higher frequencies as their loss
increases with frequency.

A xed frequency cavity resonator can have & value of several thousand [2]. A
cavity resonator with a tunable perturbation will have loweredQ, but with the
upside of having a tunable resonance frequency [1].

Dielectric resonators (DR) also have a high quality factor, in the order of several

1



1. Introduction

thousand. They can be tuned mechanically by either moving the DR or by having
a moving metallic object near the DR [2, 6].

Yttrium iron garnet (YIG) resonators have both high Q, in the order of several

thousand, and are tunable to large bandwidths. The main drawbacks of a YIG
resonator are that they are dicult to manufacture, are expensive to buy and

sensitive to vibrations [6].

1.2 Gallium nitride (GaN) transistor properties

Gallium nitride (GaN) high-electron-mobility transistors (HEMT) are good for high
power applications, since they have a large band gap and thus can withstand higher
voltages without breaking down. This enables smaller transistors that can handle
high power levels, with breakdown voltages in the order of tens of volts even for
small transistors. Thus the transistor can be made small enough to have a high
maximum frequency.

GaN transistors have a major aw for oscillator design. GaN-HEMT have large
amounts of icker noise that increases the phase noise [2]. A high power GaN
re ection oscillator with a high Q resonator might be enough to get low enough
phase noise, even though it has high amount of icker noise. How to utilize GaN
and an o -chip resonator has been researched by Mikael Hérberg, who has designed
several GaN MMIC oscillators using highQ o -chip cavity resonators [2].

1.3 Aim

The aim of this thesis is to design and fabricate two GaN MMIC re ection
ampli ers that utilizes two o -chip high Q mechanically tunable resonator cavities.
The cavities are tunable from11:6 GHz to 130GHz and 133 GHz to 147 GHz [1].
The phase noise needs to be low, at least below the levels presented in Table 1.1,
so that after six times multiplication it can span the telecommunication E-band,

71 to 76 GHz and 81 to 86 GHz, and increase the possible data rates.

Both oscillators need an integrated phase shifting mechanism to enable the use of a
phase-locked-loop (PLL) to regulate their oscillation frequency. A bu er ampli er

to isolate the oscillator from load variations and to provide output power control
will also be implemented. The re ection ampli ers needs to have higher re ection
gain than the resonator loss at resonance. The re ection gain needs to be controlled
by the re ection ampli er bias voltage, in order to control the resonator coupling.

WIN semiconductors NP-15 GaN process will be used for the design and
manufacturing of these oscillators.

1.4 Scope

The thesis will only consider the WIN NP-15 GaN process for the design. It will
be limited to only cover simulations since the manufacturing tape-out is after the

2



1. Introduction

Table 1.1: Wanted performance for the two oscillators divided into low frequency
(LF) and high frequency (HF).

LF Oscillator HF Oscillator
Frequency range 11.6-13.0 13.3-14.7 GHz
Phase noise (100 kHz)| <-135 <-130 dBc/Hz
Phase noise (100 MHz) <-165 <-165 dBc/Hz
Output power >5 >5 dBm
Harmonic suppression | > 20 >20 dB

expected end of the thesis. Measurements to verify the oscillator will not be
performed. The thesis will only use Pathwave Advanced Design System (ADS)
2019 v1.0 from Keysight for all the oscillator simulations. The two resonators are
already designed and will not be changed or optimized in any way. Even though a
goal is to phase lock the oscillators using a PLL, the PLL is left outside this work.
All simulations presented assumes free-running oscillators. No package for the
oscillator will be considered during the design, though bondwires are considered in
the design.

1.5 Societal, ethical and ecological aspects

Today, the data consumption and data rates are increasing rapidly. An oscillator
with better phase noise performance will enable higher data rates for a given
output power level. The last power ampli er stage of a radio transceiver typically
dominates the power consumption, so if less output power can be used, the total
power consumption of the system is reduced. A lower power consumption is better
for the environment, since less electrical energy need to be produced. A lower
power consumption also lowers the running cost of the system. Lower running
costs might also give more people access to high data rate internet. A lower output
power reduces the electromagnetic interference generated by the system.
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Oscillator Theory

An oscillator is a device that converts DC power to RF power. Ideally an oscillator
generates only a single tone at one speci ¢ frequency, however due to noise, all
oscillators have a small frequency bandwidth. These short term frequency
uctuations are called phase noise [7].

Single Sideband Phase Noise, L(fq)

100 8
110} 8
120 8
130} 8
140} 8
1501 8
160} 8
170 8
1801 8

¢ 100 16 100 100 1¢¢ 10
fm [HZ]

L (fm) [dBc/HZ]

Figure 2.1: Single sideband phase noise for an oscillator.

Phase noise is symmetric around the center frequency, so often only one sideband
is displayed. The single-sideband phase noise is denoteff ,,) and has the unit
dBc/Hz at a given frequency o set from the carrier(f ,) [8]. The single side phase
noise is often displayed in a logarithmic plot, which is shown in Figure 2.1.

