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Abstract

Recently, GaN HEMTs have been proven to have numsefqghysical properties, resulting in
transistors with greatly increased power densitiben compared to the other well-established FET
technologies. This advancement spurred research painduct development towards power-band
applications that require both high power and Hffltiency over the wide band. Even though theafse
multiple narrow band PAs covering the whole bang inaariably led to better performance in terms of
efficiency and noise, there is an associated iser@acost and in the insertion loss of the swialeed to
toggle between the different operating bands. Toa, ghow, of the new technology is to replace the
multiple narrow band PAs with one broadband PA kizet a comparable efficiency performance.

In our study here, we have investigated a variétyide band power amplifiers, including class AB
PAs and their implementation in distributed anddimek PAs. Additionally, our investigation has
included switching-mode PAs as they are well-kndamachieving a relatively high efficiency. Besides
having a higher efficiency, they are also less apisicle to parameter variations and could impokevar
thermal stress on the transistors than the corvmaltmode PAs. With GaN HEMTs, we have
demonstrated: a higher than 37 dBm output poweraantbre than 30% drain efficiency over 0.02 to 3
GHz for the distributed power amplifier; a highkan 30 dBm output power with more than a 22% drain
efficiency over 0.1 to 5 GHz for the feedback affigj and at least a 43 dBm output power with ahbig
than 63% drain efficiency over 0.05 to 0.55 GHztfar class D PA.

In many communication applications, however, adhigboth high efficiency and linearity in the PA
design is required. Therefore, in our research,ha¢e evaluated several linearization and efficiency
enhancement techniques. We selected the Linearifaratbn with Nonlinear Components (LINC)
approach. Highly efficient combiner and novel efficy enhancement techniques like the power
recyclingcombiner and adaptive bias LINC schemes have beeressfully developed and verified to

achieve a combined high efficiency with a relatieigh linearity.
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Chapter 1 Introduction

1.1 Background and the State of the Art

The ever-increasing growth in the wireless commatia market, such adigital microwave radio,
cellular and wireless infrastructure, CATV, tesstmmentation, defense and space, and satellite
communications applicationglus many more, requires that future RF/Microwmitimeter wave front-
ends operate over wider bandwidths and at higheguincies. To function effectively for all these
services with different frequencies and formatgnsparent broadband transmitting and receiving
architectures are required. Excellent exampleb@de architectures exist. One is software defindibs
and another is the fourth generation “4G” converg@eless service RF front ends.

A vital component in any communication system &s plower amplifierln most cases, the PA is not
just a small-signal amplifier driven into saturatidut there exists a variety of different PAs tban be
designed for maximum efficiency or maximum outpotver while sustaining linear performance to
minimize the signal distortion. These PAs are ugudlided into two operational modes. One typéis
conventional mode, such &s AB, B, and C classes, while the other is thé&@ving-mode classes such
as D, E, and F, etc. Here, the classes A and ABBregar PAs. The other classes are nonlinear PAS.

Recently, gallium nitride high electron mobilityatrsistor GaN HEMT) devices have been added as
an excellent candidate for designing highly efiitiand extraordinary high power PAs. They are pnove
to have numerous physical properties, resultingansistors with greatly increased power densitieen
compared to other, well-established FET technokdreg. GaAs or Si). The GaN devices have a
relatively high power density and smaller die sizee to the superior thermal and voltage breakdown
properties of the material utilized, and the feidisjbof growing it on high thermal conductivity Si
substrates. Furthermore, the GaN devices, when aadpo silicon LDMOS FETs and GaAs MESFETs
of similar output power, have smaller parasitic amfances. The smaller parasitic capacitances and
associated large input and load impedances absisbaN HEMTSs in exhibiting a broader bandwidth
than the bandwidth demonstrated by other technedogiAdditionally, their higher breakdown
voltage/supply voltage, combined with a low supplyrent, make GaN HEMTSs the optimal choice to
handle high power output. This new technologicaisadement turned research and product development

towards power-band applications that require bagh power and wide band performance.



The new implementation of this technology is difietr from the previous implementation that relied
on switched narrow-band PAs to cover the whole viodied frequency range, but it rather address wide-
band PAs.Narrow-band PAs invariably have better performainteaerms of efficiency and noise.
However, the use of multiple narrowband amplifiersreases the cost of production and the associated
increase in the insertion loss of the switches teddggle between the different bands for transiois
and reception operation. The goal of the new agtigito replace narrow band PAs with a broadbafd P
that has comparable efficiency performance.

A need for linearity has become apparent, and ¥ aone of the principal factors in the design of
modern PAs. Linear amplification is required whdre tsignal contains both amplitude and phase
modulation. Nonlinearities distort the amplifiedrsal, resulting in splatter into the adjacent cledsinas
well as errors in detection. Amplitude nonlinearitauses the instantaneous output amplitude, or
envelope, to differ in shape from its correspondingut. Thus, linearity is of great concern for
communication systemsn order to ensure signal integrity and reliablerf@@nance. Linearity
amplification is created by either a chain of linPAs (classes A/AB), or a combination of nonlinB&s
with external technologies, such as Linear amgltfan with Nonlinear Components (LINC) or Envelope
Elimination and Restoration (EER).

In our study, we have investigated a variety ofesiénd PAs, including the class AB PA. Their
implementation in distributed and feedback ampkfibas been explored for wideband applications,
because of their broadband performance and lowitisensitivities while sustaining an adequatedime
performance. The amplifiers have been employed dth tbroadband communication systems and
measurement equipment for many years. Their coinraitdesigns, however, are based on utilizing low
power devices, and are generally analyzed usind| sigaal analysis. Significant impact on the pregs
of broadband PAs can be achieved by developingiluliséd power amplifiers and feedback PAs which
utilize power devices like the recently developedNGHEMTSs instead of conventional small-signal
devices.

Our investigation also included switching-mode poamplifiers (SMPA) which are well-known to
achieve a relatively high efficiency. A comparidmgtween various switching-mode PA operations (class
D, E and F) that employ the transistors as switciied conventional mode PAs that employ the
transistors as current-sources shows that theiesfies of the SMPAs are substantially higher.
Therefore, SMPAs can compete with the conventiomade PAs in LINC applications. Besides having a
higher efficiency, SMPAs are also less susceptibl@arameter variations and could impose a lower

thermal stress on the transistors than the coromadtmode PAs.



In many applications, however, simultaneously adhiggboth high efficiency and linearity in the PA
design is required. Therefore, in our research, hage evaluated several efficiency enhancement
techniques such as the Doherty amplifier, LINC, EBRd Envelope Tracking (ET). However, signals
with a time-varying envelope, as used in baseastatirequire complex architectures such as Chireix
(LINC) or EER/ET. Here, we have selected the LINSpraach, believing it to be a good candidate to
simultaneously achieve both relatively high effig and linearity. In an LINC approach, the twouhp
amplifiers which create the nonlinear input wavefsrare designed, from a DC power perspective, to be
efficient. Their two nonlinear output signals aregerly combined to produce a waveform that is
relatively linear Subsequently, it is essential to develop highljcefit, extremely wideband networks as
part of our study to combine the outputs of theviddial PAs to achieve the desired output poweghhi
efficiency, and linearity.

In our study, we have explored the impact of thalgioer’s selection on overall system performance.
The basic parameters of the studied power combiaegsbandwidth, insertion, and return losses.
Generally, power combiners are either non-isolééthout isolation between the input ports) or &et
(with adequate isolation between the input poitspractical circuits, the non-isolated power congbi
designed for high efficiency operation will produgesignificant interaction between the two combined
PAs, thus leading to an unacceptable distortiorterAatively, to preserve the high linearity, the
employment of power combiners with adequate isotatbetween the two input ports must occur.
However, this might degrade overall efficiency ascompromise is required.

To combine our approach with the current trenddmedoping wireless systems operating at various
frequencies, including RF/ microwave and millimeteave frequencies, it is imperative to identify and
overcome the various challenges presented. Firased on Table 1-1, most of theireless
communication systems today tend to utilize higfteguencies, such as 60 GHz, or even 90 GHz.
Second, we need to overcome other hurdles in owsufitfor improved operating systems, such as mm-
wave utilization. This includes the availability efficient active devices for power amplificationgw
noise devices, and low-cost passive devices.

Here, we investigate two low-cost technologies developing such high frequency systems—the
dielectric image guide and the substrate integrategteguides. Dielectric image guides (DIG) are
excellent candidates for developing a low-costra#tve technology for mm-wave applications. They
have an extremely low loss and wideband operaliba.basic components for mm-wave systems include
power dividers, modulators, and circulators. Thag be integrated as part of the antennas for wraeba
millimeter wave communication systems. The othev-tmst technology which can also be utilized at

higher frequencies is the substrate integrated guades (SIW). Utilization of such technologies slaou
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Table 1-1 Frequency Allocations

Frequency range Application

VHF/UHF (30-512 MHz) Softwar®efinedRadio
(900/1800 MHz) GSM

1900 MHz CDMA

2.3&3.5GHz WIMAX

3-10 GHz uwB

Ku/K/Ka band Satellite Communications
60 GHz MIMO system

assist in lowering the cost of developing comméreiéreless components at these frequencies.

Otherwise, they are prohibitively expensive.

1.2 Our Contributions

In an effort to address the various challenges céat®al with developing efficient high power
transmitting and receiving over wideband, we harefggmed extensive research to address the above

challenges.

1.2.1 Inthe area of high power amplifiers

Background:

Recently, GaN HEMTs have been extensively resedrchige achieved higher thermal conductivity
of the GaN on the SiC substrate makes it supeoatst GaAs or Si counterparts, especially for high
power and high temperature applications. GaN HEMage higher power density, higher break down
voltage, and lower parasitic capacitance, makinguitable for high power and high efficiency SMPA
implementations, even at higher frequencies. Atgame time, GaN HEMTs have great potential for

broadband applications.

» Broadband Power Amplifiers
For a low-cost and efficient operation, it is imfamt to have power amplifiers suitable for multidan
operations. The feedback amplifier employs the sfesdback between the gate and drain of the active
device used in the circuit to achieve widebandiappbns. However, the feedback amplifier usualig h
4



a low gain, output power, and drain efficiency disethe negative feedback. On the other hand,
distributed power amplifiers are generally excdlleandidates for ultra wideband applications due to
their broadband performance and low circuit serisgs. Their conventional designs have alreadynbee
employed in both broadband communication systents rarasurement equipment for many years.
Conventional distributed amplifier designs, similarconventional feedback amplifier design, however
are based on utilizing low power devices, and floeee generally analyzed using small signal analysi
Our efforts here are to use high gain, high effickeGaN HEMTS, and bias the device at class AB mode
then apply large signal analysis to optimize thgpouperformance both for the feedback and disteitbu

power amplifiers.

Contributions:
* Developed a GaN HEMT feedback class AB power applifsing hybrid microwave
integrated circuit technology. The measuregsPutput power is higher than 30 dBm and the
drain efficiency is higher than 22% over 0.1 to B

» Developed a discrete ultra wideband GaN HEMT disiréd power amplifier (DPA) with
over a 5 W (37 dBm) output power and drain efficieaxceeding 30% in the 0.02 to 3 GHz

frequency range

The design details and experiment results are shm@hapter 2.

» Class D Power Amplifiers
We have picked class D amplifiers to researchHeirtpotential use in our wide band investigation,
sponsored by Rockwell Collins, Inc. Various narrtsand class D PAs have been developed and

published [1-6], but here, we are addressing thigleband implementation.

Contributions:
» Developed a wideband class D power amplifier basedsaN HMETs which achieved a
63% drain efficiency and at least 20W over 50 t6 B81z bandwidth.

Wideband implementation is a challenging task. paleallel this effort to the effort of the Rockwell

Collins’ group, where we have investigated the oéea Cree GaN device operating at 28 V. The



Rockwell Collins’ team investigated a Eudyna GaNide and pushed its operating point to 50V. The

design details and flow will be shown in Chapter 4.

1.2.2 Inthe area of power combining

Background:

Recently, there has been an increased interestvielaping highly linear and efficient high power
transmitters for a wide variety of VHF/UHF wirelesgplications. Out-phasing amplifier architectwse i
sometimes utilized, where two out-phase constamtlepe signals are used to drive two nonlinear
SMPAs. Their optimally designed nonlinear outpgnsils are properly combined to sustain simultaneous
high linearity and efficiency performance. Gengralhese combiners are either non-isolated or tsdla
In our efforts, we have focused on the VHF/UHF @reacy range. Rather than using wire-wound
transformer combiners that have an unacceptabéstios loss at their self-resonant frequency, limgt
their usable frequency range, or using the lumpehents with limited power handling capabilities, o
quarter-wave length transformers that are bulkpwatfrequencies, we chose to use ferrite loadediaba
line segments for fabricating transmission linensfarmers to circumvent size, bandwidth, and power

handling constraints.

Contributions:
« Developed equivalent circuits and 3D EM modelsitoutate the combiner structures to
reduce the design period.
* Developed a wideband low-loss non-isolated combiner
* Applied a novel flux canceling scheme to improeisolation between the two input ports
and to prevent core saturation based on EM analiggissolated combiner.

« Developed a power recycling combiner to improveaherall system efficiency.

Extensive EM analysis has been performed to acheevextremely wide band performance with
very low insertion losses. The developed desigmaips over a 30 to 450 MHz bandwidth with less than
a 0.5 dB insertion loss. The details of the powanlginer design and modeling will be presented in
Chapter 5.



1.2.3 Inthe area of LINC transmitter

Background:

In modern digital communication systems, variouslulation schemes have been applied to achieve
high spectrum efficiency. The schemes include & lhigder M-ary quadrature amplitude modulation
(QAM) and orthogonal frequency division multiplegin(OFDM). However, these signals are
characterized by high peak-to-average power rdB@d?Rs) which exploit deep envelope fluctuations.
These unavoidable phenomena constitute a seriooislepn for the nonlinear behavior of power
amplifiers. They also cause a major problem for emodcommunication systems as it is essential to
achieve a high linear-efficient RF amplificationhéfefore, linearity is crucial in minimizing signal
distortion in order to maintain low levels of erreector magnitude (EVM) and an adjacent channel
leakage ratio (ACLR). At the same time, efficiereryhancement techniques are needed to achieve the
highest possible performance and cost savingshismext generation of base-station applicationg Th
LINC approach is a good candidate in order to siamdously achieve both a relatively high efficiency
and a high linearity. After development by Cox [2]e LINC approach has been applied to a variety of
wireless applications. Multiple variations/modifiicens on the LINC approach have been proposed to
improve the linearity and efficiency of modern vé®s communication systems. However, no perfect
solution to achieve both a high efficiency and hiigearity for high PAPRs signal yet exists. Hevar

contributions are focused primarily on improving thNC transmitter and developing new concepts.

Contributions:
* Used advanced EDA tools to analyze the overaltieffcy of the LINC transmitter with
various types of combiners in terms of narrow band wideband operation.
* Proposed and analyzed a novel adaptive bias LINM@dmitter, and then used advance EDA

tools to verify the concept.

This novel adaptive bias LINC transmitter can siamkously achieve high efficiency and relatively
high linearity, even with high PAPRs signal. Theaile of the adaptive bias LINC will be presented i
Chapter 6.



1.2.4 In the area of low cost microwave/mm wavglementations

» SIW Background

Conventionally, metallic waveguides are utilized fabricate high performance antennas and
associated feed networks for their extremely logslperformance. However, they are bulky, heavy, and
expensive to fabricate. Hence, for consumer-tygaieations, we propose to use a low-cost altereativ
technology -- substrate integrated waveguides ($I8t#sictures fabricated on printed circuit boards.
Where SIW sidewalls are constructed from linedhotes, rather than solid fences, the SIW technolegy

simple, less expensive, and renders light strusture

Contributions:
* Developed a UWB Vivaldi antenna array with a no@CPW to SIW transition to

demonstrate the use of SIW technology.

In our implementation, the SIW structure was opliyndesigned and fabricated on a thick substrate
to minimize conductor losses. The array employ$Vel Binary divider to minimize the insertion loss of
the feeding network. It has a common Grounded CaplaVaveguide (GCPW) feed to sustain a
satisfactory input match while preventing highedteasrmodes excitation over a wide frequency range. T
use of optimized T-junctions, and the integratiba GCPW feed, has also led to an even more improve
performance with a significant loss reduction. Teveloped Vivaldi antenna array, which has a high
gain, narrow beam width in the E-plane & H-plang] eelatively wide bandwidth, is extremely usefod f
ultra wideband antenna applications such as SeedghrWall Imaging, Indoor Localization Systems,

and Breast Tumor Detection. Here, the Vivaldi antearray design can easily be scaled to an mm-wave.

» DIG Background

The Dielectric Image Guide (DIG) lines are excelleandidates for use in developing a low-cost
alternative technology for millimeter wave applioas. The use of a high dielectric constant imagidey
(with the dimension a<b) makes it easier to coupke guides to alumina, silicon, GaAs, and ferrite

dielectric resonators, thus initiating a new seablications.



Contributions:

» Developed various dielectric image guide compontartmillimeter wave applications, such
as low-cost feed networks and antennas.

» Demonstrated reconfigurability using optical teaunés.

» Developed accurate models for various componergedan EM-CAD tools.

Here, we designed an alternative wideband metaégude-to-dielectric image guide transition first.
Next, we developed low-loss optically controlled/iides (such as variable attenuators). At the same t
we also applied the DIG as a feeding structureeigsh diverse types of antennas and arrays, imgudi
beam forming and end-fire antennas.

Examples of using low-cost technology, with desgjmulation, and fabrication details, will be given

in Chapter 7.



Chapter 2 Broadband Power Amplifier
Development using GaN HEMTs

2.1 Introduction

PAs are conventionally separated into two broadgmaies according to their operation bandwidth:
narrow band and broad band PAs. They are categoaizeording to the bandwidth over which they can
provide a constant output power. Usually, the nafband PA is defined by a relative bandwidth ofles
than 1% (bandwidth/center frequency). Meanwhile, bhoadband PA is defined by over a 10% relative
bandwidth. However, in this chapter, the broadbAdused refers to a PA that has a bandwidth of over
an octave (f/f,.=10 and relative bandwidth=164%). To achieve bag [power and a broad bandwidth,
both the circuit architecture and device technologgd to be consideredhe most popular and well-
established circuit techniques employed in the giesaf the broadband amplifiers using hybrid
technology [1] are:

» Reactively matched circuit;

« Distributed circuit;

e Feedback circuit;

» Lossy matched circuit

At the same time, gallium nitride high electron mobility transistd&8&dN HEMT) has been recently
introduced with a superior performance over othemdistor technologies. In this chapter, both faeldb
PAs and distributed PAsased on GaN HEMTwill be discussed in detail.

2.2 Classesof PA Operation

A high efficiency power amplifier (PA) is the heat the transmitter. To illustrate the single PA
transistor performance, let us consider its sevgpatating regions. When the input power is less th
certain threshold level, the PA is not conductimgirothe cut-off region. Meanwhile, when the input
power exceeds a certain threshold level, the Prassta conduct and linearly amplifies the inputnsigor
operating in the linear region. When the input poinereases and reaches the clip region (soft/blged
region, usually refers to, ), the output power is not linearly proportionalhe input power any longer,

but the output power would still increase. Findlg input power reaches the saturation level where
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output power flattens to a maximum level (saturatiegion, usually refers tosf, and if it does not
flatten out, begins to decrease.

The threshold level is determined by the biasimguiiry and is basically defined by its class of
operation (class A, AB, B, and C). Other classe®pération are switching mode power amplifiers
(SMPA), named class D, E, F, G, H, and S. Howetlezse classes refer to the circuit topology rather
than to its biasing. Figure 2.1 shows the differeperating regions of the above mentioned power
amplifiers. Generally, the power amplifiers canddéded into linear and non-linear power amplifiers
Their related linearity and efficiency are showrFigure 2.2.

The most popular class of PAs applicable for braadbapplications is class A, AB, and B. The bias
point, the optimized load line, the drain efficign@and waveform of the three classes of PAs will be
given in Table 2-1 and Figure 2.3. Choosing annogtiload can lead to the minimization of the total
device periphery required for a given RF output @owA smaller device periphery means a lower
parasitic input and output capacitance, and sulesglyy a wider associated bandwidth. As we wid se
the next section, a GaN device has a high powesityenvhich allows it to have the same output power
as other devices while having a smaller devicesppery. This allows a GaN application to reap the

benefits associated with high power and high fraque

/ % class A, AB
]

S
%:
T Py

Jy
s
o5

- Lass Bl o

e ——

class D,E,F

Figure 2.1 Operation regions for different powenpdifiers’ classes
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Conventional Mode i Switching Mode
| class A || class AB | | class B || classC | E | class D,E,F,S
- ' L
—
Linear PA Non-linear PA
50% 78.5% 100 % .
Efficiency
Linearity
Figure 2.2 Power amplifiers’ classes [3]
Table 2-1 Class A, AB, B PA basic parameters
class| Bias point Optimum load Maximum  outpilaximum Drain| Conduction
power (Bu) efficiency() angle @)
A v, :Vbr ~M R o :Vbr ~Ve P, = (Vor =M s | 90% 2
2 ’ Idss 8
| - Idss
© 2
AB v, >Vbr -V, R =V_Q P < MV, =Vi) e | 50% <n<78.5% | <6< 2n
2 P o
I, < Tass
° 2
B v, :Vbr ~M R o :Vbr ~Ve P, = Vo =M lges | 78:5% n
2 ’ 2l 4o 8
l, =0

Note: W, : the breakdown voltage;\/ knee voltagesls: saturation current;
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Figure 2.3 Waveform of PA's operations: (a) clasgbhclass AB; (c) class B
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2.3 Characteristics of Power Amplifiers

2.3.1 Linearity

The relationship of input and output signals faroaver amplifier is well known and can be presented
by a power series, as shown in Figure 2.4. Thpubutf the amplifier consists of not only the lingain
(aVi(1)), but also of an infinite series of nonlineaogucts. The equation shown here only presents a
weak nonlinear effect, but the Volterra series barused to present a stronger nonlinear effectl4é.
nonlinearities usually create signal distortionclsitas amplitude distortion and amplitude-to-phase
conversion. Linearity is an important aspect offa Bven for the same PA, with varying power inputs
(low power or over-drive), the linearity of the RAn be significantly changed. Thus, various tealnesq
can be used to characterize and measure the tyneartihe PA depending upon the utilized modulation
and targeted application. Table 2-2 presents tgaiesito characterize the linearity, with furthetads of

each technique found in [5].

Vit

V(ty=al () +al P (O +al 7 (+al () +--

Figure 2.4 Simplified PA

Table 2-2 Techniques for power amplifier lineadtaracterization

Techniques Signal modulation/application
Carrier-to-Intermodulation ratio (C/1) Two-tone sa

Noise-Power Ratio (NPR) Broadband and noise-ligaai
Adjacent channel power ratio (ACPR) Modern shapddepdigital signal
Error vector Magnitude (EVM) Vector signal
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Table 2-3 Different efficient definitions

Name Definition
Drain Efficiency (DE)/DC to RF Efficiency n="~P t/ |:>d
ou Cc
Power-Added Efficiency (PAE) n=(P - P) Fﬁ
ou n C
Average efficiency (Re Navs = Powave! Pinave™ M 500

2.3.2 Efficiency

Similar to linearity, efficiency is another impontafacet of PA design. Generally, there are three
conventional definitions for the efficiency of a Pghown in
Table 2-3.

24 GaN HEMTsOverview

GaN HEMT devices are a new addition to the PA ar&hay are proven to have numerous physical
properties that have resulted in transistors withatly increased power densities when comparethter o
well-established FET technologies (e.g. GaAs or Bije GaN devices have a relatively high power
density and a smaller die size due to the supéhiermal and voltage breakdown properties of the
material used in construction and the feasibilitgrmwing it on high thermal conductivity SiC sutaes.
Furthermore, the GaN devices, when compared wgilLDMOS FETs and GaAs MESFETs of similar
output power, have smaller parasitic capacitanths. smaller parasitic capacitances and its asgakciat
large input and load impedances make the GaN HEMXibit broader bandwidth than those
demonstrated by the other technologies. Additignaheir higher breakdown voltage/supply voltage,

combined with a low supply current, has made GaWHi&the optimal device for high power handling.

