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ABSTRACT

The primary reason for the wireless technology evolution is towards building capacity and obtaining
higher data rates. Enclosed locations, densely populated campus, indoor offices, and device-to-device
communication will require radios that need to operate at data rates up to 10 Gbps. In the next few
years, a new generation of communication systems would emerge to better handle the ever-increasing
demand for much wider bandwidth requirements. Simultaneously, key factors such as size, cost, and
energy consumption play a distinctive role towards shaping the success of future wireless
technologies. In the perspective of 3GPP 5G next generation wireless communication systems, the X
band was explicitly targeted with a vast range of applications in point to point radio, point to multi

point radio, test equipment, sensors and future wireless communication.

An X-band RF front-end circuit for next generation wireless network applications is presented in this
work. It details the design of a low noise amplifier and a power amplifier for X band operation. The
designed amplifiers were integrated with a wideband single-pole-double-throw switch to achieve an
overall front-end structure for 10 GHz. The design was carried out and sent for fabrication using a
GaN 0.15um process provided by NRC, a novel design kit. Due to higher breakdown voltage, high
power density, high efficiency, high linearity and better noise performance, GaN HEMTSs are a
suitable choice for future wireless communication. Thus, the assumption is to further explore

capabilities of this process in front-end design for future wireless communications.
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CHAPTER 1 INTRODUCTION

1.1 MOTIVATIONS

The demand for faster, wider bandwidth and data centric technologies is increasing significantly with
the growth of wireless technologies. That is why newer ways to access information and services need
to be offered by new-generation high data rate wireless communication systems [1-5]. Responsible
for receiving and transmitting information over free space, RF transceivers are key part of wireless
communication systems and, therefore, need to be adequately designed to offer better RF performance
in both transmit and receive chain and maintain quality of services in next-generation wireless
communications in terms of power, gain, signal-to-noise ratio, linearity etc. [4-6]. As the performance
of RF transceivers closely depends on the transmitter and receiver front-ends, these circuits have been
attracted considerable research interest from both researchers and industrial leaders [4, 7, 8]. RF front-
ends are the first block in a free space transmission-reception chain that receives electromagnetic
waves converted to electric signals from the antenna and transmits signals to the antenna. Therefore,

they strongly influence the overall performance of the transceiver system.

Low-noise amplifiers (LNAS) receive signals just after the antenna and amplify it while keeping the
system noise figure as low as possible. So, they are indeed one of the most crucial elements in the
receiver side of a transceiver system. The receive path of a RF front-end circuit is formed using LNAs
[9, 10].

On the other hand, power amplifiers (PAs) amplify the signal just before the antenna transmits. Their
fundamental role is to provide adequate power to meet the goal for transmission power while
maintaining its requirement for linearity and efficiency [9, 11]. Therefore, they are essential blocks
in a transmitter front-end [9-12]. As a result, the overall performance of a RF transceiver highly
depends on the reliability of the LNA in receive side and the PA in transmit side.

The above active circuits are fundamentally transistor-based devices. The semiconductor device
technology should be carefully chosen considering the circuit performance requirements as well as
the variation in system architecture. Gallium Nitride high electron mobility transistor is a very
promising wide band technology in RF front-end design. Due to its unique material properties, high
unity gain frequency, high power density, high breakdown voltage, and high saturation velocity, GaN

RF front-ends could advantageously replace conventional GaAs RF front-ends [10, 11].



In this thesis, X band (8 — 12 GHz) was targeted as the band due to its prospective opportunities for
research in the communications field and is potential for new and forthcoming applications. The
International Telecommunications Union (ITU) states that the X band spectrum is involved in various
applications. A few are listed as following: satellite communications used by military, radar
communication for weather screening, air traffic and maritime vessel traffic control, defense tracking
system, vehicle speed detection for law enforcement, deep space telecommunications and amateur
radio operation. X band applications can also be found in point to point radios, point to multi point

radios, test equipment and sensors [13, 14].

1.2 RF FRONT-END ISSUES

The wireless consumer device industry is expanding rapidly with an upward trend of users using these
facilities around the globe. An upsurge of users and continuously increasing data rates have led to the
proliferation of emerging wireless communication standards [1, 2]. The front-end section is one of
the most significant part of wireless transceiver where LNA and PA are the most important building
blocks from receiver and transmitter path, respectively [9-12]. Since modern transceivers mainly use
one single antenna for both transmission and reception, the PA and LNA can be grouped in a same
chip, separated by a switch, a key element in modern front-end solution to provide good isolation
between transmit and receive path with less loss and wideband matching [10, 11]. Figure 1 shows a

typical front-end architecture [15].

—>
LNA /" j/
. <| Switch

Figure 1 Typical Front-end Architecture [15]

Receiver sensitivity is the prime specification for the receiver. Receiver sensitivity is stated as the
minimum detectable desired signal strength (MDS) to maintain a certain bit error rate (BER), packet
error rate (PER) or block error rate. Sensitivity is strongly associated to noise. The overall noise figure

and the gain requirements of the receiver are determined by the sensitivity requirement of the receiver
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[16]. The noise of the front-end receiver must be low enough to allow a weak input signal (which may
not be much stronger compared to the thermal noise floor) to be discovered/noticed. If the receiver
noise is high, the magnitude of the noise might exceed the amplitude of the weak desired signal, and
hence the signal will not be detected. Radio receivers are generally tuned to a single channel. Each
channel has a bandwidth, which determines its frequency range. Strong signals in adjacent channels
produce intermodulation (IM) signals with the weak desired signal in desired bandwidth; thus,
interfering with the desired signal [17]. The receiver should not get overwhelmed in the presence of
a strong signal in an adjacent channel while receiving a weak signal. Good filtering and high linearity
in receiver amplifiers can prevent this scenario. The theory behind IM signals and linearity will be
explained further in chapter 3.

Besides signal-to-noise ratio (SNR) of a receiver, the Error Vector Magnitude (EVM) of a transmitter
also plays a key role to ensure optimal reception. EVM is a way to measure the accuracy of
reproducing the signal vectors by the transmitter compared to the transmitted data signal from
baseband [16]. This can be seen as the signal to distortion/noise ratio in the transmitter [16]. This
necessitates transmitting as much RF signal power as possible, while pushing the noise floor as low
as it can go. However, undesired spectral components from the spurious emission and worse linearity
of the transmitter can create distortion, which will limit the maximum output power level. Hence this
can also interfere with the desired signal at the receive end. It is very challenging to keep a good
compromise between high SNR and spurious free dynamic range while maintaining desired maximum
power in transceiver design. This tradeoff between linearity, noise figure, power and spurious

emission is the key balance in transmitter and receiver design hence in front-ends [17].

LNA noise figure and gain are the most important parameters in the front-end receive path to maintain
desired SNR and linearity requirement of the receiver. On the other side, PA in transmit side of the
front-end will determine the maximum power of the transmitter maintaining the desired spurious
emissions and linearity requirement. As the front-end operation in modern wireless systems is mainly
dependent on the performance of the LNA in receive path and the PA in transmit path, in this thesis
the focus was on the design of these two circuits in the X-band. As the core of these circuits, the
transistor should be carefully selected. In this work, a 0.15um GaN HFET design kit provided by
NRC was used [18]. Its small gate length will allow achieving a small chip size while assuring a high
power density and around 40 GHz of unity gain frequency. The unique advantages of GaN HFET in
high frequency and high power design compared to other power transistor technologies would allow

us meet the desired X band LNA/PA design requirements.
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1.3 THESIS CONTRIBUTION

As a result of the work completed here, the following contributions have been made.

» A low noise amplifier and a power amplifier have been designed for X-band operation. A new
GaN 0.15um technology on silicon carbide wafers has been used, making use of a novel
design kit provided by NRC. To the best of our knowledge, this is the first fully integrated X
band front-end MMIC ever fabricated on a NRC GaN 0.15um process. This process will go
to its first fabrication run. Therefore, one of the contributions of this design is to help
evaluating its capabilities at the designed frequency band. As it can provide higher power,
linearity, and robustness, it would improve front-end performance in aerospace, military, civil
communication systems and biomedical applications, as well as in the perspective of next
generation 3GPP 5G wireless communication systems [1-3, 19].

> The low noise amplifier and the power amplifier designed here each occupy less than 2 mm?
die space area; the LNA has an area of 2 x 0.9 mm?and the power amplifier occupies 2 x 0.85
mm? of die space area in the overall front-end architecture. This occupied die area includes on
chip single supply DC bias network with RF chokes and DC blocking capacitors in the input
and output of the amplifier. Compared to available LNA and PA designs with similar figure
of merits (ex: band of interest, maximum power), it can be noted that this design is the smallest
in terms of die area. In fact, the overall front-end structure (after integrating a broadband
SPDT) could have fit into a 3 x 2 mm? die area. However, due to foundry constraints, the only
available options were either 2 x 2 mm? or 4 x 2 mm?. Nevertheless, even with the extra area
consumed, the final size of the front-end remains very competitive while compared to existing

designs.

1.4 THESIS ORGANIZATION
This thesis is divided as follows. After this introductory Chapter, Chapter 2 presents the front-end

architecture designed in this thesis. It also includes a brief description of material properties of GaN
highlighting the advantages of GaN in front-end design compared to similar actives devices. In
Chapter 3, low noise amplifiers and their key design parameters are reviewed, followed by widely
used wideband LNA topologies. It also includes the wideband topology designed in this thesis.

Chapter 4 details the low noise amplifier design process. The chapter also includes literature review,

the core theory behind shunt resistive feedback topology and a detailed discussion of the chosen LNA
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architecture. Simulation results of the implemented design are also presented and successfully

compared to other works.

Chapter 5 presents the background of power amplifier. It also includes common metrics used to
evaluate PA performance. It is followed by Chapter 6, with details about the design methodology used
for the design of the X band PA. Chapter 7 presents the 10 GHz front-end design integrating the
designed X band LNA and PA along with a wideband single-pole double-throw (SPDT) switch
designed by another member of our research team. This chapter details the layout design of the front-

end architecture and its related results to ensure its performance.

Chapter 8 summarizes the research work done in this thesis and provides ideas of future research work

in this area.



CHAPTER 2 DESIGN CONSIDERATIONS

2.1 INTRODUCTION

In wireless systems, transceivers are comprised of transmitters and receivers to exchange information
(voice messages and data) through free space. The specifications and frequency allocation of every
class of wireless communications predetermine the topology of the system and the applicable
semiconductor technologies in the RF transceiver design. However, due to a wide range of system
requirements, each semiconductor device technology has its individual cost and performance
proposition available in different applications and bands. Gain, linearity and noise specifications are
all key parameters for all active receive chain circuits. Maximum power, linearity, power gain,
spurious emission and error vector magnitude are the key parameters for the transmit chain circuitry
[20].

2.2 FRONT-END CONFIGURATION

The front-end of a transceiver basically consists of the LNA, PA and switch and is usually
implemented using I11-V semiconductor technologies such as GaAs or GaN. Usually, GaAs front-end
modules for high power telecommunication applications are comprised of circulators (Figure 2 (a)).
Such configuration occupies a large die area and also includes a limiter circuit in the receiver chain
to protect low noise amplifiers against high power inputs [10]. These components are not only costly
but also require large DC current levels, which leads to very high power consumption. In comparison
with GaAs, GaN low noise amplifiers can survive higher power up to 41 dBm [21, 22]. Therefore, a
front-end receive path can be designed requiring only a small limiter or absolutely no limiter circuit
and removing the need for expensive circulators which can be replaced by a simple wideband GaN
switch. As a result, a simple topology using a GaN PA + LNA separated by a GaN switch on a same
process can realize lighter, smaller and cheaper high power TX/RX (transmit and receive) front-end
module [15, 22, 23].

Therefore, a wideband single-pole double-throw switch (SPDT) was designed separately to be
integrated with the LNA and the PA to achieve the desired front-end configuration. GaN technology
was chosen over GaAs for all above-mentioned circuits designed in this thesis (which will be

explained in the next section). Low noise and high power devices can be fabricated side by side with



an on chip SPDT on the same process to realize a smaller size, light weight and cheaper front-end

module design (Figure 2).

GaAs PA GaN PA
N j/
GaAs LNA _ GaNLNA | ¢
Circulator )
Switch

] Q ;;ﬂl;l’? Isolator ] <|

(@) (b)

Figure 2 (a) GaAs Front-end (b) GaN Front-end [15]

Note that the design of the GaN SPDT switch was completed by a fellow researcher from the
ELEMENT research laboratory at the University of Ottawa. The LNA and switch are both matched
to 50 ohms for small signal and the PA was biased and designed to deliver the best possible power
added efficiency with 2 W output power delivered to a 50 ohm load. Other factors that were important

to consider while deciding the front-end topology are die size, simplicity and fabrication cost.

2.3 TECHNOLOGY SELECTION

Active microwave power devices can be found in a widespread array of semiconductor technologies
to be used in front-end designs. Devices can be primarily divided into unipolar (FET) and Bipolar
(BJT). As X band was the targeted frequency for the front-end design, the options are limited to
CMOS, HFET/HEMT and HBT due to their higher unity gain frequency (Figure 3) [24, 25].

As stated earlier, the objective was to design a low noise amplifier and power amplifier to obtain a
front-end circuit for 10 GHz applications. Therefore, besides the basic parameter requirements in
terms of gain, noise and PAE, other design factors need to be considered as well, such as temperature,
power densities, cost, physical size [26-28]. All the design factors should be taken into account
simultaneously when selecting a technology for an RF power front-end.

The most common semiconductor technologies used for RF PA designs include Si LDMOS FET, Si
BJT, GaN HFET, GaAs MESFET, GaAs HEMT, and GaAs HBT [29, 30]. Si LDMOS FETs are
highly popular technology used for high power applications due to minimal costs [24]. However due

to low power density, the caveat of this technology has difficulties to meet the performance above 2



GHz, and requires a larger die size comparable to other technologies [29]. The breakdown voltage of
CMOS devices is very low. This entails large RF (AC) and DC current need to be applied to
accomplish higher power.

Bipolar
Bipolar Junction Transistor
Heterojunction Bipolar Transistor

Unipolar
Field-Effect Transistor

“Homojunction” \
Bipolar Junction

Transistor (BJT) \

Heterojunction
Bipolar Transistor
(HBT)

GaAs, InP, SiGe

MG m-MOSFET | inGaas, Geonsiz

Figure 3 Classification of Transistors [25]

On the other hand, high current operation is not desired as it imposes loss from the components and
interconnects. High capacitance and low impedance limit the maximum and unity gain frequency, fr
and fmax respectively. Presently, high power GaAs MESFETS and pHEMTs have shown better
performance compared to Si LDMOS devices at higher frequencies. SiC and GaN are also popular
for high power RF applications due to their wide band architecture. Wide bandgap architecture assures
high output voltage swing, which made this material promising for high efficient RF PA design. Table
1 shows their unique material properties. From the table it can be clearly seen that high electric
breakdown fields, drift velocity, and thermal conductivity demonstrate well-defined advantages for
SiC and GaN for high power applications. The breakdown fields of SiC and GaN are 5-6 times higher
than the competition making them suitable options for high power RF applications over GaAs and Si
[29, 30].