In the following section feedback oscillator analysis and re ection oscillator analysis
will be presented. Phase noise and how to reduce it will also be discussed.



2. Oscillator Theory

2.1 Feedback oscillator analysis

The most traditional view of an oscillator is that of an ampli er where the output
is fed back to the input through a lIter structure, as illustrated in Figure 2.2. The
Iter provides positive feedback to make the ampli er more unstable.

Noise: Output:
. + °
X! ) Y(j!)
Gain: A(j! )

Y
X
Loss: H(j! )

Figure 2.2: A model of a feedback oscillator. The lIter provides positive feedback
to make the oscillator more unstable so it can oscillate.

The output signal, Y (j! ), can be expressed by

AG!)
1 A@GM)HGY)

Y@l )= X(@") (2.1)
where X (j! ) is the input signal, which is thermal noise in this caseA(j! ) is the
gain of the amplier and H(j! ) is the loss of the lIter [8].

When the so called open loop gaiA(j! )H(j! ) equals one, the circuit can oscillate
[8]. The energy provided by the ampli er should be equal the energy lost in the
Iter for the oscillation amplitude to be stable. It is important that the phase shift
around the loop causes the signal to add up in-phase. This is called the Barkhausen
criterion.

A ))H(@!' )=1+j O (2.2)

A common way of writing this is

JAGEIHG ) =1 (2.3)
together with
/AGLIH@GY ) =2n; n 20, L 2o (2.4)

The Barkhausen criterion is not enough to determine if the oscillation will start
since it does not disclose enough about the stability of the system. The stability is
determined by the right half plane zeroes of A(j! )H(j! ) [8].

The system is unstable and can oscillate if the loop gaiA(j! )H(j! ), in a complex
polar plot passesl + | 0 in a clock-wise manner. The steady state oscillation is
reached when the loop gain passes throudl+j 0 due to nonlinear gain compression

6



2. Oscillator Theory

in the ampli er. This can be seen in Figure 2.3. This test to determine the stability
of the system is called the Nyquist stability test. The diagram showing(j! )H(j! )
Is consequently called a Nyquist plot. [8].

Stable Circuit Unstable Circuit

—A(! H(!) |

—A(! H(!) |

18

225

270

Figure 2.3: Nyquist criterion for a stable and an unstable circuit. If1+j O0is
passed in a clock-wise manner, the circuit is unstable and will start oscillating.

2.2 Re ection oscillator analysis

A re ection oscillator, or as it is sometimes called, a negative resistance oscillator
Is another way of viewing an oscillator. Re ection oscillator analysis is common
in microwave applications, where the internal capacitances of the transistor have a
large impact on the design since they provide a large part of the feedback [8].

Phase shifter Output
Il pave L
Resonator Reflection amplifier

g7

resonator  ampli er

Figure 2.4: A re ection oscillator consists of an ampli er, a phase shifter and a
resonator. The ampli er presents a negative resistance so its re ection coe cient is
larger than 1.

A re ection oscillator consists of three main parts, as depicted in Figure 2.4. An
ampli er that is unstable and presents a re ection coe cient ( ampiier ) larger than
1. A resonator that re ects ( resonator) the wanted frequency and absorbs all other
frequencies.

The ampli er needs to provide at least the amount of energy that is lost in the
resonator, so that
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j ampli er resonatorj =1 (2.5)

For the oscillation to start, the product ofj ampiier resonator] N€€dS to be larger than
one. Due to nonlinear gain compression in the ampli er this will reduce so the
product will equal one at a steady oscillation [8].

The third and last component is a phase shifter that ensures that the re ections
adds up in phase so that

/ amplier resonator =2 N; n 2f0; 1, 2:g (2.6)

Equation 2.5 and 2.6 are similar to the Barkhausen criterion, since they have the
same physical interpretation. Just like with the feedback oscillator, these criteria do
not fully describe the stability of the system. For a stable oscillation, the Kurokawa

criterion needs to be satis ed [8]

. A X i A
@Ramplier (A) @Xreso%ﬁtor ) . @Xamplier (A) W >0 (27)

A A
@ A=Ap 1=1lp @ A=Agq I'=1pg

where Rampiier (A;!) is the negative resistance presented by the amplier and
Xampiier (A;!) is the reactance of the amplier. Riesonator (A;! ) is the equivalent
resistance of the resonator an esonator (A;! ) is the equivalent reactance of the
resonator. All of them have both an amplitude A) and frequency { ) dependence.

A derivation of how a negative resistance can be presented by an active device can
be found in [8] and [9].

2.3 Resonators

A resonator is a device that exhibits resonance at one or more frequencies. Resonance
is when the impedance of the device reaches a minimum or maximum, while the
reactance equals zero. The inductive reactance cancels the capacitive reactance of
the device. The two simplest versions of electrical resonators are the parallel RLC
resonator and the series RLC resonator, as shown in Figure 2.5. An ideal RLC
resonator is resonant only for one frequency,, and consists of a resistorR), an
inductor (L) and a capacitor C).

