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Abstract

In wireless communication systems, multiple stadsldrave been implemented to meet the past and
present demands of different applications. Thidiferation of wireless standards, operating over
multiple frequency bands, has increased the denfiandadio frequency (RF) components, and

consequently power amplifiers (PA) to operate awaltiple frequency bands.

In this research work, a systematic approach fer gimthesis of a novel dual-band matching
network is proposed and applied for effective desij PA capable of maintaining high power
efficiency at two arbitrary widely spaced frequessci The proposed dual-band matching network
incorporates two different stages. The first onmsaiat transforming the targeted two complex
impedances, at the two operating frequenciesréaleone. The second stage is a dual-band filer th
ensures the matching of the former real impedancéhé termination impedance to 50 Ohm.
Furthermore, an additional transmission line iiporated between the two previously mentioned
stages to adjust the impedances at the seconchaddharmonics without altering the impedances
seen at the fundamental frequencies. Although simiile harmonic termination control is very
effective in enhancing the efficiency of RF tratwmis, especially when exploiting the Class J design

space.

The proposed dual-band matching network synthesithadology was applied to design a dual-
band power amplifier using a packaged 45 W gallnitride (GaN) transistor. The power amplifier
prototype maintained a peak power efficiency ofuatEB8% at the two operating frequencies, namely
800 MHz and 1.9 GHz. In addition, a Volterra bagskdital predistortion techniqgue has been
successfully applied to linearize the PA respomeeral the two operating frequencies. In fact, when
driven with multi-carrier wideband code division hiple access (WCDMA) and long term evolution
(LTE) signals, the linearized amplifier maintainaa adjacent channel power ratio (ACPR) of about

50 dBc and 46 dBc, respectively.
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Chapter 1

Introduction

With the development of wireless communication esyst, an increasing number of communication
standards have been proposed and implemented totheeperformance requirements of different
applications. Since the power amplifier (PA) donsathe power consumption of the radio system, it
is imperative that the PA satisfy some stringenfgumance requirements. Those requirements and
the design target for a power amplifier include hhidrain efficiency, a minimum power level,
linearity, multi-band and broadband operationaligbiefficiency enhancement at back-off power

level, etc.

The major function of a power amplifier is to draawer from a direct current (DC) power supply
and use the power to enlarge the input signal. rDedficiency describes the efficiency of the
transformation from DC power to radio frequency YRBwer. Since the power amplifier is the RF
component that consumes most of the power in teawescsystems, the power amplifier should have
high efficiency to minimize wireless infrastructumperating expenses. Also, a PA with low
efficiency will result in a large amount of unus&C power heating up the transistor and
consequently affecting transistor performance. Tihaace the efficiency of a power amplifier,
several classes of operation have been propossthfie the output voltage and current waveform so
that DC power consumption can be minimized. Simgfput voltage and current waveform can be
affected by the termination at both fundamental fzguwonic frequencies, some operation modes use
harmonics to re-shape the voltage and current wavefor better PA performance. The classes of
operation mode can be categorized in two typesnitype, a transistor acts as a voltage controlled
current source, and output power will depend onitipt signal. This kind of operation mode
includes Classes A, AB, B, J, C, B/Fetc. In the other type, such as Class E or (asperation
mode, a transistor acts as a switch that will amrand off depending on the input signal. This tgpe
operation mode can be applied when an input sigagala constant envelope. Since our work deals
mainly with a modulated signal for a wireless comination application with a variable envelope,

the first type of operation mode is chosen for giesi

Since a high-efficiency PA is always achieved bghmaping the voltage and current waveforms at
drain, the linearity of the PA may not be maintdimad thus the output signal will be distorted. The
nonlinearity of a PA will cause spectral re-growiffjacent to the operating frequency band and will

affect signals in the adjacent channel. To dedi thits nonlinearity problem, several approacheghav
1



been proposed in the literature. One very attracéimd popular linearization technique is the pre-
distortion (DPD) technique, especially digital mfistortion [1]. This technique “pre-distorts” the
signal at the input in exactly the opposite way tha PA circuit does, so that the overall systes &
linear input-output performance. However, applyitige DPD technique with a high-efficiency
nonlinear PA may not always guarantee a relatiVielgar performance. In some cases the DPD
technique fails to linearize the PA, partly becatise nonlinear performance of the PA is too
complicated to model. Hence, it is necessary toatestnate the linearizability of a high-efficiency
PA.

