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Assignment description

Assignment title: Wideband, Robust Low Noise Amplifier

KONGSBERG provides reconfigurable communication systems in challenging environments
(maritime and military) in addition to multiple other business areas. One area of specific inter-
est is autonomous vehicles and this Master Thesis looks into some of the areas related to the
communication between autonomous vehicles. Autonomous vehicles may require multiband,
multi-waveform communication equipment and they should be reconfigurable. Modern soft-
ware defined radio systems can meet this requirement, but a limiting factor is the RF front end,
which have to have both a wide RF-bandwidth and be robust. One answer to this challenge is

the development of GaN MMIC.

An earlier project looked into using the Wolfspeed CGH40006S discrete GaN transistor for
a low noise amplifier in the 4400 - S000MHz band. This was discontinued as the noise figure
became too high. One alternative is to use the Cree/Wolfspeed GaN MMIC G40V4-process for
a LNA design. The LNA should provide more than 13dB gain over the 1.3 - 5.8 GHz band to
cover most LTE bands as well as Wi-Fi and the noise figure should be less than 2dB. Look into
possible wide band configurations and make an evaluation of the noise figure capability of the

mentioned process.

Table 1: Specifications.

Frequency 1.3-5.8 GHz
Gain > 13dB
Noise figure < 2dB
Linearity Best possible
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Summary

Low noise amplifiers are important parts of receiver units in radio systems that enables com-
munication between military vehicles. The use of such an amplifier in military and maritime
equipment poses challenges to the robustness of the amplifier. This report deals with the design
and simulations of a low noise amplifier using the robust GaN MMIC GH25-10 process from
Wolfspeed. It is specified that such an amplifier should deliver more than 13dB gain and have
less than 2dB in noise figure for a 1.3 - 5.8 GHz frequency band. Simulations of the amplifier
in Keysight’s Advanced Design System shows a maximum gain of 33.8dB at 1.3GHz while a
minimum of 13.9dB is located at 5.8GHz. The noise figure demonstrates to be 1.68dB at most
for 5.8GHz with a minimum of 1.08dB at 1.8GHz. The designed amplifier is also found to be
unconditional stable from simulations. Intermodulation distortion is simulated in a two-tone
test marking the linearity of the amplifier, while the output power is simulated in a single-tone
test. To give an idea of robustness, there have been done simulations that shows at which in-
put powers the amplifier reaches maximum ratings of the gate current, gate-source voltage and
drain-source voltage. Junction temperature is simulated for different input powers with an am-
bient temperature of 85°C for both transistors to further prove the robustness. Finally, the work
has resulted in a layout that has been tested through an electromagnetic simulation. The re-
sults of this last simulation matches the previously simulated values for noise figure, gain and

stability.
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Sammendrag

Lavstgyforsterkeren er en viktig blokk i mottakerenheten i et radiosystem for kommunikasjon
mellom militere kjgretgy. Ved bruk i militere og maritime miljger blir robusthet en utfordring
for en slik forsterker. Denne rapporten tar for seg design og simuleringer av en lavstgyforsterker
hvor man benytter seg av den robuste GaN MMIC GH25-10-prosessen til Wolfspeed. Det er
spesifisert at en slik forsterker bgr levere mer enn 13dB forsterkning og ha mindre enn 2dB
i stgyfigur for bandet 1.3 - 5.8GHz. Ved simuleringer i Keysight’s Advanced Design System
blir det funnet en maksimal forsterkning pa 33.8dB ved 1.3GHz og et minimum pa 13.9dB
ved 5.8GHz. Stgyfiguren simuleres til & ha et maksimum pa 1.68dB for 5.8GHz med et min-
imum pa 1.08dB ved 1.8GHz. Lavstgyforsterkeren er designet med stabiliseringskretser slik
at man oppnar ubetinget stabilitet i smasignalsimuleringer. Som et mal pa forsterkerens lin-
earitet simuleres intermodulasjonsst@gy i en to-tone-test, mens utgangseffekten simuleres i en
én-tone-test. For a gi en pekepinn pa forsterkerens robusthet, utfgres det simuleringer for a vise
ved hvilke effekter forsterkeren oppnar satte maksverdier for stremmen malt ved gate, spennin-
gen malt over gate-source og spenningen over drain-source. Ved a sveipe inngangseffekten til
forsterkeren blir ogsa junction-temperaturene for de to transistorene simulert. Arbeidet resul-
terer i en layout som testes gjennom en elektromagnetisk simulering, for a inkludere eventuelle
induktive koblinger mellom komponenter. Resultatene fra denne simuleringen stemmer godt

overens med tidligere simulerte verdier for stgy, forsterkning og stabilitet.
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Chapter 1

Introduction

The development of electronic circuits for military vehicles and devices often places strict de-
mands on robustness. In the communication between such vehicles, the RF front end may be
a limiting part of the system. It is desirable that this part is both robust and wideband, which
can be a challenge to obtain. It has previously been common to use Gallium Arsenid (GaAs)
to create integrated RF circuits due to transistor speed, but the technology has gradually de-
veloped and Gallium Nitrid (GaN) has rised as an alternative to use for Microwave Monolithic
Integrated Circuit (MMIC). High electron mobility, high breakdown voltage and operation at
high temperatures has made GaN a preferred option for MMIC in systems that require robust-

ness [2], [3].

The use of GaN gives the benefit of reduced need of additional protection circuits and thus
reduces the complexity of the receiver. Another advantage of this is the reduction in noise level
[4]. This is especially beneficial in the design of a low-noise amplifier (LNA) intended for
integration into a radio receiver. The LNA is responsible for amplifying a weak signal that is
received by the antenna. In the case of amplification it is highly desirable that the noise level
is kept low. The LNA is usually one of the first blocks in a receiver and should therefore add

minimal noise to keep the signal above the noise level in the following stages in the receiver.




Chapter 1. Introduction

1.1 Objectives

This thesis investigates the noise performance and robustness of the GaN MMIC G40V4-
process from Wolfspeed. There will be designed a low noise amplifier using the CAD software
Advanced Design System (ADS) provided by Keysight. The amplifier will be designed using
two stages to achieve gain higher than 13dB while holding the noise figure below 2dB. This
will apply to the bandwidth 1.3 - 5.8 GHz to cover WiFi and most LTE bands. As there is not
specified any gain flatness, the only focus on gain will be to exceed 13dB. The amplifier will
be simulated for robustness in terms of maximum ratings and power handling. Linearity will
be simulated using both single and two-tone analysis, while properties as gain and noise figure
will be simulated in a small-signal analysis. In the end, there will be made a layout which will

be verified in electromagnetic (EM) simulations.

1.2 Overview of Report

This section summarizes the structure for the rest of the report.

e Chapter 2 provides theory and relevant background. The technology will be presented as

well as relevant theory for the design and analysis of the amplifier.
e Chapter 3 will go through the design stages which will result in a layout in the end.
e Chapter 4 presents results from simulations.
e Chapter 5 discusses the results from Chapter 4 and the design choices in Chapter 3.

e Chapter 6 concludes the report and sums up the obtained results. It will also look into

possible future work with the amplifier.




Chapter 2

Theory

2.1 Technology

This subsection provides a short background on the technology that will be used for the ampli-

fier.

2.1.1 GaN

Gallium nitride (GaN) is a semiconductor material consisting of Gallium and Nitrogen. GaN
is a wide bandgap material meaning that there exists a large area with no permissible energy
levels. This allows electrical properties in the bed between a typical insulator and a typical
semiconductor. The wide bandgap causes GaN to have high breakdown voltages, thus it requires
high voltage before the GaN device deviates from normal operation. This also gives higher
operating temperatures. GaN allows operation at higher frequencies as the high carrier mobility

will cause the electrons to move fast through the material [5].

2.1.2 HEMT

A High-electron-mobility tranistor (HEMT) is built up in the same way as a metalsemicon-
ductor field-effect transistor (MESFET). It has a n-doped channel with contacts for drain and
source, while the metal for the gate lies directly on the channel making a Schottky-barrier. In
contrast to the MESFET, the channel is made up by using layers of different materials. The

two different materials form a two-dimensional layer where the electrons can have very high
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Chapter 2. Theory

mobility [2]. The materials have different band gaps, which means that a two-dimensional elec-
tron gas (2DEG) will move vertically. A combination of GaN and Aluminium gallium nitride

(AlGaN) is of growing popularity as high-power performance is desired.