The losses of a resonator may be de ned by the quality factof)) of the resonator

[8]

_ Stored energy
" Average power loss

(2.8)

The higher the Q factor is, the more narrow banded the frequency response of the
resonator is. Figure 2.6 shows the normalized impedance as a function of normalized
angular frequency of both a parallel and series resonator with = 10. A higher Q
gives a narrower impedance maximum/minimum. It can be shown that the following
equation is another way of calculating [8].

8
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Parallel Resonator Series Resonator
R
O
R L —cC L
C
Zresonator Zresonator

Figure 2.5: Circuit schematic of a parallel RLC resonator and a series RLC
resonator.

Q= —— (2.9)
- 3dB
Where ! ; is the resonant angular frequency and ! 345 is the -3 dB impedance
bandwidth between the two frequencies where the impedance has changed by 3 dB
from the resonant value. That is the bartpl\ividth betweenZ esonatorj = R= 2 for a
parallel RLC resonator andjZesonatorj = R 2 for a series RLC resonator. Note that
the ! 34 should not be obtained directly from S-parameters -3 dB bandwidth,
since the scattering parameters are not a linear function of impedance.

Parallel Resonator Series Resonator

T T T T T T TTT T T T T T T T T T T T T T T T T T T T T T T 17T
160 : 100} :
Y g | g 1
£ 101} o 1oy :
g g 8 1
8 102} E 8 10+ E
N | N |
10 : ?HH‘ R | T A 1 S 1 A A W MR é 1(j) g\m\\ R T T S 0 1 A WA é
102 10! 1 100 1 102 10! 10 100 1

1=l o 1=l o

Figure 2.6: Impedance of a parallel RLC resonator and a series RLC resonator as
a function of angular frequency wher& = 10 for both resonators.

The phase response of the resonator is also dependant@nThe higher the Q, the
faster the phase will change near the resonance frequency

!
@!= % @ Z resonator : (2.10)

)
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Parallel Resonator Series Resonator
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Figure 2.7: Phase response of a parallel RLC resonator and a series RLC resonator
as a function of angular frequency wher® = 10 for both resonators.

This can be seen in Figure 2.7. This also means that at resonance, the frequency is
only minorly a ected by phase uctuations caused by noise. This is why a higkp
resonator is bene cial for reducing the phase noise in an oscillator [8].

Equation 2.10 can also be rewritten to form an expression f@. It is a smooth
function around the resonance frequency, which only gives the actual factor for

I =1, the resonance frequency [8]. The smoothness of the function makes it usable
for accurately calculating theQ factor from a set of measured impedances [1].

Q= !ZPLZ@@STW (2.11)

!=!0

For a parallel resonator, a minus sign is required in both Equation 2.10 and 2.11
since the phase changes in the opposite direction of the frequency like shown in
Figure 2.7.

When a resonator is coupled to any other circuit, the totalQ factor will degrade.
The resulting lower quality factor is called the loaded quality factorQ,. For the
rest of the thesis,Qq will refer to the unloaded quality factor. Depending on how
much the resonator is loaded, th€_ will vary. is the so called coupling coe cient
that describes how much the resonator has been loaded. In Figure 2.8 the re ection
coe cient as a function of is shown [8].

|

1

s (2.12)

QL = Qo

When is smaller than 1, the system is said to be under coupled. Whenequals 1,
the system is critically coupled. When is larger than 1, the system is over coupled
[10].

10
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Parallel Resonator Series Resonator

% " Ya

=1 =1
> 1 > 1

Admittance Smith Chart Impedance Smith Chart

Figure 2.8: Re ection coe cient for a coupled resonator, with di erent coupling
factors.

In a re ection ampli er, the ampli er loads the resonator so the load resistance
equalsRampier - Can be expressed as [2]

- jRIoadj - jRampIi erj - jReaKZampIi er )J
Rresonator Rresonator ReaKZresonator)

where Zmpier IS the impedance seen when looking towards the amplier and
Rampiier 1S Negative for a re ection ampli er.

To use the resonator, it needs to be coupled to the rest of the circuit. Low coupling
(under coupling) to the resonator gives a highe®,_ but there is less power in the
oscillator. High coupling (over coupling) on the other hand, increases the power
in the oscillator, but lowers Q_. How phase noise depends on these factors will be
described in more detail in Section 2.5.

(2.13)

Parallel Resonator Series Resonator

Zo R
AN

R L —_—C Zo L

C

o . | |

|

Zresonator Zresonator

Figure 2.9: Circuit schematic of a parallel RLC resonator and a series RLC
resonator terminated with characteristic impedanceZ, to absorb power outside
resonance.

When a resonator is terminated with the characteristic impedancay, it will instead
re ect power at the resonance frequency and absorb power for all frequencies outside

11
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resonance. A schematic of this can be seen in Figure 2.9. Its frequency behaviour
can be seen in Figure 2.10. Th@, factor will be a ected by adding this termination
[10]

(2.14)

QL =Qo 1+ 1+

where

j resonator(! 0)]
= . . 2.15
1 J resonator(! O)J ( )

and resonator (! 0) IS the re ection coe cient looking into the resonator terminated
with characteristic impedance at the resonance frequency.