2.4.1 Material properties

As shown in Table 2-4, the GaN device has the lsighandgap and breakdown field, which makes
the GaN device the most feasible choice for highgraapplications. With a high thermal conductiviy,
GaN device can have higher power density. Additignahe high electron mobility and saturated

electron velocity of the GaN devices lead to a bighansconductance (g
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Table 2-4 Material Properties of Common Semiconuhsci6]

Si GaAs InP GaN SiC
Bandgap (eV) 11 1.43 1.35 3.4 3.26
Breakdown Field 30 40 50 300 200<30d
(V/um)
Electron Mobility 1500 8500 5400 1500 700
(cnf/IVs) (2DEG)
Saturated Electron 1 <1.0 1 1.3 2
Velocity (10cm/s)
Peak Electron Velocity| 1 2.1 2.3 2.5 2
(10°cm/s)
Thermal Conductivity 1.3 0.55 0.68 >1.5 <3.8
(W/cmK)
Lattice Constant (A) 5.43 5.65 5.87 3.19 3.07
Dielectric Constantsf) 11.7 12.9 12.5 9 9.7

2.4.2 Device structure

Figure 2.5 shows the various constituent layera GaN HEMTSs. The current passes from source to
drain through a two- dimensional electron gas (2pE@er, which leads to large electron motilitiexla
improves noise and gain characteristics. The AlGaN modulation-doped heterostructure is the only
heterostructure system among the wide band-gapceaductors and exploits the power-handling
capabilities of wide band-gap semiconductors, al$ agethe high frequency potential of a modulation-

doped structure.

2.4.3 Comparison of GaN HEMT and other device

The material's property and the device’'s structcombination make the GaN/ AIGaNEMTs
suitable for high-power, high-frequency applicatioRigure 2.6 shows a plot of the output poweruw®rs
frequency for different transistor technologies. [11 is obvious that the GaN HEMTs have the highes
possible output power over a wide frequency raklyeil recently, the principle disadvantage of a GaN
HEMT was its cost, since GaN HEMTs are usually ifadied on a SiC substrate. GaN HEMTs have a
higher drain voltage than other devices. The higindvoltage increases the transistor’'s input/outpu
impedance (close to 50), which makes the GaN HEMT devices much easienatch for broadband
applications. Another property of the GaN is thhe tdevice exhibits a soft power compression
characteristic. This characteristic makes the G&WIHSs’ gain start to have compressions even at 10 dB
below their rated power output, so GaN HEMTs angallg evaluated by fgs instead of B (where the
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gain drops by a 1 dB when compared to its lineam)gdhis soft power compression characteristio als
impacts the device’s linearity [8]. Table 2-5 comgsathe GaN with other semiconductor materials in
terms of its power handling, operation frequency] tabrication costs.

With regard to the above mentioned advantages,GaN HEMTs are used for broadband PA
development. The simulation and design details atimifeedback and distributed PA will be given in

the following sections.

2.5 Negative Feedback Power Amplifier Development

2.5.1 Feedback amplifier overview

A well known fact regarding FETs is that they usuabve a low input resistance and a high output
resistance at low frequencies, which makes itdiffito use a single device to achieve a multixeta
bandwidth. Niclas, et al [9, 10] proposed a feedbamplifier topology to achieve a multi-octave
bandwidth employing a single device. The FET feellanplifier is useful for broadband applicatiolts.
can be used as a general purpose gain block, andfE amplifier. Here, we will use the feedback
amplifier as a medium power amplifier. The feedbawiplifier, as shown in Figure 2.7, employs an RLC
shunt feedback network (an inductoggla resistor: B, and a capacitor: &) between the gate and drain
of the FET. The negative feedback RLC network isfuisto stabilize the device and make the
input/output impedances approach the desiredQ5@evel. Table 2-6 presents the advantages and

disadvantages of the feedback amplifier [7].

Source Gate Drain

Y| .,
n-GalN -l

n-AlGaN
eSS 666
GaN \channel
SiC Substrate

Figure 2.5 GaN HEMT structure [11]
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2

S 30| GaAsHBT
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Frequency (GHz)

Figure 2.6 Plot of output power vs. frequency fiffedent transistor technologies [7]

Table 2-5 GaN and other device comparison sumnidy [

Property Si GaAs SiC GaN
Suitability for High Power Medium Low High High
Suitability for High Frequencies Low High Medium dti

HEMT structures No Yes No Yes
Low Cost Substrate Yes No No Yes

= Qutput
Input matching —
— matching network
network
R

Vin

Figure 2.7 Simplified feedback amplifier
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Table 2-6 Advantage and disadvantage of feedbaghiféan
Advantages Has a simple structure, low cost ang éas either hybrid MIC or MMIC

fabrication

Proved to have higher efficiency than conventiahsiributed amplifiers [6]

Easy to achieve a flat gain, an unconditional §talzind have a good input/output
match

Less parameters’ sensitivity and distortion dudewice variation

Disadvantages Poor noise figure and high loss at the low freqyeand due to its resistiv

[¢]

feedback network, lower gain than conventional Isinded amplifier

As shown in Figure 2.7, in the RLC feedback netwedch component has a specific role to perform
in order to achieve maximum performance in termgaif, bandwidth, and input/output matching [13].

The feedback resistancezgRs the key element. It can initially be determirggahply from the following
expression:R., = g, Z (where g,is the trans-conductanoéthe device andZis 50Q). The gain of the
feedback amplifier can be presented §$=(Z,- R;)/ Z[1]. This indicates that the.Sparameter

depends only on thegR not on other S-parameters. More design detaildeaound in Appendix A.

The mechanism of the negative feedback is well-knawd is summarized here. The design goal is
the achievement of a flattened gain, accomplishedding a parallel resistive feedback network aver
broadband frequency range. However, since the lgamawidth product is a constant for a certain dgvic
the R has to be traded for an increased gain and battdwitie Lz has no effect at the low frequency
end. Meanwhile, the #8 controls the gain level. Thus, a maximum negatiedback is provided to
reduce the device gain at the low frequency endarMaile, as the gain of the FET device decreases
when frequency increases, the amount of negatadbfck is reduced due to the increase of the reacta
of Lggwith frequency. This could be used to flatten talgGe is used to block the DC between the gate
bias and the drain bias. Even though the RLC feddb@etwork already brings the input/output
impedance close to 50, adding a simple input/output matching networkudtiseduce the input/output

return losses even further.

2.5.2 State of the art of feedback power amplifand design goal

The feedback power amplifier can be developed usitiger monolithic (MMIC) or discrete devices
(Hybrid MIC). Compared to a monolithic designhgbrid MIC implementation has some well-known
19



advantages, such as a higher power capability,rloast, and faster turnaround. Additionally, ie&sier
to implement and develop a custom design. It is silsipler to integrate with the large inductorsuiesd
for low frequency operation and high current aglans. However, the hybrid implementation gengrall
has worse frequency performance. Table 2-7 preseatstate of the art of the feedback amplifiers. A
shown here, our work here achieved a medium oygpwter and bandwidth, but to maximize the gain
(per stage) over a broadband for a low implemesniatost. The design details, simulation results al

presented in the next section.

2.5.3 Feedback power amplifier development

As pointed out by Marsh [7], small-signal S-paraenetare useful when designing the input/output
matching and biasing network. They provide a fast simple way to achieve the basic bandwidth, gain,
and input match. The small-signal S-parameterganerally not sufficient to fully design a PA, suah
the switching-mode PA, for optimum power and effiy. It is acceptable, though, in our case to
initially design the feedback power amplifier usmgmall signal analysis since the transistor iimgnily
a linear device over the majority of the load lilvethis work, small-signal S-parameters are fustd to
achieve broadband operation with a good input matudh flat gain. Then, the matching network is re-
optimized for the best performance under the dé&vitarge-signal operating conditions to take the
“weak” nonlinearities encountered at the extremasesf the load line into account [7].

Here, we summarize our design steps for a feedbasker amplifier as follows:

* Device selection
* Bias point selection
* Small signal simulation

» Large signal optimization/tuning
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Table 2-7 State of the art of feedback amplifier

This work Y.Chung Ahmed Kevin W. H. J. Siweris | Karthikeyan|
(Achieved) [14] Sayed [15] Kobayashi [16] | [17] [18]

Power Level | >30 dBm <29.5dBm | >37 dBm 33 dBm 8 dBm 31.5dBm
aw) (0.89W) (5W) (2wW) (6mWw) 1.4wW)
3dB Mid-band 1dB 1dB 1dB Mid-band
Compression | Saturated Compression| Compression Compression| Saturated

Gain >12 dB >9 dB >8 dB >11dB >22 dB ~11 dB

Drain >22% >20% >38% >28% N/A <15%

Efficiency

Operating 0.05t05 DC to 0.01to 2.4 1to 4 GHz DC to 20 0.2 to7.5

Band GHz 5GHz GHz GHz GHz

Device commercial | customized | commercial | customized customized |[customized

Technology | GaN HEMT | GaN SiC GaN HEMT GaAs HEMT |GaN HEMT
Die HEMT MESFET Die Die Die

Die Package
Assembly HMIC HMIC PCB MMIC MMIC MMIC
# stages Single Single Single Single Three Two device
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» Device Selection

As discussed at the beginning of this chapter,Ga&l HEMT is one of the best candidates for a
broadband high-power, high-efficiency PA designwideer the high g (transconductance) and the small
drain-source resistancgff the large size GaN HEMTs are not conducivefdedback amplifier design
at low frequency. Specifically, the input;; Sof a small size device feedback amplifier can teegaate,
but as the HEMT device size increases, the ingfidation ; climbs rapidly at low frequencies [19].

Here, the CREE CGH60002DE was selected for thidys&nd was investigated for low frequency
operation and output power levels. The CREE dexg@e2W, RF Power GaN HEMT die, the electrical
parameters of CGH60002DE is shown as following:

Gate Length: L=0.35m;

Gate Periphery: W=2x360m;

Power Density: 4W/mm (28V bias);

Cut-off Frequency:+£ 20 GHz;

Maximum Frequency of Oscillation;f=36 GHz;

Saturated Drain-Source Current4400 mA with 28V (drain bias)

» Bias Point Selection

Both class A and class AB can be selected for adirand single-ended feedback PA design. A class
A operation can achieve a higher gain while a chklBsoperation can realize higher efficiency. Insthi
study, a slight (k=0.375l;s9 class AB bias point is selected as a compronme$eden gain and efficiency.
Also, drain-source voltagepy (18V) was selected. The DC bias point ig¥18V 15s=150mA, as shown
in Figure 2.8.

» Small Signal Simulation

There are two ways to achieve small signal S-patensieOne way is to acquire the S2p file from the
vendor for a certain bias point. The second meikow directly use the large signal nonlinear model
supported by the vendor to extract the linear I2pHere, we use the latter method. We bias thécde
for a class AB operation point (18V, 150mA), andverthe amplifier with a very low power signal to
guarantee the amplifier working within the line@gion to extract the small signal S-parameters, as
shown in Figure 2.9 Schematic to extract S-paranieten large signal model. A number of small signal
RF equivalent circuits exist for FETs. We have aedm seven-element small signal FET model for this
simulation, proposed by Curtice [20]. The detailsttee seven-element model and how to extract the
seven elements from S-parameters are shown in Alppén
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Figure 2.10 shows the extracted seven elementgrins of frequency, based on the equations
described in Appendix A. The seven elements aguéracy dependent, so an optimization is applied to
find the optimal element values to fit the extrdct-parameters with the seven-element model over a
wideband operation. This is shown in Figure 2.11.

Figure 2.12 shows that the S-parameters of thenseleenent model are in agreement with the

extracted S-parameters. With the extracigdige have
R, =0,Z =0.148x 2506= 37; (E4p.
Gain=S,(dB =20log(1- g 7 )= 16.1dt (Eq2.2)

However, the above equations only work for low fregcy and assist in the initial design. Figure
2.13 shows the simulation schematic of a simplifiegistive negative feedback amplifier.

Figure 2.14 shows the simulated gain and inputldutpflection coefficients as a function of the
feedback resistor value. As shown here, a mediumevé00 Q) feedback resistor helps both the
input/output return loss and the gain flatness. e\, the parasitic effects make the feedbackeagffe
at the high frequency end. Thus, the input/outpatciiing networks are still needed to improve the

VSWR of the amplifier and the gain flatness at higlerating frequencies.
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As shown in Figure 2.15 for the input part, thegignof the bonding wire (wire 4) can be selected to
compensate for the (bf the GaN HEMT. For the output part, the lengtthef bonding wire (wire 3) is
selected to let 4. compensate for the Cof the GaN HEMT. These compensations can provide ga
peaking at the upper edge of the frequency in respdo the extension of the bandwidth. Although the
RLC feedback network already has the input/outpygedance close to 3D, the transmission lines TLS,
TL9, and the capacitor Care still needed to improve the input match. Tkislso necessary for the
TL10, TL11 and C8 transmission lines for the outmaétching network. TL13 and TL14 are used to
model the open-end effects of the transmission Higure 2.16 shows the small signal simulatiomltss
which indicates that the input/output return las&ess than 10 dB and the gain is 13+0.5 dB okl @
4.5 GHz frequency range. Although the initial cédtion of R is 370Q and the low frequency gain is
16.1 dB, after optimization, the gain flatness amput/output return loss are clearly improved with
setting Rg=230 Q. As a stability check, we use the geometricallyiviiel stability factors [20pf the
input and output parts. All were greater than ofgis indicates that the amplifier is unconditiogall
stable, as shown in Figure 2.16b. However, the diepheeds to be optimized using a large signal

simulation to achieve the desired power performawbéch will be shown in the next section.

» Large Signal Optimization/Tuning

In an S-parameter simulation, the active devigmissidered a linear device. In order to evaluate an
optimize the power performance of the amplifieisinecessary to use a large signal simulatios, thie
Harmonic Balance simulation. The optimal goalashave a flat output power over a wideband, given
that the optimal load varies with frequency. Figaré7 shows the large signal performance, eithtr avi
constant 21 dBm input power or an input power thatls to a 3-dB compression in the output power.
Based on our simulation, the flathess of the oufpwer is within £ 0.5 dB over a 0.1 to 4.5 GHz
frequency range. Meanwhile, the drain efficiencybatth cases is higher than 32% over the entire
operating bandwidth. It is known that the inter-mladion distortion (IMD) level of a power amplifier
relates to the power level of the two-tone sightdre, we use a two-tone signal (L0MHz away fronheac
other) with 0 dBm power for each tone as the irgighal to check the IMD level over the wideband.
Figure 2.18 shows the simulated IMD as a functibfraquency. It is clear this amplifier has a loMD

level.
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2.5.1 Feedback power amplifier circuit and measd results

The feedback power amplifier was fabricated at MPTEc. using a hybrid microwave integrated
circuit technology. Corn coils and MIM (Metal-Insiibr-Metal) capacitors were used to achieve the
wideband operation and the bonding wires act adl #moctors both for the DC bias and RF matching.
The circuit implemented is shown in Figure 2.19iguFe 2.20 compares the simulated and measured
small signal S-parameters. A good agreement has hekieved between the simulation results and
measurement results. The input/output return B&eiter than 8.4 dB. The measured small signaligai
14 (x0.9) dB over 0.1 to 4.5 GHz. Figure 2.21 showth the simulated and measured output power and
drain efficiency for a 3-dB compression point. Theasured s output power is higher than 30 dBm
and the drain efficiency is higher than 22% ovdr 0. 5 GHz. The measured output power and drain
efficiency are noticeably lower than in the larggnal simulation results, which could be relatedhe
accuracy of the nonlinear device model utilized. significant gain-drop of around 2 GHz also exists.

This is believed to be an inherent device problem.
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2.6 Distributed Power Amplifier Development

2.6.1 Circuit design overview

In a conventional distributed amplifier design,rthare two input and output artificial transmission
lines with a number of FETs connected in shunt ghdn Figure 2.22). These artificial lines are
comprised of different L-type cells, the series arfreach cell is made of a lumped inductor and the
gate/drain impedance of the FET is the shunt arthefjate/drain line. These artificial transmisdiars
are terminated by their characteristic impedangeghe signal travels down the gate line, eachstshor
is excited by a traveling wave and transfers tlymadi to the drain line through its transconductance
Therefore, the signal delays on the drain lineaaljeisted to add in the forward direction as theerat
the output, while the reverse wave goes througferdiiit cells and have unequal path delays. Their
summation is then frequency dependent and will lpeaks and valleys. For example, at low frequency
where the delays are insignificant, the output poweuld split equally between the load and reverse
terminations [1].However this strategy to desigtisributed power amplifier will hava low efficiency
operation and low power capability which eventualpuld result on low gain asell due to the
relatively high loss of these artificial lines.

There are typically two techniques that have besaduo enhance the distributed power amplifier's
efficiency. The first technique is used to reduwe lbsses of the gate line. Ayasli et al. [21]psgabto
couple the FETs to the gate line through seriesatgps to simultaneously increase both their power
capabilities and efficiency. However, the implenagiain of this technique has led to significant gain
drop. Fortunately, the GaN HEMT can alleviate thgain drop due to its inherent higher
transconductance. Meanwhile, a second techniquedbas drain line tapering without terminating the
drain line that was originally introduced by Ginztdewlett et al. [22], and implemented later on by
Chick [23]has been used to increase the drainiefiiy. The cost is a degraded output VSWR, but, due
to the high impedance characteristics of GaN HERiIsshould be a less costly trade-off. Hence,un o
design we have used both techniques.

The DPA was initially designed and optimized usting well established design criterion for a stable
linear small signal wideband performance like bfa24]. Subsequently, this design was modifiedeoas
on the large signal performance analysis of the GHNMMTs for high power operation. Finally the
modified DPA design was optimized to achieve bothgh drain efficiency and high output power while

sustaining an adequate input/output return loss engeband. AWR Microwave Office 2007 [25] has
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been utilized through the entire design procesk witnon-linear device model for GaN HEMT from Cree

Inc.

2.6.2 State of the art of distributed power aifipt and design goal

Similar to the feedback amplifier, the distributpdwer amplifier can be developed using either
monolithic (MMIC) or discrete devices (Hybrid MICT.able 2-8presents the state of the art of the
distributed power amplifiers. As shown here, ourrkvbere achieved a medium output power and

bandwidth, but to maximize the PAE, and gain ovdir@adband for a low implementation cost. The

—_—
ERL
S, A S P PN S,

—
P Y
Ly Ly Lg Lg Lg Lo/ .
Vip dump

Figure 2.22 Schematic diagram of a conventionatibiged amplifier

design details, simulation results will be presdntethe next section.
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Table 2-8 State of the art of distributed power Hiep

This work | A. Pavio L. Zhao L. Zhao Tan Teik J.Ph.Fray | J.Gassma
(Achieved) | [26] [27] [28] Siew[29] sse[30] nn
Power >37 dBm| >40 dBm| >30 dBm | >37.5 dBm| >30 dBm | >33 dBm | >37 dBm
(5W) (aow) aw) (5.6W) aw) (2wW) (5W)
Saturated | Saturated Saturated | Saturated Saturated | N/A Saturated
PAE 0.02to 2.5| 0.02t0 2 0.8to 21| 0.1to2 0.1t0 0.65| 2t0 8 20to 15
GHz GHz GHz GHz GHz GHz GHz
>30% >30% >38% >25% >26% >20% >20%
25t03
GHz
>27%
Gain (dB) >13.5 >11 >10 >11 >13 >9 >10
Small 0.02t03.5| 0.02to2.5 | 0.8t02.3| 0.1to 2 0.1to06 | 2t0 8 2to 15
signal GHz GHz GHz GHz GHz GHz GHz
bandwidth
Device type | Cree Nitronex GaAs LDMOS MOSFET | Cascode | GaN
GaN GaN pHEMT package HBT HEMT
HEMT HEMT package
Die Die
# Device 3 4 5 4 3 ax2 5
Fabricated PCB PCB LTCC LTCC PCB MMIC MMIC
Class AB AB B B AB A AB
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2.6.3 Small signal simulation and design process

The operation frequency range of the DPAs is gdigelienited by the size of the utilized active
devices. At low frequencies close to DC, for exanphe distributed power amplifier is equivalent to
having the power devices connected in shunt. Sulesgly, when we use larger devices to achieve
relatively higher power, they would have smallegsiidssource resistance {JR As point out by Nicals et
al., the small device can have goad, But as device size increase; 8imbs rapidly. So it is difficult to
achieve good output return loss at low frequendgigutarge size device. This would require a special
matching network to achieve good output returndssat low frequencies. At the same time, the large
size device has larger gate-sourcgg)(@nd drain-to-source ( capacitances, which limits its high
frequency performance. As a compromise and to w@ivent this problem, our design is based on a
medium size GaN HEMT device to potentially achievgood output return loss down to 0.02 GHz.
Specifically, the selected device is a GaN HEMTe@€C€GHG60002DE), which is the same device as we
used to design negative feedback power amplifiéhernprevious section.

The gain of the distributed amplifier is typicadyfunction of both the number of amplifier staged a
the attenuation associated with the gate and dwa@s. Theoretically, the optimum number of stages
required to maximize the gain of a distributed &figyl can be deduced from the explicit
expressions/graphs described by the complex funciche gate and drain lines attenuation derived b
Beyer et al. [31]. But in practice, the typical ragn of stages in a distributed power amplifier haen
found to be in the range of 3 to 6. Subsequently number of stages in our design has been restrict
only three in order to avoid using extremely higipedance transmission lines, as will be described i
the next section.

A small signal design for a conventional three stdggtributed power amplifier was first simulated.
The design was based on utilizing uniform gate @nath lines with characteristic impedance gtZ0 Q.
The Gsof a HEMT is typically bigger than£that can cause phase imbalance between the gatirain
lines’ phase velocities. There are two ways to e&se this phase imbalance. There are two ways to
decrease this phase imbalance. One way is to add the drain line to increase the equivalenjs"C
Another way is to add a series capacitangg t@ the gate of each HEMT to decrease the equivalent
“Cgs. Figure 2.23 compares the small signal simulatesults of conventional and capacitively coupled
DPAs with ideal lumped elements. The simulatiorultssclearly show that after adding a series gate
capacitor, G, the gain bandwidth is significantly improved howe there is a considerable gain drop

because of the voltage division across th@@uCy, capacitors.
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Figure 2.23 Small signal simulation results of acamional (Con) and capacitively coupled (Cap) DPAs:
(@) S1and $;; (b) S

The above analysis is the first step in the DPAigieshowever it requires large-signal behavior
consideration in order to optimize output power drain efficiency over the frequency band. Therefor
a Harmonic Balance (HB) simulator has been emplagesimulate and optimize the power performance
of the DPA.

2.6.4 Large signal design consideration and st analysis

As a second step in designing a high performanstilalited power amplifier, after using the basic
design equations to give initial design values,used simulated load pull results to find an eqairal
optimal load, and then we selected an optimal Ibael impedance to apply the tapered drain line
technique. Finally, we optimized the circuit witthel components followed by more realistic lumped
element components. It is imperative here to chibekinternal stability of the DPA in all design [ste
especially for the inter-stage matching networks.