2.1.3 MMIC

In a Monolithic Microwave Integrated Circuit (MMIC) all active and passive components are
based on the same semiconducting substrate (monolithic). This leads to smooth transitions
between components and minimal loss for this types of circuit. The frequency range is as
microwave indicates in the range 300 MHz to 300 GHz. The high frequencies make the trans-
mission lines short and result in a small chip size with low weight. The first fabrication of an
MMIC chip can be costly as the entire circuit must be manufactured before the functionality
can be verified. On the other hand, MMIC fits well with mass production as all components
will be related to the same physical parameters, in comparison to hybrid microwave integrated

circuits that will experience chip-to-chip variations [6].

2.2 Components

This subsection will give a brief overview of the models of components that are included in the

Wolfspeed library.

Transistor

The chosen transistor for this project is the G40v4 HEMT based on a 0.25 m gate. The G40V4

has been validated for the following set of data:

Table 2.1: Recommended ranges for the Wolfspeed G40v4 HEMT model [1].

Frequency DC - 18 GHz
Drain voltage bias 6Vto84V
Gate-source voltage -8Vto2V
Maximum Junction Temperature 225°C

The gate-source breakdown voltage is stated to be -8V, while the drain-source breakdown volt-

age is declared to be 84V. The maximum forward gate DC current is I mA/mm.

4



2.2 Components

Resistor

The type of resistor that is used for the project is a Bandgap Voltage Reference (BGR) resistor.
This is validated with a peak current of 0.2 mA/ym and with a minimum width of 10 ym. The
typical sheet resistance is stated to be 415 ()/square [1]. Figure 2.1 shows the model of this

resistor.

—VWN—

Figure 2.1: BGR resistor from the Wolfspeed library.

Capacitor

Wolfspeed provides metal-insulator-metal (MIM) capacitors which are formed by two parallel
plates insulated by a dielectric layer in-between. The MIM capacitors that are to be used in
this design have a typical capacitance density of 180 pF/mm?. Such a capacitor can be seen in
Figure 2.2 below. The provided model is valid with a maximum DC+RF voltage of 100 V and
a RF current density of 0.35 mA/um? [1].

) |
/|

Figure 2.2: MIM capacitor from the Wolfspeed library.

Inductor

The model for the rectangular spiral inductors that are to be used in the amplifier is wired in
the METAL1 material. Thus, the maximum DC current through the spiral is 15 mA/um [1].
The minimum width of METALL is stated to be 6 um. Figure 2.3 shows the provided spiral

inductor.




Chapter 2. Theory

=L

Figure 2.3: Spiral inductor from the Wolfspeed library.

Microstrip

Some parameters have to be included in ADS by using the process variable controller in order
to simulate microstrip lines. The values that are included in the process variable controller are

summarized in Table 2.2 below.

Table 2.2: Definition of substrate parameters.

H [pm] Cond [-10"] TanD Rs[Q/0] Cpua [pF/mm?]
100 3.7 1.0e-4 12 180

The significance of these data is illustrated in Figure 2.4, together with the length and width of

a microstrip line.

w

]

Cond

H TanD

Figure 2.4: Structure of a microstrip line.

The parameter H is the thickness of the substrate. C'ond is the conductivity of the conductor,
while T'an D is the dielectric loss tangent. Rs is the sheet resistivity stated in Ohm per square

and C'pua indicates the capacitance per unit area.

6



2.3 Biasing

2.3 Biasing

The biasing of a transistor is determined by two things; the choice of bias point and the bias
network. The bias network will be treated as a part of the matching network in Section 2.9,
while the choice of quiescent point will be discussed in this section. The choice of bias point is

important in an amplifier because it is of great importance to the amplifier’s characteristic.

Usually one can use an I'V-characteristic for choosing a quiescent point. A challenge is to
maintain constant current as the transistor will explore process and temperature variations. An
IV-characteristic like Figure 2.5 can be divided into two regions. The linear region is the op-
erating region for passive components with loss. Transistors used for amplification are usually

biased in the saturation region which provides gain and power.

Ip
Saturated
Imux > _—
lu'.s‘s T : E = ov

— — — — =)
A g
o+ Linearity>N———— E
— {OQ . oQ
L Q*{), 05:
2 Noise——— N

. Efficiency & .

Figure 2.5: I'V-curves with different bias points, amplifier properties and a load line.

The [,,,4, line in Figure 2.5 represents the maximum drain current which occurs at positive gate-
source voltage in the saturated region. /4, is the saturated current when the gate-source voltage

1S zero.

The intended application of the transistor determines the selection of bias point. It is common

to have a high V;, and high [;, for maximum power application. The drain voltage is often

7



Chapter 2. Theory

reduced in cases where low noise is of more importance. Drain voltage can be chosen based
on recommendations from the foundry and preferably with a value that fits well for system
integration. The choice of gate-source voltage is dependent on the desired behaviour in terms
of efficiency, gain, noise and linearity. The ideal bias point for the different properties are
plotted in Figure 2.5. For low-noise performance, the gate-source voltage is commonly low so

that the current /;, is minimized.

2.4 Linearity

An amplifier is considered linear when the output power increases proportionally to the input
power, or when the power gain is kept constant with increasing input power. As the input power
increases, the device will reach its maximum power level depending on its size. The transfer
function of the amplifier will be nonlinear and one will eventually reach a point where the output
power will no longer increase with the input power. As mixing occurs, there may exist more
than one carrier frequency in a non-linear amplifier. This will cause multiple sidebands to be
generated as intermodulation products. The combination of amplitude modulation in one step

and AM to PM conversion in another step is another source to intermodulation distortion.

2.4.1 Single-tone test

A simple method of measuring the linearity of the amplifier is to see when the output power
deviates with 1dB from the input power. This is called the 1dB compression point and can be
found by performing a single-tone test. The singel-tone test supplies the input of the amplifier

with a single tone with frequency wy and amplitude Vj, described in Equation 2.1.

vin(t) = Vi cos(wpt) 2.1

The output can be modelled as a power series, reduced to three terms in Equation 2.2 due to
complexity.

Vout (1) = ag + a1vin (t) + agvl, (t) + asvy, (1) (2.2)

where the coefficients are calculated using Equation 2.3.

8



2.4 Linearity

- avout

a; = ——
ov!,

Vin=0 (23)

By the use of Equation 2.2, we obtain the voltage gain for the fundamental frequency, wy [7].

G —ar+ zagvg 2.4)

In practice, az will be negative so that the gain will decrease for large values of V(. This is

referred to as gain compression.

The singel-tone test shows how the gain and output power act when there are nonlinearities in
the circuit. The effect of these nonlinearities can be observed in how the curve of the output

power in Figure 2.6 becomes nonlinear.

P(’JMI

Theoretical 7

-
&

LN
N

___________________Ii_!
| =
=R
wel

Pin

Figure 2.6: The real curve compresses as the input increases and deviates by 1dB from the linear curve
in the 1dB compression point.

2.4.2 Two-tone test

Another common linearity test is the two-tone test where two tones are applied to the input of

the amplifier. The equation for the input to the device under test is shown in Equation 2.5 with

9



Chapter 2. Theory

the frequencies w; and ws.

Vin(t) = Vo(cos wit + coswat) (2.5)

Inserting this equation into Equation 2.2 gives rise to frequency components with frequency
mwy + mws, where m,n = 0,+£1,£2 4+3. This combination of input frequencies is called
intermodulation with order |m/| + |n|. The combination that gives |m| + |n| = 3 is thus called
third-order intermodulation product. If the new components are located in the bandwidth, they
can not be filtered out and we will experience distortion that affects the linearity of the amplifier.
In order to measure the linearity, it is common to plot the power of the intermodulation product
together with the power of the fundamental. The point where the two lines intersect is called

the third-order intercept point (IP3) and applies for an amplifier with linear gain. This is plotted

in Figure 2.7.
P(}HI
s
Theo reticﬂ/ /o
/ :
e f_f"f Third |
4 / order
S/ / produgt
' Pin

Figure 2.7: The characteristic of the fundamental frequency meets that of the third-order nonlinear
products, making the third-order intercept point.