Zresonator(! 0) ZO
Zresonator(! 0) + ZO

(2.16)

resonator (! 0) =

Parallel Resonator Series Resonator

Admittance Smith Chart Impedance Smith Chart

Figure 2.10: Re ection coecient for a coupled resonator terminated with
characteristic impedanceZ,, with dierent coupling factors. Smith chart is
normalized to Z,.

12
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2.4 Oscillator performance measures

There are di erent performance measures that are important for an oscillator design.
Depending on the application, some are more important than others. An oscillator
is typically used as a so called local oscillator (LO) together with a mixer to translate
the frequency content up or down in frequency. Most of the important performance
criteria for an oscillator re ects on this. Typical performance goals for an oscillator
Is shown in Table 2.1.

Table 2.1: Typical performance goals for an oscillator

Parameter Typical value

Oscillation frequency Depends on application
Tuning range Depends on application
Phase noise Depends on application, e.g

-110 dBc/Hz at 100 kHzo set
is required for a4 MHz channel
bandwidth that uses 1024-QAM [2, 11]
Output power 0-10 dBm
Harmonic suppression > 20 dB
Power consumption As low as possible

Often, the most important part of the oscillator is that it oscillates at a certain
frequency, or that it can span a certain frequency range. An LO with an incorrect
frequency will cause upconverting mixers to convert the signal to the wrong center
frequency, maybe even outside the frequency band that is supposed to be used for
the application. A downconverting mixer will be a ected by an incorrect frequency
and will downconvert noise or even a di erent signal than the wanted one.

The tuning range of an oscillator that will be used in this thesis is de ned as

(f high f Iow)
(Fhigh + Tiow)=2

wherefgn is the highest achievable oscillation frequency arfd,,, the lowest.

The phase noise of an oscillator describes its short term frequency stability. Noise
will distort the sinusoidal signal and cause it to have energy in frequencies beside
the wanted central frequency [8]. In a system with a signi cant amount of phase
noise, it is more di cult to separate signals with a small frequency separation. This
can be seen in Figure 2.11 and 2.12. Phase noise will also distort the transmitted
signal by adding a random phase rotation [8]. This behaviour can be seen in Figure
2.13.

A high phase noise oor will impact performance, especially when the oscillator will
be used together with frequency multipliers, as the frequency multipliers raise the
noise oor [3]. How to model phase noise will be discussed in Section 2.5.

An oscillator used in conjunction with a mixer must provide enough output power
to drive the mixer. Mixers typically require between 0 dBm to 10 dBm of oscillator

Tuning range= 100% (2.17)

13



2. Oscillator Theory

~
~

IF RF

JL

LO

Figure 2.11: Phase noise will broaden the frequency spectrum of a single tone.

RF

LO
Figure 2.12: When two tones close to each other in frequency enter the mixer,

they will interfere with each other when there is signi cant LO phase noise. It is
di cult to separate the information from the two tones.

Figure 2.13: How phase noise a ects a transmitted signal constellation. Red is
the transmitted signal constellation without phase noise. Blue is the signal when it
is a ected by phase noise.
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power [2, 11]. If unwanted frequencies enter a mixer with enough power, those
frequencies will also contribute to frequency mixing in an unwanted way. Thus an
oscillator needs to suppress harmonics and spurious frequencies beside the main
frequency.

A low power consumption and a high e ciency are important for an oscillator, since
it wastes less energy and thus is better for the environment and lowers the running
electricity costs.

Wagnemans DC power and frequency scaled Figure-of-Merit (FOM) will be used as
a performance measure to decide how well the oscillator performs [2].

101log, Poc (2.18)

FoM= L (fm)+20logy, 1w

_0
fm
The best possible FoM is only a function of resonatd®, [2].

FoMuax = +174:6 + 2010g;,(Qo) (2.19)

2.5 Phase noise modelling

An ideal oscillator should have a stable amplitude, frequency and phase over the
desired frequency range. However, practical oscillators have a time varying
behaviour due to several dierent eects. Temperature changes result in a
signi cant frequency shift. Component ageing result in a frequency drift with the
passage of time. These frequency drifts are more predictable long term phenomena
[8].

Oscillators can be modelled as linear time-varying systems, even though amplitude
stabilization is caused by nonlinearities. Depending on where in the oscillation
cycle the noise is injected into the oscillator, there will be short term amplitude
and phase deviations. Since noise is a random process, unpredictable amplitude and
phase deviations will be present [7].

Vo(t) = A(t)cosl ot + ()] (2.20)

For a sinusoidal signalvy(t) with oscillation frequency! o, A(t) is the amplitude
modulation noise (AM noise) and (t) is the random phase variation, which
modulates the frequency of the oscillator (FM noise) [8]. The phase variation will
a ect the oscillation frequency since the instantaneous angular frequency is

d (t)
dt
This short term frequency instability is called phase noise and is a result of random

noise generated in the component technologies.