GaN-based devices have already replaced GaAs-based transistors as they are acknowledged as the
state-of-the art technology for high power performance. In addition to achieving better noise figure
when compared to GaAs HEMT, they offer 10-15 dB power surge survivability and therefore no
protection circuit is necessary. This leads to a simplified front-end designed with improved spurious
free dynamic range. GaN has become the future of advanced, millimeter/microwave-power-device

technology for many different reasons, mostly attributed to its unique material properties. GaN offers
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almost five times higher breakdown voltage than GaAs, allowing higher drain voltage swing [26, 29,
30].

Table 1 Material Properties of Microwave Semiconductor Devices [30]

Matenal Mobility, Dielectnic Bandgap, Break BFOM Tmax,
TR emt/V s Constant, Eg, eV down Ratio “C
£ field, Eb
10°V/em
Si 1300 11.9 1.12 0.3 1.0 300
GaAs 5000 12.5 1.42 0.4 9.6 300
4H-5:1C 260 10 3.2 3.5 3.1 600
GaN 1500 9.5 34 2 24.6 700

In return, this eases the power matching and lower loss matching network, thus demonstrating higher
sheet charge and resulting in higher current densities, all leading to a reduction in the transistor area.
The other key parameter of GaN technology is high saturated drift velocity, which results in higher
saturation currents and higher power densities in GaN. This is very important for high power devices
[29-31]. Higher power density is proportionally related to a smaller die area size and would allow
simpler, low-loss power matching networks. SiC and GaN are very popular wideband technology due
to the highest power densities at 1.7 W/mm and 4.5-8W/mm, respectively [30, 31]. Conventional
GaAs FETs have much lower power densities (approximately 0.4W/mm) compared to GaN. GaN also
shows a larger band-gap in comparison to Si and GaAs (more than two times for operation in high
temperature). This means GaN can resist higher ambient and channel temperatures. Furthermore, GaN
based systems have the ability of supporting hetero-structure device technologies with a high two-
dimensional electron gas carrier density and mobility. Thus, GaN is mostly used in High-electron-
mobility-transistor (HEMT) devices, which incorporates a junction between two materials with
different bandgaps. GaN can be developed on many different substrates including Si, SiC, and
Sapphire.

Typical AlGaN devices developed on GaN have demonstrated superior current handling capabilities
[29, 30]. Since the thermal conductivity of SiC is higher than GaN, it is often the ideal preference as
a substrate to fabricate a GaN device. GaN on SiC offers high reliability and performance at large
power levels, and proves to be quite effective in design space and thermal dissipation. This is the
reason a GaN front-end using NRC GAN150 kit was selected for this work.



2.4 GaN LIMITATIONS

Although GaN shows clear advantages, the device technology has limitations that need to be
addressed. AlGaN/GaN HEMTS have demonstrated excellent power densities around 9.8W/mm at
8GHz [29, 30]; still significant development work is ongoing on wide bandgap technologies such as
GaN. The two main important concerns of GaN are trapping effect and thermal effects. The trapping
and thermal effect are the root cause for current collapse, drain current compression and frequency
dispersion of transconductance and capacitances [32-34]. Figure 4 shows current dispersion due to
trapping effect and thermal effect.

Current Collapse
P Current Rolling-off

Drain Current

ly

g5

Drain-Source Voltage
Vds

Figure 4 Trapping effect in GaN [35]

On the other hand, thermal and self-heating significantly affect the performance of semiconductor
devices. While the device is in high voltage and high power region, the self-heating causes electron
carriers to drift in random directions in spite of following drain to source region. Some electrons can
come out of the channel and might cause significant roll off in the high voltage high current region,
which can cause DC to RF current variations as well shown in Figure 4 [35].

Despite trapping and thermal effects, GaN still demonstrates outstanding performance for high-power
MMIC due to its material properties. It has the potential to operate up to a theoretical maximum
frequency of 155 GHz and at elevated temperatures of 700°C with SiC as the substrate [32, 36].

-10 -



2.5 GAN FOUNDRY PROCESS

The technology selected for this project consists of a GaN-based HFET fabricated on 3-inch silicon
carbide wafers with a substrate thickness of 75um. The foundry design kit features a 0.15um long
metal gate, two metal layers (LME and 2ME) for interconnects, 50€2/sq nichrome resistors and MIM
capacitors with densities of 0.19fF/um?. All transistors included do not employ field plate designs,
however, the shape of the gates results in better frequency performance but slightly lower breakdown
voltages. The process used here is suitable for 30V maximum drain voltage bias and yields power
levels of ~7 W/mm measured at 8 GHz. A simplified cross section of GaN 150 HFET device is shown
in figure 5. The cross-sectional view of GaN 150 HFET showing fabrication process sequence can be

found in figure 6.

Source Gate Drain

Nucleation || AlNspacer | [AiGaN: | [[Ganoap |

Figure 5 Device cross section of GaN 150 HFET [18]

2.6 CONCLUSION

In summary, GaN HEMTSs are the future for high power reliable and rugged technology applications
for microwave circuits. When the frequency of operation increases, Si LDMOS are no longer an ideal
candidate due to having lower unity gain frequency. GaAs possesses higher unity gain frequency but
suffers from low power density. Nowadays, it is possible to design highly efficient amplifiers using
GaN HEMTs in millimeter wave frequencies. The unique combination of high ratio of peak current
to output capacitance, extremely high breakdown voltage, power density capability, lower noise and
higher linearity allow using GaN to design RF front-ends. As the GaN technology was chosen over
GaAs, a LNA and a PA can be designed side by side on the same process to realize a smaller size,

light weight and cheaper front-end module (an on chip SPDT will be added before fabrication). Once
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the front-end configuration was retained and the technology was selected, the next focus was on the
design of the LNA and PA.

Deposit and anneal
OHMIC contacts,
elch MESA, deposi
passwation

Etch gate shot,
deposik gate

Deposit solation
dielectne, etch
VIA1

Deposil
NICHROME {not
shown), deposit
1ME

Deposil second
digkecinic, alch

Pattem with
sachncial
BRIDGE resest

Depost ZME,
e ove sacrilicial
resist

Figure 6 Cross-Sectional View of GaN150 HFET showing process sequence [18]
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CHAPTER 3 LNA DESIGN PRINCIPLES

3.1 DEFINITIONS AND KEY DESIGN PARAMETERS

Low noise amplifiers (LNAS) are one of the most fundamental design blocks in the receiver side of a
transceiver system. In typical receiver circuits, the main task of an antenna is to receive
electromagnetic waves from free space and then to convert them into electric signals. These inbound
signals can consist of both anticipated and unwanted interferer signals in frequency of interest and
neighboring cells. The task of an LNA is to provide the required amplification to the incoming signal,
which is, in most of the cases, much weaker than the unwanted interferer signal, and at the same time
to make sure the lowest amount of noise is introduced to the system so that the required signal-to-
noise (SNR) ratio is achieved. Low noise amplifier works in the linear region of a device, so linearity

is also a key specification for LNA besides gain, noise figure, and input/output matching.

By definition, signal-to-noise ratio is the ratio of desired frequency signal power Psignai Versus
unwanted noise signal power Pnoise [37]. Besides noise from free space, further noise will be added
when the signal goes through a specific device. It is always desired to achieve lower noise incurred
by particular design block. The total noise Fgg of an overall system is the difference between the
SNRgg (input) at the input and the SNRgs (output) at the output [16].

Due to introduced noise from the circuit, SNRgg (output) is always lower than SNRgs (input).

Receiver sensitivity, stated as the minimum detectable desired signal strength (MDS) to maintain a

certain bit error rate (BER), packet error rate (PER) or block error rate, can be expressed as [16]
Receiver Sensitivity/MDS = noise power at the antenna + SNRgg (output) + Fgg (3.2)
while the total noise power at the antenna (over air) can be expressed as
Pn=-174 dBm/Hz + 10 log (Bandwidth of desired signal) (3.2)

So the receiver sensitivity highly depends on the total noise figure introduced by the overall receiver.

Then, the total noise factor (Fiot) for a cascaded system can be expressed, using Frii’s equation, as:

_ F,—1 Fi3—1 Fy—1
For =F1+ 2=+ vt GG (3.3)
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where Fn is the noise figure in dB and Gy is the gain introduced by the Nth stage of the cascaded
system. From equation (3.3), it is clear that the noise figure and gain of the first stage of a cascaded
system has the most significance in the total noise figure of a receiver circuit hence in the sensitivity
of the receiver. RF front-end is the first stage the signal goes through after it is received in the antenna,
which implies, LNA noise and gain performance are very significant parameters determining receiver
sensitivity. Therefore, it is very important that the LNA introduces as little noise and as much gain as
possible while maintaining good linearity.

The other key parameter of the LNA is to offer good matching to the antenna over the frequency band
of interest. The antenna matching should assure maximum power transfer to the receiver from the
antenna. In addition, LNA needs to maintain good linearity so that an unwanted large signal cannot
saturate the radio receiver in the front-end. A large signal can also pass through LNA to the antenna
if the LNA’s reverse isolation is not sufficient [38]. Poor reverse isolation is the root cause of self-
mixing, intermodulation and DC offset in baseband. Stability is also a very important metric for both

low noise and power amplifiers.

3.2 TWO PORT S-PARAMETERS

S-parameters are generally used to characterize a multiport linear network. From figure 7, for a two-

port network, the incident (a1 and a2) and reflected (b1 and b2) waves can be stated as [37]:

b1 =S11a1 + S1zaz;  b2=Sz21a1+ Sxzaz (3.4)

Zs ar—» «— a

Linear Two Port

ar arz
rS rm Network l_rruf r!_
of <« — b-

Figure 7 Two-port network showing incident and reflected waves [37]
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Therefore, the S-parameters can be defined as follows [37]:

Reflected power from the network input
Sll == (35)

Incident power at the network input

Reflected power from the network output
Sa2 = (3.6)

Incident power at the network output

Power delivered to the load
Sy = (3.7)

Power available from source

__ Reflected Power delivered to the source

(3.8)

" Incident Power on the network output

3.2.1 POWER MATCHING

For a circuit with source voltage Vs and impedance (Zs = Rs + jXs) terminated by a load impedance
(ZL = RL +j Xy) with characteristic impedance of transmission line Z,, the total power delivered to
the load is [37]:

[Vs|?Ry,
(RL*+Rs)?+ (X +X5)?2

Pgetiverea = (3.9

Solving the power delivered equation for maxima, it can be found out the maximum power can be
delivered for RL = Rsand XL = - Xs. The input and output reflection coefficient can be defined as
[37]:

_ b1 _ S12 8211 | _ by _ S12 521 [s
Iy = a S11 + 15,0 Ioyr = 5 Sy2 + oS Ts (3.10)
where I'g and I, are the source and load reflection coefficients and can be stated as [37]:
_ Zs—Zp . _ ZL— 2o
Is = Zs+Zy ' LT z4 2, 311)

The maximum power transfer condition in terms of source and load reflection coefficients can be
stated as [37]:

Iy = I"and Toyr = 1" (3.12)

The parameters Si1, the input reflection coefficient with matched load, and Sz, the output reflection

coefficient with matched source are the key figure of merit for input and output power matching.
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3.2.2 GAIN
Transducer power gain (Gt), Operating power gain (Gp) and available power gain (Ga) are the three
most important kinds of definition for power gain available in RF amplifier theory [16] (Figure 8).

There are other definitions as well.

Py Power delivered to load
Pays Power available from source
P Power delivered to load
Gp = 2= _ (3.14)
Pin Power input to the network
__ Payn __ Power available from the network
G, = = : (3.15)
Pays Power available from source
PAVS P\N PAVN P_
. Transistor
Input Output
Matching 4‘:| Matching
Network Network
= 10" :
rﬁ r‘n lqr:uut l_|L
Figure 8 Typical 1 stage amplifier with input and output matching network [37]
3.3 NOISE

Noise is, by definition, an unwanted signal generated internally in the channel which degrades the
desired signal response. The degradation of desired signal response can be formed as fluctuations in
signal amplitude magnitude, phase and spectral content. The main types of noise are thermal, flicker
and shot noise. Thermal noise is generated due to the heat in the electrical devices, which energizes
electron carriers and fluctuate their movement. Both gate and drain channel noise are influenced by
thermal noise [16, 38]. Although GaN HEMTSs are popular for high frequency operation, flicker or
1/f noise is very important to characterize for switching application for this device. As GaN HEMT
is used for high bias voltage application, further attention is given to characterize noise for
AlGaN/GaN HEMTs under high bias voltage and current. Studies show that the noise factor increases

slowly with increasing drain voltage but decreases with high drain current [39-41].
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There are four important sources of noise in AlGaN/GaN HEMTSs. The first primary reason is the
scattering of channel electrons due to the fluctuation in velocity. This is due to the heterojunction
interface with impurities and lattice (phonon). Secondly, gate voltage fluctuations are highly
correlated with drain current variations in channel, which also creates noise in GaN HEMT structure.
Both first and second reasons are frequency independent. The third reason is that electrons randomly
get injected into the channel due to gate leakage, which results in shot noise [39-41]. The fourth source

of noise is electron trapping which was explained in details in earlier section.

In RF system, noise factor (F) is the metric for noise. Noise figure (NF) is noise factor expressed in
decibels [16]:

SNR at the input

F = (3.16)
SNR at the output

NF = 10log (F) (3.17)

3.4 STABILITY

Stability is one of the key performance metrics for amplifiers. The amplifier becomes unstable due to
spurious oscillation. Spurious oscillations are mainly due to feedback and gain. A common design
goal is to make sure the amplifier can maintain stability with a larger gain for a wider bandwidth
making sure all the conducted and the radiated feedback paths are adequately attenuated [16]. Even
if there is no evident oscillation from the amplifier, the frequency of oscillation can be low enough
and it is very hard to measure because the oscillation signal might have been mitigated extensively
by DC blocking capacitors. The conditions for unconditional stability is given by the Rollett’s stability
factor (K factor):

1— |S21]|2 S22 +]4]?

K= TR > 1 (3.18)
|A] = 1511.522 — S12 5211 < 1 (3.19)
B = 1 + |511|2 - |522|2 - |A|2 > O (320)
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As seen from the above equations, the stability factor (K) and the stability measure (B) are expressed
using S — parameters. Stability factor K and stability measure B needs to be respectively greater than
1 and 0 consecutively over a frequency of range where the amplifier has gain to achieve unconditional

stability. However, failing unconditional stability does not imply that the circuit is unstable.

3.5 LINEARITY OVERVIEW

In a linear system, the output is linearly related to the input. Nonlinearities are created mainly due to
active elements in the circuit or the signal swing being limited by the power supply rails. The primary
figures to measure nonlinearity of an amplifier are 1 dB compression point (P1gg) Or at saturation

(PsaT), and inter-modulation distortion and intercept points [16].