A non-linear device model for GaN HEMT from Cree.Invas used for our large signal simulation.
This non-linear model is an electrothermal moddijclv includes the self-heating effects by utiliziag
thermal resistance calculated from finite elemeratigsis of die. Utilizing the simulated load-putisults,
it was determined that when the GaN HEMT is bies®d class AB (=28 V) and has a quiescent drain
current around 50 mA (which is about 12 % @, the desired device output load impedance formait
output power with over 55% drain efficiency canrbpresented by an equivalent parallel RC load of 98
Q and 0.4 pF (valid from 1 to 4 GHz with approxintat85.5 dBm output power). Also, as described by

Duperrier et al. [32], when the equivalent inpuaitteristic conductance of the device is deterdhate
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the maximum operating frequency, an almost congfat# voltage amplitude can be reached over a wide
frequency band. Subsequently, using a large sir@drameter analysis, we have extracteds@fClL.3
pF (at 4 GHz) for this design.

The tapered drain line technique has been usednionire the total GaN HEMT's drain line output
current in the reverse direction while ensuring tilathe currents from the GaN HEMTs are fed ia th
forward output load. The practical implementatidrihas technique, however, is not straightforwetdr
example, the drain line impedance of the first devin the input side is Jg (impedance for optimal
output power), while the drain line impedance & tutput side is /3 (for a three stage case) [23].
Now, if Rypiis much higher thab0 Q, we will have a drain line with very narrow widdh the input side,
which could limit the DC current capability. Altextively, if R, is much less thaB0 Q, then we will
need a multi-stage LC broadband matching netwotkatosform the R¢/3 equivalent impedance into a
50 Q line, which is very challenging, especially whae bandwidth spans several octaves. In our design,
initially the drain line impedance,Rwas selecteds a compromise, around 105(which deviates by
less than 10% from the 48). At the same time, a series gate coupling caga@it was selected in order
to have the same gate voltage swing for each GaMHEvhich means each GaN HEMT on the gate

line has a relatively smaller coupling capacitoarththe next (< Cyaz < CGyas here we used

Cya//C = C ). A large resistor (Rmi=1200Q) was also added to the high impedance end ofrtie d

gal
line. It slightly improved the output return lossdathe gain flathess while minimizing the overaliner
dissipation. However, its impact was insignificaartd can be easily removed in the final design.
Meanwhile, a gate series resistog,\iRas selected to be 78D. This large resistor is in parallel tq @o
realize the gate bias path and maintain the stybilithe amplifier at low frequencies.

Figure 2.24 shows a schematic of the simplifiedetag drain line DPA circuitfor initial
optimization. Table 2-9 gives some equations whigh modified from [29] to calculate the initial
parameter values for Figure 2.24. The specifiedropation goals were set to achieve a relativesy fl
output power and the highest average drain effigieover the 0.2 to 4 GHz bandwidth with a 27 dBm
input power, while being unconditionally stable autaining better than 10 dB input/output smafhal
return loss.Table 2-10gives the optimized parameter values, whegg Giz, Coutr, Courz, Lgin @and Lo are
used to improve the input/output matching.

The predicted optimized results for the design vdtal elements are 39.4 +/- 0.3 dBm output power
and over 40% PAE for a 27 dBm input power. The ffquiput return losses are better than 10 dB in the
0.2 to 4 GHz frequency range. With a 27 dBm inmwer, the large signal gain is about 12 dB, whih i

approximately compressed by 3 dB.
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Figure 2.24 Schematic of the simplified taperedrdiiae DPA with idea lumped elements

Table 2-9 Initial parameters for the simplifiedeagd drain line DPA

Parameter| Value Parameter  Value Parameter  Value
Cys 1.3 pF Gs,2,:3) Cod/Cha 23 | Cus 0.4 pF
Lo (Z0)’ Cys1 | Coat 1.3 pF by (Rop)” Cas

Loz (Z)Cesz | Coaz 14 pF | W ((2/3)Rp)” Cus
Lgs (Zo) Cgss | Cas 15 pF | k ((1/3)Rypd” Cas
Ropt 105 Q | % 50 Q Raump 1200 Q

Table 2-10 Optimized parameters of the simplifiggetred drain line DPA

Parameter Value Parameter Value Parameter Value
Lo 2.0 nH L 52 nH Ga 1.6 pF
Ly 2.1 nH laz 2.2 nH Gaz 1.8 pF
Lgs 2.2 nH las 0.6 nH Gas 2.0 pF
L gin 0.5 nH G 0.6 pF Gun 1.2 pF
Lout 2.1 nH G 0.2 pF Guro 0.7 pF
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As the last step in the design we have replaceddad inductors and capacitors/resistors by either
transmission lines or more realistic models for pech element components. Additionally, we have
accounted for many circuit discontinuities incluglim-junction discontinuities and actual wire wedge-
bonding. As expected, a noticeable degradatiomih the power bandwidth product and the small digna
performance of the DPA were observed. Additionallg output power and efficiency have dropped
significantly at high frequencies due to the notirapm device loading. AWR Microwave Office 2007
was used here again to re-optimize the circuittarichprove the output power and drain efficiencyilerh
maintaining a good return loss for wideband operatirhe final design was realized as shown in Egur
2.25, where the small valued capacitorg,(Cyz, Courz ShOown in Figure 2.24) that are shunted to thendrai
line were absorbed into the T junction discontiesitto simplify the circuit's implementation. To
quantify the power performance of the DPA, howewee used the 3 dB (instead of the 1 dB)
compression point. Since GaN HEMTSs exhibit a soft@r compression characteristic. Figure 2.26 show
the simulated large signal S parameters (with dBmn input power), output power, and PAE under a 3-

dB compression.

Figure 2.25 Schematic of the optimized taperechdiae DPA
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Figure 2.26 Simulation results: (a) large signap&@ameters with a 27 dBm input power; (k)sP
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performance of the optimized DPA.

The amplifier design was also checked for stabiispecially at low frequencies. Generally, the
standard method for checking the stability of aiglesd amplifier is to use the well known stability
factors K and B1 but this may not be sufficient floe stability analysis of a distributed amplif[88].
Although the standard analysis indicates that tiRA s stable, it is still possible for the DPA te b
unstable due to any inter-stage oscillations they exist between any two cascaded stages. Therefore
modified S-probe (GPROBEM) analysis developed bynflzell et al. [34] has been applied to the
input/output of each HEMT to analyze the *
correspond to an unconditional stability. Figur@72shows the stability index of each device. The

indicated stability indices of all the S-probes B®s than one from 0.02 to 8 GHz, which indicaked

=
=

E
o

Output Power (dBm)

37

70

(]
w
L

(2]
(=]
L

—&— P3dB (Output Power) \.

—&— P3dB (PAE)

60

50

40

30

20

1 2 3
Frequency (GHz)

(b)

the DPA is unconditionally stable across the whglerating frequency range.
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Figure 2.27 Stability indices of the optimized DPA

2.6.5  Circuit implementation and experimentasults

The designed DPA has been fabricated and assemiiésdly on a brass plate to minimize thermal
effects. The circuit was printed on Rogers’ RT588& substrate, with a ¥2 0z Cu. All lumped elements
were surface mounted on the soft-board, and tlee ttiscrete active devices were directly attachedd
base. The drain lines were meandered to reducarthét size. Figure 2.28hows the implemented DPA
which occupies only a 50 mm by 18 mm surface area.

The simulated and measured small-signal S parasnatercompared and good agreement has been
demonstrated as seen in Figure 2.29. The measyeaddutput return losses are better than 9 dB from
0.03 to 3.5 GHz, and the DPA gain is approximaléyl dB with £ 1.7 dB flatness from 0.1 to 3.5 GHz.
Figure 2.30 shows the measured power performantieedDPA where the output power is greater than
36.3 dBm from 0.02 to 3 GHz and the PAE is highemt22% based on a 3-dB compression point. At
37.3 dBm saturated output power level, the PAE edse27% over the 0.02 to 3 GHz band. The DPA
measured large-signal results are in good agreemiémtsimulations at low frequencies indicating the
accuracy of the Cree large-signal model. At higilgfrency, however, there is a noticeable difference

between the simulated and measured results and beuklated to some parasitic effects.

42



RRFTTTT7 /100 0L L ;
LA L ”ﬂ,{"“\””}““\‘m

®r——a Roos Instruments,

20

0 nete

-
o
N

—w—8im §11 *

—o—8im S22 i
Sim §21
—m— Wea S11
—&— Mea S22
—%— MeaS21

R i L L e
* %* 8
Pt “a - 4 :ﬁgigv -

cr% oy Fa

i I
20 4 HY‘ .-’-, \O&o -'/

S Parameters (dB)
(=]

KT = frd -
Ll
T T T T T T
0 1 2 3
Frequency (GHz)

Figure 2.29 Simulated & measured small signal @rpaters of optimized DPA

43



o » 4
e

Output Power (dBm)
o
\
/
/
/
/
L
S
/o
"
e
=
PAE (%)
<3
o
|
|

34 4 £ [
e . —_
—a— Psat -] ‘\.\f\:/‘\n/ """"o\:\‘
" —+— P3dB ] N, \Q“‘ N\
—o— P1dB 20 - g 0k
SN
N
30 T T 1 T T T %4
0 1 2 3 0 1 2 3
Frequency (GHz) Frequency (GHz)
(a) (b)
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2.7 Conclusion

Distributed amplifiers and feedback amplifiers aomventionally used for low power amplification
over wide frequency range. Fortunately, the redentlopment of GaN devices opens the possibilities
achieving higher power levels over a wide frequeranyge as well. However, the design of such a DPA
and a feedback power amplifier over a wide frequdrand is different from the conventional designs,
and generally requires the utilization of largensiganalysis to achieve a high drain efficiency antput
power. It is also recommended to utilize both thpacitive division in the gate lines and the liapdring
of the drain circuitry to further improve the powperformance of the DPA. A major challenge in
designing such high gain DPAs is achieving widebatability. A modified S-probe (GPROBEM)
analysis is recommended here to insure internal auadall stability of the DPA. Our hybrid DPA
implementation uses medium size GaN HEMTs and kas Buccessfully designed and fabricated, and it
provides greater than 5 W (37 dBm) output power avelr 27% PAE in the 0.02 to 3 GHz frequency
range. Our hybrid feedback power amplifier has bsgrcessfully developed using medium size GaN
HEMs to achieve greater than 1W (30 dBm) outputgroand over 22% drain efficiency in the 0.1 to 5
GHz frequency range.
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Chapter 3 Investigation of LINC transmitter

3.1 LINC Transmitter Overview

In modern digital communication systems, variouslulation schemes have been applied to achieve
high spectrum efficiency. These schemes includé ligler M-ary quadrature amplitude modulation
(QAM) and orthogonal frequency division multiplegin(OFDM). However, these signals are
characterized by high peak-to-average power rdB@d?Rs) which exploit deep envelope fluctuations.
These unavoidable phenomena constitute a seriooislepn for the nonlinear behavior of power
amplifiers, and also cause a major problem fomtioelern communication systems since it is esseatial
achieve a high linear-efficient RF amplification.

Therefore, linearity is crucial in minimizing sigrdistortion in order to maintain low levels of err
vector magnitude (EVM) and adjacent channel leakag® (ACLR). At the same time, efficiency
enhancement technigues are needed to achieve gheshiperformance and cost savings for the next
generation base-station applications. For examefficiency techniques significantly influence the
thermal management, reliability, and operating £ost the base stations. However, highly linear
performance is difficult to realize while simultamsly achieving high efficiency. A number of
approaches have been used to solve this proble@b]4Table 3-1 lists a variety of these approacras
summarizes the pros and cons of each.

One good candidate is the Linear amplification vitnlinear Components (LINC) that can be used
to simultaneously achieve relatively high efficignand linearity. The concept of out-phasing
amplification is a technique proposed by Chiréig][8 1935, and was introduced again as LINC, by
Cox, in 1974 [37]. The LINC principle is based cgcdmposing an amplitude modulated signal into two
constant-envelope components using a Signal CompoBeparator (SCS). The SCS is utilized to
perform such decomposition by either a DSP algorif@8] or an analog RF circuit [39]. The resulting
two constant-envelope components can then be aeapliidividually by two high efficiency non-linear
amplifiers. During this amplification, the constamtvelope signals are immunized against distortion.
After amplification, they are then properly comhint® create the linear-amplified original signas, a

shown in Figure 3.1.
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Table 3-1 Linearization and Efficiency Enhancentenhniques

Advantages Disadvantages
Linearization techniques
Power back-off - Simple - Low efficiency
Pre-distortion - Feasible - Requires extensive
modeling
Feed-forward - Stable - Difficult to match and
suffers from drifting
Feed back - Simple, not sensitive to pperStability concerns
PA modeling
Efficiency enhancement techniques
EER (Khan Envelope - High efficiency - Poor linearity due to AM-
Elimination and Restoration)- Medium band PM conversion
LINC (linear amplification | - Great potential - Need to compromise
using non-linear components) Potential wide band between efficiency and
linearity
ET( envelope tracking) - Wide band - Need baseband PD**
- Using linear amplifier - Difficult for time alignment
Doherty Technique - Good for PAR** between 3 - Narrow band
to 6 dB - Need linearization

Notes: PAR--- peak to average ratio; PD--- preedigin;

Constant-envelope signal S| (?‘) =G (5‘(?‘) - e(?‘))
(phase-modulated)

S(f) = f”(r)eﬂ(z) :;Iy ‘7
O=r(t)=r,,
Initial AM/SSB .
Si;,;ri:ls Amplifiers options: AfmpllﬁedAM’fSSB
SCs classC,D,Eor F @ signals
z Power / S(t) =S+ S,(1)

-1 Combiner

N

: PA
Constant-envelope signal
(phase-modulated) S;(H=G(s(t)+e(t)

e(1)= js(1)

7
L2

7

Figure 3.1 A simplified LINC transmitter schema#®]
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After Cox [37], the LINC approach has been apptied variety of wireless applications. Multiple
variations/modifications on the LINC approach haween proposed to improve the linearity and
efficiency of the modern wireless communicationtegs. For example, ELINC (Enhanced Linear
Amplification with Non-linear Components) and MIL{@® odified Implementation of the LINC Concept)
are modified versions of the basic LINC transmitfEne ELINC transmitter can achieve both better
modulation accuracy and good out-of-band spectrdbpmances over the conventional LINC transmitter
without physically adjusting the branches’ condigo The MILC is based on allowing a limited and
controlled amplitude variation of the separatechalg so that nonlinear amplifiers can still be uggds
approach is designed to offer an efficient way doplifying signals with high crest factors (the stre
factor is the ratio between the average and pegkabkievely. Moreover, The MILC approach is less
sensitive to branch imbalances. Table 3-2 listsesohthese approaches.

As shown in

Figure 3.1, a complex representation of the bamddid source signal can be written as
s(h=r(t) &°V;  ©O<srg)<r,,,) - (Eq 3.1)

This signal is split by the SCS into two signalgt)Sand $(t), with modulated phases and constant-
envelope

S()=99- €3J; (Eq 3.2)

S()=Hd+ ¢}; (Eq 3.3)

e(t) = 99 rrg”;z‘tx)—l : (Eq 3.4)
Then, each signal is amplified by a high efficiemopn-linear PA

S.(9=G 3(); (Eq 3.5)

S.(0=G (). (Eq36)

where G is the voltage-gain of the PA.

After amplification, the two signals are add®gether with a summing network. Next, the input
signal will be retrieved, but efficiently amplifiegith minimal distortion
Su(d=8.00+ S.(x= q )t F)= G(9. (Eq 3.7)

In this case, the emphasis is on maximizing thigieffcy of the utilized amplifiers, while the usk o

constant-envelope signals help in reducing and eligminating the need for highly linear PAs. Howeve
it introduces a new set of potential challengediciated below.
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Table 3-2 Survey of various types of demonstratdtCLtransmitters

Type

Advantage

Disadvantage

LINC with Chiréix
combiner [41]

-High efficiency

-Poor linearity, required pre-
distortion to improve linearity
-Narrow band

Quadrature LINC
[42]

-Higher tolerance to gain and phag
mismatches between the two
branches

-Use | & Q signals to reduce the
phase modulation spreading angle
-Use isolated power combiner to
achieve high linearity

e-Low average efficiency for high

PAR signal due to isolated power
combiner

-Requires two combining steps
-Requires 4 amplifiers compared to
for conventional LINC

-More complex structure

Mode-Multiplexing

-Switch between balance class B

-Lower PA instantaneous efficiency

high average combining efficiency

LINC [43] and LINC according to threshold | due to class B operation
power to achieve high average -Medium linearity
efficiency
Multilevel LINC -Shrink the combining angle to -Need pre-distortion to improve
[44] multilevel to improve average linearity
efficiency of Wilkinson power Complex system
combiner
MILC [45] -Use threshold amplitude to achiee-Need pre-distortion to compensate

low linearity

Bias Control LINC
[46]

-Higher linearity than conventional
LINC with a high output power
-High average efficiency

-Omit the combiner’s effects
-Lower linearity than conventional
LINC with lower output power

Enhanced LINC
[47]

-Higher tolerance to branch
mismatch

-No need to physically adjust the
combining circuits

-Complexity
-Same efficiency with conventional
LINC transmitter

LINC with power
reuse technology
[48]

-High linearity;
Improving overall efficiency

-The efficiency improvement
depends on the DC rectifier
-Low efficiency for high PAR signal
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For a wideband LINC transmitter, there are two ntdiallenges:

(a) the need for a high efficiency non-linear widebaP4;

(b) the requirement of a low loss wideband power coebin

The specific requirements for the power combinerd power amplifiers utilized for the LINC
transmitter will be briefly discussed in the nexptsections. Further details will be shown in Chapt
and 5.

3.2 Investigation of the Power Amplifiersfor the LINC Transmitter

The efficiency of the LINC transmitter is also de@dent upon the specific efficiency characteristics
of the individual PAs utilized. For the LINC trandtar chain, a variety of PAs can be considered,
including class A, B, AB and C (Conventional PAahd class D, E, and F (SMPAs). The SMPAs are
well known in achieving a relatively high efficigncA comparison between the various SMPAs
operations (class D, E and F) that employ the istors as switches and the conventional mode Péts th
employ the transistors as current sources showsheafficiency of the SMPAs are substantiallyhag
Thus, the SMPAs will be utilized in our investigati At the same time, in the LINC transmitter,
mentioned in the previous section, either isolavedchon-isolated power combiners can be used for
various applications. For example, if an isolatedv@r combiner is utilized, then the PA selection is
relatively unrestricted. However, if a non-isolateawer combiner is chosen, each PA will see a time-
varying load presented at its output port. Thils then cause significant interaction between thpot’s
signals. Subsequently, these interactions musatefully accounted for.

Besides having a higher efficiency, SMPAs are &se susceptible to parameter variations, such as
output matching network components, and could irago®wer thermal stress on the utilized transistor
than the thermal stress generated in a conventinnde PA operation. Therefore, SMPAs can compete
with conventional mode PAs in LINC applications.

In our collaboration with Rockwell Collin Inc., aolfage-mode class D PA has been selected for
wideband LINC application, however, class E canubed as well. In this study, we will discuss the

design details of the selected wideband class InR#hapter 4.

3.3 Investigation of the Power Combinersfor the LINC Transmitter

The average efficiency of a LINC transmitter is gelly the product of the non-linear power
amplifiers’ efficiency and the efficiency of therabiner, given that the SCS portion’s efficiency ¢en
assumed to be almost a 100%. SCS portion only comsuvery small fraction of the DC power when
compared with the usage for the PAs. Meanwhile,itfdividual power amplifier's efficiency can be
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maximized for a constant-envelope signal by opegaiti either a class C or an overdriven class By ar
SMPA mode. Subsequently, the overall efficiencyttod LINC transmitter remains dependent on the
combining structure utilized. The combiner’s efficcy, in turn, depends on the signal’'s dynamiesits
crest factor and probability distribution functiBDF), as well as on the combiner’s topology [4dje
selection of the optimum combiner would also gseitipact overall performance.

Generally, there are four kinds of combiners tlaat be used at the output combing stage, as shown
in Figure 3.2 (the Wilkinson, the Chiréix, the highrand the non-isolated combiners). These fouegyqf
combiners can be separated into two categorielsitésband Non-isolated.

Table 3-3 Comparison of power combiners

Table 3-3 compares the pros and cons of the abemioned combiners.

The Chiréix combiner will not be considered in ttissertation due to its narrow band performance
as we are only considering wide band componentpical methods of the design and simulation of
wideband power combiners will be presented in Giralpt The details of how the other combiners affect

the linearity or the efficiency of the LINC trandter will be discussed later in Chapter 6.

A4
- \ Z . \ Z
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Figure 3.2 Power Combiners: (a) Wilkinson combirfe) Hybrid combiner; (c) Chiréix combiner; (d)

Conventional non-isolated combiner (modified Chiyéi
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Table 3-3 Comparison of power combiners

Type Advantages Disadvantages
Isolated Wilkinson combiner Preserves a high linear N g 2(0
' i = ))cos (6
Combiners performance and it has a simplé/ave Z p(6) @)
structure 1
Hybrid combiner Preserves the high linear N
performance and can be used| 7avc = Z p(6,)cos’(6)
for power recycling. =
Non-isolated | Chiréix combiner Has very high efficiency[49] | Narrow band and a very
: N poor linearity, needs pre-
Combiners Mave = 2, P()1(B.6) distortion [49]
i=1
Conventional non- Structure is optimized for high| It has a medium linearity
isolated combiner efficiency and has a simplified due to the load-pull of the
structure matching network

Note: 17is the combining efficiency, which is defined by= Pyym/ (PsunitPaiss); here Rumis the summing
power andPy;ss is the dissipated differential power; B is the ghrgactance of the Chiréi€ombiner;

p(B) is the probability distribution function (PDF) d¢fe decomposition angle.

3.4 LINC System Simulation

Recently Electronic Design Automation (EDA) tooksve become extremely powerful, which makes
communication system simulations more practical anclrate. The LINC transmitter can be simulated
using different methods, according to the inpuhalg, via an Agilent Advanced Design System (ADS).
Table 3-4 shows different methods to simulate tidQ_transmitter.

Here, a LINC transmitter [50] with a sine wave (shan Figure 3.3) and a 16QAM (shown in Figure
3.5) signals will be shown to demonstrate the bpsemise of the LINC transmitter. In Figure 3.3{le
input section, a 5-port network is utilized to syhbally define the equations for the signal
decomposition, denoted by the block SDD5P (a 5-Bgrhbolically Defined Device). The two tone
signals are set at 1 MHz intervals away from tha&t@efrequency (100 MHz, for example). ThgsRiis

used to define the input power of the two tone aignThe two-tone signal can be presented as

s(f)=r(t) &V (0<r@)<r, ), SO hax is set at 1.778V, which relates to a 15 dBm inpaiver

(Pavs_i=15 dBm). The node signal,\équals s(t), Yequals js(t) by passing a signal equals tohvough a
90 degree phase shifter, and &guals —s(t) by similarly passing a signal equal/; through a -90
degree phase shifter. So, in the SDD5P, outputisgire given by
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e
V, =V +V, VRV -1; (Eq 3.8)

2
Vo=V +V, ﬁ—l (Eq3.9)
whereV, andVs are constant-envelope signals for the two brandf@smore details, refer to Appendix
B.
Ampl and Amp2 are two ideal amplifiers which cae feplaced by any customized power
amplifiers. In the output section, a Wilkinson dmner (PWR1) is used, but it can be replaced bgroth
combiner types. As shown in Figure 3.4, the two 'RAgput signals have strong nonlinear performance

(i.e. IMD=10 dB), but the output signal of the @@d combiner is highly linear (i.e. IMD=29 dB).

Table 3-4 Simulation methods for LINC transmitter

Signal Type Analysis Method

Sine wave Harmonic Balance Simulation (an exangpghown in Figure 3.3)
16QAM / IS-95CDMA / | Envelope Simulation (an example is shown in Fididg

Pi/4 DQPSK
Custom defined signal Ptolemy & Matlab co-simulati(an example will be given in
Chapter 6)
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Figure 3.4 Simulation results of LINC transmittaing Wilkinson combiner

53



In the left part of Figure 3.5, there is an ADS-gedined modulated source (Source_ QAM_1), which
can be used to generate a 16 QAM signal. In thelmidf Figure 3.5, each constant-envelope baseband
signal is up-converted to an RF signal via an |IQlutator (MOD1&MOD?2). Two constant-envelope RF
signals are amplified by two saturated amplifieeVP1l and AMP2), and then combined with a
Wilkinson combiner (PWRL1).