Amplitude noise is often of less concern due to gain compression in active devices,
which attenuates amplitude noise [7]. A phase noise measurement with a phase

I (t) = :t[! ot+ (]="!o+ (2.22)
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noise plateau can be a sign that there is signi cant amplitude noise [7]. Figures
2.11, 2.12 and 2.13 show how FM noise a ects the transmitted signals. AM noise
would add time varying amplitude to all graphs. This will a ect the constellation

in Figure 2.13, by adding random amplitude variations, which can cause even more
signal decoding errors [8].

2.5.1 Leeson's phase noise model

Leeson's phase noise model is a linear time-invariant phase noise model for feedback
style oscillators [4]. Even though it is a time invariant model, it describes what
needs to be considered when designing for low phase noise

0 2 1 .32 1 31
.2 .

FKT fo fi=fs
L(fn) =10l @ 41 + 541+ —/—— SA 2.22
(In) = 101000050 ™17 it fm (2:22)

whereF is the empirical noise gure,k is Boltzmann's constant,T is the ambient
temperature in Kelvin, P;, is the input power to the ampli er, f, is the oscillation
frequency andf 1z is the icker noise corner. The noise oor power is

FKT _

L(1)= P

177dBc/Hz for Pj, =0 dBmandF =1 (2.23)

When the expression foiQ, in Equation 2.12 is inserted into Leeson's phase noise
model, and di erentiated with respect to , the phase noise is minimised for a

critically coupled resonator, =1 (% = % :

2.5.2 Everard's phase noise model

Everard's phase noise model is a linear time-invariant phase noise model for all kinds
of feedback, including negative resistance oscillators, and how di erent models a ect
the optimal coupling. The model does not take icker noise into account [5].

0 1 1

FKT fo
L(f,)=10log,, @ .0
(Tm) = 1010810 O =T+ Y)Pre T

(2.24)

Prr is the power delivered by the re ection ampli er.

When Everard's phase noise model is di erentiated with respect to, the phase
noise is minimised for an under coupled resonator with=0:5 (%E = %).

2.5.3 Optimal resonator coupling to minimize phase noise

Strong resonator coupling will increase the power in the resonator, which lowers
phase noise. On the other hand, strong resonator coupling will lower the quality
factor, which increases the phase noise. Thus the resonator couplingis important
to optimize in order to minimize phase noise. Leeson's model predicts that=1 is

16
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the optimal resonator coupling to minimize phase noise. However Everard's model
predicts that = 0:5is the optimum.

From measurements it has been shown that a closer to 1, where the loop gain
approaches 0 dB is the optimum [2]. This is due to nonlinear time-variant
upconversion of noise that is not well described by linear time-invariant models [2].

Phase noise far from the carrier is well predicted from linear, time invariant models,
since the icker noise a ects the near carrier phase noise more than the phase noise
far from the carrier [2]. Hence the time-invariant models will be used for this work.
These models agree that in order to achieve low phase noise the power @deeds

to be as large as possible.

2.5.4 Osclillator phase error

If an oscillator has a non ideal phase criterion at the resonance frequency of the
resonator

ampli er (! 0) resonator(! 0) = (2-25)

the oscillator will oscillate, except the actual oscillation frequency!() and the
resonance frequency! () will di er, since it will oscillate at

ampli er (! ) resonator(! ) =0 (2-26)

and not at the resonance frequency of the resonator. It has been shown that the
phase noise will be degraded proportional to the phase o set from the ideal phase
criteria for a feedback oscillator [12].

L(fm; =0)

Lfmi )/~ cogry

(2.27)

This behaviour can be interpreted as the e ectiveQ factor for the resonator is
lowered when there is a phase error, since the phase slope of the impedance is lower
at the actual oscillation frequency, as explained in Equation 2.11.
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3

Transistor Modelling

The aim of the thesis is to create an re ection type oscillator. The GaN technology
that will be used for the oscillator design, WIN-NP15, does not have a three-port
transistor model. The supplied transistor model always has a grounded source.
WIN-NP15 is a power ampli er technology, and thus there typically is no need to
have components connected to the source. For a re ection ampli er, the wanted
topology requires an RLC network on the source which will be discussed in Chapter
4. Because of this, the two-port transistor model needs to be converted into a full
three port transistor model before the design could start. This three port model will
use the Angelov transistor model [13].

To model a transistor, measurement data is necessary to verify that the model
agrees with the measured performance. Neither measurement data nor transistors
that could be measured were available for this modelling. Thus the implemented
Angelov model is based on WIN's supplied transistor models in their ADS design
kit. This is not an ideal solution as it introduces more modelling errors.

WIN's transistor model has inaccuracies in the order of a couple percent compared
to WIN's measurements. And the measurements have an unavoidable measurement
inaccuracy that is method and equipment limited. The implemented Angelov model
will also have inaccuracies, and thus the total uncertainty of the model is increased.
The transistor to be modelled is a two nger (two transistors in parallel),2150 nm
gate length (), 50um gate width (W) GaN HEMT. A two nger transistor will be
used to remove as few vias as possible from WIN's model.