Mathematically, the intermodulation distortion (IMD) ratio is defined as

P
IMD = 10log — (2.6)
Ps

This is the ratio between the power of one of the two output tones, P, to the power of the third-

10



2.5 S-parameters

order intermodulation product, Ps. In the ideal case, the amplitudes of the two input tones are
assumed to be the same. The IMD is usually measured in decibel with reference to the carrier

(dBc).

2.5 S-parameters

When large signals are presented to the input of the amplifier we can experience the creation of
nonlinear distortion. Most commonly one perform the singel-tone and two-tone tests presented
in the previous section to explore how the amplifier responds to nonlinearities. But when the
input signal to the device is small enough, we can rather use linear equations to describe the be-
haviour of the amplifier. Thus we can ignore the nonlinear effects so that inductors, capacitors

and resistors are linearized and the operating point is kept constant.

By decomposing the voltage at the two ports of the amplifier, we can obtain incident and re-
flected voltage waves. This can further be used to define the S-parameters for the circuit. The
S-parameters give us the opportunity to express useful properties as gain, stability and noise
figure for the amplifier that is to be analyzed. Some of these properties will be explored further

in the following sections.

2.6 Stability

In order to avoid oscillations in an amplifier it is necessary that the real part of the input and
output impedance are not negative. [';, and I',,; in Figure 2.8 are often matched to I'; and
I'y to maximize the power transfer in a two-port network. This means that I';,, I',,; and the
stability will be determined by the matching network. The optimum matching will change with

frequency, thus making the stability frequency dependent.
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T

Input .
Transistor

matching

Output
matching

Figure 2.8: A transistor will see certain reflection coefficients at its input and output depending on the
matching networks.

The stability of an amplifier can be either conditional or unconditional. In order for an amplifier
to be unconditionally stable it must meet the requirements of |I';,| < 1 and |[',,;| < 1 for all
passive source and load impedances. In a conditionally stable amplifier the conditions |T';,| < 1
and |I',,;| < 1 must be fulfilled for only certain source and load impedances. Thus, a condi-

tional stable amplifier will be potentially unstable for other source and load impedances.

To know if an amplifier is unconditionally stable there exist two tests. The K — A test is

determined by Rollet’s condition given by Equation 2.7 [8].

1—|Suf” — Sl + A

K —
2]512521

> 1 2.7

where A\ = |SHSQQ — 512521‘ <1

When the amplifier meets these conditions it is unconditionally stable. A drawback with this
test is that the size of K does not say anything about how stable the amplifier is. This is on the
other hand offered by the p-test and is an advantage of using this test. The pu-test is given by
Equation 2.8 and has only one condition that needs to be met in order for the amplifier to be

unconditionally stable [8].

_ 1 — |Sy]?
’522 — ASTJ + |512521|

[ > 1 (2.8)

where A\ = |811522 — 512521|.

A larger p provides greater stability. This may be wise to keep in mind to ensure having a

margin against production variations that may occur.
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2.6 Stability

2.6.1 Inductive series feedback

The prevailing rule for a low noise amplifier is to match the input of the amplifier for minimal
noise. By inserting an inductive series feedback as shown in Figure 2.9 it is possible to achieve
simultaneous conjugate input impedance and optimal noise match impedance [9]. In other
words, the input match for gain will be closer to the input match for optimum noise figure in the
Smith Chart. This will make the optimum input reflection coefficient |I',,;| a function of series
inductance. The addition of such a series feedback reduces the gain, which helps the amplifier
to become more stable. The increase in input impedance caused by the inductor makes the

amplifier more tolerant to variations in device parameters.

—]

-
?j

Figure 2.9: Stabilization scheme using a series feedback inductor.

2.6.2 Parallel RC-feedback

Another method for improving the stability of an amplifier is to add a resistive feedback between
the drain side and gate side of the transistor. While this method makes the input and output
impedances more convenient for matching, it will also increase the level of noise [6]. The
resistor ensures that the amplifier becomes more stable throughout the frequency band, while
the capacitor allows the different DC levels on the gate and drain side to be kept separate. Such
a feedback circuit is shown in Figure 2.10. This is a technique that can almost exclusively be

used in integrated circuits.
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Q__

A
I

Figure 2.10: Stabilization scheme using a parallel resistor-capacitor feedback.

2.7 Noise

Even in the absence of an input signal there is possible to measure an output signal in a stable
amplifier. This is caused by noise and the signal you measure is the noise power of the amplifier.
The total noise measured at the output consists of amplified input noise in addition to noise
generated by the amplifier itself. The noise power on the input can be modeled using a noise
resistance as in Figure 2.11. The noise occurs as a result of the random movements of the
electrons in the resistor. The thermal agitation makes this type of noise known as thermal or

Johnson noise. The maximum available noise power, N,, from a resistor R, is

N, =ktB (2.9)

where B [Hz] is the bandwidth, ¢ [K] is the temperature and k£ = 1.38 - 10~23 J/K is Boltz-
mann’s constant. Thus, a smaller bandwidth will reduce the amount of noise power. One can
also observe that the noise power is independent of the value of the noise resistance. Neverthe-
less, the amount of noise power actually delivered to the load resistor will decrease as the ratio
between the source and load resistor differs from unity. The idea of making a mismatch on the
input is central in the design of a low noise amplifier because it reduces the noise contribution

from source.

14



2.7 Noise

Amplifier
Zsource Zload

Figure 2.11: A two-port amplifier with a load resistor and a noisy source resistor.

As shown in Equation 2.9, the noise power is not given by a single specific frequency. Instead,
the noise power depends on the bandwidth and gives a distribution that is referred to as white
noise. However, in reality, there exists no proper white sources with infinite noise over an infi-
nite bandwidth. For microwave frequencies, most dissipative elements can be characterized as

ideal noise sources described by Equation 2.9.

Moving the focus to lower frequencies there dominates another type of noise. This low-
frequency noise is often referred to as flicker noise or 1/f. The frequency where the 1/f
noise is as large as the ktb noise is called the 1/ f knee frequency. Because the knee frequency
of transistors often is less than 100 MHz, flicker noise is regarded less important in the design

of RF and microwave amplifiers [9].

In addition to the previously mentioned types of noise there also occurs generation of shot noise
in microwave transistors. This noise is generated as a result of random passage of charges in the
modulating channels. From DC to 100 MHz, the shot noise is fairly constant before it increases

with frequency.

The occurrence of noise in the receiver sets a limit to the S/N-ratio, defined as SNR =

desired signal
undesired signal *

Thus, less noise will give better reception of the signal. There are two types
of noise encountered in the receiver; antenna noise and noise generated by components in the
receiver. Noise factor is used in order to describe the amount of noise generated from a compo-
nent or an entire system. The noise figure is the noise factor given in decibel. The noise factor
is dependent on losses from components, amplification in the circuit and the bias applied to the

circuit.
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For a two-port network, the noise factor, £, is defined as

SNRoutput (SO/NO)

F (2.10)

The relationship between the input and output of the network is shown in Figure 2.12.

zw»
T Q
z»

Figure 2.12: Relationship between the input and output in a two-port network.

Substituting Sy = G'S; and N; = kT, B into Equation 2.1 gives

N,
F=__02
GkT,B

(2.11)

where [V, is the output noise, G is the gain, k is the Boltzmann constant, 7, = 290 K and
B is the bandwidth. Gain is defined as the power gain, which is the ratio between the power
dissipated in the load and the power delivered into the two-port [8]. This ratio is defined in

Equation 2.12.

(2.12)

2.8 Multistage

The amplifier’s characteristic can largely be changed by dividing into several stages and con-
necting them together. Expanding the amplifier by several stages is particularly relevant in cases
where required specifications are hardly obtainable through using only one stage. A multistage

amplifier is shown in Figure 2.13.
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2.8 Multistage

IMD3, IMD3, IMD3,,
- G G —

Figure 2.13: Multistage cascaded amplifier with properties of each stage.

2.8.1 Noise

When connecting multiple two-ports in cascade, the total noise factor will be determined by the
noise factor and gain from each step of the cascade.
F,—1 F,—1

o Tt ac.a.

F=F+ (2.13)

From Equation 2.13 one can observe that the noise factor is dominated by the first step. There-
fore, it is desirable to have low noise and high gain in the first step for the overall noise factor

to be as low as possible.