3.5.1 1- dB COMPRESSION POINT

The output referred 1-dB compression point is the output level of an amplifier when the linear gain is
reduced by exactly 1 dB. At this point, the amplifier saturates and the output power does not increase
much with the increase of input power. The output power level where the amplifier is saturated is
known as Psat. In large signal, when the power level is higher, the amplifier gain is reduced and the
amplifier enters into gain compression (Figure 9). The output referred 1-dB compression point can be

expressed as [16]:
OP14g = IP1a8 + (G -1) [dB] (3.21)

where G is the linear gain of the amplifier.
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Figure 9 1-dB compression point, 11P3 & 11P2 [16]

3.5.2 HARMONICS, IMD AND INTERCEPT POINT

Intermodulation distortion (IMD) products are basically the sum and difference of fundamental input
signals and their associated harmonics when multiple signals are at the input of the amplifier. IMD
products are more problematic to deal with than harmonic distortion, because IMD products,
especially the third order IMD product, can be close to the desired signal and thus harder to filter out
than harmonics. Like third order, any lower frequency second order harmonics product can increase
nonlinearity and decrease efficiency by interfering with DC bias of the transistor. To explain
harmonics and inter modulation distortion products, figure 10 is presented with two fundamental
frequencies f1 and f2 at the input of the system while IMD components get created at the output of

the amplifier.

f-fy
2f4-f, 2f,-f, 2f, fo+fy 21,

2f,-2f, af,-2f, 3fz-2f

3'2'3l| 4"-3f2 4f2'3f1

»

Figure 10 Fundamental and IMD tones [16]
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The odd order intermodulation products (2f1 — 2, 2f2 — f1, 3f1 — 2f2, 3f2 — 2f1) are close to the two
fundamental tone frequencies f1 and f2. The magnitude of Intermodulation distortion can be stated as
[16]:

IMD (dBc) = Pout1ds — Poutimp (3.22)

Poutivp is the output power of third order intermodulation product. The magnitude of IMD product
can increase with the carrier spacing. As shown in figure 10, the second order intercept point (11P2)
slope of the linear extension of 2f1, 2f2, f1-f2 and f1+f2 tones intersects with linear extension of
fundamental slope. Third order intercept point (I1P3) is the point where the linear extension of the
slope of 3f1, 3f2, 2f1-f2 and 2f2-f1 IMD tones intersects with the fundamental slope [16]. IIP3, 1IP2
and 1-dB compression points are the most important figures of merit of linearity of an amplifier, both
LNA and PA.

3.6 POPULAR WIDEBAND LNA TOPOLOGIES

As discussed earlier the most important parameters of LNA design are small signal gain, noise figure
and input/output matching. In general, LNA topologies are differentiated depending on their matching
network design. Some popular wideband LNA topologies are shown in figure 11 [42].

VDD VDD

Re
Vout Vout
Vin Vin VBIASI
Vin
RT
(a)Resistively terminated common (b)Shunt-feedback amplifier {(c)Common gate amplifier

source amplifier

Figure 11 Popular Wide band amplifier topologies [42]

The resistively terminated common source amplifier is one of the simplest design topology to achieve
matching. The advantage of this topology is that the input impedance is really small and it is equal to
Rr. As it is not dependent on the transconductance of the transistor, it is possible to match this LNA
to 50 Q for very low power consumption. Also, as there is no need of inductors in the design the total

occupied area is much smaller.
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The disadvantages of this topology are lower gain and higher noise figure. The noise figure is worse
due to the matching resistor. The minimum noise figure attained by this structure is 6 dB. Due to the
resistor, the signal is attenuated at the input. Therefore the linearity is better but the gain achieved is
lower [42].

In the common gate configuration, the signal is fed into the source of a transistor. The input impedance
of a common gate topology is inversely proportional to the transconductance gm of the transistor.

Therefore, the downside is high power consumption to match to 50 Q [42].

The configuration investigated in this thesis corresponds to the shunt resistive feedback amplifier.
The input impedance of this topology is realized by the Miller theorem. That is dividing feedback
resistor Rr by the gain of the LNA [42]. The input impedance and approximate noise factor of the
topology is stated below [42]:

Rp

7 = 3.23

m 1+(gm—$)(RF IIRL 1IT0) &2

Fo14 ks (3.24)
Rp

From the equations above, choosing high feedback resistor will not only achieve broadband matching

but also will lower the noise figure.

3.7 CONCLUSION

As previously stated in our introductory chapter, one of the goals of this thesis is to design a low noise
amplifier for X band to achieve an overall design for 10 GHz RF front-end module. Parallel resistive
feedback topology was chosen over series feedback and common gate topology to realize the LNA
design for the RF front-end. The main advantage of this topology is the overall gain flatness. The
shunt feedback resistor can provide higher bandwidth for input/output matching which can also lower
the noise figure compared to other two wideband topologies. This topology can also reduce the 1/0
VSWRs and is also immune to device intrinsic parameters, (further explained in section 4.3.1) which

ensures the robustness of the design.
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CHAPTER 4 LOW NOISE AMPLIFIER DESIGN

4.1 REQUIREMENT OF X BAND LOW NOISE AMPLIFIER

In this chapter, a two-stage MMIC shunt resistive feedback LNA will be designed using NRC’s GaN
150 process for X band to achieve an overall 10 GHz front-end module for future wireless systems.
As discussed earlier, shunt resistive feedback is the wideband topology chosen to realize this design.
The important figure of merits for low noise amplifiers are noise, linearity, gain, stability and
input/output matching which were discussed in the previous chapter. The overall requirements for the
X band low noise amplifier are given in Table 2.

Table 2 LNA Design Specification

Parameter Specifications
Input matching, S11 (dB) <-10
Output matching, S22 (dB) <-10
Gain — S21 (dB) >12
Frequency range (GHz) 7—-12 GHz
Noise Figure (dB) <35
Output 1-dB compression point (dBm) >10
Max Size (area) 2 X 1 mm?

4.2 LITERATURE REVIEW

GaAs has traditionally been more popular in microwave and mm wave LNA design side, because of
its lower cost and better mobility of the carriers than GaN. GaN has gained a lot of market share
recently. Due to their high power density, high breakdown voltage, better linearity and high
efficiency, AlGaN/GaN high electron mobility transistors (HEMTS) have the most potential for robust
RF front-ends design [43, 44]. The higher peak and saturation velocity of GaN HEMTs compensate
for the relative lower mobility, thus enabling high frequency performance combined with better
linearity and lower noise. In addition to noise figure being better than GaAs HEMT, GaN devices
offer 10-15 dB power surge survivability and require no protection circuitry, leading to a simplified

and robust front-end design with improved spurious free dynamic range [45].
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There has been an extensive effort on applying wideband amplification techniques in GaN X band
LNA designs to achieve a smaller, lower cost, low noise and robust front-end design. In [10], a RF
receiver front-end was designed by M. Thorsell et al for X band on a unique structure of GaN
consisting of a 25 nm Alo.2sGao.7sN layer on top of a 2 um undopped GaN buffer on semi-insulating
SiC. In[10], a two-stage low noise amplifier was implemented using inductive feedback and resistive
feedback in the first and second stage, respectively. After fabrication, the LNA experienced a
degradation in the input matching due to the spiral inductor value used in the first stage to design
inductive feedback topology. In [11], S. Masuda et al claimed that his design corresponded to the first
X band GaN front-end MMIC ever reported. The MMIC was fabricated using 0.25 um AlGaN/GaN
HEMT technology and featured a two-stage LNA using microstrip matching and shunt RC bias
network to achieve input/output matching with unconditional stability. In [46], three X band robust
low noise amplifiers were designed by A. Bettidi et al, using a multi-stage amplification topology
with two different bias condition (15% and 20 % of saturated current). In [46] the design goal was to
achieve 2.5 dB noise figure for 8-11 GHz range with associated gain of 20 dB and overdrive power
survivability of more than 38 dBm. Experimental data for [46] showed the best performance with
respect to gain, noise figure and power consumption can be achieved for 15 % of saturated current,
which is very similar to GaAs [46]. In [46] the designed LNAs showed a similar gain and noise figure
response for both 15 % and 20% of saturated current conditions. In [47], a low noise amplifier was
designed by Ulrich et al using a 0.25 um GaN-HEMT process. The designed LNA in [47] exhibited
25 dBm of output power and 28 dBm of OIP3 at 8 GHz, which was 8 dB higher than output referred
1 dB compression point. The proposed design in this chapter will be compared with existing X band
low noise amplifier work available in the literature [46-50] as well as with other commercial X band
low noise amplifiers (GaN and 0.15 um 3MI PHEMT from Triquint Technology) [51-53].

An LNA can be designed in several ways. It can be either realized using single-ended or differential
topologies. It can also be designed either using single-stage or multi-stage configurations, accounting
for several different tradeoffs. The biggest shortcoming of a single-ended LNA architecture is its
sensitivity to parasitic ground inductance, which is also prone to low frequency supply noise. A
differential LNA can solve this issue. But for equal total power consumption, the noise figure of
differential LNA is higher than its single-ended counterpart [54]. Higher gain can be achieved through
multi-stage design but it is more difficult to handle its stability than single-ended one Final design
values and DC bias conditions are dependent on the application and specific design requirements. The

goal of this design was to realize a wide band low noise amplifier for X band. The approach described
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in [55, 56] to achieve wideband matching, having a shunt resistive feedback design controlling
inductance in the feedback path and the drain connection at the output stage was followed in this
work. In addition, a DC blocking capacitor was added to control the DC current through feedback as
in [10]. The LNA was designed combining concepts from [10] and [55] as it will be explained in the
next section. It should be noted that the resistive feedback was used to achieve unconditional circuit

stability due to the resistive loss incurred by the feedback path.

4.3 RESISTIVE FEEDBACK LOW NOISE AMPLIFIER DESIGN

Negative feedback is very popular in wideband amplifiers to simultaneously achieve gain flatness and
reduce input/output VSWR. On the other side, a feedback topology reduces the forward gain thus

allowing to obtain unconditional stability, a key advantage in amplifier design [55, 56].

As discussed earlier, there are two types of wideband feedback topologies, series and parallel. The
series feedback is often used to achieve improved Si1 while the parallel feedback is often used to get
gain flatness. Combining both topologies offer advantages and is often preferred. The use of reactive
elements in the feedback path is very interesting because this can increase the high frequency gain
maintaining the overall gain flatness. For the X-band designs proposed here, the use of reactive

elements in the feedback path can definitely help to attain higher gain levels.

In the last two decades, different techniques have been used to increase the frequency bandwidth so
that higher gain can be achieved up to 18-20 GHz. In [57] an extensive calculation was used to attain
required performance for stability and matching, thus providing more perceptiveness of the outcome
of feedback topology and more controls toward two port amplifier for practical applications. Two
graphical techniques controlling amplifier stability, gain flatness and matching was reported by Perez
and Ortega in [58].

The work by Niclas et al. is closely related to the design presented in this thesis [55, 56]. They have
reported design process and measurement results for GaAs MESFET feedback amplifier up to 18
GHz attaining five or more octave bandwidth by using both negative and positive feedback (figure

12). These are the parasitic elements, which would limit the bandwidth capability of an amplifier.
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Figure 12 High Frequency Model of a Shunt Resistive Feedback Topology [55]

As shown in Figure 12, Niclas et al used the feedback inductor Lrg and drain inductor Lp to realize
“Frequency controlled feedback” to get wider bandwidth and flatter gain. Lp was used to compensate
the output capacitance at higher frequency to achieve higher bandwidth while Lrs was used to get the
desired gain flatness. As discussed earlier, M. Thorsell et al designed a receiver front-end with an
LNA shown in figure 13 [10]. Their two-stage low noise amplifier has been realized with an inductive

feedback topology in the first stage and resistive feedback topology in the second.

Vas1  Vbsi Vigsz  Vbpsz

L o

RF IN 3 RF OUT
=L

Figure 13 2-stage X band amplifier topology used in [10]

In this thesis, the use of GaN150 kit spiral inductor was avoided due to its performance related issues
and space consumption. A two-stage resistive feedback topology was designed and integrated in the
RF front-end module. In both stages, the feedback path included resistors, DC blocking capacitors
and small inductances, realized in metal 1 layer. Very small inductances realized in metal 1 layer are
also included in both output stages. The topology retained is shown in figure 14 [55], where the design
process was optimized to have a gain of approximately 14 dB in order to maintain 12 dB of gain from

the receive path of the front-end module during measurements over 8-12 GHz frequency range.
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Besides the goal was to achieve acceptable input/output matching (<-10 dB) having the transistor

biased in the lowest noise figure state.

Figure 14 Designed Feedback Topology [55]

4.3.1 SHUNT RESISTIVE FEEDBACK ESTIMATION

S-parameter simulation results can be approximated by using a simplified low frequency small signal
model for the feedback topology. The low frequency small signal model of the feedback topology
shown in figure 15 is used to analyze the low frequency small signal behavior for resistive feedback
and to obtain the S-parameter values in terms of feedback resistor value. This will help starting the

design procedure and get an initial estimated value for the feedback resistor.

Rep
W
O
+

Figure 15 Low Frequency Small Signal model for shunt feedback topology [55]

The GaN HEMT NRC model used for this design demonstrates that R; is small in comparison to R,

the same goes to source resistance Rs. The load resistance has the same value as Zo.
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The relationship between current and voltages can be expressed in terms of admittance matrix [55]:

1 -1
11] Rrp Rrp V1]
= 4.1
[IZ Im _L L"’ Gds VZ ( )
Rrp  RrB
with:
Vgs = Vi las = Gm I{gs; Ggs = Rds_1 (4.2)
The S-parameters can be derived as [55]:
1[R
Si1= 3|22 (1 + GasZo) = (gm + Gas )Zo))] 43)
0
2
S12 = 3 (4.4)
2
S21= =5 [gmRrp — 1] (4.5)
1[R
S22 = 3|22 (1= GasZo) = (g + Gas )Z0)| (4.6)
0
with:
R
J = ZLOB (14 GgsZo )+ (Gm + Gas )Z, + 2 (4.7)

From equation (4.3), (4.6) and (4.7) simultaneous input/output matching (S11 = S22 = 0) can only be

satisfied for G4; = 0 and Rzﬂ = gmZ, [55]. From [55], we get:
0

Sll = 0 (48)
522 = O (49)
S ! 4.10
12 = (4.10)

R
So1 = —(GmZo—1) = —( ZZB - 1) (4.11)
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From [55], this can be simplified more to:

Rre = Om Z5 (4.12)

while the associated gain can be expressed as:

G =20 l0g (g Zo -1) = 20 log (XEE -1) (4.13)

Zy

From the low frequency small signal gain equation (4.13), it can be seen that the gain of the amplifier

is dominated by the feedback resistance rather than the device’s intrinsic parameters. By using a

feedback topology, the amplifier performance becomes less sensitive to the process parameters.

However, because the gain of the amplifier is reduced by the use of feedback, devices with high gm

are preferred. Equations (4.12) — (4.13) are used to calculate initial values for the feedback resistor

and required transconductance of the transistor. After small signal approximation, further

optimization was carried out using ADS to realize the required high frequency design.

4.3.2 DESIGN PROCEDURE

>

First, Equation (4.13) was used to calculate the required transconductance value of the
transistor with the desired gain of the amplifier where simultaneous input/output matching is
required. The calculated transconductance value allowed to estimate total width of the
transistor.

The second step was to calculate the feedback resistance value using the low frequency small
signal model of a shunt feedback topology (Equation (4.12)). This value will be optimized
later to better match the design specifications (section 4.4).