A 2 nger 200um gate width transistor was modelled at rst, but WIN updated

their design kit just after the rst transistor model was nished. The updated design
kit did not allow this size of transistor to be manufactured. Thus the transistor
modelling had to start over with the smaller 2 nger50um gate width transistor

that is used in this thesis.

3.1 The Angelov transistor model

The Angelov model is an empirical transistor model based a@anh functions to
describe transistor behaviour [13]. This thesis will use the version of the model that
is implemented in ADS 2019 v1.0. The transistor equivalent circuit schematic is
shown in Figure 3.1.
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L, Ry Rgd Caa Ry Ly
Gate =YY AAN, AN { } AN Ao Drain
Ri LD‘* —

§ RC
Rdel

%XZ”% g3 @
A

Figure 3.1: Angelov GaN HEMT equivalent circuit model. Subscriptye denotes
dispersion modelling component®f}; and C;; model the frequency dependent output
conductance. R; and R, are a part of ADS voltage controlled current source
component.

Ls
Y'Y Source

To simulate the WIN model and create an equivalent Angelov model the setup
described in Figure 3.2 was used, where the DC-parameters, S-parameters and noise
performance was simulated in ADS. The model required a shift in reference plane,
so transmission lines were added to compensate for this in the Angelov model. Since
the source was grounded in WIN's model, no information regarding the reference
plane on the source could be determined. This might be a source of deviation
between the simulated performance and the actual transistor performanc&0 M
resistors were added between the gate and the drain and between the gate and the
source to make the model converge a bit easier. This can be seen in Figure 3.3.

Transistor-under-test

Port 1 DC-block —  DC-block Port 2
50 [ — 50
I 1 - —A——=
DCfeed‘ % DC-feed
Vgs B Vds

Figure 3.2: DC-parameter and S-parameter simulation setup to extract transistor
parameters. Ideal DC-blocks and DC-feeds were used in ADS. For the noise
modelling a Harmonic Balance simulation was performed with port 1 replaced with
a Pltone component.
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Drain

10 MW$
41°
Gate Angelov model

10 MW
Source

Figure 3.3: Final transistor model with shifted reference planes. The electrical
lengths are at 13 GHz. The source reference plane is not changed since no
information about it could be obtained from WIN's two-port grounded source
transistor model.

T

3.2 Extraction of on resistance

To start the parameter extraction, the on and o resistance will be simulated. This
is the ability for the gate voltageVys to control the channel resistanceRchanner - This
is done by having a small, constanVgs in the linear region, and sweepindgys [14].
For this simulation Vgs = 1V and Vg was varied from 3V to 1V.

V,
Rgs = f = Ry + Rchamel + Rs (3-1)
s

A simulation of the on and o resistance can be seen in Figure 3.4.

Off Resistance On Resistance
].()‘3 [ I I 1 T T T
100| —Ras |
---30
160} | 80| :
= =
4 4 60| :
@ 10| . 14
40+ :
102 i | | | | | 20 L | | L
3 2.5 2 1.5 1 0 1
Vgs [V] Vgs [V]

Figure 3.4: On and o resistance simulation. This transistor turns on at around
Vgs = 1V. The transistor will be used between 1V and 0.5V so that range is
used for the on resistance measurement. Abo¥gs = 1V the transistor starts to
have a rapidly increasing gate current.
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When the gate is positioned symmetrically in the middle of the source and the drain,
which is the case for the WIN-NP15 process, the following approximation can be
used.

R 30
Rs Rd Rchannel dssoN = 3 =10 (3-2)

3.3 Gate current parameter extraction

Approximate values forVig and |; can be extracted directly from anl 45 simulation,
which is shown in Figure 3.5.Vjq is the threshold voltage for the gate current, and

Vig = 0:9V is the default value. I is the gate current atVig, |; = l4s(V = Vjg) [14].
Gate Current, |gs Gate Current, |4
I T T I I L [
—Vys =4:0V —Vgs =4:0V
10}---Vjg =0:9V 8 ---Vjg =0:9V
51 |
< -—-1; =5nA . 10°---1; =5nA
£ <
P 05| Vg . 5 |
0:0 — 1y |
| | | | |
1 0 1 12 14
Ves [V] Ves [V]

Figure 3.5: Gate current simulation. AboveVy the gate has a rapidly increasing
current so when operating the transistoVys < Vjq is preferred.

Py is a tting parameter that together with Ne, the schottky diode ideality factor,
describes the slope of the currenity. Py(N¢) is a function of N so only one of the
parameters is needs to be determined®s = 18 will be used as a starting value for
the parameter optimization.
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3.4 Drain characteristics parameter extraction

The drain-source current is complicated to model, since it depends on several
di erent physical phenomena at the same time [14]. The negative slope of the
drain current for high Vgs and high Vg is caused by self heating and will be
considered later in the thermal modelling. The extraction of ;, s and is shown

in Figure 3.6.

 can be determined from the slope of the drain characteristic4{ versusVys) at
Vus = Viknee, Where the linear region and the saturated region meet at loWs [14].

s can be determined from the slope of the drain characteristics &s = Vinee, at
high Vs so the drain current is large [14]. can be determined from the slope of
the drain characteristics at highVys, in the saturated region, and lowVys so there
are less self-heating e ects [14].