Traditionally, PA design focuses mainly on one Enfrequency. However, since multiple
communication standards such as global system &tnilencommunications (GSM), wideband code
division multiple access (WCDMA), long term evobti(LTE), etc. have been implemented to meet
the demands of different applications in wirelessimunication systems, specific hardware needs to
be designed for each frequency band and thus nawlitd- is needed to cope with multiple frequencies.
While the multi-radio solution is simple to implentgit is a cost-inefficient solution. An alternadi
and very attractive solution would be radios treat operate over multiple bands or broadband. This
solution requires the RF front-end, and consequeht power amplifier, to operate over multiple
frequency bands or broadband. The broadband Pditabte when operation frequencies are close to
each other; the multi-band PA is a good candidateei operation frequencies are far apart. Some
design approaches have been proposed for multi-BAsdand broadband PAs. For a broadband PA,
wideband matching network (MN) topology is neededdhieve optimal impedance matching within
a wide frequency range. Structures such as mudtieses LC circuits [2] and tapered transmission
lines [3] have shown their ability to achieve widad matching. For a multi-band PA, circuit
topologies such as an impedance buffer [4][5], &irsaction impedance transformer [6], and T and
Pi type stub loaded quarter-wave transformers f/ehbeen proposed to realize impedance matching
at multiple frequency bands. Among other solutiam$?A with a reconfigurable MN designed for
each specific frequency can be applied in bothdizaad and multi-band PA design. Also, it is found
that choosing a proper class of operation with witdiesign space and less sensitivity of harmonic
mismatch can help lessen the restriction of broadkm multi-band matching and thus provide more
flexibility in PA design [8].

Modern communication standards generate signalshigth peak-to-average power ratio (PAPR)

for more efficient data rates. This approach rexputhe power amplifier to operate not only at peak

2



power, but also at around 6-10dB backed off. Howesiace the power amplifier is usually designed
for peak power, maximum efficiency is attained oatypeak power and degrades significantly when
input power is backed off. Several efficiency erd@nent techniques have been proposed to deal
with this issue, such as the linear amplificati@ing nonlinear components (LINC) technique [9],
Doherty amplifier technique [10], envelope elimipat and restoration (EER) technique [11],
envelope tracking (ET) technique [12], etc. Beeanfsits simplicity of implementation, the Doherty
amplifier technique which is based on load modatathias been widely investigated in recent years.
In addition, the research work on broadband anditbahd Doherty amplifiers has been increasing
rapidly these years and the combination of broadimamlti-band MN design approach and the
Doherty technique is very promising.

In this thesis, an overview of high power ampliiés presented in Chapter 2, which introduces
the basic operation mode of a PA and a desigreglydb achieve a high efficiency high-power PA. A
literature review of broadband and multi-band P&also presented. In Chapter 3, a systematic dual-
band matching network design approach for a duadti@lass J PA is introduced and analyzed. A
dual-band PA working at 0.8GHz and 1.9GHz with 4®Mput power is designed using this
approach. The design procedure and measuremeritsrege given in Chapter 4. Finally, a
conclusion and suggestions for future improvemenipaesented in Chapter 5.



Chapter 2
High power Amplifier Overview

2.1 Class of Operation of Power Amplifiers

Different classes of operation of power amplifiees be employed for different design requirements
and applications. Some common performance meadore®A design include gain, operation
bandwidth, output power delivered to the load, mraifficiency/power added efficiency, and
linearizability, etc. In the following subsectignseveral classical classes of operation of power
amplifier will be introduced, including Classes B, AB, C, F/F', and switch mode PA [13]. Also,
Class B/J continuous mode of operation will beddtrced. Before introducing the operation mode,

some important parameters need to be defined:

Gain = P"—'”t (2.1)
Drain ef ficiency (DE) = % (2.2)
DC
Power added ef ficiency (PAE) = P‘”gﬂ (2.3)
DC

whereP,,,; is the fundamental RF power of the out@t, is the input signal power, ali) . is the

DC power consumption.