The time domain constant-envelope RF signals apevishin Figure 3.6 a&b. On the right side of
Figure 3.6a, the time domain output power showgla RAR which is 5.96 dB. Figure 3.6c compares the
spectrums of a reference signal (red), an amplifisthch signal (aqua) and a combined output signal
(blue). As shown in Figure 3.6c, the normalized Biied constant-envelope signal (aqua) occupies a
wider frequency band and the out band’s signaaiselled after combining. The ACPR of the combined
output signal is better than -52 dBc, which vesiftee high linearity of the LINC transmitter. Hovesy
the efficiency of the LINC transmitter is relatenl the PAs performance. Further simulation of LINC

transmitter will be discussed in the Chapter 6.
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Chapter 4 Wideband Class D Development

4.1 Introduction

Switching-mode power amplifiers (SMPA) have a tigkly high efficiency. This is based on a
comparison to the conventional mode PAs which eynftle transistors as current sources. Therefoee, th
SMPA are preferable to the conventional mode PAsSLIBIC applications. Besides having a higher
efficiency, SMPAs are also less susceptible tompater variations. The SMPAs could impose a lower
thermal stress on the transistors than the corvmadtimode PAs. From an application point of vieM F
and PM communication systems are well-suited tee tallvantage of the SMPA's high efficiency,
regardless of their nonlinearity. However, SMPAg aot suitable for AM communication systems
without implementing advanced linearity and effimg enhancement techniques. Therefore, the LINC
and EER, using SMPAs, are commonly used to cragtdyhlinear signals. The overall efficiency of the
LINC and EER transmitters is dependent upon theipeefficiency characteristics of the individual
PAs. Therefore, it is crucial to select the cardmvice technology.

GaN HEMTs, for example, have been extensively agtili for a superior performance at high
frequencies in a SMPA operation. The high thernmaddactivity of GaN HEMTs on a SiC substrate
provides superior characteristics relative to eithe GaAs or the Si counterparts, makes this oy
well-suited for high power and high temperature lapgions. Additionally, GaN HEMTs have high
power density, high breakdown voltage and low ptcasapacitances, making them more suitable for
high power and high efficiency SMPA implementatianigh frequencies.

SMPAs have different class designations. They rdrgya D through S. Many of these classes have
been developed and published [51]. “Class D" angphfwere first discussed by Baxandall [52], buteha
not been fully researched yet, especially for watebapplications. Therefore, we have picked class D
amplifiers to investigate for their potential inroinvestigation. Our investigation was sponsored by
Rockwell Collins Inc.

A class D amplifier employs a pair of active degiead a loaded output tank circuit. The devices are
driven into saturation and act as a two-pole swiket generates either a rectangular voltage oecur
waveforms at the input of the loaded tank circlite tank output circuit is tuned to only allow the
switching frequency and reject all other harmoniesylting in a sine-wave output waveform. The glesi
details of our developed wideband, high efficierddgss D PA based on GaN HEMT technology, will be

described in the following sections.
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4.2 Basic Concept of Class D Power Amplifier and the State of the Art

Ideally, a class D PA works as a switch, eitheritgna high current with a zero voltage or having a
high voltage with a zero current, as shown in Feglirl. Subsequently, the efficiency of an ideat<iB
PA is 100%.

Traditionally, there are two typical types of cld3sPAs. Namely, a transformer coupled voltage-
mode class D (VMCD) and a transformer coupled aiirmeode class D (CMCD). The two configurations
are shown in Figure 4.2. These circuits are coragrid two switching devices working under push-pull
mode, a resonant RLC tank circuit, an input batandformer, and an output balun transformer. Tt tw
modes, VMCD and CMCD, are dual circuits. The VMCasha constant center-tap voltagg With a
capacitor and a series RLC tank. The CMCD has ataohcenter tap curreng with an RF chock and a
shunt RLC tank. Subsequently, the VMCD can havecsangular drain voltage with a half-sine drain
current and the CMCD can have a rectangular drairent with a half-sine drain voltage, as shown in
Figure 4.3.

For CMCD, the RF chock inductor supplies a constamtent }s. Meanwhile, both theyd; and ks
are rectangular waves alternating between 0 gndthese two out-phase currents are combined in the
output transformer (m/n is the turns ratio), arg dlatput current of the transformerdg& m/n (bszlgs1),
or a rectangular wave. Ideally, the parallel outiaumk circuit acts as an open circuit at even haio
and short circuit at odd harmonics, therefore Mhgis a sine-wave. At the same time,,\s transformed

back by an output transformer (JFo make \is; and Vis, appear as half-sine waves.

classD

Figure 4.1 Operation region of class D PA
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Similarly, for the VMCD, an RF capacitor suppliescanstant voltage of M. Each \f is a
rectangular wave with alternating peak values ah@ 2\/4. The two out-phase voltages add in the output
transformer, and the output voltage of the tramséorV,.,=m/n (VgsrVgs1)” IS a rectangular wave. The
series output tank circuit acts as a short ciratieven harmonics and open circuit at odd harmpnics
therefore the,l, is a sine wave. At the same timg, is transformed back by the output transformenr)TF

to make §s; and |y appear as half-sine waves.

Generally, the ¢ will cause power dissipation given by =%CdSV(2js o for every period, where

Vot IS the drain-source voltage when the switch isetpglue to the charging-discharging process.
Ideally, if V401 iS zero, the power dissipation becomes zero. Bhislied zero voltage switching (ZVS).
Usually, CMCD PAs can achieve the ZVS scenario, reae VMCD PAs typically cannot. The
relationship between ¥, l4¢, R. and the m/n ratio for a given output power will depicted in the next
section, as they relate to our specific design ggddiultiple variations of these two basic modesehav
already been developed. They have been publishét] PBB-59] with noticeably improved
performances.Table 4-1 represents the state ofthef class D PA. In a parallel effort with the
Rockwell Collins’ group, we investigated the use afCree device operating at 28 V, while they
investigated a Eudyna device with an operating tpofrb0V. With the Cree device, we were able to
achieve a 63% drain efficiency with at least a 26Wput power over the 50 to 550 MHz bandwidth.
However, further improvement can be achieved withoge precise tuning. Meanwhile, at Rockwell, they
achieved a 60% efficiency with at least a 60W oupmwer over the 30 to 450 MHz bandwidth[42].
Here, we summarize our design process for a clag®Alas indicated in Figure 4.4. Additional

design and simulation details will be given in tiext sections.
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Table 4-1 State of the art of class D power anwlifi

This A. Long | K. Ji- H.Nem | H. Frederi | Gustavs | G.Hegaz| G.Hegaz
work [54] Yeon ati [56] | Kobayas| ck H. son [59] | [53] [42]
[55] hi[57] Raab
[58]
Power | 20W 13w 50 W 20.3W|[ 0.29WwW 100W 20W 56W 60W
Gain 145 14 10 15.1 N/A N/A 10.6 14 14
(dB)
Drain 63% 60.3% 63% 71% 76.3% 83% 65% 53% 60%
Efficie
ncy
Class VMCD | CMCD CMCD | CMCD | CMCD VMCD | CMCD | VMCD | VMCD
BW 50 - N/A N/A 90 N/A 0.1to 3| 40 30 -450( 30 - 450
(MHz) | 550
Freq 50 - 1000 1800 1 000 900 0.1toB 1000 30 - 4580 - 450
(MHz) | 550
Device | Cree Ericsson | Freesca| Freesca| Infineon | MOSF | Eudyna | Eudyna | Eudyna
GaN Si le le GaAs ET GaN GaN GaN
HEMT | LDMOS | LDMO | LDMO | MESFE HEMT HEMT [ HEMT
CGH4 | PTF S S T EGNO1 [ EGNO45| EGN045
0010F | 10135 MRF1 | MRF2 | CLY5 OMK MK MK
9045 82
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Figure 4.4 Class D PA design flow
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4.3 Device Selection for Class D PAs

Ideally, a class D PA can achieve 100% drain efficy. However, in any practical circuit, the
parasitic of the device, for examplegs@nd the lead inductance, L, can cause lossesewortter of
0.5GVv? and 0.5Lf respectively, due to their charging-dischargingcesses. These losses cause a
significant drop in drain efficiecny. At the sammé, additional factors related to the device pai@ns
can cause further efficiency degradation[60]. B@reple, the saturation voltage of the transistgyc(y,
and the ON-resistor of the transistop(Rshould have low values. Additionally, in ordehiave a device
working as a switch and generating a rectangularewiis gain cut-off frequency-{f should be at least
10 times higher than its switching frequency sd ttseaspectrum allows the generation of higher prde
harmonics. Here a CREE GaN device (CGH40010F) ef@sted to design a class D PA.

Table 4-2 shows the basic GaN device compliancexatd its compliance matrix selected for use.

As shown here, CREE CGH40010F is a good candidadedign a class D PA.

Table 4-2 GaN performance in terms of device regpénts for class D PA

Device requirements of a class D PA GaN HEMT penfnce
(CGH40010F) as example
High frequency gain cut off frequency {J ---the higher the better] >20 GHz
switching usually about 10 times of the operating frequencly
High output power| breakdown voltage--- the higler better >84V
High efficiency on-resistor --- the smaller thetbet ~1.10
gain --- the higher the better > 20 dB @ 500MHz
Low DC current drain current --- the lower the better as ¥ 2.7 A, usually less
consumption than 1A
Wide band small input /output / feedback capacitanc G5 pF
Cos= 1.32 pF
CGD: 0.43 pF
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4.4 Device Characterization

A class D PA should be biased close to the devinehgoff and its optimal load impedance should be
carefully selected. As a first step in the desiymy to understand device performance, a DC swesp wa
applied using Agilent ADS and is shown in Figuré.4Therefore, we have selected g=V/-3V to be
close to the pinch-off voltage of the device, shawirrigure 4.6. Also, as recommended by the vendor
(CREE), we selected a drain voltage gi28V.

45 ClassD Power Amplifier Topology

Generally, the ZVS operation is preferred, as sy explained, since it can minimize energy
dissipation and increase the power amplifier’s rdrefificiency. Additionally, the parasitic capacitas
can be absorbed into the parallel output tank tifaw a high frequency operation. However, these
advantages of CMCD are outweighed by various, ssridisadvantages such as the required large
inductor (RF choke) that would introduce an add#iopower loss and the use of a rectangular-wave
drive that yields higher power losses in the gateuit. Additionally the loss due to switching therge
rectangular currents using active devices wouldeawitching losses and may have additional s&uarat
losses[60]. Alternatively, the VMCD behaves like ideal voltage source and whose output voltage is
independent of the load. These factors indicateithsia good candidate for LINC applications[6The
VMCD is also preferable in terms of its peak votagnd impedance transformer implementation as well.

The design equations of a VMCD are given in Ref ftd are summarized in Table 4-3, which gives
the output power, drain current, and drain voltefiean idealized operation of the class D PA. The
utilized GaN HEMT'’s breakdown voltage (84 V) isatVely high, allowing a trade-off of power for
efficiency via the optimum choice of its resistilead (R). Therefore, a VMCD topology has been
selected for this study. Here, an initial valueRpf(equivalent load resistance), has been deternssed
the ideal VMCD topology. However, we still needfited the optimal impedance load of the real device
to achieve both a high efficiency and output povielditionally, for a more reliable and stable opiena,
the drain voltage (y) has been set at 28 V so that the peak draing®ifa6 V for VMCD) is more than
20% below its breakdown voltage (84 V). Additiogalthe 1:2 impedance transformer is much easier to
implement than a (2/3) impedance transformer, ddeiexplained in Chapter 5. At the same timecai
the device is biased close to the pinch-off, tlaisity analysis, using small signal S-parameters)ot

valid. A large signal analysis is needed to chseakility and perform the load pull analysis.
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Figure 4.5 DC sweep schematic
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Table 4-3 Current and voltage requirements fodaaliclass D power amplifier operation

VMCD CMCD
Output Power ,
(=20W for two device 8 T«':; _az _ ? Vi NGO 2
together) 'PO_ ‘.,_72 ?—_-:"—I' PO_ 8 ?—_9.7
m/n (1/2)03 (2/3)03
(R;=500hm); 50/2=25 50x2/3=33
R=(m/n)’R;
Vaa(V)=28V 28 28
Laa(A) 8V i I’gﬁ =
1. = —# 091 I, = =1.05
“ 22 R “ 8 R
Iom (A) _ ATy s .
peak current Iom_;?_l'_“ I, =1, =105
Vom (V) i AT I 7 — —
peak voltage V=2V, =56 V. ==V, =288

Based on our selection of the VMCD rather thanGMCD, the output power would be slightly less
than that of the CMCD. The peak voltage;2uilized would be significantly lower than the bkdawn
voltage 84 V, as compared to the required pealagelfor a CMCD operation which would exceed the

device ratings.

4.6 LargeSignal Analysis

Although a CMCD amplifier must have a rectangulawves drive, the VMCD version can be driven
by either a rectangular-wave or a sine-wave sifidl Obviously, a sine-wave drive is usually predel
since it takes less power and is much easier tergesn Meanwhile, the driver for the VMCD with
HEMTs must produce a relatively large enough gatassidal voltage to ensure a DC saturation and
cutoff. Figure 4.7 shows the simulation figure, @thsweeps the input power. Figure 4.8 shows thia dra
voltage of a GaN HEMT (as half of the VMCD) as adtion of the input power. As shown here, the
GaN HEMT should be driven into saturation, 25 dBm) to operate as a switch and generate tiecede
symmetrical rectangular-wave voltage at the drédawever, an over-drive power (30 dBm) also

causes an overshoot and an asymmetrical outpatgeolivaveform.
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However, a serious problem in the design of a wadebpower amplifier could cause instabilities.
These instabilities can give rise to either freqyenlivisions, spurious oscillations, or both. The
prediction of these instabilities requires a lasgggal stability analysis instead of using the @ntional
small signal S parameter analysis given that theCiDMievice is biased close to its pinch-off conditio
achieve a high efficiency. Figure 4.9 shows a laigaal S-parameter simulation schematic diagrame. T
large signal stability factor, K, and the stabilteasure, B1[62], are shown in Figure 4.10a. Halsivit)

K > 1 and B1>0 is sufficient for circuit stabilitiased on this analysis, it was discovered thavti€D
PA is stable when adding a IDseries resistor at the gate. However, with onB/@ resistor parallel
with a 20 pF capacitor series with the gate-pia, WIMCD achieves stability during the measurement.

Figure 4.10b shows the input impedance of the éevis a trade-off, we decided to use a wideband
ferrite loaded coaxial 1:2.25 impedance transfortoematch the input over a wideband. The details of

the ferrite loaded coaxial 1:2.25 impedance tramséo will be described in Chapter 5.
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Figure 4.9 ADS simulation setup for large signga®ameters
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\ e I 0.050 124.616 - |65.665
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b " 12 0.200 36.876 - j60.302
x B, —e—B1 =2 0.250 27.753 - 51.915
4] sl 0.300 21.941 - j44.809
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2] 0.450 13.779 - [28.582
o 0.500 13.032 - [24.276
o o2 03 o2 o5 : 0.550 12.726 - j20.632

Frequency (GHz,
(a) (b)

Figure 4.10 Large signal stability performancg:Stability factors and measure; (b) Input impe@anc

The input and output matching networks were op&aiiasing ADS to sustain a high drain efficiency
for a wideband operation. Generally, for a narrcand application, the desired output power can be
obtained with different combinations of DC suppbltage and load resistance. However, for a wideband
application, the output power and drain efficiemeged to be compromised with the achievable opegratin
bandwidth. Therefore, a load-pull simulation (showrFigure 4.11) for a single device with a cloee t
pinch-off bias has been carried out over a widguUescy range. Its simulation results at 200 MHz/400
MHz are shown in Figure 4.12. Based on the loatigiodulation analysis shown in Figure 4.12, thalloa
impedance required to achieve over a 42 dBm and @@ efficiency from a single device has a real
part close to 2%). So, in this wideband design, a 1:1 balun is usembmbine the two drain signals into
one output signal and, at the same time, transfgnine 25Q to a 50Q at the output circuit. The

efficiency will be higher than even 74% if the inm@ayy part is accounted for as well.
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Figure 4.11 Load-pull simulation schematic
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Figure 4.12 Drain efficiency and delivered powentours: (a) 200MHz; (b) 400MHz
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4.7 Filter Design

For a narrow band, class D PA, serial or shunt uutank circuits are used to filter a sine wave
output signal and reject all higher harmonics. gsirpush-pull topology, the second harmonic sigasds
cancelled in the output balun. However, for a wateb class D PA in practice, the preferable output
circuit is a set of switchable low pass filterst@al of a series or a shunt harmonic terminatiototeer
the 50-550 MHz operation. These output filters barmade by active or passive components. Although
using an active filter can increase the output powelso consumes more DC power and decreases the
overall efficiency. So in our application, we hasedected a passive filter. Here, we have desigoed f
low pass filters (60MHz/ 100MHz/ 200MHz/ 300MHz) ¢over the 50-300 MHz range. However, for the
frequency 300MHz to 550 MHz, we can use the outprsformer’s cutoff performance to reject the
third harmonics at 900MHz to 1650MHz.

In this VHF/UHF band operation, lumped elements&IC) can still be used to design low pass
filters. The elements’ Q is important in achievilmdow insertion loss of the filter. We can use @itthe
classic equations to get an initial filter design,alternatively, the AWR Microwave Office[25] cdme
used to synthesize a five-order Chebyshev low filssto adequately reject out-of-band signalsings
more elements will increase the loss of the filkéigure 4.13 shows the schematic of a low paserfilt
Table 4-4 gives the values of L and C for thoger. The simulation and measured results are slrown
Figure 4.14. Figure 4.15 shows four low pass flt&ach filter is a ladder network comprised ohhig
ATC capacitors and air-core Coilcraft inductors mima on a FR4 substrate, as indicated by C and L,
respectively. The measured results of the low fiiess are shown in Figure 4.16. The filters haare

insertion loss of approximately 0.25 dB over thguieed frequency range.

Figure 4.13 Low pass filter schematic
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Table 4-4 Parameters of low pass filters

Band edge frequenc

60 MHz

100 MHz

200 MHz 300 MHz

C1 (ATC 100A)

110 pF (Q=302)

56 pF (Q=469)

30 pF (Q=192)

20 pF (Q=249)

C2 (ATC 100A)

68 pF (Q=413)

33 pF (Q=181)

18 pF (Q=267)

13 pF (Q=329)

L (Coilcraft)

169 nH (Q=114)

82 nH (Q=120)

47 nH (Q=135)

33 nH (Q=130)
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= f 2 JAT
m oL ]
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Figure 4.14 Simulated and measured results of 100MW pass filter: (a) 3; (b) S

Figure 4.15 Fabricated filters (60MHz/100MHz/200EABOOMHZ)
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4.8 Circuit Simulation and I mplementation

A simulation schematic of the designed wideband \IMEA is shown in Figure 4.17. On the input

side, the input signal is divided into two out-dfgse signals by a 2-way 180 degrees wideband power
divider using a Mini-Circuits 180 degree splitt8Y(CSJ-2-42-2+). Subsequently, a wideband 1:2.25

impedance transformer is used in the input seaifoeach amplifier to transform a 30 to a 25Q in

order to improve the amplifier’s drain efficiencyey a wide frequency range. Additionally, a shunt
capacitor (G=1.5 pF) is connected between the two input branahdss used as a bridge to improve the

balance between these two branches. As shown urd=-#2b, the output transformer not only combines

the two out-phase signals, but also works as anHeke to block the RF signal leakage to the DCaur

However, it is difficult to build a conventionaltisformer to cover the 50 to 550 MHz frequency eang
It is far easier to build a transmission line bdlanthis frequency range.

In this design, we decided to separate the sigoalbining and the DC feeding functions of the
output transformer using two different blocks: taaditional twisted-isolated wires for DC feedinglam

ferrite loaded transmission line 1:1 balun as aaligombiner. A bead ferrite core has been addékleto

twisted-isolated wires to improve the overall lowduency drain efficiency. The ferrite core loadeti

balun, is used to combine the two drain signals orte output signal and transforms the(2% a 50Q
at the same time, as shown in Figure 4.17.

The VMCD was built on a FR4 substrate with a digleconstant of 4.4 and a thickness of 1.57 mm.

It is shown in Figure 4.18. In practice, a switdealow pass filter bank should be used insteachef t
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series harmonic termination to cover the 50 to BB operation. However, for demonstration, we used

several low pass filters to manually cover the \wated operation.

49 Simulation and Measured Results

It is imperative to include the higher order harissnwhen simulating the saturated amplifier
nonlinear performance using the Harmonic Balanewilsitor. In the nonlinear analysis, it is prefeeatal
use the fine tuning tool rather than using an aatamoptimization to avoid convergence problems.
Figure 4.19a show the drain voltage and curren20ft MHz, where the drain voltage is a slightly
distorted rectangular wave with a 56 V peak valne e current is a slightly distorted half sineveia
This distortion is due to the parasitic nature lig tevice. Although, for a narrow band VMCD, the
distortion can be minimized by fine tuning the niétg network, but for a wideband VMCD we have to
trade off this distortion for wideband output povesd efficiency operation. Our simulated output pow
and drain efficiency are higher than 44.2 dBm a#®oGrespectively with input power equals 28 dBm.
The over 50 to 550 MHz bandwidth is shown in FigdiE9b.

microstrip line

1:2 impedance
Input transformer

Figure 4.17 Full circuit simulation schematic
(Note: The ADS schematic is shown in Appendix @Quiré C8.)
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Figure 4.19 Simulation results: (a) Drain voltagpel current @ 200 MHz; (b) Output power and drain
efficiency
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Experimentally, it is essential to sustain the hédficiency for the various input power levels, I
drain efficiency drops significantly for lower inppower levels. However, by decreasing the drain
voltage as well, the drain efficiency can be sustdiwith a relatively lower input power. This ikey
feature for a LINC application which handles signaith significant levels of variations. Typicallgur
highest measured drain efficiency was achieved wherclass D PA was biased close to its pinch-off —
this is consistent with our simulation predictio@ur drive level has been adjusted to provide th&t b
scenario between the input/output power, efficierand peak voltage. Figure 4.20a shows the measured
drain efficiency and output power of the fabrica¥@dCD PA as a function of frequency with an input
power of 28.5 dBm and a 28 V drain voltage. Repbrésults will be slightly degraded if we accoumt f
the filter loss of 0.25 dB as well.

The measured output voltage linearly increasesfasaiion of drain voltage for a fixed input power
of 28.5 dBm, as shown in Figure 4.20b. In addititve, measured gain of this PA is higher than 185 d
with an input power of 28.5 dBm over the operafiegiuency range. These measured results indicate th
the class D PA has the highest drain efficiency @ugut power around 250 MHz. Further improvements
of the measured results, shown in Figure 4.20a,cantpared to Figure 4.19b, can be achieved by fine
tuning the assembled circuits.

Even though, the amplifier has not been evaluatetifearity, it is expected that the GaN deviaes,
usual, have a soft poweompression characteristighich could reduce linearity. At the same timeg th
SMPA operation requires significant gain compreasdio generate higher harmonics. Subsequently, its
carrier-to-inter-modulation distortion ratio (C/INJDvill be rapidly degraded. Therefore, applicatiais
class D amplifiers that require high linearity shibwtilize EER or LINC subsystems for external

linearization.