In the absence of a noise model for the device from foundry DC analysis was carried out on
the required transistor to bias the device for the lowest noise (a current density of 0.15 (Io/Ipss)
based on values reported in GaAs and experimental values for GaN (section 4.3.4)).
Verification of both the transit frequency (fr) and maximum frequency (fmax) at the required
bias levels was conducted in order to ensure suitable low noise amplification operation at the
desired frequency of interest (section 4.3.4).

High frequency modeling of the transistor was performed in order to obtain the initial range

for the feedback path inductance value (section 4.3.5).
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> Feedback resistor value was varied in order to obtain the required gain and optimum thermal
noise figure value for optimal input output matching. (section 4.4)

> Next, the inductor value in the feedback path was varied to achieve optimum gain and
input/output return loss using a lumped model. The required feedback path inductor was
implemented varying length of the metal 1 layer connecting gate and drain of the transistor in
the feedback path keeping the minimum width of the metal 1 layer allowed for design
fabrication. (sections 4.4 and 4.5)

> Layout design of the low noise amplifier was constructed to be integrated with the power
amplifier and the switch design to conceive a 10 GHz front-end design. (section 4.5)

» S-parameter simulations and large signal harmonic balance were conducted using EM model
of the LNA layout design to verify design requirements. (section 4.5.2)

» The amplifier stability was verified for all design stages.

4.3.3 FEEDBACK RESISTANCE CALCULATION AND DEVICE SIZING

As analyzed in the previous section, for simultaneous input/output matching (S11 and Sz> = 0), the
relationship between the gain of the amplifier and feedback resistance can be extracted using the small
signal shunt model as described in (4.12) and (4.13).

The goal of this section is to design a low noise amplifier with at least 12 dB of gain to realize a RF
front-end module for X band. Transconductance (gm) value of the required transistor is calculated to
be 0.1 S (100 mS), leading to an initial estimation of a transistor unity gate width and number of
fingers of 160um x 2 [18]. In addition, the initial value for the feedback resistor Rrg is found to be
250 ohms.

4.3.4 DC ANALYSIS

Noise figure is one of the most important figure of merits used in the design of low noise amplifiers.
The NRC GaN 150 kit used here to design the front-end module does not include noise models. Based
on values reported in [46], this work extrapolated a current density of 0.15 (Io/lpss) as the optimum
bias point used for lowest noise figure. By definition, the saturated drain current of a GaN HEMT
transistor is achieved at a gate to source voltage of 0 V. To optimize the bias point for noise, DC

analysis was carried out on a 160um x 2 GaN150 HFET. The drain voltage was selected to be 20 V.
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The gate voltage was varied from -4 to 0 V and associated drain current is plotted in figure 16. From
this figure, the saturated drain current of this transistor is 266 mA (marker m12).The marker m20
shows corresponding gate voltage where approximately 15 % of saturation current is attained. In order
to have a clear picture of the required bias conditions, the ratio of the drain current/saturated current
(Io/lpss) is plotted over gate voltage (figure 17). In order to obtain 15% of saturation current, the

160pum x 2 GaN150 HFET needs to be biased at gate voltage of -3.76 V.

m12

indep(m12)=0.000
plot_vs(l_Probe1.i, DC.Vg)=0.266
Vd=20.000000
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Figure 16 Drain Current vs Gate Voltage for 160um x 2 GaN150 HFET
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Figure 17 The Ratio of Drain Current vs Saturated Current over Gate Voltage
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A verification of the operating conditions of the low noise amplifier for transit frequency and
maximum frequency followed and the results are shown in Figure 18. To verify the selected bias
conditions, unity gain frequency and maximum frequency is plotted vs the ratio of Io/lpss (figure 18).
The markers m2 and m21 show a unity gain frequency of 41 GHz and maximum frequency of 43

GHz at the selected current density levels.
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Figure 18 Unity Gain Frequency and Maximum Frequency vs ratio of Drain Current and Saturation Current

4.3.5 TRANSISTOR HIGH FREQUENCY MODELLING

Following our selection of transistor size and bias requirements for 15 % saturation current, S-
parameter simulations were conducted to derive high frequency parameter values of the transistor
intrinsic components, namely Cgs, Cas, Cgd, Ri, Rdas and gm (figures 19 to 21). The knowledge of the
intrinsic transistor parameters accurately estimates the required feedback inductance values. The

equations used to extract high frequency model of the transistor are given below [59]:

—i Y(1,2)
Coa = Zimag(¥(1,2)) (4.14)

w

_ (imag(Y(1,1))-Cga)? +(real (¥(1,1))?
Cos = (imag(Y(1,1))~Cga) x @ (4.15)

C,e = (imag (Y (2,2))-w x Cgq) (4.16)

w

o real(Y(1,1))
LT (imag(y(1,1))—Cga) x @ x Cgs

(4.17)

1

Rds - real(Y(2,2))

(4.18)
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Figure 21 Drain to Source & Input resistance & Gate to Source Capacitance vs frequency

The high frequency parameter values of required GaN FET achieved from figures 19 — 21 are shown
in Table 3. The required bias voltage for 15 % saturation current was provided while extracting this

parameter values. These values are close to the parameter values reported in [55, 56, 10].

Table 3 HIGH FREQUENCY PARAMETERS OF 160um x 2 GaN150 HFET

gm ~ 0.1S (1 GHz-20 GHz)

Cga | 52fFto47 fF (1 GHz — 20 GHz)
Cuas | 26.2 fF to 25.8 fF (1 GHz — 20 GHz)
Cos ~ 0.32 pF (1 GHz — 20 GHz)

Ri 3Qt09Q (1 GHz - 20 GHz)
Res | 217 Qto 413 Q (1 GHz — 20 GHz)

Also based on literature, the inductance in the feedback path will be varied from 0.1 — 1 nH in order
to achieve optimum gain and input/output return loss using a lumped inductor component. The final
optimized value of the inductor in the feedback path will be designed in section 4.5 (layout design)
Section 4.4 will also demonstrate the feedback inductance value (realized by metal 1 layer) in

schematic level.
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4.4 SCHEMATIC DESIGN AND RESULT

The goal of this section is to realize a two-stage shunt feedback amplifier that can meet the design
specifications (Figure 22). From section 4.3.3, the initial value of the feedback path resistor was
calculated to be 250 Q. A DC blocking capacitor of 1 pF was added to control the DC current through
feedback path as in [10]. Following our selection of transistor size, bias requirements for 15 %
saturation current and high frequency characterization of the required transistor, S-parameter
simulations were conducted varying the feedback resistor value from 150 Q to 300 Q using lumped
resistor component. In a feedback path, there is always a tradeoff between gain, VSWR and noise.
Figure 23(a) demonstrates that the gain of the amplifier increases with the increasing value of the
feedback path resistor, while figure 24 shows the correlation between feedback path resistor value
and the noise figure of the circuit which takes into account only thermal noise no channel noise, flicker
noise or shot noise as the noise model wasn’t available from the foundry. From this figure, it can be
concluded that although the shunt resistor in the feedback path is the biggest contributor for noise, the
overall noise figure of the amplifier decreases with the increasing value of the feedback path resistor,

as expected based on eq. (3.24).

From figures 23 and 24, it can be seen that the maximum gain and lowest noise figure can be attained
when a feedback resistor value of 300 Q is used, but resulting in a degradation of the input matching.
The output return loss was found to be better than 20 dB for the entire range of the resistor values.
However Rrg = 230 Q provided the best match for output at 10 GHz, which also offered adequate
gain, input matching and good noise figure. GaN150 kit nicrome resistor was used to implement
feedback path resistor of 230 Q. The minimum width of GaN kit nicrome resistor is 5 um, which was
used in our design to realize the resistance value. The length of the resistor was varied from 10 um to
30 um to obtain the required feedback resistance of 230 Q. Figure 25 demonstrates that 230 Q can be
achieved from 5 um wide and 23 pum long nicrome resistor from GaN150 NRC Kit.

Careful design requires both schematic and layout views to be adjusted often and simultaneously.
The design tool used here allowed for EM co-simulation thus simplifying design iteration but most
importantly reducing the chances for human errors due to translating from one design environment to
another. The layout design section (4.5) will cover the layout details and the EM Co-Simulation results

to incorporate EM model discrepancies.

Figure 26 shows the overall layout driven schematic for the low noise amplifier. First the DC bias

voltage was chosen to odtain 15% of saturation drain current in section 4.2.4 (optimized bias condition
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for noise). In the beginning of this section the required value for Rrg (feedback path resistor) and

capacitor in the feedback path were selected to be 230 Q and 1pF.
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Figure 25 Characterization of GaN Kit Nicrome Resistor

Next, the inductance in the Feedback path was varied in order to achieve optimum gain and
input/output return loss. The feedback inductor value was varied from 0.1 to 1 nH using lumped
inductor component from ADS. Figures 27 to 29 show the gain and input/output matching varying
lumped inductor value in the feedback path. They highlight that the minimum output return loss was
achieved for 0.1 nH at 10 GHz while an inductance value of 0.5 nH provided the maximum gain with
adequate input/output return loss. Therefore, a 0.5nH inductor was designed in the layout design
section to be used in the feedback path (4.5). During the schematic design process, a correlation
between the output return loss and drain inductance value was observed. Degradation of the output
return loss was observed for longer metal 1 connection from the drain of the transistor to the output
stage of the amplifier. Metal 1 layer connection can be characterized as inductors and the inductance
value realized by metal 1 connection goes higher with its increasing length. To characterize this
behavior a range of very small inductance value (0.01 nH to 0.02 nH) was varied using a lumped
component at the output of the amplifier connecting the drain of the device. Figures 30 and 31 show
gain and input/output return loss of the amplifier as a result of this variation. From figures 30 and 31,
the best gain was achieved for 0.05 nH and the best input and output matching were realized for 0.03
nH and 0.010 nH of drain inductance. Also, the change in drain inductance has very little effect on
gain and input return loss. However it has the most effect on the output matching of the amplifier.
Therefore, the decision was made not to design it separately but to realize the smallest possible metal
1 layer design to connect the drain of the transistor to the output stage. Finally, figures 32 and 33
show the inductance value realized by the metal 1 layer in feedback path and connecting the drain of
the transistor and the output stage of the amplifier in schematic level. Figures 32 and 33 also show

corresponding resistance values from the metal 1 connection in schematic level.
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Figure 26 ADS Layout Driven Schematic of Low Noise Amplifier
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Figure 29 S(2,2) vs frequency varying feedback inductance (0.1 nH to 1nH)

-39-



dB(S(1,1))

MaxGain1
dB(S(2,1))

m1

m1
freq=11.00GHz
dB(S5(2,1))=15.846
lvari=0.020

10

15

20
freq, GHz

25

0 5

30 35 40

Figure 30 Max Gain and S (2, 1) vs frequency varying drain inductance (.01 nH to .05nH)

e D
’ o m1
5 5 freq=9.800GHz
dargsa.z)gzzrsae
o] 10 vari=0.05
S 15
15— m4 o,
req=9.000GHz Lo
2077 B(S(1.1))=-30.962 =
ari=0.030 25 m2
25 freq=10.60GHz
. dB(S(2,2))=-30.787
- ] vari=0.010
B e R L o '3"2' 0 S T N S S A R A |
0 5 10 15 20 25 0 35 40
freq, GHz freq, GHz
(2) 8(1,1) (b) 5(2,2)
Figure 31 (a) S(1,1) (b) S(2,2) vs frequency varying drain inductance (.01 nH to .05nH)
4.9E-10 L 286
4 BE-10 24— m20
| ?12 10.00GH ] req=9 900GHz
req= 14U Z real(z_in)=1.824
4.7E-10~ [=4.488E-10 22 z_n)
M2
g 4
1.8
1.6
AT T T T T T T T T T T T T T T T T T 7
a 2 4 & 8 10 12 14 16 18 20 a 2 4 B 8 10 12 14 16 18
freq. GHz freq, GHz

(a) Feedback Inductance

(b} Resistance

Figure 32 (a) Feedback Inductance (b) Resistance vs frequency achieved by Metall connection

-40 -




. 254E11

2572E-11— 0.19 - m20
_ J freq=9900GHz

real(z_in)=0.172
m20

m2
eq=10.00GHz
L=2515E-11

2520E-11

— 2518E-11

real(z_in)

2516E-11—

2514E-11

2512E-11 — T
freq, GHz freq, GHz

(a) Drain Inductance (b) Resistance

Figure 33 (a) Drain Inductance (b) Resistance vs frequency achieved by Metall connection

SIMULATION RESULTS - SCHEMATIC

In this section, S-parameter simulations were conducted on overall layout driven schematic design.
The schematic design includes the layout driven on chip DC bias network with shunt decoupling
capacitor. The probes were modeled with 3 nH inductance and 3 Q resistance. The design of ON chip
DC bias network will be covered in layout design section (4.5). EM-cosimulation results using EM

models of the layout will also be demonstrated in section 4.5.1.

POWER GAIN (S21): Figure 34 shows the Max Gain and Sy: result for the complete layout driven
schematic design as a standard figure of merit. In order to meet systems requirements (Table 2), a

gain greater than 12 dB was obtained from 7 GHz to 13 GHz frequency range.

INPUT/OUTPUT REJECTION (S11, S22): Figures 35 and 36 show an input return loss better than
10 dB from 6 GHz to 14 GHz and an output return loss better than 10dB from 3.8 GHz to 15 GHz.

NOISE: It was mentioned before that the noise model for the device was not available from the
foundry. Therefore, the noise figure result takes into account only thermal noise associated with all
the resistances and losses of the overall schematic including the thermal noise of the intrinsic FET
model.
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Thermal noise generated by source and drain resistance of a transistor can be characterized by the

following spectral density:

<i > _ 4k T

A7 7 (4.20)

The transistor model does not include any channel noise, flicker noise and shot noise. Note that the
transistor was biased for 15 % of its saturated current, thus keeping a good balance between noise and

other figure of merits [46]. Figure 37 shows a thermal noise figure below 3 dB for the entire band of

interest.
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Figure 37 Thermal Noise vs frequency

Table 4 shows a list of the largest contributors to noise in the LNA design. It can be seen that TFR1.R1
is the biggest contributor to the overall noise figure of the LNA design. TFR1.R1 is the feedback

resistor component from figure 25.
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Table 4 Noise Contributors

index port2. NC.vne ot index port2.NC.name
0 2.104 nv 0 _total
1 1.444 nv 1 TFR1.R1
2 856.4 pV 2 FET3.R1
3 767.8 pV 3 FET3.R2
4 634.1 pV 4 TFR2.R1
5 394.0 pV 5 FET2.R1
6 353.3 pv 6 FET2.R2
7 303.8 pV 7 MLIN246.TL1
8 296.6 pv 8 TL10
g TE32pV g TT6
10 142.3 pV 10 MLIN47 TL1
11 136.4 pV 11 MLIN1T011.TL1
12 130.8 pvV 12 MLIN140.TL1
13 127.5pV 13 TL13
14 124.5 pV 14 MLINSS.TL1
15 90.88 pv 15 MCURVE1 Curvel
16 7113 pV 16 MLIN1014.TL1
17 51.62 pv 17 MLIN1012.TL1
18 58.08 pV 18 TL1
19 55.67 pv 19 MLIN823.TL1
20 48.04 pv 20 MLIN142.TLA1
21 46.88 pV 21 MLINS36.TL1
22 46.49 pV 22 TFC3.C1
23 39.60 pV 23 MCURWVE45.Curvel
24 34.87 pv 24 MLIN831.TL1
25 34.71 pv 25 MLINS5.TL1
26 34.38 pv 26 MCURVE167.Curvel
27 32.65pV 27 VIAZ94.Rs
28 32.85pV 28 VIA73.Rs
29 28.30 pv 29 VIA81 Rs

4.5 LAYOUT DESIGN

The layout design plays a very significant role at high frequencies. This is due to the fact that the
nature of parasitic resistances and capacitance can be realized from the layout design. These parasitic
elements can degrade the performance of the circuit adversely. Low noise amplifiers need to deal with
very low signal strength. Therefore, the input signal can easily be corrupted by the adjacent on-chip

high power signals, by the substrate noise and interferences. Thus, a good layout design practice is

very crucial. The final layout of the low noise amplifier is shown in figure 38.
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GaN150 technology from NRC is fabricated on 3 inch silicon carbide wafers of 75 um thickness. The
transistor for this technology has a gate length of 0.15 pum and two metal layers (1IME and 2ME) for
interconnects. The nichrome resistors available in this kit have sheet resistances of 50 Q/sq and MIM
capacitors have capacitance density of 0.19 fF/ um?. According to the data sheets, the shape of the
transistor gate results in better frequency response but slightly lower breakdown voltage compared to
GaN500v3 [18].