@is , @4s @is (3.3)
' |ds@ys s |ds@ys |ds@ys l
Drain IV Characteristics
I I I I
100+ . . -
80+ =
£ --- ,=0:13v?
8 40 --- ¢=0:10Vv 1! i
- —— =0:013Vv 1
20+ =
of L -
| | | | | |
0 2 4 6 8 10
Vds [V]

Figure 3.6: 145 versusVys characteristics of WIN's transistor model. How to derive
r, sand from this graph is shown in Equation 3.3
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3.5 Transfer characteristics parameter extraction

The transconductance,g, = g{z , describes the transfer characteristics of the
transistor. The transconductance is shown in Figure 3.7. Wheg, is simulated,
there are several discontinuities in the data.gy, is discontinuous aroundVys = 0.
The 145 model implemented in WIN's transistor model is not a smooth function
but is instead split into two cases,Vys > 0 and Vg < 0. The drain current

characteristics of WIN's transistor model is shown in Figure 3.8

Transconductance, gm

[ [ [
40| . 8
301 8
%)
20 -
S — Vg = 10V
—Vygs =5V
10| — Vas =3V 3
—Vgs =1V
"'VPKS = 1:20V
0b—d | | | \ \ —
2 1.5 1 05 O 0:5 1
Vgs [V]
Figure 3.7: Transconductance characteristics of WIN's transistor model. Notice
the discontinuity at Vgs = OV and at Vg = 1:1V. The |4 implementation in

WIN's model is not a smooth function and is split into two casesyys > 0 and
Vgs < 0. Vpks Is the gate voltage for the highesty,.

The Angelov model uses a bell-curve shapegl, with its maximum at Vpks [14]
which results in the saturation current | yss 2lpko.  Since the measured
transconductance does not have the shape of a bell-curve, the extracted
parameters will likely change during the IV optimization. Vs = 0:3. The
unsaturated coe cients for P; and P,, B; = 0:3 and B, = 3:0 use the default
values for GaN and will be used as the starting values for the IV optimization [14].
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Drain Current, |y

100, T T T 7]
80 =
= 60/ |
£ Vg =10V
8 40 — Vi =5V l
__________ — Vg =3V
20| Vg =1V .
-~ lpko = 24MA
0 "'VPKS: 1.2V |H
| | | | I I I
2 1.5 1 0:5 0 0:5 1

Vgs [V]

Figure 3.8: |gs Vs Vys characteristics of WIN's transistor model. According to the
Angelov model,l 5o should be close tddzi which is not the case in this simulation.
This caused some problems with th®, extraction.

3.6 Extraction of second derivative and third
derivative parameters

P, P, and P; are polynomial coe cients to model the channel current [14]. To
determine if these coe cients are necessary the function ; is used to test how
good the drain current model ts the data [14]. If the model is accurate, ; will be
a straight line with its derivative equal P;. 1 for GaN is [14]

. I
. =arcsinh arctanh —% 1 (3.4)
pk0
1 was then tted to a third order polynomial, which is shown in Equation 3.5. Since
the function arctanh(x) is de ned for the domain of -1 to 1, o 'dzss = 47mA
was required to get real valued coe cients.

Both ; and Equation 3.5 are plotted in Figure 3.9. For this stepP; = 1:21,
P,= 0:316and P3; = 0:133will be used as starting values for the optimization.

1 0541 +0:972(Vgs  Viks) 0:316(gs  Vprs)? +0:133(Vgs  Viks)®  (3.5)
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15 :
1.0} :
05+ |
-~ 0o s :
051 :
1.0 — Vg =5V :
15[ — 1;Vus = 10V |
~--Pp= 1= V=121
--- 1 Third order polynomial
‘ ‘ ! ! !

2 15 1 05 0 05 1
Vg S [V]

Figure 3.9: Graph of simulated ; and Equation 3.5.Vy4s = 5V were used as the
basis for the derivative extractions since that is in the middle of the voltage span
used for the modelling.

3.7 Thermal resistance t

In a transistor, most physical e ects have a temperature dependence. To model
the self-heating, it is common to use thermal resistance and thermal capacitance
to model the power ow similar to current ow through a circuit. The thermal
resistance,Ry, = 85K=W, is given by WIN's models together with the thermal
capacitance,Cy, = 590 nWs=K, so these values are used as starting values for the
optimization. All other temperature coe cients used the default values as a starting
point for the optimization. How to extract the temperature behaviour is described
in [14].