4.10 Conclusion

A VHF/UHF high power wideband VMCD PA usim@aN HEMTs was simulated, fabricated, and
tested. The measured drain efficiency was in thgeaf 63% to 72% over a wide frequency (50 to 550
MHz) with an output power from 43 to 45 dBm. Getligrahe GaN HEMT's very small value ghelps
to lower the power loss. The GaN HEMT’s small pai@slrain to source capacitanceg{Cresults in
higher drain efficiency and a larger bandwidth witempared to other device technologies, such as Si
LDMOS. It is possible to obtain a greatly increagedformance in both drain efficiency and output
power for narrow band applications. However, toiead a wideband operation, the drain efficiency and
output power need to be compromised. Finally, framinsertion loss perspective, using a wideband

reconfigurable filter rather than a filter bank ni@gya better solution for overall high efficiency.
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Chapter 5 Power Combiners Development

5.1 Introduction

In Chapter 3, LINC architecture was proposed toieagh high linearity and high efficiency
amplification with two out-phase constant envelgmmnals used to drive two nonlinear switching-mode
amplifiers. Their optimally designed nonlinear aittgsignals are properly combined to sustain high
linearity and efficiency performance simultaneougbenerally, these combiners are either non-istlate
(i.e. without isolation between input ports --- &k combiner or Modified Chiréix combiner) or iatéd
(i.e. with adequate isolation between its inputtper Wilkinson or Hybrid). Their design equations
simulation methods, and measured results will beudised in detail in this chapter.

For non-isolated combiners, even-mode excitatiothefinput ports are transmitted directly to the
output ports without reflection. Meanwhile, the edidde excitation is reflected back to the inputtgor
For the isolated combiners, the reflection of tlid-onode excitation is suppressed and dumped isto it
isolation resistors. In practical circuits, the fisolated power combiner designed for high efficien
operation will produce significant interaction betm the two combined amplifiers, thus leading to an
unacceptable distortion. Alternatively, to presethe high linearity, it is better to employ power
combiners with adequate isolation between the twmuti ports. However, this may degrade overall
efficiency and a compromise is generally requiv?].[

At VHF/UHF frequency ranges, combiners can be &abed using a combination of wire-wound
transformers, lumped elements, microstrip linesquerter-wave transformers. Table 5-1 compares the
various ways of implementing power combiners at YW frequency ranges. As a good candidate to
achieve high power and wideband applications, tiasef ferrite loaded coaxial line segments aredus
for fabricating transmission line transformers tiocemvent size, bandwidth, and power handling
constraints. Examples of such coaxial line baseahsmission line transformer designs will be
demonstrated in the following sections.

Simulation of the combiners with transmission limansformers is generally carried out using
equivalent circuit or EM modeling. Equivalent citcsimulation is used for classic structures, whietps
RF engineers to design a multitude of circuits isiraple and fast way, as well as achieving accéptab
results. On the other hand, 3-D EM simulations &hbe used to simulate more complicated non-planar

structures, but are time consuming. The use oéthEM and circuit analysis could be adequate, thoug
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Table 5-1 Comparison of power combiner implemeatetifor VHF/UHF frequency range

Implementation | Features Problems
Wire-wound - Classical design method - Unacceptable insertion loss at its salf-
transformer available resonant frequency
- Medium size
Microstrip line - Easy to implement; - Narrow band
- Simple to extend to multi- - Multi-section has higher insertion loss
section; and requires non-standard isolation

- Tapered lines with printed thin| resistors
film resistors are feasible for low - Bulky at low frequency
power combiners.

Lumped element| - Low cost - Low power
- Compact size - Need multi-section to achieve wide band
- Easy to simulate

Ferrite loaded - High power; - Simulation is critical

coaxial line - Wideband potential, - Better to use EM simulation to account]

for its sensitivity to the mounting
package and ferrite loading

In this chapter, isolated and non-isolated powenhiaers will be thoroughly discussed, and some
design examples will be given. Both equivalentwirand 3-D EM models will be applied to simuldbe t
combiner structures. Baluns are very typical elesmémthe design of VHF/UHF combiners. Hence, in
the following, we will introduce a balun design adémonstrate its use in designing impedance
transformers. It will be followed by the demonstatof a non-isolated combiner design. Subsequently
an even/odd model will be extracted for an isolatethbiner, and the introduction of a novel design
based on a flux canceling scheme with a 3-D EM ktman will be presented. Also, a power recycling

combiner will be presented with its measured result

5.2 Balanced-Unbalanced Transformer Modeling

Broadband balun transformers are useful in devetpparious circuits, such as push-pull amplifiers.
The baluns are basically used to convert balanices fto unbalanced lines and to provide impedance
transformation as well. The challenge in designraduns is in achieving wide band coverage while
maintaining a low insertion loss within a compaees In the VHF/UHF frequency band, combiners can
be either fully comprised of coaxial-lines or saimgid ferrite loaded coaxial lines. The latter generally

used to extend the combiner’s operation to low Uesgies. However, their performance is highly
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dependent on the utilized ferrite core materialchtshould be optimally selected.

5.2.1 Balun design consideration

Conventionally, there are two types of ferrite coraterials available in the market, manganese-zinc
and nickel-zinc. Additionally, there are three coomty utilized shapes for the ferrite cores, thedhehe
multi-hole, and the toroid shapes. The performasicethe broadband balun transformer is generally a
trade-off between the ferrite’s permeability, itssd, andthe wires’ ohmic losses. In fact, the ferrite
permeability affects the operating frequency range, its operation at relatively high frequencies
generally requires the utilization of low materials to avoid the high losses associated tiigh i,
materials. Nevertheless, using relatively Ipmcores can limit their shielding effectiveness at relakyve
low frequencies.

The shape of the ferrite core also affects thealiitye performance. Ferrite cores, when saturated du
to any excessive eddy currents, can leadidaificant nonlinearities, extra core losses, lissipation,
and nonlinearity distortionTo minimize these saturation effects, multi-holeesoare preferred so that
only the web between the holes would be saturatechse of high currents. This leads to a reduced
overall saturation and subsequently, a significadtiction in overall nonlinearity, which is differtefrom
using individual beads that would be completelysted. Additionally, multi-hole cores generallywha
a lower insertion loss as they require fewer woBrections compared to the toroidal cores withstimae
inductance [63].

The use of equivalent circuit or EM modeling in thr@adband balun transformers can significantly
speed up their design cycle. Some circuit model® ladready been developed. For instance, Sevick [64
proposed an equivalent circuit model for the bat@mtbalance transformer (with bead core)—shown in
Figure 5.1. In this model the choking inductancechn efficiently suppress the common mode currents
(currents flowing in both conductors of the transsion line that are in phase and in the same @rgct
However, this model is only valid for the transfem® with bead cores (for further detail refer td. R&4]

). In order to extend this model to representsfamers with multi-hole cores, the 3-D EM simubati
software (CST Microwave Studio [65]) can be useditaulate the two structures (shown in Figure 52)
i.e. one with a bead core and the other with airhole core. The two modeled structures are coragras
35 Q coaxial lines with a 60mm-length, while all theeg lengths are identical at 7.6 mm. Through the
EM analysis, it was obviously clear that the mhlle ferrite core structure is approximately eglémato

the structure with one bead, but its core matéwdal double the others permeability value. For exanap
bead ferrite core with a permeability of 250 is mpgmately equivalent to a multi-hole ferrite canith a
permeability of 125 --as can be noticed from tHeEM simulation results of the two core shapesvaimo
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in Figure 5.3. This observation can significanitpglify the modeling and extend the use of the egjgint

circuit models. It will be utilized in our subsedquienodeling efforts of the combiners.
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L TL: transmission line;
1 - Z : characteristic impedance of TL;
A LEN : physical length of TL:
K : effective dielectric constant:
ZLEN, KAF 3 A the attenuation of TL;

F : frequency for scaling attenuation;
1L relative permeability of surrounding

Lc sleeve;

2 = L. :choking inductance ;

Figure 5.1 Balun Equivalent model [64]
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Figure 5.2 CST model: (a) Bead core structureMblfi-hole core structure
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Figure 5.3 CST simulation results of bead corecttine withe,=250 and multi-hole core structure weh
=125: (a) $y; (b) Su
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5.3 Fractional Ratio Equal Delay | mpedance Transformer Design

Baluns, as previously mentioned, can be used foweming the unbalanced inputs to balanced
outputs, but can also be used for impedance tranafon. Therefore, they will be utilized here to
provide a 1:2 impedance transformation. Meanwi8lkevick [64] and Myer [66] have devised a simpler
alternative synthesis procedure for a 1:2.25 impeddransformer instead of a 1:2 design. Thish®gs
method is much simpler and will be adapted here. T\R.25 impedance transformer is comprised okthre
transmission line sections that will sufficientlyopide a satisfactory performance in terms of both
impedance match and insertion loss. However, ti¢hsgis procedure only reveals the circuit topology
and does not provide a means to determine thereslime lengths and the ferrite loading. Thusrecise
design recipe is still needed and will be developdtiis effort.

Similar to Sevick's transformer design [66], theveleped transformer section has three 33.33
Q coaxial lines, as shown in Figure 5.4. On the lowpédance side, coaxl is connected in parallel to a
series combination comprised of coax2 and coax3arMile, on the high impedance side, coaxl is
connected in series with a parallel combinatiortadx2 and coax3. Only coaxl and coax2 are encircled
by multi-hole ferrite cores in order to suppress addy currents on their outer shields. In our
implementation, rather than utilizing customized3332 coaxial lines, commercially available 8blines
are used, which did not noticeably affect overaifprmance. The structure was then simulated using
ADS and a multi-hole ferrite core based balun mo&elveral commercially available ferrite materials
were investigated in this simulation, as shownigufe 5.5. It is clear we can use a multi-holeifercore
with a |, as low as 125 to get an acceptable performan20 MHz, thus circumventing the use of high
K, materials that are generally lossy, as previousgussed in the balun design. 50-mm coaxial lines
have been used as a compromise between the phgsieision limitations and the coaxial line ingamti

loss performance.

z, Coaxl  z=p252
S ) R
)
) Coax 2
0 ) T
=
—0 —
JT— Coax 3 J_—

Figure 5.4 Simple model of a 1:2.25 impedance foanser
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5.4 Non-isolated Power Combiner Analysis

The designed non-isolated combiner consists ofswations: a splitter (microstrip line T junctiomyda
a fractional ratio equal delay coaxial transforrf@t]. The T-junction splitter has an equal powelitsp
ratio at low frequencies, but it does not providsignificant isolation. The developed circuit haeb
fabricated using coaxial line segments and feoitiees mounted on a standard printed circuit boEne.
non-isolated combiner was modeled using ADS andidated, as shown in Figure 5.6a and b,
respectively. Its measured results indicate thiaadt better than a 25 dB output return loss fostimeming
port and less than a 0.28 dB insertion loss oweida frequency range of 30 to 450 MHz. Meanwhike, a
expected for any non-isolated combiner, the strechas a poor input match and isolation—as inditate
by S and $; shown in Figure 5.7. This figure compares the ea and measured results. Clearly, they
are in sufficient overall agreement. Meanwhile, ¢benbiner’s low insertion loss over the 30 MHz &04
MHz frequency range indicates that the ferrite dgpe/shape has not added any significant insehtiss

Here, two multi-hole core with,=125 (12-365-K, from Ferronics, Inc) are used.
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5.5 |Isolated Power Combiner Analysis

Power combiner isolation can be sufficiently estdigld by properly adding isolation resistors that
bridge the two input ports of a splitter. The gplitcan be designed either to provide the splittinty, or
both the splitting and the impedance transformatitm either case, the in-phase excitation of tiui
ports, as stated before, are combined at the optptit However, the out-of-phase excitation of itigut
ports is dumped directly to the isolation resistoather than being reflected back to the input gort
Therefore, a high isolation between the two inputiexists while sustaining a good match at bbéh t
input and output ports. As a good starting poimtdar design, we will first investigate Edward’sdsi
band VHF/UHF combiner that can operate over a dedmhdwidth [67]. Its analysis will be initially
discussed in detail below, and subsequently, wefwither present our modified structure with aatar

EM modeling to achieve an even better performance.

5.5.1 Analysis of Edwards’ 1:2 splitter (combmesection

Based on the bandwidth requirements of the Wilkingsmmbiner, a synthesis function (like
Chebychev or Butterworth) is used to determine thenber of quarter-wave impedance transformer
sections. However, it is difficult to achieve mdhan a decade bandwidth with a compact size. Fen ev
wider operating bandwidth, R. L. Edwards patentedsalated power combiner [67] with a very simple
structure. It alternatively uses two sections: @oresplitting the input port to two ports (splitfeand a
fractional ratio equal delay impedance transfor(her 1:1.25) to achieve more than a decade bartdwid

The splitter is comprised of four ferrite loadedxial lines. Each ferrite loaded coaxial line wosss
a transmission line transformer. The splitter’s lfvagquency operation is limited by the permeabitfy
the ferrite cores, and its high frequency operaigdimited by the length of the utilized coaxiald. The
rule of thumb for the coaxial line length is to Usees with approximately one half wavelengthshat t
highest operating frequency. Meanwhile, the desifnthe fractional ratio equal delay impedance
transformer is described in the previous section.

The splitter structure design of [67] was adapter lwith the structure fabricated using coaxiaddin
surrounded by ferrite cores. The coaxial lines @oss-connected in a bridge configuratiamere the
inner conductors are crossed-over and the outetumbors (the shields) remained connected. Meanwhile
the isolation resistors are bridged across thddshag the input side and between the inner coodsicit
the output side, as shown in Figure 5.8a. Addifign&ef [67] has recommended the use of four ferri
bead cores to suppress the common mode eddy @ioktite coaxial line and has been adapted here, as

these currents can cause performance degradation.
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To get an idea about the eddy current levels aaditiequat@, required, ADS was used to simulate
the splitter. The ADS AC simulator was used to nmmihe values of the currents and voltages abuari
points under the in/out-of-phase excitation to @rttae even/odd mode equivalent circuits. Figurd 5.8
shows the schematic of the AC test bench used i8.AMeanwhile, the equivalent circuit is shown in
Figure 5.9. The ferrite permeability is preserttgdhe parameter (Mu-Bead). As expected, the moadto
currents and voltages values at different pointshm even mode equivalent circuit were completely
independent of the permeability of the ferrite sirtlsere is no outer surface currents in the codixies.
Most of the RF signal is transmitted from the inpatts to the output port in this case; hence a ralue
was used in the model. On the other side, basd¢bdeooalculated currents of the various monitoreidtsp
a relatively high permeability ferrite core is neddfor the odd mode circuit, especially at the low
frequency end. Therefore, it was determined tHatrite core material with a Mu-Bead of approxiniate
250 should be sufficient to suppress the eddy otsrand dump the unbalanced signals into the

combiner’s isolation resistors.

Inner connector
Ferrite core /
vin1 3 C:E_
Output oL BALUN2 AC
Ball Bal2 AC1
- 2250 Ohm e
V_AC = Len=13 L- =13
250 SRC1 Mu=Mu_Bead R M“"_'M -
Vac=polar(1,0) V . Ry | EuSed vout
Freq=RFfreq MHz R3 § e !
= V_AC G ;Z:h
SRC2 Num=1
Vac=polar(1,0) V 2225 0hm
Freq=RFfreq MHz, =
vin2
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BALUN2 BALUN2 VAR1
Bal3 Bal4 RFfreq=30 MHz
2250 Ohm Z=50 Ohm Mu_Bead=250
= Len=I3 Inher connector Len=i3 13260 mm
Mu=Mu_Bead Mu=Mu_Bead
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Figure 5.8 (a) Patented splitter (after[67]); (lp)ier AC simulation schematic in ADS
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Figure 5.9 (a) Even mode equivalent model; (b) ®ddle equivalent model

5.5.2 Analysis of the modified structure

The previously described structure was modifieghiavide a means for flux-reduction/cancellation,
thus reducing the required material permeability,The modification is shown in shown in Figure 5.10
where the two input and output coaxial lines, coartl coax2, and coax3 and coax4, respectively, go
through the magnetic cores from their oppositessidg this arrangement, the flux in the magnetieds
significantly reduced (i.e. canceled) for in-phasenbining, allowing a higher power handling without
driving the ferrite cores into saturation, i.e.diBgy to increase the power handling capability. Meaile,
the out-of-phase signals would see the high incwetalue to the odd mode flux doubling. In this cse
lower p, (125) would be sufficient to extend the combineperation to lower frequencies. Currents would
be effectively blocked and forced to pass throughisolation resistors rather than being reflettack to
the inputs. Obviously this will render a bettedamn and an improved return loss performance.

Since the equivalent circuit can not accuratelydiptethe performance of the coax lines when going
through the toroid core, it is necessary to usdlaMave EM simulation; at least for the splittexcson to
accurately evaluate its performance. It is wortmtioming that our EM model, based on CST, accounts
for the radiation losses due to the bridge strecuiscontinuities, the wires’ ohmic losses and spac
alignment effects. In our analysis, we used thevedgnt circuit model previously developed for thter
section for faster analysis. The EM simulation hsswere represented by an S-parameter matrix amed h

been imported to the ADS simulator to be used injuaction with the 1:2.25 impedance transformer
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circuit model, as shown in Figure 5.11a. The sitadaresults of the combined circuits are shown in
Figure 5.12.

This novel design was then fabricated using codiiak with only two ferrite cores for the splitter
section, as shown in Figure 5.11b. In addition, 88 coaxial lines with ferrite cores and one Q5
coaxial line have been used to assemble the lid@&dance transformer. Additionally, two 8DATC
power resistors were placed in the back of thefbestre for heat dissipation, and a power capacias
added between the two branches of the splitteotopensate for the bridge discontinuity and to minén
the amplitude and phase imbalances. However, #paditor caused a slight increase in insertion &ss
high frequencies. The compensated combiner was tdstad. Its measured insertion and return losses
agreed well with the simulation and were bettemthalf a dB and 18 dB respectively over a wide
frequency range (30 MHz to 450 MHZz). The measurdliner isolation exceeded 28 dB, and the phase
imbalance is less than 4 degrees, as shown ind-igur2. These results were compared to a combiner
structure built based on the original idea andexsected, the modified structure demonstrated terbet

input match and isolation, validating our assumpgio

Magnetic Core Port1

Coax 1

: \\_// Coax 2

Coax1 and Coax2 cross
the magnetic core

500

conductor

Figure 5.10 CST model of the modified splitter; ApGwer resistors were utilized in our implementatio
and have modeled as ideal Q0resistors given that their small parasitic capeaxie (1.0 pF) can be

neglected
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Figure 5.11 (a) Simulation structure (combined G5ADS) (b) Fabricated combiner (the splitter with
the 1:2.25 impedance transformer)
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Figure 5.12 (a) Reflection coefficient at varioustp; (b) Transmission coefficient of the two brhes;

(c) Measured phase imbalance between the two pguis (port 2 and port 3); (d) Isolation betwekea t

two input ports (port 2 and port 3)
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5.5.3 Power recycling combiner

The isolated combiners can also be used as pathigh linear, high power amplifier application,
where the combining efficiency is of great conc&nnsequently, instead of using the twoch@loating
resisters to dissipate the unbalanced signals, ¢heybe replaced by two 1:1 Guanella baluns toctecy
this presumed dissipated (unused) power. Subsdyutre overall system efficiency would improve as
the unbalanced power can be easily converted tp@@r and fed back to the power supply [68]. Fégur
5.13 shows the fabricated combiner which has figgsp Port 1 is the input, and ports 2 & 3 are the
outputs, while ports 4 and 5 are used for poweyadéewy. The developed combiner was tested. Its
measured insertion and return losses were les0tBaniB and 16 dB, respectively, over a wide fregqye
range (30 MHz to 450 MHz). Meanwhile, the combirasolation has exceeded 23 dB, and its amplitude
and phase imbalances are less than 0.15 dB andgtgeab respectively, as shown in Figure 5.14. Eurth
improvements can be obtained when optimizing tiebklun design to improve the performance at the
high frequency end.

Figure 5.13 The five-port combiner, where port$1@ @ are the inputs, port 1 is the output, andspbrt

and 5 are the outputs used for power recycling
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Figure 5.14 (a) Reflection coefficient of variousrts; (b) Insertion loss of the two branches; (base

imbalance between the two branches; (d) IsoldiEtween the two input ports (port 2 and port 3)
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5.6 Conclusion

Modeling various types of VHF/UHF isolated and risolated combiners using equivalent circuits
and 3-D EM structures has been investigated torataly predict their performance. Previous models
were either too simplistic or only addressed veagib structures. Moreover, the presence of thétderr
cores and the use of non-planar coaxial line setgnéor fabrication make modeling and design
challenging. Development of such models shouldsagsioptimizing the performance of the commonly

needed multi-octave power combiners used for vanwiteless applications.

Ferrite core saturation, however, has been a niajodle in developing power combiners. Here, a
novel structure was recommended in order to imptoeeoverall performance, including the return loss
and isolation. The idea is simple and is basedwndancellation using ferrite cores cross-bridgwwhich
causes flux cancellation for the even mode and dloxbling for the unwanted odd mode. It is believed
that better IMD performance can be obtained thig. wowever, this was not experimentally validated.
Both the isolated and non-isolated power combihexge been demonstrated via models developed based

on equivalent circuits or full-wave EM analysis.
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Chapter 6 Adaptive BiasLINC

While the LINC transmitter eliminates the need ligghly linear amplifier components, it introduces
a new set of potential challenges. For examplis, still difficult to simultaneously achieve bothhegh
average efficiency and high linearity. Therefotee properties of the power combiner utilized in the
LINC transmitter would strongly influence the seien of its amplifiers [61]. To be specific, as dissed
in Chapter 3, the isolated power combiner usuadly & higher linearity and a lower average effigienc
On the other hand, the non-isolated combiner ugusls a higher average efficiency with a lower
linearity. Here, we will present a new scheme touianeously achieve both goals. The use of the non
isolated/isolated power combiner with narrow bandésband SMPAs will be evaluated first, then the
different LINC approaches will be compared. Finalynew adaptive bias LINC transmitter concept will
be discussed, analyzed, and simulated to simulteshe@chieve a relatively high efficiency and high

linearity.

6.1 Background of Non-isolated/l solated Combiner for Power Combining

The non-isolated/isolated power combiners with FR#sthe narrow band LINC transmitter have
been theoretically evaluated by [69]. However, #ualuation did not take the realistic effectstod PA
loading into account. Here, more realistic SMPA eledvill be applied to investigate the linearitydan

efficiency of a simplified LINC transmitter network

6.1.1 Efficiency evaluation

For simulating the efficiency of the LINC transraitttwo sine wave signals with conjugate phasors
will be used to represent the two decompositionalig of the LINC transmitter [49]. Both the wideldan
and narrow band performances will be demonstrated@dmparison purposes. Here, the product of the
drain efficiency of the SMPA multiplied by the comér’s efficiency will be assumed to be the effiag

of the overall LINC transmitter.

> Narrow Band Load Pull Effects

Obviously, the efficiency of the LINC transmittesing a tee combiner (i.e. reactive Wilkinson
combiner) is affected by the equivalent time vagyioad impedance depicted at the output of the
amplifiers. This time varying load impedance isitgly calculated based on the instantaneous curren
phasors entering the combining tee-junction. Dedlpj the loading will affect the operating condits of

each amplifier. It is important to account for suelflections/loading and investigate its effectstbe
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efficiency of overall performance. For example,hwibe higher load impedance, a larger proportion of
the amplifier's output signal will be reflected bao the same port. To evaluate such an effecthave
carried out a simulation for a LINC transmitterlising a narrow band class D PA in association with
either an ideal non-isolated or ideal isolated cioets (as shown in Figure 6.1). Two single-tonerces

with an angle oft+theta are used to present the two out-phasing @otstnvelope signals in the two

branches. We then swept the theta angle from 00% &suming a uniform distribution of these
decomposition angles. In Figure 6.1a, a split-Tcfiom is used as the non-isolated combiner. Medewhi
a hybrid combiner is used as an isolated combinéisashown in Figure 6.1b.