TRANSISTOR: GaN HFETSs available in the current version of GaN150v1.01 PDK do not include
field plates. These devices have a fairly large T — gate overlap of 0.25 um. As a result, the breakdown
voltages are a bit higher than the current 0.15 pum processes, which might come with the cost of higher
frequency performance [18]. In order to achieve better modelling, the layout of the both transistors of
2 x 160 um gate width were taken from the PDK with fixed source-drain, gate-drain and source-gate
spacing. Both transistors gates were oriented in the same direction facing right along the same
horizontal axis, as the input signal of the LNA will come through the switch from an antenna
(horizontal and vertical directions are shown as respectively X and Y in figure 38). The input of the
PA will be in the opposite side of the input of the LNA in the overall front-end layout. Both of the
transistors were oriented in the same direction along X-axis so that process variation on X-axis has
little effect on the transistors and process variation on Y-axis will be the same on both transistors.

Figure 39 represents the 2 x 160 um gate width transistor layout from ADS momentum.

Figure 39 Layout design of 160pum x 2 GaN150 HFET

In order to improve matching, the transistors with the feedback resistance were placed as close as
possible to reduce the length of the signal line in between them maintaining design rules associated

with it. Reducing the length of the signal line ensures minimum loss. As a result, top metal layers
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were used to implement interconnects and multiple metal-to-metal contacts were used in parallel to

reduce overall interconnect resistances.

As seen from figure 39, the sources of the transistor were connected with TWVs (Through-Wafer
vias). Multiple metal-to-metal connections were used to lower interconnect resistance. TWVs are
included to ensure a solid connection is made between the top surface and the backside ground using
holes through the substrate, which are connected with electroplated gold [18]. Therefore, it is possible

to realize low inductance ground connection as in microstrip design.

NS
R

Figure 40 Through Wafer Via (TWV)

The NRC GaN foundry recommends that both sources separately need to be connected to ground,
therefore both sources were connected to TWVs. Besides air-bridges were used to connect both
sources of the transistors for better ground connection. They are formed in the metal 2 layer (2 ME)
using a nominally 2 pm thick removable resist layer to provide support [18].

FEEDBACK DESIGN:

The feedback path included the Metall layer connection between drain and gate, a 1 pF MIM
capacitor and a 230Q nichrome resistor. The layout design of the gate and drain connection was
implemented using metal 1 layer and the length of the metal 1 layer (from the drain of the transistor
to the feedback resistor) was optimized to achieve 0.5nH of inductance, which was found to yield the
best results in section 4.4. The width of the Metal 1 layer was held constant at 10 um. The layout
design for the feedback path and the inductance realized by the bend metal 1 connection are shown
in figures 41 and 42.
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Figure 41 Feedback Layout Design
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Figure 42 (a) Feedback Inductance (b) Resistance vs frequency in layout design

MIM CAPACITOR: There were several capacitors used in the low noise amplifier design. DC
blocking capacitors in input/output signal path, capacitors in the feedback path and decoupling
capacitors in the bias circuit were implemented using metal-insulator-metal (MIM) capacitors from
GaN150 kit. A MIM structure was used to fabricate capacitors in a two metal layer process. MIM
capacitors used in this design are formed by 2 ME on top of 1 ME without a VIA2 connection. A thin
layer of silicon nitride is used as the dielectric layer. The capacitance density of the MIM structure is
0.19 fF/um?[18]. Figure 43 shows a 10 pF capacitor with an area of 228.31 um by 228.31 um.
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Figure 43 MIM Capacitor from GaN150 Design Kit

NICHROME RESISTOR: The shunt feedback resistors were implemented using nichrome (NiCr)
resistors from the design kit. These resistors are formed using a very thin layer of evaporated nichrome
with a contact of 1 ME layer. These resistors have a resistivity of 50 €/ sq. However, the current
carrying capability is significantly lower than that of the interconnect metals [18]. Figure 44 shows a

nicrome resistor from the design kit.

Figure 44 Nicrome Resistor from GaN150 Design Kit

BONDING PADS: The bonding pads offer a connection between the IC and the external circuitry.
There were of two types: one type is for RF connections and the other type is for DC connections
(Figures 45 and 46). The design used RF probes of 60 X 60 um? where signal to ground distance was
kept 100 um and the distance from LNA signal to PA signal was kept 330 um (because of probe
availability) in order to provide 50  from the probing location all the way to the transmission line.
The design of DC pads is much simpler as there is no dependency on characteristic impedance. The

options for DC pad were limited due to the probe availability of the test lab. The only available DC
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probe for testing required 9 pins with 100 X 100 um? area with 150 pm pitch. The ground probes
were connected to TWVs with multiple metal-to-metal connections to connect to ground.

Figure 45 DC pads used for LNA Design
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Figure 46 Signal Pads Used in LNA Design

4.5.1 BIAS NETWORK DESIGN
The DC biasing network uses RF chokes and blocking capacitors. The RF chokes are designed to
have very high impedance over the design bandwidth. The bias network can be designed in several

ways.

Quarter wave transmission line with a radial stub: Due to parasitic effects, the shunt resonant
capacitor can face bandwidth limitations. The use of radial stubs can solve the issue and it can provide
an RF short connection at the resonant frequency. Besides acting as a short, this can provide better
bandwidth (Figure 47).
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Figure 47 Radial Stub

With a = 45° and a width w of 67 um (for 50 Q), we have

w

a=— = 94752 um (4.20)
b—a=2%,21=003m >  b=5094pm (4.21)

As b is approximately 5 mm, such radial stubs are bulky, an issue for compact MMIC designs. It will
then not be retained in this project.

Lumped element bias network: Lumped network can also be designed to realize a gate and drain
bias network. Typically, an inductor with high impedance at the fundamental frequency is usually
placed with a series resistance to ensure stability in the gate side of the device and form a lumped
element bias network. The series resistance is generally estimated by 400/Psat where Psat is the
saturated power of the device [59]. However, as stated earlier, the use of bulky spiral inductor was
avoided. Also, as the low noise amplifier design was realized using shunt resistive feedback topology,
the circuit stability was simpler to achieve due to the loss incurred by the feedback path. As a result,
the only option left to design an on chip bias network was to use a quarter wave transmission line

with shunt RF resonant capacitor.

Quarter wave transmission line with a shunt RF resonant capacitor: The purpose of designing
this circuit is to separate RF signals from DC. The gate/drain bias network consists of a quarter wave
transmission line and a shunt capacitor at the end of it. This capacitor would present an open circuit
to the DC signal, so at the quarter wave distance will see it as a short circuit. It starts as a short circuit
for RF signals so at the quarter wave distance it will present an open circuit. It can be understood that
the bigger the capacitance, the lower the reactance value is for a given frequency. For this design, a5

pF MIM capacitor was used to provide short at the desired frequency. The width of the M1 line was
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kept 10 pum, which was enough for the required DC current for LNA design as per datasheet (6
mA/um).

The initial length was calculated to be 2500 um for the quarter wave transmission line. The length of
the transmission line was further optimized in layout by creating an EM-model with a meander design

of the transmission line. The length was finalized to be 2750 um for the bias line.

4.5.2 SIMULATION RESULT LAYOUT
To verify layout design, EM-cosimulation was carried out using ADS momentum. Figure 48 shows

the test setup for EM model of the low noise amplifier in the ADS schematic view.

Drain and Gate Bias with 3 nH .and
3 ohm probe model

Shunt Caps
Schematic

Shunt Caps
Schematic

Shunt Caps L
Schematic & 1
) /) i

- ;&m : =%
w DC Blocking Caps DC Blocking Caps = : -
Schematic Schematic '-E = DC Blocking Caps
..... N . Schematic
Feedback Resistor And &

Feedback Resistor And

Transisto‘:"s\\(:i: Schematic || Cap Schematic Transistors inéfhve—matic J Cap Schematic
R,

Figure 48 EM simulation setup for LNA Layout Design

The goal was to test the circuit including all the layout parasitic resistances, capacitances, coupling
effects and cross talks. At first, all the active and passive components were removed from the layout
(with the exception of all the metal layers, bias network, TWVs and signal/DC pads) and replaced by
pins. S-parameter simulation was carried out in ADS momentum for the layout and with the

simulation results, an EM model was created and saved. Next, a test setup was created in ADS
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schematic view with the EM model including the layout data and other active and passive

components.

S-PARAMETER SIMULATIONS: S-parameter simulations were carried out using the EM model
of the low noise amplifier connecting input and output port to 50 Q. Required gate and drain bias
voltages (-3.76 V and 20 V, respectively) were provided to the transistors in both stages. Figures 49
and 50 show the Sz1 and max gain for the low noise amplifier layout. A gain degradation of 0.9 dB

(compared to figure 33) was observed with a max gain of 14.69 dB at 10 GHz.
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Figure 49 Max Gain and S(2,1) vs frequency ( 5GHz to 40 GHz)
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Figure 50 Max Gain and S(2,1) vs frequency (7 GHz to 16 GHz)
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From figures 51 and 52, the feedback topology exhibits the desired response for input/output
matching. An input return loss better than 10 dB was achieved from 6 GHz to 14 GHz with a return
loss better than 34 dB at 9 GHz. An output return loss better than 10 dB was achieved from 3.8 GHz
to 15.5 GHz. The LNA layout design exhibited return loss better than 20 dB for the 7 to 11 GHz range

at the input and 5 to 12 GHz at the output. S-parameter simulation results are summarized in Table 5.



STABILITY: To check the circuit stability for the low noise amplifier, both the Rollett’s stability
factor K and stability measure B were plotted for frequency ranges from DC to 40 GHz. Figures 53
and 54 show that the stability factor is greater than 1 for the entire band of interest and the stability
measure was found to be greater than 0 as well. As discussed earlier although the feedback reduces

forward gain, it ensures unconditional circuit stability, which is very important for amplifier design.
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Figure 53 Stability Factor (K) vs frequency
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Figure 54 Stability Measure (B) vs frequency
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NOISE: The noise figure results presented here take into account thermal noise associated with all
the resistances, including intrinsic model resistances, as well as losses from the overall layout. Figure

55 demonstrates that the noise figure is less than 3 dB in the entire band of interest.
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Figure 55 Noise Figure (Thermal) vs frequency

1 dB COMPRESSION POINT: Harmonic balance simulations were carried out for one tone to find
out the 1 dB compression point of the low noise amplifier. RF power was varied from -40 to 15 dBm
at the input of the low noise amplifier. The maximum small signal gain was achieved for 10 GHz, as
a result 1 dB compression point was determined while keeping fundamental frequency at 10 GHz.
The bias conditions were kept the same as decided earlier. From figure 56, it can be seen that an

output referred 1 dB compression point of 13 dBm was achieved for 10 GHz.

TWO TONE HARMONIC BALANCE SIMULATIONS: Simulations with two fundamental tones
were performed to analyze the linearity performance of the low noise amplifier for 10 GHz
fundamental frequency with each frequency tone spaced by 0.01 GHz. Figures 57 and 58 show the
3" order and 5" order IMD tones vs output power tones. The IMD tones are -20 dBc at 20 dBm output

power. The LNA will operate at much lower power than that, where the IMD tones are -120 dBc.
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Figure 59 shows an output referred IP3 (OIP3) of 25 dBm, which is approximately 12 dB higher than

the 1 dB compression point.
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Figure 59 Third Order Intercept Point

4.6 DISCUSSIONS AND CONCLUSION

To the best of the author’s knowledge, the low noise amplifier designed in this thesis is the first X
band low noise amplifier designed and fabricated using NRC’s GaN 150 kit to achieve an overall
TX/RX front-end for 10 GHz. Comparing all the EM simulation results from table 5 in terms of gain,
input/output return loss and noise figure, excellent performance was achieved from 7 to 11 GHz with
more than 12 dB of gain and better than 20 dB return loss (input/output). An input return loss better
than 10 dB was achieved from 6 GHz to 14 GHz and an output return loss better than 10 dB was
achieved from 3.8 GHz to 15.5 GHz.
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Table 5 PERFORMANCE SUMMARY OF THE LOW NOISE AMPLIFIER

Parameter Specifications

<-10 (6 GHz to 14 GHz) (= -35 @ 9 GHz)
Input matching, S11 (dB)

< — 20 (7 GHz to 11 GHz)

<-10 (3.8 GHz to 15.5 GHz) (= -55 @ 9 GHz)
Output matching, S22 (dB)

< — 20 (5GHz to 12 GHZ)

14.69 dB @ 10 GHz

Gain — S21 (dB) > 12 dB for 7 GHz — 15 GHz

> 10dB for 6 GHz — 17 GHz

Frequency range (GHz) 7-14 GHz
Noise Figure (dB) Thermal noise < 3 ( 5GHz to 15 GHz)
Output 1-dB compression point (dBm) 13 dBm @ 10 GHz
Max Size (area) 2.047 X 0.9 mm? (Total die area)

Furthermore, by comparing the obtained EM co-simulation results with those of some existing X band
low noise amplifiers summarized in Table 6, it can be concluded that if the measured results agree
with expected simulations, the proposed design can compete with commercially available circuits.
First, the matching conditions for input and output have been optimized for the entire X band
frequency range (8 to 12 GHz). Second, the obtained results can be further improved with the addition
of noise models from the foundry. Based on values reported in GaAs and experimental values for
GaN [46], this work extrapolated a current density of 0.15 (Io/lpss) as the optimum bias point used
for lowest noise figure. Still the gain response is better than [10], [11], and [48]. The power
consumption is slightly higher, i.e., approximately 1.6 W for both stages while the GaN LNA from
Triquint/Quorvo in [51] reported 1 W. However, a higher quiescent current ensures better linearity
for GaN low noise amplifiers. The EM simulation results showed 13 dBm of output referred 1 dB
compression point which is comparable to other commercial X band low noise amplifiers [11], [13].
Finally, one of the main features of this design corresponds to an/a occupied (physical) layout area of
the LNA of 2.047 X 0.9 mm?, which is smaller than most comparable designs available in the
literature. The two-stage low noise amplifier occupies less than 2 mm? of die area including internal

bias network which took the most vertical space and DC blocking capacitors at the input and output
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stage. In summary, the designed low noise amplifier exhibits excellent performance vs. exiting

designs while meeting the design specifications.