2.8.2 Third-order intermodulation distortion

To find the third-order intermodulation distortion (IMD3) of the input to a multi-stage amplifier,
it is possible to add the power from each stage in parallel. Equation 2.14 shows input IMD3 of

an n-stage amplifier, given that the intercept points are independent and uncorrelated.

1

IM D3input = (2.14)

1 G| GG, GiGaGuy
IM D3, + IM D32 + IM D33 +ot IMD3,

IMD3,, and G,, in Equation 2.14 are respectively IMD3,, (in mW) and gain for each stage of the
amplifier. By multiplying the total power gain ratio with the input IMD3 from Equation 2.14 it
is possible to calculate the output IMD3. The sum of the amplifier’s total gain and input IMD3

will also give the output IMD3, as shown in Equation 2.15.

IMD30utput - Gtot + IMDSmput (2 15)
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Chapter 2. Theory

2.9 Impedance Matching

The challenge in creating a matching impedance network is to accentuate the desired properties
of the amplifier in a best possible way. To minimize noise that will be generated, it is desirable
to have as few components as possible. Nevertheless, one should have a large enough network
to cover all the different input and output impedances of a broadband amplifier. The matching
network is based on which impedances the transistor ’sees” as shown in Figure 2.14. By the
use of a simple LC network one can make an impedance transformation from the transistor’s
desired impedances to 50 €2. The amplifier can then be connected to external 50 €2 devices such
as an antenna. It is recommended to use capacitive and inductive elements every second time in

the match to reduce the risk of resonance.

Zsowﬂ \_Zfoad

DUT

Figure 2.14: The device needs to see certain impedances at the input and output in order to minimize
the noise figure.

To prevent RF from leaking into the DC supply, it is possible to add a RF choke in series with
the DC supplies in the input and output matching networks. This inductor eliminates RF fre-
quencies while DC is allowed to pass. There is also possible to add a shunt capacitor at the DC
input to reject the RF energy from going to the power supply. This decoupling capacitor should
be set to a value as large as possible if only having size restrictions for the layout. Thus, shunt
capacitors included in input and output matching networks will preferably have fixed, large ca-
pacitance values. A decoupling capacitor combined with a RF choke will effectively reject all

of the RF frequencies.

Another common block included in a matching network is a series capacitor connected right
to the input and the output in the RF path of the amplifier. This element is the DC block that

prevents DC from flowing through the RF input and output. The value of the capacitor is not

18



2.9 Impedance Matching

important as it prevents DC from flowing in any case. Both the DC block and the RF choke can
be considered parts of the matching networks as they can be tuned for more accurate matching.
This gives the matching networks more degrees of freedom which can be exploited when the

amplifier circuit is optimized for better results.
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Chapter

Design of Amplifier Stages

To achieve sufficient gain, the goal is to make an amplifier using two stages coupled in cascade

as shown in Figure 3.1. The same transistor type (CG40v4) will be used for both stages. The

amplifier will be designed using Keysight’s Advanced Design System (ADS).

Input Output
matching ———— Interconnection ——— matching
(Stage 1) (Stage 2)

Figure 3.1: Setup for a cascaded two-stage amplifier.
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Chapter 3. Design of Amplifier Stages

3.1 Bias

As mentioned in the theory, system integration could be emphasized when selecting drain volt-
age and 12V may therefore be a reasonable value for both stages. By using a testbench in ADS
there is possible to generate IV curves for use in the selection of bias point. Such a testbench
can be found in Appendix A.1. The testbench sweeps Vs from 0 to 30V, while V; will be
swept from -1 to -4V for a CG40v4 transistor with 4- 100 ym gate width. A starting point
can be in the range of 50-60mA drain current giving V,, = -2.0V. This can be adjusted later if
another bias turns out to produce better results. IV-curves for the CG40V4 transistor can be
seen in Figure 3.2a. Figure 3.2b shows how the selection of V, affects the performance of the
G40V4 transistor in terms of gain and noise. The different curves indicate frequencies in the

range 1.3-5.8GHz and are obtained using ideal matching.

0.2 | Veg=-1.00
Vas=1.20
= < 015 | Vis=-1.40
£ é Vis=1.60
w § Vas=-1.80
Q& 0.1+

= 8 G5=-2.00
5220

0.05 s

52

0 T T T T = T

0 5 10 15 20 25 30
Vps [V]

(a) Generated bias curves for the G40V4 transistor.
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(b) Initial obtainable Noise Figure and Gain.

Figure 3.2: Supporting figures in the selection of bias.
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3.2 Stabilization

3.2 Stabilization

To stabilize the amplifier it is advisable to add an inductor to the source of the transistor for
low noise applications. As this is not necessarily sufficient to achieve the desired stability, it
is possible to add a RC network in addition. This combination will result in a stabilization

topology as shown in Figure 3.3 below.

oW
J

Figure 3.3: Stabilization circuit for both stages.

A small-signal analysis will be simulated in ADS showing stability indicated using x in order

to check if the obtained stability is sufficient.

3.3 Matching

By running a small-signal simulation of the transistor together with the stabilization circuit in
ADS, there is possible to find the needed impedances, Z,ce and Z;,.4, for noise matching. As
the amplifier is to be wideband, the impedances should be recorded with 0.5 GHz increments in
the range 1.3 - 5.8 GHz. In this design, the system impedance is set to be 50 €2 and impedance
transformations have to be made from 50 € to Z,y,c. and from Z;,,4 to 50 €2. The small-signal

testbench that is to be used can be seen in Appendix A.4.
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Chapter 3. Design of Amplifier Stages

3.3.1 Input matching

The input matching for the whole two-stage amplifier will be determined by stage one. The
input network in stage one will be matched for noise of reasons given in Chapter 2. The optimal
reflection coefficients for minimal noise, NFmin, are found by running a small-signal analysis
over the frequency range. The reflection coefficients are plotted with 0.5 GHz increments in the
Smith Chart in Figure 3.4. It is then possible to use inductive and capacitive elements to match

these coefficients to the 50 €2 system impedance in the center of the Smith Chart.

-1

Figure 3.4: Impedances for input matching network.

A finished input network will then look like the LC network in Figure 3.5. The ADS schematic

of the input network including component values can be found in Appendix B.1.
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3.3 Matching

DC

O—

-
[
[

RF;, | | To transistor

B VD -

Figure 3.5: Input circuit connected to stage 1.

3.3.2 Interconnection stage

-1

Figure 3.6: Impedances for interconnection network.

For matching the two stages in the best possible way, the reflection coefficients of the output of

stage one and the input of stage two can be plotted in a Smith Chart. The reflection coefficients
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Chapter 3. Design of Amplifier Stages

from stage one will optimize the amplifier with respect to noise, while the reflection coefficients
of stage two provide optimum gain. To connect the two stages it is possible to use inductors
and capacitors that would join the optimal impedance points in Figure 3.6 together. One way to
do this is to combine the two RF chokes that need to be included anyway and insert a DC block
inbetween. The network will then be optimized in ADS against impedances that stage one and
stage two want to see towards the interconnection stage. This is shown in Equation 3.1 where
A5y optimizes for matching with stage one and ASy, optimizes for matching with stage two.
This causes the transistor in stage one to see the correct impedances for optimal noise on the

drain side while the transistor in stage two will see impedances for optimal gain on its input.

ASyy = ||Su| — |OptimZ source|| — 0
3.1
NSz = |[|Sa| — |OptimZload|| — 0

The interconnection stage will by the use of this method end up with the topology in Figure
3.7. The ADS schematic of the interconnection network with component values can be found

in Appendix B.2.

DC

e mby e

To stage 1 ¥ To stage 2
—(Q I >—— -

Figure 3.7: Interconnection circuit between stage 1 and stage 2.
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3.3 Matching

3.3.3 Output matching

Stage two must be matched for optimal gain in order to meet the specifications. The output of
the amplifier will therefore be matched against optimal load impedances for maximizing gain.
The optimal load impedances for the bandwidth with 0.5GHz increments are plotted in Figure
3.8. These are found by running a small-signal analysis over the frequency band. The output
will then be matched to 50¢2, which is the system impedance, using an inductive-capacitive
network. To keep it simple, it may suffice to just use the RF choke and the DC block for the

matching network.