In our calculations, we have evaluated the oveféitiency using the following equation
Efficiency = Ru/Pqc (Egq 6.1)
whereP,is the outpupower of the combiner arfej,. is the total DC power consumption of the two PAs.
Subsequently, based on the simulation resultsad @bvious that even the load pull effects of thesD
PA are accounted for and the entire efficiencyhef hon-isolated combiner system would be bettar tha
that of the isolated combiner for a narrow bandg<lB PA (as shown in Figure 6.2). This is espaciall
true for large decomposition angles, given thatctm@bining efficiency of the isolated combiner s@s

a function of co$(theta).
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Figure 6.1 Narrow band class D PA with combines$:Non-isolated; (b) Isolated

(Note: The narrow band of the class D PA model wélsimulation results are shown in Appendix C and

Figures C1 and C2.)
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> Wide Band Load Pull Effects

For wide band applications, however, our conclussdifferent from that of the narrow band and
will be indicated here, assuming that we need tbachatching network to the class D PAs to sustsin
gain flatness and obtain a high output power lewelr the entire band. Here, we evaluate the widgtban
performance of the system by replacing the preloused narrow band class D PAs and combiners with
wideband ones, as shown in Figure 6.1. Then, wempemumerous simulations at different input power
levels and over a wide range of operating frequencrhe results in Figure 6.3a demonstrate that the
non-isolated combiner achieves a higher efficietioggn that of the isolated combiner at certain
frequencies, but achieves a lower efficiency aeofrequencies, as shown in Figure 6.3b. So, fram a
efficiency point of view, either approach can bidiagd, but other preferences may need to be tahten
account if factors such as linearity are considexethe same time. Details of our investigatiorewh

accounting for linearity will be discussed in thexhsection.

6.1.2 Linearity evaluation

Linearity is an important parameter when evaluatimgperformance of a LINC transmitter. Here, we
use a two-tone signal to estimate the linearitg @INC transmitter, shown in Figure 6.4. In eacarioh,
a driver amplifier is used to drive the class D powamplifiers to saturation (shown in Appendix C,
Figures C1 and C2), thus achieving a high ovefféitiency. Details of similar test benchmarks (Figu

3.4) with ideal amplifiers have previously beenyided in Chapter 3.
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Figure 6.3 Efficiency vs. Decomposition angle:Z8) MHz; (b) 400 MHz
(Note: The wide band class D PA model with its datian result is shown in Appendix C and Figures

C3and C4.))

Based on our linearity performance evaluation, shaow Figure 6.5, we discovered that when
utilizing an isolated combiner, the IMD levels aneich lower than that of a non-isolated combineisTh
means that high linearity can be achieved when awe thigh isolation between the utilized non-linear
class D PAs. In other words, the LINC transmiti@n produce better linearity performance. Hence hwhe
linearity is the prime consideration, isolated camabs are preferred.

In short, it is obvious that using isolated comisnis preferred, since it achieves efficiency samtb
that of the non-isolated combiners, while produdarngjgher linearity than the non-isolated combirfers
wideband applications. Moreover, additional effiwg enhancements can be achieved upon recycling the
power in the difference port (details have beeoudised in Chapter 5). However, if the efficiernsyf
major concern as well, searching for special anékhoombining schemes is also recommended. For
example, in the next section, we will introduceoxel adaptive bias LINC transmitter concept to achi

a relatively high efficiency and linearity for sis with high peak-to-average ratios.
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6.2 Basicldea of the Adaptive BiasLINC Transmitter

Many researchers have recognized [49], as cleanyodhstrated in the previous section, that neither
the isolated nor the non-isolated power combinarssimultaneously achieve linearity and high averag
efficiency with a conventional LINC transmitter, so tradeoff between linearity and efficiency is
generally accepted. While the individual PAs areigiged to operate with high efficiency, the primary
problem with a conventional LINC resides in combgihe two output signals,(® and $(t) after they
are amplified appropriately. As was clearly disedsgn the previous section, the combining efficienc
will depend on the decomposition angle between tihe signals, which can render low operating
efficiencies. In fact, when the amplitude of thgnsil, A(t), is much less lower than its maximum
amplitude, .y the two signals, ;&) and $(t), are almost out of phase and the instantanefficgency is
close to zero. On the other hand, when A(t).5 ithe two signals are in phase and efficiency igsat
maximum. The decomposition angle, the signal aomghditand the peak-to-average ratio, i.e. the signal’
properties are functions of the modulation scherherefore, when designing a LINC transmitter, tihe P
performance and the signal properties, such as PABG to be accounted for in order to minimize the
corresponding decomposition angle while optimizimg design for the amplifiers and combiners.

The concept of changing the DC bias of the poweplifiers to improve the overall efficiency of the
LINC transmitter is not new. For example, W. Youvign et al. [46] have suggested adjusting the DC
bias of the SMPA to achieve high efficiency of tBMPA with small signals levels; however, their
analysis did not consider the combiner’'s loadind dacomposition angle effects. C. Yuan-Chuan [44]
proposed adjusting the decomposition angle ofwtteeliranch signals and changed the DC bias of the PA
plus adding pre-distortion circuits. He suggestddC bias with discrete multi-levels determinedthy
signal statistic performance. However, only a comiemal PA performance was treated and the
combiner’s combining effect was not accounted for.

In parallel with the aforementioned ideas of adpgsthe DC bias, we have introduced an Adaptive
Bias LINC concept that completely accounts for ¢thenbiner’s loading. The concept will be discussed
here. In our approach, high linearity is first as®d using an isolated combiner while the LINC
transmitter’s efficiency is improved by changing tbC bias of the SMPAs, based on the total effetcts
the combiner, the SMPA, and input signal properti¥® use voltage-mode class D power amplifiers
(VMCD) which can act as ideal voltage sources. oeiput voltages are linearly proportional to the
drain bias, while their drain efficiency, even whitie drain bias is changing, can still be high.eSéh

properties are necessary for developing an adapiageLINC transmitter and will be discussed inailet

100



later. First we will discuss various, useful prdper of the class D PA before analyzing the overall

concept.

6.2.1 Voltage-mode class D power amplifier (VM&haracteristics

The VMCD PA ideally has 100% drain efficiency, asiell known. If so, then the RF output power

is assumed to be equal to the input dc power, wealate the dc voltage to the RF signal through th

following
Fe = F (Eq 6.2)
where
Fie = Ve lae (Eq 6.3)
but
-8V
“ 7R (Eq 6.4)
m 2
(7 7
n (Eq 6.5)
2 2
R):VO :aczﬁﬁjizﬁﬂ
2R TR N, 1w (Eq 6.6)

wherePy. : DC power, B : output RF power,m/n : transformer turns ratidy. : DC current,Vy. : DC
voltage, and/,: outputvoltage. Further details about the VMCD operatian be found in Chapter 4.

In other words, the output RF voltage is ideallyelirly proportional to the dc applied voltage as
indicated by Eq 6.6. However, due to the parasitithe realistic devices, there is a slight deviatirom
these ideal characteristics and is not easily atedufor when using only the above simplified epre.

Therefore, in our analysis, we used a VMCD (theesdtic of the VMCD amplifier is shown in
Appendix C, Figure C5). Our evaluation and itsigdation results are shown in Figure 6.6. It is chbat
with a constant input power, both the output vatdy,,) and voltage gain are still almost linearly
proportional to ., but the efficiency has a noticeably, slight déeiafrom linear behavior, as shown in
Figure 6.6b. A similar performance has also bedecfor the CMCD devices [55]. It is important to
mention that there is a measurable phase shiftarotutput voltage, which is linearly proportionalthe
applied V44 as shown in Figure 6.6d. This linear phase shiuid be accounted, and compensated, for to

minimize the “VDD-PM” distortion, explained in furer detail in the following section.
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Based on the performance shown in Figure 6.6, dritkWweeping a high efficiency performance, we
can decrease the drain bias of the VMCD to achi&vemaller output voltage. This could lead to
effectively reducing the decomposition angles, timproving the combining efficiency. Additional
details and comparisons between the conventiorthladaptive bias LINC transmitters will be given in

the next section.

6.2.2 Adaptive bias LINC vs. conventional LINC

Figure 6.7 shows both the conventional LINC andatiaptive bias LINC transmitters with detailed
signal flow charts. Here, G represents the gaithefPA, S(t) is the input amplitude modulated signa
A(t) is the signal amplitudegw is the carrier frequencyydy is maximum amplitude of A(t), analis an
adaptive bias index that will be developed in aualgsis here. In this approach, based on the agftle

of the signals, the phasor angig) is defined as

_ Cosat)) for ﬂt) <44hreshold
Cos©(t)) ) {acos@(t)) forﬂt) > Qhreshold (Eq 67)

Based on the value of the phagét), the gain of the amplifier needs to be adjusted
Gla for ¢t)> ¢)mresnois The factorp, selection will be shown in detail in the followisgction.

In Figure 6.7b a lookup table is used to storegai@ information of PAs with different drain bias
conditions. The details of the SCS were given iagiér 3.

Figure 6.8 is a comparison of the decompositioneanfi a conventional and adaptive bias LINC
transmitter, which shows that with an adaptive hi#dC, the decomposition angle is smaller so the

combining efficiency increases.
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Figure 6.8 Signal decomposition: (a) ConventidiBIC; (b) Adaptive bias LINC

In our proposed adaptive bias LINC transmitter nhotlee concept is based on decreasing the
decomposition angle for small signal levels to @us& high average combining efficiency. Howevke, t
voltage-gain of the PAs needs to be decreaseddingty. Thus, the output signal of the adaptivesbia
LINC is the same as the conventional LINC. Sineedfiiciency of the LINC transmitter is the prodott
the combiner and PAS’ efficiency, to achieve anrallénigh efficiency, the efficiency of the PAs shad
not be significantly reduced when lowering the agé-gain of the PAs. A high overall efficiency dan
attained using our recommended concept. For examapl shown in Figure 6.6, when the drain bias
voltage is reduced, the voltage-gain of the VMCDdexreased while sustaining over a 70% overall
efficiency. Table 6-1 summarizes the different aigrof the conventional LINC and adaptive bias LINC
transmitter at different stages of their processes.

Ideally, “a” is restricted to 1/ cos@ € ))> a > 1), however, in practical designs, the range af s

limited by the PA performance, as shown in theofoll
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Table 6-1 Comparison of the signals of the conesati LINC and adaptive bias LINC

Conventional LINC

Adaptive Bias LINC

Input AM signal
(to SCS);
S is outputof SCS

unit

A(t)=r_,cos@t))
@t) =cos* (At)/r,)

Shia (=S ()=
A(t)cosu )

1/cos@pt))>a>1
cos@ t))=a cos¢ ()=
g(t) =cos™ @ cosg ()))

A(t)=r_ . cos@t))
B(t)=rcos@ t))=aAf()
Shiiar (1 = A§cos@t)

S. (9 = B(§cos@wt)

Input PM signal
(to PASs)

Si() =0.55, cos@t+ @ € ),

S,(1) =0.5r,,, costt-¢ ¢ ).

S(1) =0.5r,, cosut+ g ¢)).
S,( =0.5r,,, cost- g (),

Input amplifiedPM

signal (to isolated

0.5Gr,, costt + @ (),
0.5Gr_,, costt—@ ().

0.5G /a)r

max

cosgt+g (),
0.5G /a)x . costt—g ¢)

combiner) G is the gain of PA underg, | G/a is the gain of PA under )

Output  amplified \/EG(Sl(t)+ S()) = \/E(G/a)(si(t)jL S(Y)=

AM signal - (from | /G cost )cosg ( ) | V2(G /a)cosget )cosg { )F

the sum  port of J2G A(t)cost) J2(G 1 a)B(t) cosgt )=

isolated combiner) \/EG A(t) costot )

Decomposition «t) a(t)

angle AH)>g(t) AH>g(t)

Efficiency |%(t)|2 depends on the decomposition angle;
Mcombiner =

IS +|SO°
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For a VMCD:
When Vje; changes to ¥o(Vae<Ve):
According to Figure 6.6,

G /G, =a (Eq 6.8)
Subsequently, the output signal of the PA decreaisdss now given by
Vo =(G,/ G) Vi (Eq 6.9)

whereG,,G, are the voltage-gains undéy., V.1 respectively.

For a isolated combiner:

When the combining angle changes from{t) to g(t), the output signal increases

Voz, = €0s(g (t))/ cosg { ))V,,, o(E6.10)
Then, the combing efficiency increases frams’ @t )) to cos (g t)

Ideally, if we want the signal to be amplified larly with the adaptive bias scheme, we need to have
G,/ G =cosf(t))/cos@ ¢)Fa. We can either seleay(t) according to @G, or select @G,

according ta(t). In order to achieve a high combining efficiencytteé combiner, to kegg(t) small, it is

better to havedps(g(t)F1 for the highest combining efficiency. Howevee may not have a solution for

_y Coset)
" cos( ()

So, we prefer to select different levels af. ®ind pick g(t) according to a discrete set\yf, /V,,

Vacz(Which relate to V,), given thatV,, , special whercos(g ¢ ))is close to 1.

ratios. Therefore, the threshold angle can betsleusingd=arcos G, / G,), given that we are going

to use only two different levels of drain bialeanwhile, if we use different discrete levels\gt, it is
possible to produce even a higher average combifiigiency, but the adaptive bias LINC transmitter
will become progressively more complicated. In tlisapter, only two discrete levels ofj\Vare
considered. The above analysis, however, doesaketinto account both the nonlinearity of the PAd a
the properties of the different input signals. Hifere, in the next section, an advanced EDA todllve
applied to simulate a more realistic adaptive hidC transmitter based on real devices to accoant f
nonlinearity and signal properties.

As is a simple example, for illustration purpodesus re-plot Figure 6.6 b&c as follows:

107



0.82 1

0.80 1
> 104
oy
@ 078_7 T 8;
2 076 2 7]
L 8 >
0.74- 6
0.?2I\I\l\Il\l\l\ll\l\ll\l\l‘l\ll 4|\\\‘ll\\‘ll\\‘\ll\‘\\ll‘\\\l
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Vdc Vde

(b) (©)

In this case, we select two DC bias conditions. @né0V where the drain efficiency (effl) of
VMCD is 82% and the voltage-gain (G1) is 11.2. Ttker condition is 25V and the associated drain
efficiency (eff2) of the VMCD is 73.8%, with a valje-gain (G2) of 5.8.

Then, the threshold angle can be selected @ingrcos G, / G,)=59°.

Now if we assume the decomposition angle togfe= 75", then we pass the threshold and the
outcome will be different based on the LINC schertikzed.

Casel. Using a conventional LINC, the overalloggficy iseff _ alll= eff1x co$ (78 ¥ 0.05

Case2. Applying the adaptive bias scheme, if watwa utilize the smallest new decomposition

angle g(t)=0 in order to have linear amplification,we need to have
G2=Glcosp )~ 11.% 0.258 2. However, from Figure 6.6c, we can see that wittlie

acceptable ¥ range, the voltage-gain is higher than 4.8. Hemeehave to reduce the decomposition
angle according to the possible voltage-gain, asvehin Figure 6.6c¢. In this case, we will pick Yo be
25V with a G2=5.8 and the drain efficiency (eff2}loe VMCD is 73.8% with a 25V drain bias.
Accordingly:
a=G2/G1l=11.2/5.8& 1.9

g(t)=cos' Glcosp ()G 2F cos (0.5 6,
eff _all2=eff2xco$ (60 ¥ 0.18

So, the overall efficiency increases from 5.5% {@ortional LINC) to 18.6% (adaptive bias LINC).
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6.3 Adaptive BiasLINC Transmitter Simulation

6.3.1 Simulation tools overview

To simulate an adaptive bias LINC transmitter, & summarize the available simulation tools. We
can use Matlab to generate either a sine wave wmodulated signal for the adaptive bias scheme.
Additionally, Matlab can also be used to displayl @ompare the original signal and amplified output
signal. Envelope simulator (an ADS simulator) Wik used to simulate the RF sub-circuit (power
amplifier and power combiner). Meanwhile, Ptolerayp ADS simulator) is used to combine the Matlab
and the Envelope simulator, as shown in Figure 6.9.

To simulate the adaptive bias LINC transmitter, wge Matlab to generate a modulated baseband
signal and decompose it into two constant envelmgeeband signals emulating the SCS and look-up
tables. Subsequently, the Matlab module exportstige constant envelope baseband signals into a
Ptolemy simulation environment. Within the Ptolerapvironment, these two RF signals are up-
converted into RF signals and then imported intsud-level simulation environment (Envelope
simulator). In the sub-level environment, the twie fgnals are fed to power amplifiers and summed by
an isolated combiner. Afterwards, the output of ifwated combiner is exported back to the Ptolemy
environment. The amplified RF signal is then dowmeerted into baseband, and finally, Matlab can be
used to plot and compare the amplified basebanubbkigith an initial reference baseband signal. Our

Matlab code is shown in Appendix E.

/ Initial base Ptolemy Simulator

band sianal Amplified base
g RFsignal band signal
(s Matla}b | U Envelope Simulator b Matlab
ourcesignal, > P 5| (Power Amplifiers+ own atia
SCS & look up Converter Power Combiner) Converter (Comparison)
Tahle)
T [
I , , 1
1 Bias control signal I
e e e e e e e e e o e o i i e J ]
Efficiency, Gain calculation;
Spectrum generation;

\ Initial signal /

Figure 6.9 Simulation contents
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6.3.2 Modulation
> 16 QAM

Spectral efficiency is an important issue for weésd communication systems, since there is a
bandwidth limitation for each application definey the FCC. Linear modulation schemes have been
applied to effectively increase the spectral effigly, such as a filtered M-ary PSK and a M-ary QAM
(quadrature amplitude modulatiorih this study, a 16 QAM will be used as an examjpiea non-
constant envelope signal.

QAM is a modulation technique where the symbolsehaeth amplitude and phase variations. It can
be viewed as a complex amplitude-modulated cafTiee. QAM signal constellation is a rectangular grid
with points uniformly spaced along each axis, asshin Figure 6.10. With M as the number of possibl
transmitted waveforms, an M-QAM modulation combiegsry logM bits into an individual symbol and
the symbol rate is Iglyl times less than the bit data rate. In e symbol interval, a QAM signal can

be expressed as [70]

() = A(g, + ja,) e (Eq
6.11)

where the information amplitudes, andag, independently range over the sets of equi-probaddlees:
a=@2i-1-YM), i=12.4M,3=2-1-YM), 1=12.,/M (Eq 6.12)

respectively, and the | and Q subscripts denoténghtease and quadrature channels.

reference

0.6

0.4}

0.2}

Quadrature

-0.2

0.4}

-0.6+

In-Phase

Figure 6.10 Constellation of an ideal 16 QAM siguseéd as a reference signal
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6.3.3 lllustrative Matlab simulation

Here some Matlab code is first used to simply destrate how the adaptive bias scheme affects the
average efficiency of the isolated combiner. Héne,decomposition angle is has a uniform distrduti
of 0 -90, which can be illustrated by the following example

For a threshold decomposition anglé= arcos (G/G,)

whereVq.>Vae, G1>G,, and 4, is the new decomposition angle.

There are two states:

State 1 whertk 6, ; biased by and the voltage-gain of the VMCD &;
@, =6, i.e. keeps the angle the same

State 2 wher#>4;, ; biased by, and the voltage-gain of the VMCD G;
@, =arcos ((G/G,) cos@)), hereg.< 8 and we need to reduce the
angle ta9,

For example, if we assume tha/G,= 2, then the threshold angle@g= 6. Figure 6.11 depicts a
conventional LINC scheme, the vectors of the tweliiad branch signals(;:&nd $), change smoothly
upon increasing the decomposition angle, the oyiputer (B.), and its combining efficiency decreases
upon increasind in accordance with c&®) dependence. However, with an adaptive bias schtrae,
operation is divided into two cases as shown infgd@.12:

a) When the decomposition angl) {s smaller than the threshold angle£ 60), the output power
(Pow), dissipated power (), combining efficiency, and the two amplified bcarsignals are still
similar to the conventional LINC scheme.

b) However, when the decomposition angle is largem thide specified threshold angle, the
combining angle changes and the dissipated powgp (@ecreases, increasing the combining
efficiency. The magnitude of the two amplified bechrsignal (S1 and S2) decreases while the
angle between the two decreases, according todhpted design scheme. Thus, the average
combining efficiency increases from 50% to over 60Phis is not a significant improvement,
but, and it should be pointed out, that with a higAR signal, the improvement will be
significantly pronounced.

We have applied a sine signal to the adaptiveldid€ transmitter. In the next section, we will appl

the 16 QAM signal to the adaptive bias LINC trartsaniand show that the 16 QAM signals have a high

peak-to-average ratio, validating our previousrolaif achieving an efficiency improvements for high
PAR signals.
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Figure 6.11 Conventional LINC: (a) Decomposed oes;t (b) Decomposed angles; (c) Output sum
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6.3.4 Matlab, Envelope and Ptolemy co-simulation

Utilizing Matlab, we ran a single frequency simidat as an example, but the results can be
generalized for a wideband performance. In our Ktan, we used an ideal voltage controlled amgifi
to predict the combining efficiency employing araptive bias scheme, followed by a customized GaN

VMCD to include the PAs nonlinearities.

» ldeal Voltage Controlled Amplifier Case

The modulated signal contents are defined and showble 6-2. Here, the modulated signals are
decomposed into signal’s | and Q parts. Here, GLlisGhe magnitudes of the voltage-gain and “dhes
phase different of the power amplifier with diffatebias (d=0 for ideal voltage control amplifierseq
The schematic of the Matlab, Envelope, and Ptolemgimulation, with a 16 QAM signal, is shown in
Figure 6.13. The block “QAM” is the Matlab modulsed to generate the baseband 16 QAM signal
(S(t)), the decomposed constant envelope signdl@)(&nd S2(t)), and the voltage signak{\). The
blocks “C1” and “C2” transform the complex basebaighals into timed RF signals. The block “C3”
transforms the control signal (which is used totagrthe drain bias of power amplifier) from thegsior
presentation into the rectangular presentations&giently, the block “F1” transforms the real drthe
control signal into a timed signal. The block “Xi&itludes the Envelope simulator, the power combiner
and the power amplifiers. In this simulation, idealtage controlled amplifiers (the detail of these
amplifiers are shown in Appendix C, Figures C6 & @re used, and the PA efficiency is assumed to be
100%, so the overall efficiency exactly equals¢hmbining efficiency (defined by, (PoutPaiss). The
block “Ol1” is used to export the simulation datanfr the Envelope simulator to the Ptolemy
environment. The block “T2” transforms the timed B§nal into a complex baseband signal. The block
“P1” packs the complex data into a matrix and teaports it to a Matlab module. The block “B1”
merges the two input matrix into one output matfike adaptive bias scheme is applied to the LINC
transmitter by changing the baseband signal irbtbek “QAM” and by changing the bias voltage of the

voltage controlled amplifiers in the block “X2.
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Table 6-2 Modulated signals with adaptive bias sahe

6, =cos* G, /G)

6,(t) = -6,(t)| <= 6,

“91(0 = _Hz(t)‘ >0,

Initial base band

() = r(e’ = s(h+ j50)

() = (e’ = s(h+ jg()

signal osrg)sr, O<ri)<r
Branch 1 = (0 oy [ |20 3,(V=C0S" (G /G cosk, (O
SO=907 801 ()= a0l @01 §)
5,0 =50+ sO) (s rs(t) = real(§,,(9 + s,.( )
) (t) -
t = 1 1
s(=5(0+ js (9 gs(t) = imag s,( X+ s.(0
6,(t) =angle( () r.
$0 (0= 1S() - qs{)J—rS e
rZ
Sn(D = ag )+ r¢ )\/m
S()=5,(0+ j 5()
Branch 2 2

S (D=3s(9+ g0} Z(t)

2

S, (0 = 5(9- 50} 2(t)

$,() =8 (9+ js,(d
&,(t) = anglg(s(})

. |ande_s,(h=-cos" (G / G cost, O «
() = (S(] €™->/ G) G

2

Ls, () =rs(d+ ag) \/lsz(t)rr:-%_l

r2

Sp()=ag)- rg) \/W—l

SZ(t) = Szin(t)+ ] %qn(b
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Voltage controlled PAs & Matlab to do post- processing
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Figure 6.13 Simulation schematic for 16 QAM signé&hvideal voltage controlled amplifier

(Note: The details of sub-circuits are shown in dpgix D.)