Table 6 LNA PERFORMANCE COMPARISON WITH OTHER X BAND LNA

Frequency .
Sa Power S22 | Pids Size
Ref Range NF@B) | . = . S11(dB) OIP3 | Technology
(dB) dissipation (dB) | dBm mm?
(GH2)
[10] 9-13 >10 | <29 < —6.5 - - | AloasGap7sN |2.2x1.3
18.5 -10 0.25 pm
23 @ 10 -10@
[11] -- @ 10 @10| -- -- AlGaN/GaN 2.6 x1.1
GHz 10 GHz
GHz GHz HEMT
GaN — HEMT
[46] 8-11 20 25 1 <10 | <-10| 17 -- 3.0x21
technology
0.25 pm
[47] 7-12 14 2.5 - -10 - | 20 | 28 | AlGaN/GaN | 2.5x2
HEMT
AlGaN/GaN
[48] 4-16 11 2 - -10 —~ | - | 24 HEMT
microstrip
AlGaN/GaN
[49] 8-11 17 1.8 -- -10 - | 22| 26 HEMT
microstrip
QinetiQ
[50] 8-11 20 2.5 - 5 - | 20 | - | AlGaN/GaN |2.3x4.3
CPW
[51] * 0.25GaN | 2.04x
2-22 15 2 1w -- -- 22
HEMT 1.49
[52] * 12 0.15 3MlI 2.05 X
6-14 20 1.3 800 mW -18 -18
PHEMT 1.20
[53] * 0.153MI | 2.05x
5-15 27 14 800 mW -15 -20 13 25
PHEMT 1.20
. 0.15 uGaN | 2.047 x
This work 7-14 >12 | <3** 1.6 watt -20 -20 13 25
HFET 0.9
*: Commercial chip **: thermal noise
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CHAPTER 5 POWER AMPLIFIER BACKGROUND

5.1 DEFINITION AND KEY DESIGN PARAMETER

Power amplifiers (PAs) are one of the most significant design blocks in the transmitter side of a
transceiver system. Compared to LNAs, PAs do not have to deal with unknown signals. Also, a LNA
is a linear amplifier while a PA is a nonlinear amplifier. Therefore, their design approaches are quite
different. For linear and quasi-linear amplifiers, the design is achieved from the small-signal S
parameters of the transistor. However, the small-signal approaches can be still used for large-signal
amplifiers operating in class A (i.e., with an almost linear output power) but they are not suitable for
the other classes such as AB, B, C, D, E, F, G, H, or S. For power (nonlinear) amplifiers, the design
is achieved through load-pull transistor characterization: the load is determined to allow maximum
output power or efficiency. The source is then conjugate matched to ensure maximum power transfer
[60], [61].

Linearity and efficiency are the two most important design parameters for power amplifiers. PAs
require the most amount of DC power in the transmitter chain. Efficiency is the measure of how much

of this DC power is actually converted to RF [20].

The significance of linearity in RF systems and low noise amplifiers was discussed in previous
chapters. If the PA is nonlinear, the energy associated in unwanted harmonics and intermodulation

signals can cause DC power loss. Therefore, linearity and efficiency are correlated [20].

5.2 CLASSES OF OPERATION

Power amplifiers are categorized by classes. The DC operating point of the power amplifier
determines its class. The conduction angle of the current passing through the transistor in a certain
bias point varies in different classes of power amplifiers. If desired class of operation is class A, then
conduction angle of 360° is required. That will keep the device always ON which results in good
linearity but degrades the efficiency of the amplifier. In other words, it can be said that operating
points are also based on efficiency. Linearity of the amplifier gets worse with the chronological order
of alphabetic classes [20]. Therefore, class AB is one of the most favorable, as this class is a

compromise between linearity and efficiency [20]. Figure 60 shows the load lines for each of the
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classes on a DC-IV curve. It can be seen from the plot that with the load line moving out from the

saturation region, the operating points are moved from A to C.
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Figure 60 Load Lines for Power Amplifier Classes [62]

Classes E, F and D are mainly used for switched mode operation as they are biased in pinched off and
ohmic region. In this chapter different classes of power amplifier and key requirements of power

amplifier will be discussed [62].

5.2.1 CLASS A

As discussed earlier Class A power amplifiers are biased to get 360° conduction angle, which implies
the current flows all the time. At the same time, it is made sure that the input signal drive is small so
that the device does not go into cutoff mode and transistor conducts full cycle of the input signal.
Therefore, class A amplifiers are linear amplifiers. As the device is conducting current all the time, it
results in very high quiescent current, which yields lots of power loss. This degrades the efficiency
significantly. The maximum efficiency that can be achieved from a class A amplifier is 50% [62].
Maximum output power Pmaxout and DC power consumption Ppc of a class A amplifier can be found

using the following equations:
1
Pmaxoue = 5 Voplpg ~ Ppc = Vbplpg (5.1)

where Vpp, I are drain voltage and quiescent current, respectively.
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5.2.2 CLASS B

Class B amplifiers are biased to achieve 180° of conduction angle, which implies a conduction either
in the positive or negative half cycle of the input signal. This class can be achieved by biasing the
transistor at its cut off or zero quiescent current region so that any current passing through the device
directly goes to the load. The theoretical maximum efficiency of a class B amplifier is 78.5% at peak
envelope power as the device conducts only for half of the cycle [62]. But this creates more distortion
in RF output signal. Therefore, the efficiency will come with the cost of linearity. The DC power

consumption of class B amplifier is stated by the following equation:

2
Ppe = - Voplac max (5.2)

Where Vpp, I4¢c max State for drain voltage and maximum AC output current, respectively.

Class B amplifiers are generally designed using push pull structure where two transistors are used in
parallel [63]. In this structure, one transistor conducts in the positive half cycle and the other one in

negative half cycle. In this way, the entire input signal is used and replicated in the output signal.

5.2.3 CLASS C

Class C amplifiers are theoretically the most efficient among these classes of amplifier. The efficiency
can go up to 85 %. Class C amplifiers are biased so that the conduction angle is significantly lower
than 180°. It is achieved in a way that the output current is almost zero for more than half the cycle of
the input signal [62]. But as discussed earlier, there is a solid correlation between conduction angle to
linearity and efficiency. As being the most efficient class, the linearity of this class is the worst among

these four classes. Due to high nonlinearity, class C amplifiers are not used for high frequencies.

5.2.4 CLASS AB

Class AB is the true balance between linearity and efficiency, as the bias configuration is just in-
between class A and class B. The transistor is biased between cutoff and class A bias point which
implies conduction angle less than 360° but greater than 180° [62]. The device is turned on for more
than half of the cycle. The linearity of class AB amplifier can be similar to class A and theoretical

efficiency can range from 50 % to 78.5 % [62].
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5.2.5 ADDITIONAL POWER CLASSES
Power amplifier operating in class D, E, F, G, H, or S, are geared significantly towards higher
efficiency performance. These classes are widely used for narrowband tuned amplifiers where

linearity is not a big concern but efficiency is [62].

Different techniques are used to increase efficiency. For example, switching technique is used in class
D, E, and S. Harmonic resonators are used in the output stage of class F amplifiers to shape the drain

waveforms [64]. Resonators and multiple power supply voltages are used in class G and H [64].

5.3 POWER AMPLIFIER PERFORMANCE METRICS

PA will deliver the maximum required power of the transmitter keeping the spurious emissions as
low as possible with its linearity. Since the PA consumes the most amount of power in the transceiver,
it is very important to find out how efficiently supplied DC power is converted to RF power while
transmitting the required power level. That is why the two most important performance metrics for
PA are linearity and efficiency. In addition to linearity and efficiency, the other performance metrics

are noise figure and stability.

Generally, efficiency is a way to determine device’s capacity to convert one source of energy to
another. In power amplifier theory, the efficiency indicates the amplifier’s ability to convert DC
power of the supply into the RF power delivered to the load. The thermal dissipation is the result of
the energy, which is not converted to the desired RF signal. That is why thermal dissipation of an
amplifier is correlated with efficiency. The maximum efficiency of a power amplifier depends on
classes of operation (as discussed above), input drive level, frequency, load impedance, temperature
and bias point. It can also depend on device geometry and intrinsic device characteristics. In RF design
the efficiency can be measured in three ways, drain efficiency, power added efficiency, and total

efficiency [65].

Drain efficiency is the direct ratio of output power to input DC power. It can be shown as [65]:

rl — PRrout _ _PRFout (53)

Ppc Vpc- Ipc

The disadvantage of using this figure of merit is that the input RF power is not taken into

consideration.
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Power added efficiency (PAE) takes into account the input RF power while calculating efficiency.
This is the most recognized figure of merit when comparing single amplifiers. When the PAE and
drain efficiency are not the same the device does not have linear gain anymore. The equation for PAE
is given below (5.7) [65]. From the equation, it can be seen that PAE will always be less than the
drain efficiency unless the gain is very high [65].

PRFEout— PRFIN PRrrout— PRFIN
PAE = o = — (5.4)
Ppc Vbpc Ipc

Total efficiency is the complete picture of the ratio of output power to all input power (DC and RF).
Equation (5.8) shows the total efficiency [65]. But PAE is still the most favored measure for efficiency

in power amplifiers as this is specific to a particular input power value. [8]

_ PRFout _ PRFout (5 5)

total Ppc+PRFIN Vpc- Ipc + PRFIN

5.4 CONCLUSION

As explained in this chapter, there is generally a compromise between linearity and efficiency while
designing the PA. Power amplifiers can operate at back off power level from the peak output power
in the linear and efficient region to emphasize on linearity requirement, which is basically class AB
operation. Alternatively, the PA can be designed in class B bias condition to get the maximum
efficiency but that is a very nonlinear situation. One of the goal of this thesis is to design a power
amplifier operating at X band to achieve an overall front-end design for 10 GHz. Since the frequency
of operation was 10 GHz and GaN power density is very high with a big swing in the drain voltage,
the PA was designed in class AB to have a balance between linearity and PAE.
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CHAPTER 6 X BAND POWER AMPLIFIER DESIGN

6.1 REQUIREMENTS OF X BAND POWER AMPLIFIER

In this section, a two-stage common source class AB MMIC power amplifier will be designed and
simulated to achieve an overall 10 GHz RF front-end module for future wireless systems. There are
several compact power amplifier chips available by Triquint/Qorvo and Analog devices with similar
specifications, which will be shown in the review section of this chapter. To be noted, this is the first
time GaN150 has been available to Canadian researchers. The GaN 150 kit version 1.01 used to
implement this PA design features a measured power density of 7watt/mm at 8 GHz [18]. As a result,
a PA will be designed to deliver 2 W (33 dBm) to a 50 Q antenna port at 10 GHz to target X band.
The output of the PA will be connected to a transmit/receive (T/R) switch in the front-end architecture.
The switch (to be designed by another researcher) will be matched to 50 Q for both PA and LNA
sides. In order to maintain such symmetry, the design methodology of the power amplifier will
concentrate on realizing optimum power and efficiency for a 50 Q port Antenna. A compromise
should be then made to the PA efficiency and output power due to the 50 Q load impedance. To
further evaluate the impact of this tradeoff, simulations will be conducted using the optimum load
value and then it will be compared to a 50 Q load response. Also, two of the most important features
of the designed power amplifier are its size to validate its power density and simplicity of its physical
design to increase its immunity to process variations. Table 7 shows the design specifications for the
PA.

Table 7 X band PA Design Specifications

PARAMETER DESIGN SPECIFICATIONS
Operating Frequency 10 GHz
Bandwidth 8-12 GHz
Output Power 2 W (33 dBm)
Gain @ output power > 15dB
Power Added Efficiency @ 2 watt >25%
Die area <2 mm?
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6.2 LITERATURE REVIEW

As stated in the technical literature, the high breakdown voltages, high power densities and strong
performance at higher frequencies make GaN technology an ideal candidate for RF power
applications. In [59], a 0.5-6.5 GHz distributed PA was designed using the GaN500 process provided
by NRC. A peak PAE of 38.1 % was obtained by the amplifier at 0.5 GHz while a nominal PAE of
20 % was achieved over the entire band (0.5 GHz — 6.5 GHz) with an output power of 1 W. In [66],
a 10 GHz power amplifier was designed in class AB with harmonic filters using a GaN 0.8 um HFET
9-layer process with a DC bias line and input/output matching being built on a low cost miniature-
hybrid MIC chip. Simulation results showed 39 dBm output power maintaining 31 % PAE. However,
the fabricated PA suffered from overheating due to the used flip chip technique and measured results
yielded a PAE of 4% at 8GHz while outputting 28.5 dBm power. In [67], a 2-18 GHz distributed
power amplifier was designed using GaN 0.2um process. The low inter-stage impedance of 25 Q,
used to achieve larger size HEMTSs in the output stage, increased the output power without reducing
the bandwidth. This also ensured inter-stage transmission lines to be shorter. Measured 20 dB small
signal gain for the entire band and peak saturated power of 2 W was reported. In [68], two MMIC
power amplifiers were designed using 0.25um GaN HEMT process, one for S band and the other one
for X band, reporting a maximum output power of 4.8 W for X band.

The commercial design close to our specifications is the HMC487, a 9-12 GHz GaAs HEMT power
amplifier by Hittite Microwave Corp [14]. Internally matched, it can generate 1W RF output with a
10 mW input power. In its data sheet 20 dB of gain for the entire band and a peak PAE of 20 % at 10
GHz with 2 W output power was reported. Several X band power amplifier chips have been reported

by Triquint using their GaN power PHEMT process with similar power specifications [69]-[72].

The only work with similar power specifications using the GaN 0.15u process was reported in [73].
This is a PA driver amplifier for Ku band from Triquint/ Qorvo. The performance merits of these X

band commercial/research works will be compared to the proposed PA results.

6.3 DESIGN PROCEDURE

» The first step was to determine the size of the required GaN HFET (i.e. number of fingers and
unity gate width) suitable for the required power levels identified in Table 7.
» DC analysis was conducted on the selected transistor to determine the required bias voltages

for Class AB operation.

-66 -



» Verification of both the transit frequency (fr) and maximum frequency (fmax) at the required
bias levels was performed to ensure optimum PA performance at 10 GHz.

» A circuit schematic was built with design kits and custom EM models.

» ON chip DC bias network was designed to supply required bias voltages.

» Large signal harmonic balance simulations were conducted to obtain the gate bias voltage in
class AB operation range that ensures the optimum efficiency and maximum output power
delivered to a 50 Q load.

» Load Pull harmonic balance simulations were conducted to obtain the optimum load.

> Next, the output power delivered to an optimum load and associated power added efficiency
was compared to a 50  load response.

> Layout design of the class AB power amplifier was constructed to be integrated with the low
noise amplifier and the switch design to conceive a 10 GHz front-end design.

> Large signal harmonic balance simulations and S-parameter simulations were conducted using

EM model of the PA layout design to verify design requirements.