—1

Figure 3.8: Impedances for output matching network.

The finished output network will then have a topology similar to the the one in Figure 3.9. The

ADS schematic of the input network with component values can be found in Appendix B.3.
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iDC

To transistor

Figure 3.9: Output circuit in stage 2.

A full circuit schematic from ADS including all the stages can be found in Appendix B.4. This

circuit shows the idea from Figure 3.1 adapted to a working schematic.
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3.4 Layout

3.4 Layout

As can be observed in the previous section there are included transmission lines in the matching
in view of a layout that is to be created in the end. The layout must be made with regard to
possible production of the amplifier and to carry out electromagnetic (EM) simulations. There
are no restrictions on space usage and the layout will be made compact enough without having
problems with proximity between components. A proposal for a layout can be seen in Figure
3.10. The size of this layout is 1730pm x 1165um. The layout is checked against a Design Rule
Check (DRC) provided by Wolfspeed for the purpose of verification. Notice that this check
only tests a set of constraints and gives no guarantee that the produced amplifier will operate

correctly. However, no violation of rules will obviously give a higher probability of desired

operation.
Vas
1 Vbs
(D))
S ..
RF,, I ';]ﬁ © RF

Figure 3.10: Layout for a two-stage LNA.
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Chapter I

Results

The results in this section are based on simulations done in ADS. The amplifier has not been
manufactured and it will therefore not be presented any measurements. First, the results from
small-signal analysis will be presented before showing results of the linearity from large-signal
analysis. Then the results indicating the robustness of the amplifier will be presented. Finally,

EM simulated results of the layout in Section 3.4 will be shown in the last section of this chapter.

4.1 Small-signal analysis

The results in this section origin from simulations in ADS using the testbench in Appendix A.4.

4.1.1 Stability

The results in Figure 4.1 shows the margin of stability for the two-stage amplifier. The red line

is for the K -test, the blue line shows fi;,,¢ and the green line marks fispyce-

4.1.2 Gain

Figure 4.2 shows the results for the small signal gain. The red line marks the associated power
gain (Pgaingssociated), the blue line is the Maximum Available Gain (MAG) while the green
line is the simulated small signal gain Sa;. Pgaingsseciated 15 the obtainable gain when the input
and the output of the amplifier are perfectly matched for optimum noise. MAG is the gain that
is obtainable when the whole amplifier is matched for gain. The results show that the amplifier

peaks with 33.8dB at 1.3GHz while the amplification is at its lowest with 13.9dB at 5.8GHz.
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Figure 4.1: Simulated K, p1j0qq and pisource Showing the stability.
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Figure 4.2: Simulated small signal gain.
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4.1.3 Noise

The simulated noise performance is presented in Figure 4.3. The red line is showing the mini-
mum noise figure (N F'min), while the blue line shows the resulting noise figure. N F'min refers
to the noise figure that can be obtained when the amplifier is perfectly matched for optimum

noise performance.

1.8

1.6

1.4

1.2

NFmin [dB]
Noise Figure [dB]

0.8 L L L L
2 3 4 5 6

Frequency [GHz]

Figure 4.3: Simulated Noise Figure and Minimum Noise Figure.

From the results it can be seen that the noise is peaking with 1.68dB at 5.8 GHz, while the noise

figure is at its lowest with 1.08dB at 1.8GHz.

4.2 Linearity

Appendix A.2 shows the single-tone testbench setup that have been used to simulate the output
power of the amplifier. The intermodulation distortion has been simulated using the testbench

in Appendix A.3.

4.2.1 Output power

The simulation of the output power with increasing input power is performed using a single
tone with frequencies of 1.3GHz, 3.5GHz and 5.8GHz. Figure 4.4 shows when the amplifier

starts deviating from the linear curve and goes into saturation.
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Output power [dBm]

Output power [dBm]

Output power [dBm]
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Figure 4.4: Output power plotted to the input power for a single tone with a specified frequency.
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4.2.2 Intermodulation Distortion

Simulations for intermodulation distortion for different center frequencies have been performed
using two tones swept with different frequency spacings. The input power was fixed to 19 dBm

during simulations. The resulting output can be observed in Figure 4.5.

—20
RF Frequency
—95 | — 1.3GHz
2.3 GHz

_ 730 — 33GHz
O —
B -35 | 4.3 GHz
E 5.3 GHz
E —40 — 5.8 GHz

—45 4

—50

_55 LA T T T TTTT T TTTTT T T T TTTT

10* 10° 10° 107 108
Frequency Spacing [Hz]

Figure 4.5: Intermodulation distortion for different center frequencies over different frequency spacings.
The input power was set to a constant value of 19 dBm for simulations.
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4.3 Robustness

Simulations of robustness have been done to check how the junction temperatures changes with
increasing input power and for which input powers the amplifier reaches maximum ratings
provided by Wolfspeed. These tests have been simulated using the testbench in Appendix A.2.
There is set an ambient temperature of 85°C for these simulations to test the device under tough

conditions.

4.3.1 Maximum ratings

The results in this subsection are obtained by extracting values from the nodes in Figure 4.6.
The same method are used for both stage one and stage two. Input power refers to the power
applied to the RF input connected to stage one of the amplifier. This applies for all figures and

tables in this subsection.

Stabilization
Feedback

Va Output

I
9.DC v network
Input @ 09_'
network N
V,

Figure 4.6: Position of nodes and ammeter used to obtain values of V4, V45 and Iy pc.

Figure 4.7 and Figure 4.8 shows which levels of input power delivered to stage one that makes
the amplifier exceed V;, = -8V and V;, = 84V. Figure 4.7 shows the results for the transistor in
stage one, while Figure 4.8 shows V, and V, for the transistor in stage two. Figure 4.9 and
Figure 4.10 shows the different input powers fed respectively to the amplifier that makes I, pc
greater than 1 mA/mm - 400pm = 0.4 mA in stage one and stage two, respectively. The plots are

simulated using the center frequency f = 3.5GHz and with an ambient temperature of 85°C.
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Figure 4.7: Simulated input powers to stage one exceeding maximum ratings of Vs and V, for different
frequencies for the transistor in stage one. The black solid lines mark V, = 84V and V, =-8V.
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Figure 4.8: Simulated input powers to stage one exceeding maximum ratings of Vs and V, for different
frequencies for the transistor in stage two. The black solid lines mark V, = 84V and V; = -8V.
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Figure 4.9: Simulated input powers to stage one exceeding maximum ratings of I, pc for different
frequencies for the transistor in stage one. The black solid line marks I ;4 = 0.4mA.
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Figure 4.10: Simulated input powers to stage one exceeding maximum ratings of I, pc for different
frequencies for the transistor in stage two. The black solid line marks I, 4, = 0.4mA.
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Table 4.1 shows the exact input powers where Iy a2, Vs mar and Vg maq are exceeded for
different frequencies. The input power is swept in the range -15 to 80 dBm. Table 4.1 contains

values for the transistor in stage one.

Table 4.1: Applied input powers to stage one where Vy a2, Vysmaz and Vs maqe are exceeded in stage
one for different frequencies.

Frequency
GHzI o1 20| 30| 40| s0| 60
Input
power [dBm] at
Iy max 43 39 39 38 39 40
Vsmaz 26 16 19 22 23 27
Vids,maa 58 54 55 52 49 48

Table 4.2 shows when I 42, Vysmae and Vg mq, are reached for the transistor in stage two.

This table summarizes the results in Figure 4.8.

Table 4.2: Applied input powers to stage one where Vy ;naz, Vysmaz and Vs mae are exceeded in stage
two for different frequencies.