Figure 6.14 shows the simulation results for theveational LINC case, while Figure 6.15 is for the
adaptive bias LINC case. As shown in Figure 6.1da,bias controlled signal (¥, is constant all the
time, however it switches between two values irufégs.15a. The constant envelope signal’'s spectrum,
in each branch, occupies a wide frequency randeoth cases, as shown in Figure 6.14c and Figure
6.15c. In each case, the 16 QAM signal has a WgR=¥5 dB, the average efficiency increases from 55%
to 70% with the adaptive bias scheme. Also, by amng the spectrum of the initial and output sigital
is obvious that both the conventional LINC and #wdaptive bias LINC scheme will not decrease
linearity. This is shown in Figure 6.14d and Figar&5d. To achieve a more realistic result, a custed

VMCD is used to replace the ideal voltage contropbfier in the next section.
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domain; (b) Power spectrum of the output signglSgectrum of constant envelope signal; (d) Spettru

of combined and reference signal (blue--- combigigdal, red--- reference signal)

117



Ydd control index Output power

g 0.5
6- 0.4
> i i
= 4 5 0.34
5 | a |
= 24 O 0.24
Z i i
0 0.1+
-2 T T T T T T T T 0.0 \ [ \ I I \ \ \
000510152025 30354045 0.005101520253035404.5
time, msec time, msec
(a) (b)
Frequency domain constand envelop signal---s1_t Combined signal and reference signal
0
- 20,
= 204 0
= Sz 20] MW
2 0 89 -40 #ﬁ \‘.“
2 | EE 60 i
T 604 o i ! I
| 85 -804 va m’WL
'80 II\I|\I\I|\I\I|II\I|\I\I|\I\\l\l\\l\l\\ -100771{\ ‘ ‘ \ 4
© (D (D © Fa) Fa) Fa) Fa) Fa) '120 T T T T T T T T
© © © © g 9 g g g T T T [ T T ]
B & 8 & o o 2 2w -80 -60 -40 -20 0 20 40 60 80
o O O O O
freq, MHz Frequency (kHz)
(c) (d)

Figure 6.15 Simulation of adaptive bias LINC traitsen: (a) Voltage control signal in time domaii) (
Power spectrum of the output signal; (c) Spectrfiecpastant envelope signal; (d) Spectrum of comtine

and reference signal (blue--- combined signal,-radference signal)

118



» GaN VMCD Case

Here a more realistic VMCD is applied, and a drieenplifier is used to push the VMCD to
saturation. Figure 6.16 shows the Matlab, Envelape, Ptolemy co-simulation schematics. There is a
phase shift, when the VMCD switches between the different biases. If this phase shift isn’t
compensated, it will cause a “VDD-PM” distortiorhds, phase compensation (adding the different phase
shift to the baseband signals calculated from [Eigeu6d; for example, shows the phase difference
between 50V and 25V bias i§)9s needed to sustain the linearity. The averdfigiency increase from
25.6% to 36.3% when an adaptive bias scheme iseapplith a 16QAM signal (PAR=5 dB). Figure
6.17a shows that although the adaptive bias trdatesngsannot achieve the same ACPR as a conventional
LINC transmitter, it does achieve a ACPR=-50 dB&ich is sufficient for a 16QAM communication
system [71]. Figure 6.17b shows the normalized tetlation. The EVM of the conventional LINC is
1.23%, and the EVM of the adaptive bias LINC is1%x
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Figure 6.16 Schematic of adaptive bias LINC trattemnivith GaN VMCD

(Note: The details of sub-circuits are shown in Apgix D.)

119



Nomalized signals of Conventional/Adaptive Bias LINC
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Figure 6.17 Simulation results: (a) Normalized $pen; (b) Normalized constellation

6.4 Implementation Concept of the Adaptive Bias LINC Transmitter
Consideration

In the following section, we will discuss the piaat implementation of our adaptive bias concept.
For illustration, a simple sketch of the impleméiota of the Adaptable Bias LINC transmitter is shmow
in Figure 6.18. In this illustration, the FPGA @sithe voltage-gain and the phase shift of the ihaler
different Vy. bias conditions at each frequency in a look-upetalbhe FPGA receives the base band
signal and changes the decomposition angle acagprttinthe look-up table to produce a smaller
combining angle, thus the combining efficiency loé tcombiner increases. Simultaneously, the FPGA
guides the PA bias network in changing the biak e small delayt@) and sets a delay) to the new
output decomposition signal for the baseband sigandt2 are adjusted during the experiment so that
the signal arrives at the PA immediately after B#s bias has been changed. Subsequently, the new
output decomposition signal goes through the safetain and produces a lower gain and sustains a
higher PA and combiner efficiencies at the same tifor linearity, the adaptive bias scheme is seasi
to any gain and the phase imbalance between thebtawaches is similar to that of the conventional
LINC. This means that the methods proposed by GHd#&bazi et al. [72], L. Sundstrom et al. [73], &hd
Garcia [74] can be applied to further improve tllaive bias LINC transmitter. Although multilevel
biases can improve the whole average efficiencthéur it will complicate the power supply and the
look-up table, forcing a compromise between the. tiuarthermore, power reuse schemes can still be

applied to recycle the differential power to impeawerall efficiency.
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Figure 6.18 Adaptive bias LINC transmitter

6.5 Conclusion

While the LINC transmitter eliminates the need liaghly linear power amplifiers, it is still diffidu
to simultaneously achieve both a high averageieffcy and high linearity, especially for high PAR
signals. A novel adaptive bias scheme was propostus chapter. The scheme employs a SMPA (which
can have high efficiency) which can obtain a défdrvoltage gain for diverse DC bias setting while
sustaining a relatively high efficiency. High lim#g is first achieved with an isolated combinedahe
necessary signal processing. Then, efficiency j@awed by changing the DC bias of the SMPA based
on the combiner, the SMPA, and the input signaperties. While the input power of the SMPA is
constant, the multi-level DC bias is determinedtlyy PA’s performance. This novel scheme can help

improve the average efficiency of a LINC transnnittdile sustaining a relatively high linearity.
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Chapter 7 Investigation of Low Cost Technologies
for Broadband Applications

Broadband technology is exponentially expandingcd@er multiple applications. One hurdle is
technology fabrication costs. Here, two low-costeratives are presented to produce wideband
components and antennas. The first alternativestgatb Integrated Waveguides (SIWSs), is a rectamgul
guide created within a substrate by adding a togalnoger the ground plane and caging the struckitte
rows of plated via-holes on either side. Using S&thnology, the waveguide can be easily integrated
with the planar circuit without the high cost of chanical assemblage. The second alternative, diele
image guides (DIG), is also an excellent candifiataleveloping an alternative low-cost technology f
wide band mm-wave applications without expensivecision fabrication. The SIW technology will be

discussed in the first section, and then the DI€Haechnology will be presented in the secondmsect
7.1 Substrate Integrated Waveguide (SIW) Technology

7.1.1 Background of SIW technology

Conventionally, metallic waveguides still play anpiortant role in microwave and millimeter wave
circuits and systems. The waveguides have advasitafjdow loss, high Q factor and high power
capability, etc. However, they are bulky, heavy] ampensive to fabricate, and it is difficult tdegrate
microwave and millimeter wave planar circuits witie metallic waveguides. The concept of SIW
technology was first proposed in 1992[75]. SIW teabgy makes it possible to realize the wavegumde i
the substrate and it provides an elegant way t&grate the waveguide with microwave and millimeter
wave planar circuits. Since its inception, a vasige of SIW components, such as filters, antennas,
transitions, couplers, power dividers, and osdlsthave been proposed and studied.

SIW structures are fabricated on printed circugrils with the SIW sidewalls constructed from lined
via-holes rather than the solid fences used in eotional metallic waveguides, shown in Figure THis
technology is simple, less expensive than its presors, and even renders light structures. S. ¥aaly
[76] presented an extensive full parametric stublyiV structures based on a full-wave, 3D analysis
using Ansoft HFSS[77]. In this chapter, one Vivalitenna array, applying SIW technology, will be

used as an example to demonstrate how a low-cdstaind application can be achieved.

122



Substrate

Metalized S

via holes o =i
g
0 Metal plate

(a) Top view (b) 3D view

e o e “’f "/ ® @ ()

—

Figure 7.1 Substrate integrated waveguide on dr&desubstrates

7.1.2 Background of Vivaldi antenna and the state of thet

Ultra-wideband (UWB) antennas are a class of braadbantennas with considerably wide
bandwidths. Following is a definition for UWB antes, according to their impedance bandwidths,
communicated by the Federal Communications ComanisgFCC). An antenna whose minimum
operating frequency i and whose highest operating frequendy, isan be classified as a UWB antenna
if
FBW = 2ﬁ >0.2 or BW= f - f> 500MHz

fy + 1, (Eq 7.1)

where FBW is the fractional bandwidth of the antenn

When compared with conventional narrow-band systénis challenging to design an antenna for a
UWB system. Therefore, trade-offs are made betwdda bandwidth, good input match, compact size,
low-cost, high radiation efficiency and minimal pission.

Table 7-1 summarizes the characteristics of diffetd/VB antennas. According to Table 7-1, Vivaldi
antenna is a good candidate for UWB applicatione Mivaldi antenna belongs to the tapered slot
antennas (TSA) class. Vivaldi antennas are extigswtable for UWB antenna applications due torthei
varied features. These features include a high gample design, narrow beam width in the E-plaame
a relatively wide operating bandwidth. The Vivaldntennas are excellent candidates for array
manufacturing as they do not necessitate widedattmensions [78]. The Vivaldi antenna was used in
several UWB applications such as See-Through-Wdiging[79], Indoor Localization Systems[80], and
Breast Tumor Detection[81]. However, overall pemriance is generally hindered by the need for a

wideband feeding network. The network can causafgignt insertion loss.
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Here we propose to develop a wideband Vivaldi ardearray utilizing low cost SIW technology.
Below are the design challenges:

1) Compact, low loss, wideband feeding network

2) Wideband SIW to the connector transition

3) Wideband Vivaldi antenna

Yang et al. [82] have employed a multitude of thdeland Wilkinson combiners to cover the 8-12
GHz bandwidth based on microstrip technology, batdverall insertion loss was substantially higieto
3.5 dB). Meanwhile, Hao et al. [83]-[84] utilized 3W binary feed network that showed improved
performance, but its 2.5 dB insertion loss is stidldequate for high performance receivers. Yangl.et
[85] has developed an efficient SIW feed networkhioh has led to significant performance
improvements. A thicker substrate was used to medibe conductor loss, and to develop an optimized
GCPW feed to the binary SIW structure to improvéhttbe bandwidth and return loss performance. This
prevents the excitation of higher order modes nymaasociated with the use of microstrip linestioick
substrates. The proposed antenna array consisteed parts: (1pn array of eight printed radiating
elements (Vivaldi antenna) placed along the ax)sa(2eeding network printed on the same dielectric
substrate with the radiating elemeatsd (3) a wideband SIW to the connector transitidesign details
of the proposed wideband transitions and feedingvaris, together with the simulations and

experimental results of the fabricated structuiiét,be presented in the following sections.

Table 7-1 UWB Antenna Characteristics

Type Bandwidth Gain Size Cost
Crossed Monopole Wide Low Small Low
Conical Wide Medium Medium High
Bowtie Wide Medium Small Low
TEM Wide Medium Bulky High
Taper Slot (Vivaldi) Wide High Medium Medium
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7.1.3 Design of wideband GCPW to SIW transition

Due to the extreme thickness of the substrate, BM&®as to be used to prevent excitation of the
higher order modes, present if a conventional rsici line is used. The junction consists of a GCPW
whose center conductor and ground are linearlyr¢apto feed the SIW. In the previous implementation
of this transition [86], an SMA connector was a&ld and considered for the implementation. However,
in this case, due to the use of a thicker substmateduce the feed network losses, the employment
conventional SMA connectors at the input feed partild not be practical. Therefore, the GCPW to SIW
transition has been re-optimized to include an Igel'gonnector instead of the SMA, as shown in Figure
7.2a. Due to the larger size of the N-Type, as @regp to the substrate height, the whole structure,
including the N-Type connector, has to be simuladed optimized. A back-to-back transition was
fabricated as shown in Figure 7.2b. The measumadtgeshow that the designed transition operates av
bandwidth of 2 GHz with an insertion loss of lelsart 0.7 dB. This is slightly higher than the sintiola

results using Ansoft HFSS, shown in Figure 7.2c.

7.1.4 Feeding network

The developed binary feed network constructionaiseldl on the extensive use of optimized compact
T-junction designs. The T-junction designs werevjaesly developed by Songnan Yang[87] in our team
through direct translation from its metallic wavetgiversion [88, 89] to SIW. In this implementati@m
equivalent “a” dimension of SIW has been selectedive a relatively wide bandwidth for a singlegea
T-junction, as well as an acceptable insertion.ldésxt, the spacing between combining stages was
judiciously selected to achieve a wideband, comdati 8 power divider in three stages connectdatién
cascade. A back-to-back 1 to 8 power divider whsidated, as shown in Figure 7.3a. The dividereig/v
compact, and its measured back-to-back insertisa foom 7.5 to 8.5 GHz is less than 2.5 dB. This
insertion loss is much lower than similar measurgseeported by [83, 84]. As mentioned in [86]sthi
kind of SIW feeding network can provide a balangedver division over the wide band. Both the
balanced power split and low insertion loss shaglsist with increasing the gain and overall efficieof
the antenna array. Meanwhile, the use of thick tsates and optimized T-junctions has created an
improvement in performance. At the same time, tipeii port has a commendable return loss over the 7
to 9 GHz frequency range. Figure 7.3b shows tHea®dn coefficient and the transmission coeffitieh

the structure shown in Figure 7.3a.
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7.1.5 Single antenna element design

For SIW technology, a number of antennas can bd. useluded are H-plane horns, slot antennas,
tapered-slot traveling wave antennas, etc. H-plastes would require very thick substrates in orer
achieve a low return loss over a wideband. Thislévincrease the system’s overall cost. Slot antenna
have the advantage of being small and can be usadraveling wave array configuration to form a 2D
array. However, the differential phase shift betwéee elements will change with frequency, causing
beam squint. To have the beam direction constahtfrdquency, SIW feeding tapered slot antennas hav
been chosen. The taper can be linear (LTSA), expaie(Vivaldi), elliptical, or constant width
(CWTSA)[90]. Linear elements are generally easeerdésign due to the relatively small number of
parameters that need to be optimized. Howevereldgraents need to be long enough to be a good match
over a wideband, as described in [84], where amB0taper length was utilized. Instead of using the
wideband balun, a SIW has been used to feed a diiaitenna. Two configurations have been
investigated (shown in Figure 7.4). For a compact wide band operation, the taper lengths selected
were 27 mm. The first element is a LTSA. The LTS#xmbnstrated an acceptable return loss, but only
covered a narrow band. The second element is apnerpally tapered element, whose taper rate was
optimized to obtain a low return loss. Figure 7sGaws that over a 10 dB return loss can be achieved
simulation. As shown in Figure 7.5b higher gainrowedeband can b achieved when using exponentially
tapered element. The design detail of the singdneht is shown in Figure 7.6, with its dimensions
shown in Table 7-1. Figure 7.7a shows the fabritatimgle element Vivaldi antenna. Figure 7.7b
indicates the measured return loss of the singlment Vivaldi antenna is less than 10 dB over 6.9 t
GHz.

(a) (b)

Figure 7.4 The two investigated elements: (a) Lilyeapered slot antenna; (b) Exponentially tapesietl

antenna
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Table 7-2 Parameters of single element antenna

|_taper (mm) |r wl(mm) ws (mm)

27 0.3 1.25 20.5
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7.1.6  Eight elements array design

For the design, it is required that the array hegenall return loss, high gain, and minimum strrectu
losses (i.e. achieve high radiation efficiencyydduce the antenna noise temperature and obtagha h
G/T ratio. An E-plane uniform distribution has besosen with a binary feed network to allow a umifo
excitation over the required wide- band. The optimdesign would be to set the spacing between the
elements so that it is ~0.&t the highest operating frequenay,{). No grating lobes would appear over
the operating band while achieving the maximum ibdessgain. Also, the increase in the gain vs.
frequency is partially compensated by an incredsth@ conductor and dielectric losses, which also
increases with frequency. This allows a betterliig@ver the operating band. Another point to ddes
in this array design is the mutual coupling betwekiments which affects the return loss of thelsing
element when placed in an array configuration. &hfige and seven-element arrays have been evdluate
to check the mutual coupling between the elemdifits.three element array structure is shown in Eigur
7.8a, as an example. Shown in Figure 7.8b, the ahetwpling shifts the return loss center frequeoicy
the center array element and would require re-tuniMeanwhile, the mutual coupling from the non-

adjacent element is extremely small.
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The Vivaldi antenna array is designed to opera&r av/ to 9 GHz frequency range. It was printed on
a 125mil thick Neltec NY9208 substrate with a ditie constant of 2.08 and a loss tangent of 0.0006
Figure 7.9 shows the manufactured eight-elemenaldivarray, where eight Vivaldi antenna elements ar
fed using a SIW structure feeding network.

7.1.7 Array measured results

The measured input return loss and radiation pettare shown in Figure 7.10a, b & c. The return
losses of the array are, for the most part, bétiem 10 dB over a 2 GHz bandwidth. A gain of 12islB
sustained over the 2 GHz bandwidth for the eigbtragint array. The efficiency of the Vivaldi arraysha
exceeded 75% and only utilizes a 7x7 rieal-estate area as compared to [82] with a 1%¥18rea for a
similar gain at its center frequency (10 GHz). Nibtat the conductor loss has been significantlyced
in this case. The reduction in the radiation efficiy is actually due to the reflection loss rattiem
conductor loss. Thus, the array G/T ratio has detnated significantly improved values as compaced t
the one previously developed using Wilkinson podieiders [82].
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7.2 Background of DIG

The Dielectric Image Guide (DIG) lines are excdlleandidates for developing low cost alternative
technology for millimeter wave applications as show Table 7-3. Generally, the lines are utilized t
construct a variety of high performance millimetgve passive circuit and antenna components, and ca
be enhanced if integrated with dielectric resorsa{@Rs). DRs can be easily coupled to the DIG lines
and both can be produced from a variety of matetiatluding tunable materials such as silicon and
ferrite. Silicon, for example, has proven usefuldeveloping optically tunable components (like powe
dividers, filters, modulators and couplers). Likewi ferrite materials can be current-controlled arel
used to develop circulators and antennas.

The DIG technology has been extensively developedhiiltiple applications including antennas and
their related feed networks. Researchers havedsirgenerated a multitude of wide-band transitioms$ a
components, but the researcher’s designs are digrimmaed on using a line with a width, ‘a’, larghan
its height, ‘b’. Here, we revisit many of these figarations, but present the alternative of usimgd
with much narrower widths compared to their heigitstead of using a low dielectric material, our
proposed DIG lines are constructed of a high digeconstant material, which has a similar digliect
constant of that for the DR material. Such altémeageometry/material can lead to a wider trangitio
bandwidth, a larger coupling dynamic range, andrpler radiating structure. Here, we will descrioe
alternate wideband metal waveguide-to-dielectriage guide transition first. Then, we will present
various types of the recently developed low costsp@ structures including low-loss tunable power
dividers, wideband circulators, and optically colitd devices (such as variable attenuators). Aved t
we will discuss diverse types of antennas and ariiagluding beam forming and end-fire antennagdas

on the low cost DIG technology.

7.2.1 Wideband metal-waveguide to DIG transition

Efficient, low-loss transitions from conventionaletal waveguides to planar dielectric guides of
rectangular cross sections has been thoroughlystigaged by multiple researchers. The designs
developed include a tapered dielectric guide image inside a conventional waveguide with a flared
horn [91]. In this case, the DIG lines were comgli®f a low dielectric constant material --- sush a
Teflon or polyethylene and the transitions werekpuSubsequently, compact transitions were develope
without flared horns or contacts between the metateguide and the dielectric guide line like that o

Ref.[92]. These compact short transitions requérelielectric guide line tapering too, but have
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Table 7-3 Millimeter wave component applications

Application Sub- millimeter wave Advantages
Secure Communication- - Wide band links;
For example @ 60 GHz - Very compact transceivers;

- Attenuation could significantly varies across Hand,;

Imaging - Super resolution imaging;
- Higher penetration compared to optical frequesicie

- Non-harmful to human bodies.

Detection -Chemical and biological detection ussilmgple spectrometer

- using high Q resonant structures.

Collision avoidance radars - Compact, light weigliriective antennas;

- Simple steering schemes using material parametertsol.

Indoor Communication - Line of sight communication;

- Positioning and localization.

undesirable radiation and needed extra supportselmequirements make the structures difficult to
integrate with other components.

An alternative transition, therefore, has been hbpesl to overcome both the aforementioned
bandwidth problem and to simplify the coupling tber lines [93]. The proposed DIG aspect ratio(arb
this proposed design, a = 0.8 mm; b = 2.2 mm)ds than one, as shown in Figure 7.11, and is cadpar
to conventional transitions with a/b >1. The tréingi was fabricated using a dielectric rod made of
alumina with a dielectric constant of 9.8. Its penfiance was theoretically and experimentally evallia
as shown in Figure 7.12 typical back-to-back Ka-band transition was faétred using a 60-mm long
dielectric image guide with a 10 mm linear tapebath the input and output sides of the transitits.
measured results indicate an insertion loss oftlees one dB over the 26-35GHz frequency ranges Thi
is equivalent to a bandwidth of over 25%. The Ah&tFSS simulation results deviate slightly from the

measurement results, but can be used as a goodnetepoint for the design.

7.2.2 DIG circuit components

A variety of circuit components using the newly di@ped DIG transition have been developed to
estimate the various features of the image guide. IFeatures include ease of construction and low
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leakage and reflections due to any bends or inhemgiges in the line. The guided wavelength of the
DIG line is determined by its dielectric constamidadimensions, namely, the a/b ratio. The guided
wavelength along the DIG line for the fundamentalde for a<b & =9.8, a=0.8 mm and b=2.2 mm) was
calculated based on Ref [94]. The wavelength is than that of the a>b casg £9.8, a=2.2 mm and
b=0.8 mm), as shown in Figure 7.13Ehe newly proposed DIG (with dimensions a<b) presid
convenient coupling to other components in clogeipmity, such as other DIG lines and dielectric or
ferrite pucks. DRs are used as the basic buildiogks for a variety of circuit components. Exampdes
shown in Table 7-4, and a brief summary of the comemts will be presented in the following

subsections.
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Figure 7.11 Metal waveguide to DIG transition: Fabricated test fixture; (b) Schematic
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Table 7-4 Dielectric resonator modes and appboati

Dielectric Resonator Applications Comments
Mode
TE, TM, or hybrid mode | Wideband circulator an8mall radius to height ratio, operates oyver

dielectric resonator antenna wide band, radiation degrades their Q’s.
array Partially metalized pucks can be used to

minimize their radiation.

Whispering Gallery mode High performance filters angdLarge radius to height ratio, low radiatipn

multiplexers loss, extremely high Q’s [95]

7.2.3 Tunable attenuators

Typically, a resistive card or sheet can be plamedhe surface of a DIG line to build an attenuator
The attenuation level is a function of the care@ sind resistivity [96]. To build a tunable attermuaas an
extension of this concept, a semi-metallic plasay&il can be excited on the surface of a semicoaduct
material when optically illuminated using an LEDY[9By applying an IR irradiation, more free carsie
are generated which can lead to a conductivityeimee and subsequently, its insertion loss.