6.4 DEVICE SIZING
Two design parameters are available for the GaN150 HFETS in the design kit: unity gate width W

and spacing between two gates. The model offers two gate devices in version 1.1. The NRC design
kit manual recommends that single gate width is to be kept below 250 um. To increase the power gain
of the PA, it was decided to use two gain stages in series. With reference to NRC foundry design
manual [18] the design required the first and second stages each to have a total gate width of 200 um
(100 um (each finger width) x 2 (no of finger)) to achieve the required output power of 2 W. In order

to improve immunity to process variations, the device size used default gate distances of 48.7 um.

6.5 DC ANALYSIS

DC analysis is a very important design step for a power amplifier design. Currently reported narrow-
band GaAs/GaN devices are generally using 15-20 V DC supply. As a result, it was decided to provide
20 V DC supply to the PA. Following the design foundry manual [18], the gate voltage was varied
from -8 V to 2 V and the associated drain current plotted in Figure 61. From this figure, it is
demonstrated that the current keeps increasing in the saturation region. The HFET model is built
based on channel length modulation [59]. This is indicative that the current is not constant in the

saturation region as in the ideal model, rather it increases with a slope of 1/ro [59]. Figure 61 also
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demonstrates at -4.4 V of gate voltage, the associated current is 1 mA. By conducting small and large
signal simulations, it was verified that no gain could be obtained before applying -4.3 V to the gate.
Hence, from the amplification perspective, deep class AB range was decided up to -4 volts. However,
the bias point close to shut down voltage will not be able to provide sufficient power and
consequently, the linearity performance will also deteriorate, which are the major design requirements

for this amplifier design beside power added efficiency.
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Figure 61 Drain Current vs Gate Voltage with 20 V Drain Supply Voltage

While conducting DC simulation, the drain voltage was varied from 0.1 V to 40 V while the gate
voltage was varied from -4 V to 0 V, in order to avoid the high current shoot due to the transistor
model after saturation. The current level after saturation for gate to source voltage of 0.5, 1 and 2 volts
were approximated from the measured current density level provided in the NRC design manual [18].
From figure 62, class A operation was selected for gate voltage equals to -1 V. From figure 62, class
AB operation can be achieved for a range of gate voltage from -3.9 V to -1.1 V. Therefore, in order
to obtain expected power and linearity performance, the gate was initially biased at -2.5 V knowing
that this value has to be adjusted depending on the large signal simulations for maximum power and

power added efficiency to be conducted in section 6.6.1.

Figure 63 shows the saturated drain current and the drain current levels for a gate voltage of -2.5 V.
The DC current is approximately 91 mA. A verification of the operating conditions for transit

frequency and maximum frequency followed and the results are shown in figures 64 and 65. Results
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from these figures show that the unity gain frequency is 38 GHz and maximum frequency is 47 GHz

for the selected class AB bias point.
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Figure 63 Drain Current vs Gate Voltage with 20 VV DC supply
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6.6 SCHEMATIC DESIGN & SIMULATION

In this section, a two-stage power amplifier will be designed in order to meet the specifications
summarized in Table 7. The layout design will be discussed in section (6.7). Careful mm-wave and
microwave design requires both schematic and layout views to be adjusted often and simultaneously.
The design tool used here allowed for EM co-simulation thus simplifying design iteration but most
importantly reducing the chances for human errors due to translating from one design environment to

another. The overall layout driven schematic is shown in figure 66.
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6.6.1 BIAS VOLTAGE OPTIMIZATION

As mentioned earlier, the output of the power amplifier will be fed through a transmit/receive switch
matched to 50 Q. Large signal harmonic balance simulations were conducted connecting 50 Q port
at the input/output port of the power amplifier. RF signal levels of 18 dBm were provided at the input
of the power amplifier to achieve approximately 2 W of output power. A 20 Volt drain supply voltage
was used while the gate bias was varied between -1.5 V and -3.7 V for class AB operation. Figure 67
shows an increase in the power added efficiency, PAE, when the bias point of the PA was moved
closer to the transistor cut-off region. In contrast, Figure 68 shows the PA output power decreased,
illustrating design trade-offs between output power and efficiency. Therefore, -2.3 V was selected to
be used as optimum gate bias voltage. From figures 67 and 68, an output power of 34 dBm can be

obtained with 30 % of power added efficiency using gate voltage of -2.3 V.

However, to verify the output power and PAE further with this bias condition (-2.3 V), input power
was varied at the input of the power amplifier schematic conducting harmonic balance simulations
(figures 69 and 70). In the next section, load pull using large signal harmonic balance simulations will
be performed using the selected bias voltage to find out the optimum load for the power amplifier to

understand the degradation of the PA output power and efficiency compared to a 50 Q load.
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Figure 67 PAE vs Gate Bias Voltage
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Figures 69 and 70 show harmonic balance simulation results with 1 tone connecting a 50 Q load at
the output of the PA schematic. A maximum efficiency of 30.55 % was achieved with 34.18 dBm of
output power. The transducer gain vs output power plot (figure 70) shows an associated gain of 16.18

dB and a large signal power matching occurring in the range of 28 to 34 dBm output power.
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6.6.2 OPTIMUM LOAD SELECTION

Load pull simulation is used to determine the optimum complex output impedance the PA requires in
order to either deliver a) maximum power or b) maximum power added efficiency. Load pull
simulation was conducted using 1 tone harmonic balance simulation varying complex load at the
output of the PA schematic to obtain the optimum load for the PA design. RF signal levels of 18 dBm
were provided at the input of the power amplifier. Figure 71 shows PAE and power contours from the
load pull simulation results. From figure 71 it can be seen that the load impedance for maximum PAE
and power was found to be very close. An optimum load value of 21.5 + j4.356 Q was found to yield
the maximum power of 35.5 dBm having the input of the PA matched to 50 Q. A circuit realization
of this load is capable of providing 35.5 dBm of output power with a power added efficiency close to

33.5 % from the power amplifier design.

The use of bulky spiral inductor from GaN150 kit was avoided for this thesis work because of its
performance issue. As a result, the circuit realization of the matching network to realize the required
optimum load can use a quarter wave length transmission line. With the substrate parameters defined
in the GaN 150 Foundry Design Manual [18] the length and width of the quarter wave length
transmission line was found to be approximately 2700 um and 67 pum respectively, which is definitely

too large for the specified layout area from table 7.
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As specified, to achieve the front-end module, the output of the PA will be fed to the antenna through
a 50 Q T/R switch. Without the matching network when the T/R switch is connected, the output
impedance of the PA is (53.193 + j 23.5) Q (figures 72 and 73) with a 50 Q load. It can be seen from
figure 74 (load pull simulation results) that approximately 33.5 dBm output power can be achieved
with 29.60 % power added efficiency for this load point, which meets the design requirements (Table
7).

Therefore, a compromise was made between the PA efficiency and output power, due to the T/R
switch matched to 50 Q load impedance, without a matching network. Hence, removal of the
matching network would indeed result in a degradation in the PAE and output power of approximately
4-5 % and 2 dB, respectively (comparing figures 71 and 74). However, PA design without a matching
network is much more compact and the signal lines could be designed shorter. Optimum load can also
be provided off chip during measurement to increase PAE. In the layout design section (6.7),

harmonic balance simulation results will be demonstrated varying real resistance of loads.
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6.7 LAYOUT DESIGN

The layout of the power amplifier was implemented using the NRC GaN150 kit (figure 75). As stated
earlier, careful layout design is very important due to the coupling and parasitic effects which are not
accounted for during schematic design. The layout design allows to run EM simulations and tuning
after the addition of every single component to the layout design which increases the chances of

agreement between simulated and measured results.
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Figure 75 Layout Design of X band PA (Area including pads 2.026 mm X .849 mm)
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The layout uses GaN HFETS models available in the current version of GaN150v1.01 PDK. In order
to achieve better modelling, the layout of the both transistors of 2 x 100 um gate width were taken
from the PDK with fixed source-drain, gate-drain and source-gate spacing. Both transistors gates were
oriented in the same horizontal direction facing left X axis opposite to the low noise amplifier input
signal as the output of the power amplifier will go through the switch to an antenna. Figure 75 shows
the references for horizontal X-axis and vertical Y-axis. As a result, process variation on X-axis has
little effect on the transistors and process variation on Y-axis will be the same on both transistors. To
achieve better device matching, both transistors were placed as close as possible lowering the signal
line length in between while meeting all design rules. From figures 38 and 75, with comparison to the
low noise amplifier layout design, the power amplifier layout design used wider interconnect metals
in order to ensure higher power requirement of the power amplifier comply with transmission line

maximum current ratings for the required line widths.

The required DC blocking capacitors at the input/output signal path and decoupling capacitors in the
bias circuit were implemented using MIM capacitors from the design kit. Two small nichrome (NiCr)
resistors with a value of 10 Q (width = 25 um and length = 5 um) were used in the gate bias lines of

the power amplifier to ensure unconditional stability of the power amplifier.

The bonding pads used in the input/output connections and DC connections in power amplifier layout
are identical to the low noise amplifier due to the availability of the probes for measurement. The
design used RF probes with dimensions of 60 X 60 um?. The distance between signal probe and
ground probe was 100 um and the distance between two signal probes was 330 um. The PA design
used 6 DC pads each with dimensions of 100 X 100 pm?. The distance between 2 adjacent DC pads
was 150 pm.

6.7.1 BIAS NETWORK DESIGN

A transmission line feed with a quarter wave length and a shunt capacitor was designed for the gate
and drain bias voltage supply of both PA stages. The width of the drain bias network was 25 pm in
order to handle the drain current requirement of the PA. The length of the bias line was 2600 um. A
shunt capacitor of 7 pF was used in the gate and drain bias lines, meandered to achieve a compact
design. The length and width of the quarter wave line were optimized using custom EM models in
ADS. A very small resistance of 10 2 was added in the gate bias lines of both stages to ensure stability

of the power amplifier.
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6.7.2 SIMULATION RESULT LAYOUT

To verify final layout design, EM co-simulations were carried out in ADS momentum. Figure 76
illustrates the test setup used for EM model of the power amplifier in the ADS schematic view. The
goal was to test the circuit including all the layout parasitic resistances and capacitances. Initially, all
the active and passive components were taken out of the amplifier layout with the exception of all the
metal layers, bias network, TWVs and signal/DC pads. Several pins were connected in the place of
the active and passive components and S-parameter simulations were carried out in ADS momentum

for the layout. Next, a test setup was created in ADS schematic view with the EM model and other
active and passive components.
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Figure 76 EM simulation setup for PA Layout Design

STABILITY MEASUREMENT: To check stability for the power amplifier, both the Rollett’s
stability factor K and stability measure B were plotted for frequency ranges from DC to 40 GHz by
conducting 2 port S-parameter simulations, showing a stability factor (K) greater than 1 (figure 77),
as well as a stability measure greater than 0 (figure 78), for the entire band of interest. In the design,

10 Q resistors were added in the gate bias lines of both stages to ensure unconditional stability.
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Time Domain Input/Output waveform: Figure 79 represents the obtained time domain waveforms

of the input/output voltages and currents of the power amplifier.
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Figure 79 Time Domain Input/Output Voltage and Current Waveform
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Time Domain drain to source current waveform: Figure 80 represent the obtained time domain

drain to source current waveforms of input and output stage of the power amplifier. From figure 80,

it can be seen that the output stage is operating at class AB.
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Figure 80 Time Domain Drain to Source Current Waveform in stage 1 and 2 of the PA

POWER AND PAE: Figures 81 and 82 represent the power gain and PAE vs fundamental output

power for power amplifier design using 50 Q load resistance at the output. Figures 83 and 84 represent

large signal harmonic balance simulation result for PAE and power gain varying real part of load

impedance from 30 Q to 65 Q. RF signal levels of 18 dBm were provided at the input of the power

amplifier to achieve approximately 2 W of output power. Figure 83 demonstrates that the amplifier

exhibited the highest efficiency for 30 Q load resistance as it is closer to the optimum load. Figure 84

also illustrates the fact that higher power gain can be achieved with smaller load resistance (in this

case 30 Q). Table 8 summarizes the power gain, output power and PAE results for different load

resistances.
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Figure 81 Power Gain vs Fundamental Output Power with 50 Q load
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Transducer Power Gain, dB vs Load

Power Gain (dB)
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Table 8 PA Result Summary @ 10 GHz (Input Power = 18 dBm)

LOAD (Q2) | Output Power (dBm) | PAE (%) | Power Gain (dB)
30 35.38 33.18 17.38
35 34.98 32.58 16.98
40 34.18 31.50 16.18
45 33.87 30.69 15.87
50 33.60 29.90 15.60
55 33.35 29.15 15.35
60 33.11 28.41 15.11
65 32.88 27.68 14.88

Linearity: Large signal harmonic balance simulations with two fundamental tones were performed

for different output power levels in order to analyze the linearity performance of the power amplifier

for 10 GHz fundamental frequency with each frequency tone spaced by 0.01 GHz. Figures 85 and 86
show a 3" order IMD tone of -32.39 dBc and 5" order IMD tone of -25 dBc when the output power
level is 28 dBm. From figure 87, the third order output referred IP3 (OIP3) was found to be 40 dBm

(1IP3 = 25 dBm), i.e., 7 dB higher than the maximum saturated output power level of the power

amplifier. The maximum saturated power of the amplifier design is approximately 33 dBm at 10 GHz.
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Harmonic balance simulations were conducted with 1 fundamental tone at 8, 9, 11 and 12 GHz to
verify the behavior of the PA with a 50 Q load at the output. Figures 88 to 91 show the simulated

PAE values against output power.
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Figure 88 PAE vs Fundamental Output Power @ 8 GHz
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The power amplifier exhibits the highest power added efficiency and output power at 8 GHz and the
lowest at 12 GHz fundamental frequency as expected. Table 9 summarizes the PA output power and
power added efficiency results from figures 88 to 91.