2.1.1 Class A Operation Mode

Figure 2.1 shows the biasing point (in red) of ttamsistor and the waveform of drain voltage and
current of Class A operation mode. The DC-IV curivethis figure assume an ideal transistor with a

knee voltage of zero and output impedance of ityfini

Class A is the only operation mode that allowsaagistor to conduct for the full signal period. The
current waveform of Class A is sinusoidal, whictagtky follows the variation of the input voltage.
Class A has good linearity performance since thesistor is biased in the active linear region;
however, because of its current and voltage chexiatits, the maximum drain efficiency of Class A
mode is only 50%. The low efficiency feature makdsss A not a popular class of operation for high

efficiency PA design.
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Figure2.1 Class A operation mode

2.1.2 Reduced Conduction Angle Mode- Classes AB, B, C

Several classes of operation mode have been prbgosenprove the drain efficiency of power
amplifiers. Some conventional high efficiency arfiptimodes include Class AB, Class B, and Class
C.

By reducing the conduction angke of the drain current, these three modes allow tfer
minimization of the overlap between output voltagel current waveforms and consequently the DC
power consumption. The conduction angle is defim@the proportion of the RF cycle during which
the transistor is conducting. Figure 2.2 showsctiveent waveform of different conduction angles for
Classes A, B, AB and C. It can be seen that thdwttion angle is 2t for Class Ax for Class By
to 2=« for Class AB, and 0O ta for Class C. It is worth mentioning that the Cé&s#\, B, AB and C

share the same drain voltage waveform.

Imax T T

// Class A
/ —— Class B
i / ——Class C
= i
o // ——— Class AB
= | 7 B
£ /
g /
] !
i / ]
s
i/
i/
/
/ 1 1
-pi -pii2 0 pif2 pi
Figure2.2 Drain current vs. conduction angle of ClassesA, B, ABand C
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The conduction angle of drain current is reduceddwering the gate biasing point so that a
portion of the input voltage cycle drops below theeshold voltage and prevent the transistor from
conducting current. Figure 2.3 shows the biasirigtpaf Classes A, B, AB and C.

lps
A

Imax

- class g

|
|
|
|
9

Class B » Vps
Vinee=0 \\\ VI%DD Vinax
“, Class C

Figure2.3 Biasing pointsfor ClassesA, AB,B and C

Assuming a perfect harmonic short, maximum cursming up tol,,.x, and maximum voltage

swing up td,, ., (or equally 2\4p), the RF fundamental output power is:

Vpp |

Pout = ﬁ

(2.4)

N

DC power consumption is given by:
Ppc = Vpp X Ipc (2.5)

wherel; andip. are the fundamental and DC components of draineotrespectively. Using

Fourier analysis we can obtain:

Imax | _a—sina
I = "2 1-cos (%) (26)
_ Inax | 2 sin(g)—acos (%)
Ipc = 2m 1—cos (%) 2.7)
Thus the drain efficiency can be calculated as:
DE = Pout (2.8)

Ppc



Substituting the conduction angle value of eachrafm; mode, the maximum drain efficiency of
Class B PA can be calculated as 78.5%. Howevere ghe biasing point of Class B PA is outside the
active linear region, Class B PA may face the maalrity problem.

The conduction angle of Class AB operation modeeitsveen Class AuE2r) and Class Boi=n),
and the maximum efficiency of Class AB is betweé&fo5and 78.5%. Class AB operation provides

the opportunity to balance the tradeoff betweeadiity and efficiency.

Class C PA is biased more deeply than Class B RiAtlams has a smaller conduction angle of
current waveform. The drain efficiency of Class & de higher than 78.5%; however, Class C PA

suffers more from nonlinearity issues.

In order to get the sanig,,, more input voltage is needed if the operation enbds lower gate
biasing, and it can be seen that the achievablergdiuces as we shift from Class A to Class C and
passing by AB and B.