3.8 IV characteristic optimization

The model settings for the IV optimization areldsmod = 1, Igmod = 0. The
parameters where tuned and optimized to give an accurate IV t. Since this is
not the last step of the modelling process, the nal IV curves are presented in
Figure 3.10, 3.11, 3.12 and 3.13 instead of the ones derived during this stage of the
modelling. The model agreement is not that good since the noise performance and
RF performance were prioritized over the IV performance. The internal resistances
in the Angelov model are too high.
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Figure 3.10: Gate current characteristics of the modelled transistor. The transistor
will not be operated aboveVys = 1V since it has a breakdown at around:2V to
1.4V. For Vgs  Vys the gate current is small and negative for the model.

Figure 3.11: The output IV characteristics of the modelled transistor. The internal
resistances are high, which cause sharp knee and lower slope in the resistive region,
in order to better t the thermal noise which will be explained more in Section 3.11.
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Figure 3.12: The transfer IV characteristics of the modelled transistor. The
internal resistances are high, which reduce the slope of the IV curve, in the same
way as in Figure 3.11.

Figure 3.13: The transconductance characteristics of the modelled transistor. The
internal resistances are high, which loweg, .
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3.9 Nonlinear capacitance and intrinsic
parameter extraction

After the IV characteristics have been optimized and tted to WIN's model, the
values of the nonlinear capacitance and intrinsic parameters in the model need to
be derived. The capacitance modeCapmod: 2 is used, which is a bias dependent
charge type model implementation [14], based on the equality in Equation 3.6.

Q% _ O
ov.- oy (3.6)

For a symmetrical device like the one that is modelled, the nonlinear capacitance
parameters areP1; = Pyq, P1g = Pag, Poo = P3g and Py; = Paj. The fOIIOWing values
were used as starting points for nonlinear capacitance parameteRsp = V=P,
Pll = Pl, P20 =0:1 and P21 = [14]

3.10 S-parameter optimization

All parameters extracted so far were optimized to achieve similar performance as
WIN's transistor model. The nal small signal model can be seen in Figure 3.14. The
starting point for the parameter values for the capacitance parameters, resistance
parameters, inductance parameters and dispersion parameters were values found for
a similar GaN HEMT in an example in [14]. The thermal resistance was kept higher
than the earlier extracted value, as an attempt to predict the change in thermal
performance that comes from moving the source vias. The nal parameter values
for the model are presented in Appendix A.
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Figure 3.14. The nal S-parameters of the transistor. Red traces are the
implemented Angelov model and blue are the WIN model. The frequency is swept
from 1 GHzto 16 GHz Vg is between 0:75Vand 0:25V and Vgs is betweend:0 vV
and 6:0V. For S,, and S, the output resistance is too high for the Angelov model
compared to WIN's model. The high resistances were necessary to achieve at better
noise model t.
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3.11 Noise modelling

The noise of the transistor was modelled using the model parametBioimod=

0, which uses the noise parameters described in Table A.10 in Appendix A. WIN's
transistor model had large amounts of low frequency noise (LFN), which was di cult
to model accurately using the Angelov model. Most di cult to t was the thermal
noise oor. Since it scales inversely proportional to the internal resistances, the
internal resistances were increased to a point which ruined the IV t. The thermal
noise power is described by [14]

<i?> _ 4T .,
= o [AHZ), (3.7)

So by increasing all internal resistances, the noise at a large o set was reduced. The
nal noise model can be seen in Figure 3.15.

Drain LFN Model Gate LFN Model

N ins| —WIN || ol —WIN ||
< 10 --- Model | < 10 * --- Model |
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- “ 1017} E
w104 oo |
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Figure 3.15: Low frequency noise simulation. WIN's transistor model has large
amounts of noise.Vys is varied between 1Vto 0:2V and Vg is varied betweer? V
to 6V. The noise at o sets larger thanl1 MHz is lower for WIN's model compared
to the implemented Angelov model. The drain current is much larger than the gate
current and therefore causes more noise.
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Oscillator Design

For the oscillator to be used in a system, it is important that it is phase locked
to prevent frequency drift. The phase locking is handled by a Phase-locked-loop
(PLL), which is a control loop that regulates the frequency of the oscillator by
comparing it to a very frequency-stable crystal oscillator. Since the resonators are
mechanically tuneable, they provide the large scale frequency tuning. The PLL
requires much faster frequency control than what the cavity can provide, so some
kind of small-scale fast voltage controlled frequency tuning is necessary. A varactor
based frequency shifter will be implemented in the phase shifting network, to enable
fast voltage-controlled tuning of the oscillation frequency.

Buffer amplifier

Phase shifter Output

inklinard 1
"Resonator Reflection amplifiér

17

resonator  amplier

Figure 4.1: Block schematic of the designed oscillators. A buer amplier is
connected to the source of the re ection ampli er in order to extract the signal from
the oscillator.

In this Chapter, the design of the di erent components required for a complete
oscillator will be discussed. The o -chip resonators that will be used are described
in Section 4.1. The re ection ampli er design is presented in Section 4.2. The phase
shifter design is presented in Section 4.3. Both oscillators will have the same block
diagram, which is shown in Figure 4.1. ampiier IS the re ection coe cient looking
towards the re ection amplier and |esonator IS the re ection coe cient looking
towards the phase shifter and resonator connected together.
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