Table 9 Result Summary (Input Power = 18 dBm)

Frequency (GHz) | Output Power (dBm) | PAE (%)
8 34.33 33.84
9 33.86 30.50
11 32.38 27.60
12 31.69 23.73

6.8 DISCUSSIONS AND CONCLUSION

To the best of our knowledge, the proposed power amplifier is the first X band power amplifier to be
designed and fabricated using NRC’s GaN 150 kit to implement a 10 GHz TX/RX FEM. Whenever
possible, our results have been compared to commercial parts available and overall found to be very
competitive. As reported in Table 10, it can be first highlighted that the designed amplifier exhibits a
higher power added efficiency, thus expecting a competitive measured PAE vs. existing designs.
Results from literature feature a Ku-band amplifier, recently available from Qorvo and featuring their
0.15 p process [73] with a power level of 34 dBm and efficiency of 25%. The power level obtained
in this work matches to this commercial chip and the power added efficiency exceeds than what they
have reported to a 50 Q load at 2 W output power. Furthermore, this commercial chip uses 20 V drain
bias with 70 mA quiescent current while the proposed design uses 20 V with 90 mA quiescent current
but with a smaller die area, i.e., 2.026 x 0.849 mm?, in fact the smallest compared to the other designs
(Table 10). As for the third and fifth order IMD tones, it is respectively of -31 and -46 dBc at 24 dBm
output power for [71] and -32 and -25 dBc for 28 dBm output power in our design. It should be noted
that following the EM simulation results, the proposed PA can be used in point to point/multi point

communication like [69] - [72]. It can also be used as a PA driver for much higher power like in [73].
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Table 10 PA PERFORMANCE COMPARISON WITH OTHER X\Ku BAND PAs

TECHNOLOGY | FREQUENCY | PEAK Pout OIP3 SIZE DC GAIN | REF
(GHz) PAE | (dBm) | (dBm) (mm?) VOLTAGE | (dB)
(%) SUPPLY
GaAs PHEMT 9-12 20 33 36 5x5 7 20 [14]"
leadless
SMT
PACKAGE
0.5 pm GaN 0.5-6.5 38.1 33.45 >40 2x2™ 15 >10 | [59]
(FROM NRC) @05 | @05
GHz GHz
0.8 pm GaN 8 4 28.1 -- - 10 35 [66]
0.2 pm GaN 2-18 15 33 -- 4x2™ 15 20 [67]
dBm
GaN HEMT 9.5-12 - 375 -- 35X28™ 30 5.2 [68]
dBm
Triquint Power 10-12 29 34.5 43 5x5x0.85 6 25 [69]"
PHEMT
0.25 um PHEMT 13-17 30 34 38 9.4x6.4x1.8 7 26 [701
0.25 um PHEMT 6-18 20 34.5 -- - 8 26 [71]
Triquint Power 6-18 25 34.5 - 4.445 X 8 24 [72]"
PHEMT 3.023
Qorvo’s 0.15um 13-18 25 33 -- 20 20 [73]
GaN on SiC 1.25X2.1
die area
NRC 0.15um 8-12 3@ |345@ | 0@ 2.026 X 20 16 This
GaNon SiC 8 8 GHz 10 .849 work
GHz | 33.362 | GHz
0@ | @10
10 GHz
GHz

*: Commercial chip

**: No on chip bias
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CHAPTER 7 10 GHz FRONT-END DESIGN

The primary objective of this thesis was to integrate the designed low noise amplifier and power
amplifier with a GaN 0.15 pum switch to obtain a MMIC front-end module operating at 10 GHz and
have it fabricated. In this chapter, a wideband single pole single throw switch will be integrated with
the designed LNA and PA. Note that the design of the GaN Single Pole Double Throw (SPDT) switch
was completed by a fellow researcher from the ELEMENT research laboratory at the University of
Ottawa.

7.1 WIDEBAND SWITCH

The primary advantages of a fully integrated GaN transceiver front-end are its weight and size. As
explained in chapter 2, these two important parameters are substantially reduced by the use of
switches in the front-end architecture. This is partly accomplished by replacing the bulky and heavy
circulator with a SPDT switch, thus reducing the area of the RF front-end module significantly. The
use of GaN switches includes additional advantages such as improved linearity and power handling
capability of GaN. Due to GaN HEMT’s power survivability, the use of limiters can be reduced to
none which allows it to be smaller, cheaper, less power consuming and better system level front-end
architecture. [10] [21] - [23]

A broadband (2- 18 GHz) single pole double throw T/R switch has been then integrated with the LNA
and PA to achieve the 10 GHz front-end architecture. The final topology included a combination of
series/shunt switch sections to form the SPDT to ensure wideband performance. Figure 92 represents
a basic schematic diagram of a series/ shunt SPDT from ADS. The transistor model from the GaN
0.15 pm design kit by NRC was used as a core of the SPDT design. The sizes of switch transistors
were chosen to be 2 X 200 um each as the ideal tradeoff between low insertion loss and high isolation.
The transistor “ON” and “OFF” voltages at the gate were optimized to achieve the minimum

respective resistance and capacitance from the required switch transistors.
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Figure 92 Basic Series/Shunt SPDT Schematic

Figure 93 represents the layout of the shunt-series SPDT, which was integrated to achieve the front-
end module. The layout design of figure 93 uses four GaN HFET transistor layout models available
in the current version of GaN150v1.01 PDK.

Using the same guidelines as in this thesis, the transistors were oriented along the horizontal X
direction and placed as close as possible to achieve better small/large signal matching. In addition,
shorter signal line in between ensured the least possible path loss. The SPDT switch was implemented
in layout ensuring it was free of Design Rule Check (DRC) violations and subsequently submitted for
fabrication. The required DC blocking capacitors at the input/output signal path and shunt capacitors
were implemented using MIM capacitors available from the design kit. The SPDT layout design
required four 1.5 KQ nichrome (NiCr) resistors to provide the “ON” and “OFF” voltages at the gate
of the four switch transistors and to increase RF isolation. In addition to keeping shorter length to
incur less path loss, the length and width of the signal lines in TX and RX path were varied to achieve
optimum matching in both sides of the switch and sufficient power handling capability in TX side, at
the same time complying with transmission line maximum current ratings for the required line widths.
Despite the differences in LNA and PA layout design length, the switch design in both TX and RX

chain was kept as symmetrical as possible.
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Figure 94 represents the overall layout driven schematic of the SPDT used in the FEM module. EM

simulations were conducted creating an EM model of the switch.

Figures 95 and 96 represent the EM simulation results for SPDT for TX and RX side. S-parameter
simulations were carried out to obtain insertion loss, isolation, and input/output return loss. The switch

transistors were turned ON with 0 V and turned off with -4.5 V at the gate of the transistors.

These figures demonstrate better than 10 dB input/output return loss from 2 GHz to 18 GHz
bandwidth for SPDT design. An Insertion loss of less than 1 dB was achieved for the entire band of

interest with isolation levels lower than -25 dB.
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7.2 LAYOUT DESIGN FOR 10 GHZ FRONT-END AND RESULT

Figure 97 represents the overall layout design of the 10 GHz front-end module, which was sent for
fabrication to CMC. It includes the LNA, PA and switch layout design (shown individually in Figures
38, 75 and 93, respectively). The overall layout design was DRC (design rule check) free. The
reference to horizontal (X) and vertical (Y) direction is shown in figure 97 as well. All the transistors
were oriented along horizontal X-axis as mentioned earlier. The overall front-end layout design would
have fit into 3 x 2 mm? die area, but there was no option from the foundry for 3 x 2 mm? fabrication,
i.e. options were either 2 x 2 mm? or 4 x 2 mm?. As a result, a tile size of 4x2 mm? was selected for
the front-end layout design. Thus, in addition to LNA, PA and switch layouts, several layout design
of test structures were added. First, three transistor layout test structures (used in LNA, PA and switch
layout design) were added. Also, a test structure of DC blocking capacitor was added in the overall
layout design because several MIM capacitors available from design kit were used to implement DC

blocking capacitors and shunt capacitors in bias line.
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In addition to that, probe de-embedding open/short structures were added as test structures to
characterize the kit further after fabrication. The overall layout design used sixteen DC pads in total
of 100 X 100 pm? area. Among the DC pads, eight of them were used in TX chain and eight of them
were used in RX chain. The layout design required 9 RF pads of 60 X 60 um? area where signal to

ground and signal-to-signal distance were 100 um and 330 um, respectively.
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Figure 97 Front-end Layout Design (4 mm x 2 mm)

SIMULATION RESULTS FOR 10 GHZ FRONT-END: Initially all the active and passive
components were removed from the front-end circuit layout with the exception of all the metal layers,
bias network, TWVs and signal/DC pads. Several pins were connected in the place of the active and
passive components. S-parameter simulations were carried out in ADS momentum for the layout and
with the obtained results, an EM model was created and saved. Figure 98 represents the EM co-

simulation test setup of the complete FEM in ADS.

The objective of this section is to verify the circuit performance including all the layout parasitic
resistances and capacitances. In figure 98, port 1 represents the PA input at the TX chain, port 2 stands
for antenna input/output port and port 3 represents the LNA out port in the RX chain. The DC probes
were modelled as 3 nH inductance with 0.5 Q resistance while conducting small and large signal
simulations. Figures 99 to 104 demonstrate the S-parameter simulation results for RX and TX chain.
The switch transistors were turned ON with 0 V and turned off with -4.5 V at the gate of the transistors.
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Large signal harmonic balance simulation with one fundamental tone at 10 GHz was carried out. The
switch transistor in the TX chain was turned ON. RF power was varied from 15 to 18 dBm at the
input of the TX chain (port 1 from figure 98). Figures 105 and 106 show the power gain and PAE vs
output power for TX chain. It was tried to sweep from power level as low as -40 dBm but due to
nonlinear behavior of harmonic balance simulator the result could not be obtained up to desired input

power level of 15 to 18 dBm to achieve output power close to 2 watt.

Figures 99 and 102 demonstrate 14.1 dB and 15.1 dB of forward gain for RX and TX chain
respectively at 10 GHz. Figure 100 illustrates that better than 10 dB of input return loss was achieved
for RX chain from 6 GHz to 15 GHz. Figure 101 demonstrates that better than 10 dB of output return
loss was achieved for RX chain from 7 GHz to 18 GHz. Figures 103 and 104 illustrate that 10 dB
input/output return loss was achieved for TX chain at 10 GHz. Large signal harmonic balance
simulation results show that TX chain can deliver 32.67 dBm output power with 27.45 % PAE at 10
GHz fundamental frequency (Figures 105 and 106). Table 11 to 13 summarizes the performance of

the FEM from EM co-simulation results.
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Figure 98 EM Simulation Test Setup for Front-end
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Figure 100 Input Return Loss vs Frequency of the RX Chain
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Figure 101 Output Return Loss vs Frequency RX Chain
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7.3 DISCUSSIONS AND CONCLUSION

In this Chapter, the performance of a fully integrated 10 GHz FEM making use of a novel 0.15um
process from NRC has been demonstrated. Results agree with initial system specifications and show
the competitive edge of this design when compared to other results in the literature as well as
commercially available parts. Design was submitted to foundry and currently in fabrication. Testing

of the FEM will be completed once fabrication is complete.
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Table 11 RX CHAIN PERFORMANCE SUMMARY

PARAMETERS LNA SWITCH RX CHAIN
Forward Gain, S21 > 12dB INSERTION LOSS < >12dB
for 7 GHz — 15 GHz 1dB for 7 GHz — 14 GHz

(2 GHz - 18 GH_2)

Input matching, S11

<-10 dB (6 GHz to 14

<-10dB (2 GHz to 18

<-10dB (7 GHz to 15

(dB) GHz) GHz) GH2z)
Output matching, S22 | <-10dB (3.8 GHzt0 155 | <-10dB (2GHzto 18 | <-10dB (7 GHz to 18
(dB) GHz) GHz) GH2z)

Table 12 TX CHAIN PERFORMANCE SUMMARY (Input =18 dBm)

PARAMETERS PA TX CHAIN
OUTPUT POWER 33.60 dBm 32.67 dBm
POWER GAIN 15.60 dB 14.67 dB

PAE 29.90 % 27.45 %

Table 13 FEM POWER CONSUMPTION

SINGLE DC SUPPLY SUPPLY
SUPPLY QUIESCENT QUIESCENT
DRAIN CURRENT | DRAIN CURRENT
VOLTAGE For RX CHAIN For TX CHAIN
20V 80 mA 180 mA
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CHAPTER 8 CONCLUSION AND FUTURE WORK

8.1 CONCLUSION

In this thesis, a low noise amplifier and a power amplifier for X band were designed using a novel
GaN 0.15um technology on silicon carbide wafer provided by NRC. In addition, a GaN 0.15um
single-pole-double-throw (SPDT) switch was integrated with the designed amplifiers to achieve a RF

front-end architecture for X band.

This work offers multiple inspiring research opportunities towards the implementation of future front-
end solutions in next generation of military, aerospace, and civil wireless communication systems as
well as in biomedical applications as it can reduce size, provide high power with high efficiency, low

noise, high linearity, and robustness for applications in harsh environments.

The low noise amplifier and power amplifier designed and reported in this thesis have demonstrated
the feasibility of achieving wideband, efficient and smaller front-end module design using NRC’s
GaN 0.15 pm process. The obtained performance for both amplifiers can be successfully compared
to other existing X band LNA and PA designs.

As for the LNA, it should be noted that in the absence of noise model from the foundry, this work
extrapolated a current density of 0.15 (Io/Ipss) as the optimum bias point used for lowest noise figure
based on values reported in GaAs and experimental values for GaN [46]. The designed low noise
amplifier demonstrated, in simulations, one of the best input/output return loss compared to existing
X band low noise amplifiers. The EM simulation results of designed LNA demonstrated input return
loss better than 20 dB from 7 GHz to 11 GHz and output return loss better than 20 dB from 5 GHz to
12 GHz. The forward gain achieved was more than 12 dB from 7 GHz to 15 GHz with a maximum
gain of 14.69 dB at 10 GHz. This design represents the first attempt to implement a full integrated X
band FEM using a novel 0.15um GaN process from NRC. In the future, the obtained results can be

further improved with the addition of noise models from the foundry.

In addition, the power amplifier shows acceptable results for power and efficiency for the overall X
band frequency range. In the lower end of the X band range (i.e., 8 GHz), the PA delivers 34.33 dBm
of output power with 33.84 % PAE. At 12 GHz, it was shown to deliver 31.69 dBm power with 23.73
% PAE to a 50 Q load. At the desired center frequency of 10 GHz, it delivers 33.6 dBm power with
29.9 % PAE to a 50 Q load.
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Compared to other power amplifiers operating at similar frequency range and linearity requirement,
the proposed amplifier exhibits one of the highest power added efficiencies. Note that optimum load
can be provided off chip to further increase the power added efficiency.

It is also noteworthy to mention that the designed LNA and PA required one of the smallest die areas
including the quarter wave length DC bias network and blocking capacitors when compared to other
X band LNAs and PAs with similar design specifications. The LNA and PA were integrated with a
wide band SPDT to form a 10 GHz front-end design. The simulation results of the front-end module
demonstrate a good small signal gain and input/output return loss in TX and RX chain with 27.45 %

efficiency delivering approximately 2 W power to a 50 Q load.

8.2 FUTURE WORK

The front-end module chip designed in this manuscript has recently been received from foundry after
fabrication. Measurement of this front-end module chip will be the first task planned in the near future.

It should be noted, this was the first scheduled fabrication run for this process.

Input impedance and antenna radiation pattern changes due to the detuning effects from changes in
operational and environmental conditions. The fellow researcher who designed the switch also
worked on an impedance tuner circuit on GaN150 process. The layout design of the impedance tuner
circuit can be integrated with the power amplifier layout designed in this thesis to address detuning
effects. After the impedance tuner circuit will be integrated, the power amplifier response can be
further analyzed in the presence of a variable load presented by an antenna with the output matching
network due to the change of environmental condition and detuning effects. In addition to this, thermal
performance of the PA design can be characterized and the correlation between temperature and RF
performance can be presented. Also, noise data can be collected and used to develop a reliable noise

model of this device.

In addition to that, system level simulation such as envelope simulation can be conducted using
different modulation techniques to further characterize the PA behavior verifying EVM and ACLR.
The designed PA was a class AB power amplifier. However, switch mode power amplifier (E/F) can
be considered to increase efficiency. If the goal is more toward linearization rather efficiency

enhancement, digital pre-distortion linearization technigque can also be practiced.
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