A tunable attenuator was fabricated. The attenuat@omprised of two parts: a low-loss alumina
dielectric rod section that is bolted to a smdicen section,shown in Figure 7.14a. Without optical
illumination, there is a minimal mismatch loss disethe close values of the dielectric constants.
Meanwhile, under IR illumination, a 10 dB additibattenuation can be seen in Figure 7.14b, buusee
of the longer wavelength irradiation, or more irgige illumination, will further increase the matdg’
bulk conductivity, causing larger attenuation laveThree-level attenuation has been experimentally
demonstrated by applying varying strengths of liRnination. This performance, for example, is dilia

for phased-array antenna applications that nebdwe amplitude control for beam forming.
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7.2.4 DIG antennas

DIG lines too are employed to build both antennas their feeds. Various types of antennas can be
designed including dielectric resonator arrays (BRAeaky waves and end-fire antennas. Additionally
beam forming can be accomplished upon tuning the DRonstructed of a semiconductor material. In

the following section, we demonstrate several ef¢happlications.

> Antenna Feeds

Dielectric resonator antennas have been used iimeier wave frequencies for many years. DR
antennas have several advantages over microstcéph patennas. The advantages include a smaller size
higher radiation efficiency, wider bandwidth, and excitation of surface waves [98]. Various feed
structures for the DRAs that have been previoushgstigated include microstrips, DIG lines, probed
slot apertures [93, 99-101]. The probe and slottape feeds are usually for narrow band application
However, microstrip lines are typically used belvband frequencies, as at millimeter wave frequesici
losses become excessive and surface modes cancibedeXSubsequently, DIG lines should be more
suitable as their losses are significantly low@2]J1

Conventionally, DIG lines (with dimensions a>b) Badeen used to feed DRs. For example, Wyville
et al used DIG line to feed truncated DIG elemd@3]. Here we utilize DIG lines with an a<b cross
section to provide a wider coupling dynamic rantiee lowest order mode of the DIG line is tBg,
mode, and it has dominahj, E,, andH, components, as shown in Figure 7.13b. Meanwhike,ORA
has a main radiating magnetic dipole mode thatea@xcited by the DIG, nameljEy,s This mode has a

largeH, component and overlaps well with t&g, mode of the DIG line. Subsequently, in designing a
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dielectric resonator antenna array, both the DRndtar and spacing can be adjusted to optimize the
antenna performance.

We have performed extensive parametric studiesgusimsoft HFSS for a full EM analysis. The
coupling analysis study between the DIG and the DRAimilar to that presented in [104] but for a/b

<0.5. The analysis was conducted with an alumidaof@=0.8 mm, b=2.2 mng,= 9.8, and a Si DR with

a diameter =2.6 mm and height =1.5 mm apd 1.2. Figure 7.15a illustrates the effect of $pacing
between the DIG line and the DR on both its resbft@guency and coupling coefficient. Meanwhile,

Figure 7.15b displays how the resonant frequeneggig sensitive to the DR puck’s height.

In addition, we investigated the use of differgmtets of materials for fabricating the DRs to previd
additional functionality. For example, for silicam GaAs pucks, optical control can be used to obntr
coupling to the DIG line, and for ferrites, a matimeontrol can be used to control resonant fregigsn
To have a more significant effect, it would be resegy to strongly irradiate those DRs to completely
decouple them, i.e. substantially lower the Q'shey will act as parasitic elements even with reddy
low Q’s. The simulation results of a ten-elememay with / without an IR and a 5-element array are
shown in Figure 7.17. In the simulation, we simpét a higher loss tangent of the DR to model the IR
illumination effects. While applying the IR to tfiest five elements (from the feed), the gain drémsn
16.4 to 15.1, and the 3-dB beam width increase #dto 15 (the 5-element array hasyain of 14.7 dB
and the 3-dB beam width is 95The IR effect is much more significant than &mnstrated in Figure
7.16. For beam forming applications, the conceptlmeasily extended to include adjusting the dngpl
of the various DR elements of the array to conféona given current distribution, such as Taylor or
Chebyshev distribution by an IR illumination ingleaf physically varying the distance between the DR

and the main line.
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» End-fire Antenna

Tapered dielectric rod is a surface-wave low-casipke antenna structure. The antennas are good
directional radiators in the end-fire direction arah be utilized for various applications, incluglishort-
range point-to-point wireless communications. Tlagliation of the tapered dielectric rod antenna
generally occurs along the tapered portion of tleedtric rod, increasing its effective apertured an
subsequently, its gain over a wider frequency rafg@e presence of the ground plane increasesiits ga
and acts as a support for the dielectric rod. Toatestrate, we fabricated an antenna made of alumina
with €=9.8 and taé=0.0003. The fabricated antenna is shown in Figut8a. Meanwhile, Figure 7.18b
shows the simulated and measured reflection coafficwhile Figure 7.18acompares the simulated and
measured H-plane radiation patterns at three diffefrequencies. The measured gain is higher tBan 1
dBi over a 26 to 33 GHz frequency range. The dsamey shown between the simulated and measured

results is primarily due to the rods’ fabricati@nttech tolerances.
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7.2.5 Conclusion

In the search for a low-cost technology to enhdheewide spread use of wideband technology, SIW
proved to be a viable alternative. SIW technol@ggimple, less expensive, and renders light strast
Here, we have demonstrated its use via the deveopof a Vivaldi antenna array. The array feeds
operate over a wideband with a lower insertion losmpared to previously developed feeds using
microstrip lines. In our implementation, the SIWusture was optimally designed, and fabricated on a
thick substrate to minimize conductor losses. Tilmayaemploys a SIW binary divider to minimize the
insertion loss of the feeding network. It has a cmn Grounded Coplanar Waveguide (GCPW) feed to
sustain a satisfactory input match while preventiigher order modes excitation over a wide freqyenc
range. The use of optimized T-junctions, and thliegration of a GCPW feed, has also led to an even
more improved performance with a significant lossluction. The developed Vivaldi antenna array,
which has high gain, narrow beam width in the Eipl& H-plane, and relatively wide bandwidth, is
extremely useful for ultra wideband antenna appibos such as See-Through-Wall Imaging, Indoor
Localization Systems, and Breast Tumor DetectiagreHthe Vivaldi antenna array design can easily be
scaled to an mm-wave. SIW technology would be imately useful at mm-wave frequencies by
achieving relatively high performance while remaga low-cost alternative to micro-machining.

Another alternative for low cost mm-wave wide badnponents is the dielectric image guide; DIG
is an excellent candidate for the development ofadety of millimeter and sub-millimeter wave
components. Dielectric image guide line technolizgg low fabrication cost technology when compared
to micromachining. The use of a high dielectric stant image guide (with the dimension a<b) makes it
easier to couple the guides to alumina, siliconA&and ferrite dielectric resonators, thus initigta
new set of applications. For example, high resdistisilicon is sensitive to IR illumination, whilierrite
resonators can be controlled by DC magnetic fidldsv-loss power divider operations can be achieved
using higherorder WG modes. The development of image guides larel corresponding power splitting
structures allows the eventuation of 1D and 2D rardearrays. Additionally, electronic tuning of the
dielectric resonators can be employed to develobidfomctional DRA arrays for various beam forming

antenna applications.
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Chapter 8 Conclusion

In the following chapter, we briefly summarize oawerall vision of this exciting field of research.
Varying highlights will be given in areas we bekeshould be revisited in the near future to complem

our findings.
8.1 Concluding Remarks

« There is an immediate need for RF/Microwave/Millisrewave front-ends operating over wide
bandwidths and at higher frequencies.

* Many applications, such as software defined radid fourth generation “4G” converged wireless
service RF front-ends, could benefit from thesédnliggwer and efficient broadband amplifiers.

» High power applications can significantly benefibrh the recent advancements of GaN HEMT
devices. GaN HEMTs have a higher power density arguperior thermal and high breakdown
voltage when compared to silicon LDMOS FETs and &MAESFETSs of similar output power.

* GaN HEMT devices have small parasitic capacitaaceslarge input/load impedances. They exhibit
a broader bandwidth than the bandwidths demondtkat®ther technologies.

« GaN HEMTSs, under a class AB biasing, can be usedrfoadband feedback and use distributed
power amplifier topologies to achieve a high poweide band, while sustaining a high degree of
linearity. Such designs can significantly benefdanf the utilization of more accurate, large signal
nonlinear device modeling.

* For high efficiency, switching power amplifierskdi the D/E/F modes, are more suitable for
achieving high efficiency. Multiple narrow band sshiing mode PAs have been developed that are
switched to toggle between wide bands. Howeves lielieved they can be replaced by one wide
band, highly efficient PA with only switchable outdilter banks or a reconfigurable filter.

* In many applications, since both linearity and afincy are importanto the PA design, various
linearization and efficiency enhancements techrsquan be utilized. The LINC approach has been
useful in producing high power and high efficiermser a wide band while sustaining a high degree
of linearity.

* In modern digital communication systems, variousiatation schemes have been utilized to achieve
a high spectrum efficiency. However, these sigaa¢éscharacterized by high peak-to-average power

ratios (PAPRs), which exploit deep envelope fluttues. Although the high efficiency and relatively

145



high linearity can be achieved at the peak poweel]dt is still difficult to achieve a high averag
efficiency for a high PAPRs signal.

Novel schemes are required to address signalshigthPAPRs. Schemes, such as the adaptive bias
LINC, have been proposed and should be investiglteder. The adaptive bias LINC scheme is
independent of frequency, which increases its piatieio work in wideband applications.

Implementing the adaptive bias LINC scheme is stihllenging. The challenges include how to
design a high speed, switchable DC power supply; twocontrol the time delay to avoid the drain
bias switching effect, and how to trade the nundi&C levels to increase overall efficiency.

More efficient, wide band combining techniques rreeded, especially at the VHF/UHF frequencies.
Multiple basic components, like low loss wide barahsmission line ferrite transformers, need to be

developed. Special techniques, such as flux cangettan help reduce ferrite cores’ nonlinearities.

8.2 AreasWhich Need to Be Revisited:

1)
2)
3)
4)

5)

Synthetic design of wide band combiners based wgaraxd functional techniques.

Implementation of the proposed adaptive bias LINGesne.

Pursuit of more accurate large signal nonlineaiaemodeling.

Investigation of other PA topologies for the LIN@nsmitter, including classes E and F in order to
enhance efficiency.

Apply the developed hybrid designs to MMIC circig$ to reduce parasitic and push frequency

performance even wider.
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Appendix A

Gate o | | e Drain

Source

Figure Al. 7-element small signal FET model [1]

By the definition of Y-parameter, the admittancenmeor the two port network can be presented as:

H :{Yn YMV}
I2 Y21 Y22 V2
And the parameters shown in Figure Al can be catledlfrom the measured Y matrices [1]

Coa == IM(Y,) / w;

M) -aCy [ [Rety,)F
w [Im(Y,y) = wC,y]*

gs

R =[Re(t, )] {Im(¥.)-@ G, + Re(Y,}}

9, = [RE(Y,)E +[IM(Y,) - w G, )L+ @* G R
r =1/ w)sin*{ [FaC,, - Im(Y,,) - Re(Y,, WG, R/ g}
Cus = |:Im(Y22) _ngd:I lw

Ry =1/Re(%;,)
To illustrate the effect of the feedback resistifeas, the model presented in Figure Al is sinmuyif

The FET with resistive negative feedback circuitdelds shown in Figure A2.
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Gate e— AN « e Drain
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\% \
1 g5 gmvgs 2
=
Source

Figure A2. FET feedback equivalent circuit

11
1, Res Re [[Vi
H NS M
"Ry R
—_ — &B_%Zg
BT %Tg Zvaz,eR,
27,

Ty 77z, R,

S, = 272,29,y Res
" GnZi+2Z,+ Ry

Z, is the characteristic impedance, which equalQ Stre.

For a perfect matched input/output, the=S,,=0, then:
Re = 0%
e —q_HRes.
G= =1- ;
S, =1-

0

From above equations, we can see that the gainheofesistive negative feedback amplifier depends on
Rrg, Not on the other S-Parameters. Therefore, thefganess can be achieved over a wideband wigh thi

resistive negative feedback.
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Appendix B

PS2
Phase=90.
@ v2
v4
~Vinput | / I 15 1
: \ + t g
SDD5P1 v
1 3 ]
PWWR2 —— out
A S21=1. o RIS s
1 S31=1.
= S41=1. V5
PORT2 {1 v3
Z=50 Ohm
Freq[2]=RFfreq-Spacing/2 PS1

P[1]=polar(dbmtow(Pavs_in),0) Phase=-90.
P[2]=polar(dbmtow(Pavs_in),0)

Figure B1. Simplified LINC transmitter

A complex representation of the band-limited sowigeal can be written as:

s(t) = r()e’Y ; o<sr)<r, .;

S(0= 90~ €); S,(9= D+ ¢); et)= s(9 rrzm—&x)-l

Here we use sine wave (with a variable envelopf,@s examples to verify the concept shown in Figure
B1.
VA(t) = cos(27ft ¢ cos(Zf,t
+ —
v2(t) = cos(2rft+ 90 ¥ cos@f,t+ 909 2cosv(2f12—f2t+ 0 )co&(—%t
=-2cos(2rf,t )sin(2rft )

v3(t)=cos(2rft— 98 ¥ cos@f,t—- 903 ZCOQ(ZT%ICZt— 0 )coeé;—fzt

=2cos(2rf .t )sin(Zrft )
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1

cos(2rh,t§
, sin(2rrf, 1) _ : . .
2cos(2rf, t )sin(Zrft Los(art 1 ) 2cos@2f,,t )cost@,t —) 2sim(R.t )sin(f2t

=2cos(2rft + 2rf .t )

VA(t) = VA(t)+ v2(t)\/ 2cos(Zr f,t )cosg2ft

_ 1 .
v5(t) = vA(t)+ v3(t) \/ cos@rt. 13 1= 2cos(Zr f, t )cos@2ft 4
: sin(2rrf, 1) _ .
ZCOS(ZTfenJ: )S|n(z'f0t )cm)— ZCOS@fen\I )CO%ZOt +,

2sin(2rf, t)sin(2rft F 2cos@ft—- 2f,t )
vout(t) = () + \B(t)= 4cos(2r {,,t)cos(Z ft
f,="f,+f,.; f,=f—"f,, f,isthecarrier frequencyf,,, is the envelop frequency;

So here the v4 and v5 are constant envelop signals.
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16 QA Signal from Matlab

Appendix D
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Appendix E

%69%%%%%%%% %% %% %% %% %% % % %% %% %% %% %% %% %% 890%%%%%%% %%
%9%%%6%6%6%6%%% %% %% %% %% % % % %% %% %% %% %% %% %% 880%0%0%6%6%6%%%%
% function to generate the 16QAM with/without Adapt ive bias scheme

function  [s12_t]=multisourcel()

clear all ;

close all ;

DatalL.=100; % bit number

Et=1e-12; % Calculation truncation error
M = 16; % Alphabet size

% x = randint(Datal,1,M);

x=dimread( 'D:\adswork\ADS Matlab\data\constant.txt' );

% Use 16-QAM modulation to produce y.
const=modulate(modem.qammod(M),x);

scale = modnorm(const, 'peakpow’ ,1); % Compute scale factor.
y = scale * const; % Modulate and scale to peak power =
1w.

Fd=1; Fs=16; Delay=3; R=.5; PropD = 0;

tx = [PropD: PropD + DatalL - 1] ./ Fd;

vl=real(y); % s_t=v1+.*v2;
v2=imag(y);

% GA_M=[1,0.5,0.2]; % Gain magnitude of voltage control PA
GA_M=[1,5.8/11.2,0.2]; % Gain magnitude of SW Model PA
TA=acos(GA_M(2)/GA_M(1)); % Threshold angle

close all ;

[ss_t1, to] = rcosflt(vl, Fd, Fs, 'normal/fir' , R, Delay);

[ss_t2, to] = rcosflt(v2, Fd, Fs, 'normal/fir' , R, Delay);

ss_t=ss_tl+j.*ss t2;
stheta_t=angle(ss_t);

rmax=max(abs(ss_t));

Pin=(abs(ss_t)).”2;

Pin_max=max(Pin);
PAR_Input=10*log10(Pin_max/mean(Pin))
n=(DataL+2*Delay)*Fs/Fd;
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for i=1l:n
if abs(ss_t(i))<Et
ss_t(i)=0;
end

s1i_t(i)=GA_M(1)*(ss_t2(i)+ss_t1(i)*sqrt(rmax"2/(s
D)

% Constant envelop signal of branch 1 |
s1q_t(i))=GA_M(1)*(ss_t1(i)-ss_t2(i)*sqrt(rmax~2/(s
K

% Constant envelop signal of branch 1 Q
S2i_t(i)=GA_M(1)*(ss_t2(i)-ss_t1(i)*sqrt(rmax"2/(s
D)

% Constant envelop signal of branch 2|
s2q_t(i))=GA_M(1)*(ss_t1(i)+ss_t2(i)*sqrt(rmax"2/(s
1));

% Constant envelop signal of branch 2Q

sl t(i)=j.*sli_t(i)+s1q_t();
s2_t(i)=j.*s2i_t(i)+s2qg_t(i);

angle_sl(i)=angle(s1_t(i))-stheta_t(i);
angle_s2(i)=angle(s2_t(i))-stheta_t(i);

angle_sl1(i)=mod(angle_s1(i),2*pi);
angle_s2(i)=mod(angle_s2(i),2*pi);

sw_t(i)=50;

% for voltage control amplifier use 6.02, for sw am
% sw_t(i)=6.02;

% for voltage control amplifier use 6.02, for sw am

%%%%% %% %% %% % %% %% %% %% % %% %% %% %% % %% % %0 %R

%%%
% Apply Adaptive Bias Method

%%9%%% %% %% %% % %% %% %% %% % %% %% %% %% % %% % %0 %R

%%%

% if (abs(angle_s1(i))>=TA && abs(angle_s1(i))<=pi
(abs(angle_s1(i))>pi/2 && abs(angle_s1(i))<=pi-TA)|

% (abs(angle_s1(i))>=pi+TA && abs(angle_s1(i))<
(abs(angle_s1(i))>3*pi/2 && abs(angle_s1(i))<=2*pi-

% % Apply Adaptive Bias Scheme

% % angle_s111(i)=angle_s1(i);

% % angle_s222(i)=angle_s2(i);

%

% aa=9/180*pi;
% % aa=0;

%

% angle_sl(i)=acos(GA_M(1)/GA_M(2)*cos(angle_si(i
% angle_s2(i)=-acos(GA_M(1)/GA_M(2)*cos(angle_s2(
%

% phase compensate for sw

166

s_tl1(i)"2+ss_t2(i)"2+Et)-

s_t1(i)"2+ss_t2(i)"2+Et)-

s_t1(i)"2+ss_t2(i)"2+Et)-

s_tl1(i)"2+ss_t2(i)"2+Et)-

% Normlized decomposed angle

% Normlized decomposed angle

plifier use 50

plifier use 50

%%%%%%% %%

%%%%%%% %%

2) |

| ...
=3*pi/2) ||
TA)

amplifier

)))-aa;
))-aa;



% s1_t(i)=abs(sl_t(i))*exp(j*(angle_s1(i)+stheta_ t(i)))/GA_M(1)*GA_M(2);

% s2_t(i)=abs(s2_t(i))*exp(j*(angle_s2(i)+stheta_ t(i)))/GA_M(1)*GA_M(2);
% sw_t(i)=25; % for voltage control
amplifier use -1, for sw amplifier use 25

% % sw_t(i)=-1; % for voltage control
amplifier use -1, for sw amplifier use 25

%

% ss_tl(i)=real(sl_t(i)+s2_t(i));
% ss_t2(i)=imag(sl_t(i)+s2_t(i));

%

%

sli_t(i)=GA_M(2)*(ss_t2(i)+ss_t1(i)*sqrt(rmax"2/(ss _t1(i)"2+ss_t2(i))"2+Et)-
1)); % Constant envelop signal of branch 1 I

% slg_t(i)=GA_M(2)*(ss_t1(i)-

ss_t2(i)*sqrt(rmax"2/(ss_t1(i)"2+ss_t2(i)"2+Et)-1)) ;

% Constant envelop signal of branch 1 Q

%

% s2i_t(i))=GA_M(2)*(ss_t2(i)-

ss_t1(i)*sqrt(rmax”2/(ss_t1(i)"2+ss_t2(i)"2+Et)-1)) ;

% Constant envelop signal of branch 2 |

%

s2q_t(i))=GA_M(2)*(ss_t1(i)+ss_t2(i)*sqrt(rmax"2/(ss _t1(i)"N2+ss_t2(i))"2+Et)-
1)

% Constant envelop signal of branch 2 Q

%

% s1_t(i)=GA_M(1)/GA_M(2)*(j.*s1i_t(i)+s1q_t(i));

% s2_t(i)=GA_M(1)/GA_M(2)*(j.*s2i_t(i)+s2q_t(i));

%

% end

%

%%%%%%% %% %% %% %% %% %% %% %% %% %% % % %% % % %9
%%%

BRBAHBIBIBRABALALBRBABRADALENBRE 6%%6%6%6%%%%%

end

s12 t=[sl t;s2_t;sw_t;ss tT;

9%6%% %% %% %% % % % %% %% % % % %% % %0 % % % % %% %0 % % % % %8 848880000088888468000000888888880%% % %% % %% %
90%% %% %% %% % %% % %% % %% %% % %% % %% % %% % %% % % %8048880/8886008880008800008808890880%0%% %% % %% %
% to clean the old file which is used to store the

function  presetup()

fopen( 'D:\adswork\ADS_Matlab\data\ref.txt' W),
fopen( 'D:\adswork\ADS_Matlab\data\test.txt' W),
close all ;

%%%%%%%% %% %% % % % %% %% %% %% %% % %0 %0 % % % % % % 280804
%%%%%%%% %% %% % % % %% %% %% %% %% % %0 % % % % % % % %8080
% Written data from data from Ptolemy output

3090%%%% %% %%
3090%%%%%% %%

function  write_token(ref,test) % plot s_t and sout_t in constellation

preref=dimread( 'D:\adswork\ADS_Matlab\data\ref.txt' );
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afref=[preref ref];

dimwrite(  'D:\adswork\ADS_Matlab\data\ref.txt' , afref);
pretest=dimread( 'D:\adswork\ADS Matlab\data\test.txt' );
aftest=[pretest test];

dimwrite(  'D:\adswork\ADS_Matlab\data\test.txt' , aftest);

%%9%%% %% %% %% %% % %% %% %% % %% %% %% %% % %% %%
%%09%%%%%%% %% %% %% % %% %% % %% %% %% %% % %% %%

%%%%%%% %%
%%%%%%% %%

% flot the constellation of reference and amplified signals
function  finalplot() % plot s_t and sout_t in constellation

close all ;

clear all ;

ref=dlmread( 'D:\adswork\ADS_Matlab\data\ref.txt' );
test=dimread(  'D:\adswork\ADS_Matlab\data\test.txt' );

Fd=1; Fs=16; Delay=3; R=.5; PropD = 0;
nn=size(ref,2)-Delay*Fs;

Pout=(abs(ref))."2;
Pout_max=max(Pout);
PAR_Output=10*log10(Pout_max/mean(Pout))

for i=(Delay*Fs+1):nn
refl(i-Delay*Fs)=ref(i);
testl(i-Delay*Fs)=test(i);
end

ref=downsample(refl,Fs/Fd);
test=downsample(testl,Fs/Fd);

Datal=100; % bit number
scatterplot(conj(ref(1:Datal)));

title(  'reference’ )
hold on;

scatterplot(test(1:Datal));
titte(  'demodulation result' )
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