Frequency
GHzIl 01 20| 30! 40| 50| 60
Input
power [dBm] at
Iy maz 46 64 57 57 56 52
Vs maz 18 5 9 13 19 23
Vismaz 78 75 64 63 60 57

4.3.2 Power handling

Figure 4.11 shows the junction temperature in unit degree Celsius for both transistors. The am-
bient temperature and the backside temperature of the chip is set to 85°C during the simulation.
The thermal resistance is set to 34°C/W. This number is estimated out of figures provided by
United Monolithic Semiconductors (UMS) for a similar MMIC GaN HEMT process [10]. The
temperature is plotted together with the output power to simulate how the amplifier responds
to increasing input power in tough environments. The frequency is set to f = 3.5GHz for this

plot.
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Figure 4.11: Output power and junction temperature plotted to the input power of the amplifier. The
black solid line marks the absolute Maximum Junction Temperature of 225°C.
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4.4 EM-simulations

The layout is verified through EM-simulations. This was done by removing the transistors and
generating an electromagnetic model consisting of the passive components from the remaining
circuit. By doing this you may include any inductive couplings that have occurred due to the
fact that components are placed too close in the layout. The transistors are then placed back
into the generated EM model and the entire circuit is verified using the small-signal testbench
in Appendix A.4. Such an EM model can be found in Appendix C.1 together with the substrate
model used for these simulations. The stability of the amplifier is plotted in Figure 4.12 with
the same stability parameters as in Section 4.1.1. The results for the simulated small signal gain

can be observed in Figure 4.13, while the noise figure is plotted in Figure 4.14.
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Figure 4.12: EM-simulated results for stability.
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Figure 4.13: EM-simulated results for small signal gain.
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Figure 4.14: EM-simulated results for noise figure.
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Discussion

5.1 Simulation results

From Figure 4.1 it is observable that the amplifier is stable across the bandwidth with at least
a margin of 0.17dB at 2.2GHz. This margin is conceivably large enough to ensure against pro-
duction variations and to avoid oscillations. The curve designating the noise figure in Figure
4.3 follows the curve of NFmin closely and differs with only 0.16dB at most. The noise figure
peaks at 5.8GHz with 1.68dB and is well below the maximum limit of 2dB from specifications.
The simulated gain reaches just above the requirement of 13dB for 5.8GHz with a simulated
magnitude of 13.9dB. The curve of S9; does not differ much from the curve of MAG, which can
be considered adequate for an amplifier that is matched primarily for noise performance and not
gain. Based on experience with simulations and repeated optimizations of the amplifier, there
was a trend that the process delivered poorer results in the upper bandwidth. By expanding the

bandwidth beyond 5.8GHz, it could be difficult to achieve sufficient gain with this design.

The maximum ratings for the process are 84V for Vg, -8V for V,, and 1mA/mm for I,,, as
stated in Section 2. Looking at the figures in Section 4.3 it is noticeable that the amplifier must
be jammed very strongly before it will exceed any of these breakdown values. In order for this
to happen at all, a radio jamming device must be placed very close to the RF receiving antenna.
The amplifier’s gate width of 400pm gives an I, of 0.4 mA. This maximum current will
first occur when the input power has driven the amplifier far into saturation. This is observed

in Figure 4.11 where the output power flattens out at roughly 18dBm input power. Evidently,
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the maximum rating of V,, will be most critical for breakdown of both transistors as can be
observed in tables in Section 4.3. The V,, applied to stage one will be the maximum rating
causing the amplifier to fail. Figure 4.11 shows that the junction temperature in stage two will
be the hottest transistor as the output power from stage one will be fed to the gate of the second
transistor. However, this junction temperature will stop increasing when the transistor is in
saturation at 14dBm. The junction temperature of stage one will continue increasing with input
power, but will not reach the critical Maximum Junction Temperature of 225°C before 37dBm
input power. It should be noted that the amplifier is not tested for operation over time which
indicates the lifetime of the amplifier. These results show that the amplifier will work well for its
main application of amplifying weak input signals with low decibel values. Critical conditions

will first occur when the device is exposed to jamming.

5.2 Design choices

By inspecting Figure 4.2, it is possible to observe that the gain varies with 10dB in the band-
width and is thus not particularly flat. A flat gain can be achieved by introducing more resistance
in the circuit, for example by connecting a resistor in series with the DC supply on the gate side.
However, this has not been tested in this design as gain flatness was not a specified requirement

and thus not been prioritized during the design phase.

Another decision made early in the project was modifying the drain voltage down from 20V to
12V. This was done due to simpler system integration. This adjustment was not found to make
any notable difference on the performance of the amplifier. It resulted in some less gain but
decreased the noise figure slightly. In a power amplifier it would be more ideal with a higher
drain voltage, but as the main focus was set on noise figure the decrease in gain was neglected.
A possible approach for future work would be to experiment with different bias for the two
stages to possibly achieve improved gain at higher frequencies. The downside of doing this is

that it will make system integration harder.

The EM simulations in Figure 4.12, 4.13 and 4.14 are correct with what was achieved in the

small-signal analyzes in Figure 4.1, 4.2 and 4.3 of the schematic. This means that any inductive
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5.2 Design choices

couplings have not affected the results any noteworthy. With stricter area restrictions there
would have been a need to experiment further with making the layout area even more tight. This
could have been done until the occurrence of inductive couplings that would affected the EM-
simulated results. The revised layout in Figure 3.10 is indeed done according to this principle,
but it is possible that other than the author could find further improvements and shrink the area
even more. It was explored with a one-stage amplifier at the early start of the project phase, but
the required gain forced the amplifier to be two-staged. The downside of this extension is that
the layout requires a larger area. However, this was a necessary decision to make as there was a

requirement for gain and not for used layout area.
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Chapter

Conclusion

This thesis has explored the design of a robust low noise amplifier in GaN MMIC using the CAD
software Advanced Design System (ADS). It was required to obtain gain higher than 13dB and
hold the noise figure below 2dB for 1.3 - 5.8GHz. The amplifier was designed with two stages
in order to achieve desired level of gain. These stages were linked together in an interconnection
network using the output matching network of the first stage and the input matching network of
the second stage. The matching networks were designed using optimal impedances for noise in
stage one and optimal impedances for gain in stage two. A producible layout was designed in
the end for the purpose of electromagnetic (EM) simulations and the possibility of production

in the future.

The results were simulated in ADS using testbenches for small-signal analysis and large-signal
analysis. The small signal gain is simulated to have a minimum of 33.8dB at 1.3GHz and a
maximum of 13.9dB at 5.8GHz. The noise figure peaks at 1.68dB for 5.8GHz, while a mini-
mum is found at 1.8GHz with 1.08dB. The EM-simulation of the layout produced values that
agrees with these results. Simulations of intermodulation distortion and output power have been
done to show the linearity of the amplifier. Junction temperatures and V,,, V4, and I, have been
simulated with swept input power to demonstrate the robustness of the amplifier. These simu-
lations found the gate-source voltage for the transistor in stage one to be the limitation for the

amplifier.
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Chapter 6. Conclusion

6.1 Future work

In order to improve the amplifier’s usability in tough environments it may be an idea to look into
improvement of linearity for future work. Saini et al [11] look in their paper on a linearization
technique for low noise amplifiers where a single field-effect transistor (FET) is divided into two
parallel FET transistors of half the original gate width. The two parallel transistors are biased
with different bias current, which causes phase cancellations and reduces the power level of
third-order intermodulation products. However, the presented hybrid low noise amplifier is
based on Roger’s 4350 substrate material and implementation of this technique in a MMIC

LNA is yet to be demonstrated.
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A.1 Testench for Bias

Generates IV curves, computes Gm versus bias
and optimal bias for Class A operation.

FET Curve Tracer <D
- | |_Probe
IDS
V_DC
+| SRCH1 '—
— Vdc=VDS j_
- .f V.AC
@ AC SRC4
I VdC=VGS
AC Freq=freq
AC1 -
Freq=3.5 GHz _:L

&5 [oc

%| PARAMETER SWEEP I
aramoweep

Sweep1

CG40v4_HEMT _NOVIA A r7
Q1

M=1

Ngf=4

Wg=100 um
Vds_dc=VDS V
Tbase=25
Rth=0.001 Ohm
x1=1

x2=1
Crossover=DiXover

Var VAR
VAR2

DC VDS=0V

DC1 VGS =0V
SweepVar="VGS" SweepVar="VDS"
SimInstanceName[1]="DC1" Start=VDS_ Start VAR
SimInstanceName[2]="Sweep2" Stop=VDS_Stop Eqn VAR1
SimInstanceName[3]= Step=VDS_Step VDS Start=0
S?mlnstanceName[4]= VDS_Stop=30
SimInstanceName[5]= % PARAMETER SWEEP I VDS_Step=0.5

SimInstanceName[6]=
Start=-4

Stop=-1

Step=0.1

ParamSweep
Sweep2
SweepVar="VDS"
SimInstanceName[1]="AC1"
SimInstanceName[2]=
SimInstanceName[3]=
SimInstanceName[4]=
SimInstanceName[5]=
SimInstanceName[6]=
Start=VDS_ Start
Stop=VDS_Stop
Step=VDS_Step

Set gate and drain voltage

sweep limits and frequency at which
the transconductance Gm will be
calculated, as needed.
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A.2 Testbench for Single-tone analysis

One Tone Harmonic Balance Includes PAE
Simulation; one input Calculation
frequency; swept power.
|_Probe |_Probe
Is_low Is_high
- - SWEEPPLAN |
Vs low . SweepPlan
Vs_high Sweep1
i L i Start=-15 Stop=15 Step=10 Lin=
Lo oL2 *lyoe Start=16 Stop=30 Step=10 Lin=
T SRc2 § L=1.0 uH TG UseSweepPlan=
Vdc=Viow = Vdc=Vhigh SweepPlan=
Reverse=no
|_Probe
lload Place a wire/pin label: Vdev
@ | Prob and a current probe: Idev
™1 i o te inside the subcircuit to
_Inpu see their waveforms plotted.
Vinput Vload
e Vinput VoS (@92 o VDS1 VOS2 =
.4 P_1Tone > = + OPTIONS
PORT1 LNAV2 Term .
Num=1 X1 Term1 ~ Opfions
()| Z=50 Ohm Num=p Options1
Tl P=dbomtow(RFpower) |3 | HARMONIC BALANGE T Jegiong  Temp=85
Freq=RFfreq SEEEEEES — Thom=85
= . The DC power consumption V_RelTol=
HB1 xﬁﬁet these values: equation, Pdc, must be V AbsTol=
Freq[1]=RFfreq _ updated if you remove or | RelTol=
Order{1]=5 ;Ffrzq—g-5 GHz rename the Vs_low or " AbsTol=
=" " oad=5 Vs_high wire labels, or = -
gx::p\é?;njgazge;" Vhigh=12 V if you remove or rename GiveAllWarnings=yes
P P Viow=-2.0 V the Is_low or Is_high current MaxWarnings=10
: probes.
MeasEqn

Power Calcs
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A.3 Testbench for Two-tone analysis

Two-Tone Harmonic Balance Includes PAE
Simulation; one input Calculation
frequency; swept power.
% PARAMETER SWEEP I
|_Probe I_Probe
I % Is_high % PARAMETER SWEEP I
™1 ParamSweep ParamSweep
Vs low Vs high Sweep2 Sweep3
L s_hig SweepVar="fspacing" SweepVar="RFfreq"
i L l SimInstanceName[1]="HB1" SimInstanceName[1]="HB1"
+_ V DC o L2 3 t11 0uH +_ VvV DC SimInstanceName[2]= SimInstanceName[2]=
T SRC2 § L=1.0 uH Sl T G3 gim:nstance“ameﬁ,}: zfm:ns:ance:ame%=
- - - - Y. imInstanceName[4]= imInstanceName[4]=
Vde=Viow Vdc=Vhigh SimInstanceName[5]= SimInstanceName(5]=
= = | Probe  SiminstanceName[6]= SimInstanceName[6]=
lload Start=10e3 Start=1.3e9
@ Stop=100e6 Stop=5.8e9
I_Probe Step= Step=1e9
™1 11 input
Vinput \ | \ | Vload
1 71
(e} ] 1 C N
+ P_nTone c2 Cc1
PORT1 C=1.0 uF YOS RGN DS vos2 C=1.0 uF Term
A) Num=1 DD Term1
Z=Z_s Num=2
Freq[1]=RFfreq-fspacing/2 LNAV2 - Z=Z load
Freq[2]=RFfreq+fspacing/2 X1 = -
= P[1]=dbmtow(RFpower-3) )
P[2]=dbmtow(RFpower-3) Set these values: Set Load and Source impedances at baseband,
\\;2; undamental and harmonic frequencies
@ HARMONIC BALANCE I | SWEEP PLAN I RFfreq=3.5 GHz xﬁgz VAR
omecaranee SweepPlan fspacing=10 MHz Z0=50 VARG
HB1 Sweep1 Max_IMD_order=5 ;Load Impedances=
MaxOrder=Max_IMD_order Start=-10 Stop=15 Step=1 Lin= Vhigh=12 Z_|_bb=70+j"0
Freq[1]=RFfreq-fspacing/2 Start=16 Stop=30 Step=0.1 Lin= Viow=-2.0 Z_I_fund = Z0 + 0
Freq[2]=RFfreq+fspacing/2 UseSweepPlan= Z12=20+j0
Order{1]=7 SweepPlan= Z_1.3=20+j0
Order(2]=7 Reverse=no Z 1 4=20+j0
Z 1 5=20+j0
;Source Impedances=
Z_s_bb=Z0+j*0
Z_s_fund = Z0 +j*0
Z s 2=70+j%0
Z s 3=70+j%0
Z.s 4=20+j*0
Z s 5=20+j0
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Expr="mu_source"

S-Parameters, Noise Figure, Gain, Stability, _ GOAL -_ GOAL -_ GOAL - _ GOAL -
Circles, and Group Delay versus Frequency
_ GOAL - Goal Goal Goal Goal
= = [Z] VAR O_u._:._Oom.:m O_u._:._Oom.:m O_u._:._Oom.:u OU._:._Oom._._m
Goal V_DC V_DC ErrorMargin Expr="Smith1ErrorS11" Expr="Smith2ErrorS11" Expr="Smith3ErrorS11" Expr="Smith4ErrorS11"
OptimGoal3 - SRC1 - SRC2 Errormargin=0.3
Expr="NFmin" = VAR = Vdc=VGS2V = Vdc=VDS2V _ GOAL - _ GOAL - _ GOAL - _ GOAL - _ GOAL _
SimInstanceName="SP1" E + +
Weight=1 GateVoltage [&] VAR Goal Goal Goal Goal Goal
VGS1=-2.0 DrainVoltage OptimGoal19 OptimGoal20 OptimGoal21 OptimGoal22 OptimGoal23
VGS2=-2.0 VDS1=12 Expr="Smith5ErrorS11" Expr="Smith6ErrorS11" Expr="Smith7ErrorS11" Expr="Smith8ErrorS11" Expr="Smith9ErrorS11"
Weas) MeasEqn WMeas) MeasEqn eas] MeasEqn
Goal 1l ' , + ;m._WVSe vos2 , i E ErrorS22 E ErrorS11 . OptCoordinatesSmithZsource
OptimGoal1 _ _ 4 ' Smith1ErrorS22=abs(Meas1S22) - abs(optimZload1) ~ Smith1ErrorS11=abs(Meas1S11) - abs(optimZsource)  optimZsource=polar(0.811,8.78)

SimInstanceName[6]=
Start=-40

Stop=85

Step=5

SimInstanceName[6]=
Start=-10.0

Stop=4

Step=0.5

Expr="Smith5ErrorS22"

Expr="Smith6ErrorS22"

Expr="Smith7Error§22"

Expr="Smith8Error§22"

72}
© puy
>,
)
<
)
n 4 . N Term LNAV2 Term Smith2ErrorS22=abs(Meas2S22) - abs(optimZload2)  Smith2ErrorS11=abs(Meas2S11) - abs(optimZsource1) optimZsource1=polar(0.764,11.35)
g SiminstanceName="SP1 Term1 X4 Term2 Smith3ErrorS22=abs(Meas3S22) - abs(optimZload3) ~ Smith3ErrorS11=abs(Meas3S11) - abs(optimZsource2) optimZsource2=polar(0.73,13.22)
© pu Weight=1 Num=1 Num=2 E Smith4ErrorS22=abs(Meas4S22) - abs(optimZload4)  Smith4ErrorS11=abs(Meas4S11) - abs(optimZsource3) optimZsource3=polar(0.71,14.7)
wn 7=70 7=70 Smith5ErrorS22=abs(Meas5S22) - abs(optimZload5)  Smith5ErrorS11=abs(Meas5S11) - abs(optimZsource4) optimZsource4=polar(0.701,15.9)
l- _ GOAL - Optim Smith6ErrorS22=abs(Meas6S22) - abs(optimZload6) ~ Smith6ErrorS11=abs(Meas6S11) - abs(optimZsource5) optimZsource5=polar(0.699,16.98)
p—( Set System 0913\_ Smith7ErrorS22=abs(Meas7S22) - abs(optimZload7) ~ Smith7ErrorS11=abs(Meas7S11) - abs(optimZsource6) optimZsource6=polar(0.701,17.869)
a Goal _ % S-PARAMETERS — Impedance Z0: OptimType=Random Smith8ErrorS22=abs(Meas8S22) - abs(optimZload8)  Smith8ErrorS11=abs(Meas8S11) - abs(optimZsource7) optimZsource7=polar(0.705,18.6)
OptimGoal2 el VAR _,\_mx_»mqwu.wmowo MeasEqn MeasEqn m:._::mm_‘_‘o_‘mjnmcmEJ@w?@M%oE_aNmoc_‘oomv optimZsource8=polar(0.71,19.29)
m Expr="db(S21)" SP1 VAR1 SaveAllTrials=no OptCoordinatesSmithZload MeasuredS11 MeasuredS22
SimInstanceName="SP1" Start=1.3 GHz Nou.mo . optimZload=polar(1,0) MeasS11=S11[find_index(freq, 1.3GHz)] MeasS22=822[find_index(freq, 1.3GHz)]
S Weight=1 Stop=5.8 GHz ZNoiseStage1=129.576 + |*188.948 optimZload1=polar(0.68337,73.3) Meas1S11=S11[find_index(freq, 1.8GHz)] Meas1522=S22ffind_index(freq, 1.8GHz)]
Step=0.1 GHz ZGainStage2=30.612 + j*38.040 optimZload2=polar(0.57098,80.03)  Meas2S11=S11[find_index(freq, 2.3GHz)] Meas2S22=522[find_index(freq, 2.3GHz)]
r H CalcNoise=yes optimZload3=polar(0.5119,85.62) Meas3S11=S11[find_index(freq, 2.8GHz)] Meas3S22=S22[find_index(freq, 2.8GHz)]
O Set S-parameter analysis frequenc: optimZload4=polar(0.482,90.74) Meas4S11=S11[find_index(freq, 3.3GHz)] Meas4S22=S22[find_index(freq, 3.3GHz)]
[Por Goal range. I an S-parameter file withoot E optimZload5=polar(0.474,95.67) Meas5S11=S11[find_index(freq, 3.8GHz)] ~ Meas5S22=S22[find_index(freq, 3.8GHz)]
OptimGoal4 e .amﬁw is used, the noise Srnons optimZload6=polar(0.483,100.5) Meas6S11=S11[find_index(freq, 4.3GHz)] Meas6S22=S22[find_index(freq, 4.3GHz)]
h Expr="nf(2)" ., Simulation results will be invalid. Options1 optimZload7=polar(0.513,105.3) Meas7S11=S11[find_index(freq, 4.8GHz)] Meas7S22=522[find_index(freq, 4.8GHz)]
) SimInstanceName="SP1 Temp=16.85 optimZload8=polar(0.570,110.06) Meas8S11=S11[find_index(freq, 5.3GHz)] Meas8S22=S22[find_index(freq, 5.3GHz)]
n Weight=1 Thom=25 Meas9S11=S11[find_index(freq, 5.8GHz)] Meas9S22=S522[find_index(freq, 5.8GHz)]
) GOAL %%/ PARAMETER swEEP __ ﬁ_ PARAMETER SWEEP _ | GOAL Il GOAL Il GOAL | | GOAL |
w Goal ParamSweep ParamSweep Goal Goal Goal Goal
) OptimGoal6 Sweep2 Sweep1 [&] VAR OptimGoal9 OptimGoal7 OptimGoal14 OptimGoal12
Expr="max_gain(S)" SweepVar="temp" SweepVar="VGSsweep" VAR2 Expr="Smith1ErrorS22" Expr="Smith2ErrorS22" Expr="Smith3ErrorS22" Expr="Smith4ErrorS22"
e SimInstanceName="SP1" SimInstanceName[1]="SP1" SimInstanceName[1]="SP1"  VGSsweep=-4.0
T Weight=1 SimInstanceName[2]= SimInstanceName[2]= _ GOAL - _ GOAL - _ GOAL - _ GOAL -
imInstanceName[3]= SimInstanceName[3]=
InstanceName[4]= SimInstanceName[4]= Goal Goal Goal Goal
SimInstanceName[5]= SimInstanceName[5]= OptimGoal10 OptimGoal13 OptimGoal11 OptimGoal8
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B.1 Input network

9
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VGS
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7.0 um L=20um (7 1 SAtemamme i e INECHSS
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L=40 um L=35 um {-0} CG_MLIN CG_MLIN
TL7 TL12
Type=Metal 1 Only Type=Metal 1 Only
| W=10um W=10 um
L=100.0 um L=101.476 um CG_MLIN
TLS
Type=Metal 1 Only
W=10 um
CG_MRIND CG_MTFC L=235.4764 um {o}
L13 C1 CG40v4_HEMT_NOVIA_A_r7 .
Ns=18 ~— W=30um {-0} at - - -
_H L1=360 um 1=20.0002 um {-o} .
M=1
L2=360 um Ngf=4
L3730 um Wg=100 um
Wet0 o Vds_dc=12 V
= CG_MLIN _
oC M S=15um TL13 i
L8 Wb=27 um - e m
Type=Metal 1 Only x1=1
Type=Metal 1 Only Be=100 um W=10 um o1 . .
[+200 um Grossover=DiXover L=100.0 um Crossover=DiXover [0 interconnection
RF, <D et { § }
7 ™ CG_MLIN CG_MTEE CG_MLIN
)| | p— . — o V TL16 Tee6 L10
O 710 | L I L I L I L ._ Probe Type=Metal 1 Only Type=Metal 1 Only Type=Metal 1 Only
RFin CG_MTFC CG_MLIN CG_MTEE CG_MLIN CG_MTEE CG_MLIN | Probef W=10 um W1=10 um W=10 um
Num=1 (67] TL6 Tee2 TL1 Tee3 L1 - s L=40 um W2=10 um L=100.0 um
W=136.869 um {0} Type=Metal 1 Only Type=Metal 1 Only Type=Metal 1 Only Type=Metal 1 OnlyType=Metal 1 Only W3=10 um
L=145.113 um {0} W=10 um W1=10 um W=10 um W1=10 um W=10 um
L=100.0 um W2=10 um L=49.301 um {o} W2=10um L=100.0 um CG MRIND
W3=10 um W3=10 um L2
CG_MLIN
TL9 Ns=9
Type=Metal 1 Only L1=124 um
W=10 um L2=124 um
L=100.0 um L3=124 um
Ln=0 um
W=10 um
S=15 um {-o}
CG_VIA Wb=27 um
V1 Be=100 um
Crossover=DiXover Crossover=DiXover
M=1
Pitch=145.0 um
W=120.0 um
L=7.0 um
Wb=28.0 um
Type=M1_only
Round=None
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B.2 Interconnection network

DOin,drm'n
CG_MLIN
VDS TL21
Num=5 Type=Metal 1 Only
W=10 um
CG_MTEE L=64.2056 um {-0}
Tee9
Type=Metal 1 Only f I ( @-“I
W1=10 um CG_MTFC CG_MLIN oG VA
W2=10 um c7 L4 -
_ V4
W3=10 um W=100um {-0}  Type=Metal 1 Only crossover=DiXover
L=160 um {-o} W=10 um M=1
CE_MLIN L=40 um Pitch=145.0 um
TL23 W=120.0 l:lm
Type=Metal 1 Only L=7.0 ulm
g um Wb=28.0 um
Type=M1_only
Round=None
CG_MRIND
L1
|__| Ns=17
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L2=290 um
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CG_MLIN 22'1150:::1
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——1 1 1 \ | 1 1 [ 1 [ 1
| I L I L I | I 71 | I |—Lf L I L I
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B.4 Full schematic
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Appendix C
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C.1 Electromagnetic modelling

LNAV2ForEM_v3_LayoutForbedringer_v1
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Figure 1: The generated electromagnetic model based on the layout.
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Figure 2: Substrate model used for electromagnetic simulations in ADS.
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