2.1.3 Class F/Inverse Class F Operation Modes

In previously mentioned modes, all the harmonies assumed to be shorted and the drain voltage
waveforms are sinusoidal, whereas in Class F amerse Class F modes, the odd/even harmonic
frequency components are used to genuinely shapevéiveform of the output voltage/current to
enhance drain efficiency. Figure 2.4 illustratew tamlding harmonics can help to improve efficiency.
The parameter r in Figure 2.4 is the ratio of thiedt harmonic to the fundamental component; r=0
means the output voltage has no third harmonicrepigksents the voltage waveform of Class A, AB,
B or C. It can be seen that if r is lower than 0.8% peak voltage of the harmonic re-shaped
waveform is smaller than the peak voltage of theelgusinusoidal waveform. This analysis indicates
that to achieve the same peak voltage, the thirthdwic re-shaped waveform can contain more
fundamental component while DC power consumptianaias the same. Thus, drain efficiency is

increased.
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Drain voltage reshaped by adding the third harmonic

In Figure 2.4, only the third harmonic is addechds been shown that if higher order harmonics

are used to properly re-shape the voltage wavefdrain efficiency can be further improved. Figure

2.5 and Figure 2.6 show the ideal voltage and otrmaveforms of Class F and Clasg, F

respectively. To achieve the required voltage amceat waveforms, Class F operation mode requires

short circuit at even harmonics and an open ciratibdd harmonics whereas Clas§dees the

opposite. Theoretically, the efficiency of Clasarie Class Fcan be 100% if the entire fundamental

and harmonic termination requirements are met; kiewen reality it is impossible to control all the

harmonics. Analysis demonstrates that having cbmifoup to third harmonics usually is good

enough to achieve high efficiency performance of Biice the fundamental optimum impedance of

Class F is higher than that of Class F, ClassiE preferred in design because it requires a lower

impedance transformation ratio and therefore alleasier matching.

Current
A
|5 ””””””””””””””
> wt
0 I AL
Figure2.5
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Current and voltage waveform of Class F operation mode



Current Voltage

A A
21y

Vs

lo

> wt >
0 n 2n 0 T[ AL wt

Figure2.6 Current and voltage waveform of Class F* operation mode

2.1.4 Class B/J Continuous Mode

The analysis of Class J continuous mode is insgiye@lass B operation mode. In Class B mode, all
the harmonics are shorted and the optimum impedariRept, which equals to the ratio ofy/to I,

in Equation 2.4. However for Class J, the optimunpedance is Ropt plus a reactive component.
Also, second harmonics are presented at the doahelp shape the waveform of drain voltage in

Class J mode. In terms of efficiency, Class J maaistthe same efficiency as Class B.

Some analysis has focused on relationship of thienam impedance of Class J PA at fundamental

and harmonics frequencies. It has been shown §8ltie optimum impedance requirements are:

Zso = Ropt + j -« - Ropt (-l<a<x1) (2.9)
sz0=0—j-a-3§Ropt (-l<ax<l) (2.10)

Zso and Z,¢, are the optimum impedances at fundamental frequema second harmonic
respectively. The higher harmonic components aserasd to be shorted. It can be seen dk&t
represents the condition for Class B operation mbidthe range o < a < 1, the operation mode is
called Class J; in the range-ef < a < 0, the operation mode is called Class J*. Figureshagws
the drain voltage and current waveform for Clagg & 1), Class J* ¢ = —1), and Class Bd =
0).Class J, J* and Class B share the same biasing pbMgs, so their current waveform are the
same. Class J* gives the mirrored voltage wavefofi@lass J with samjer|. Comparing Class J/J*
with Class B drain voltage waveform, it can be fuhat the waveform is reshaped and the peak
voltage value of Class J/J* is higher than thaCtfss B, which means the transistor operating at
Class J needs to withstand higher voltage tharofh@tass B.
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Figure2.7 Drain voltage and current waveform of Class J/J* and Class B operation mode

Figure 2.8 shows the normalized optimum impedaatdke ideal current source reference plane
at fundamental and second harmonic frequencies different values ofr. The third harmonic is
fixed to short circuit. In reality this plot willdshifted in the Smith chart because of the efié€ds,
which is the capacitance between drain and soufrdbeotransistor, and package parasitic of the

device.

Furthermore, research has been done on the dgsige and sensitivity of the harmonic mismatch
for Class B/J continuous mode. Analysis [8][14] whdhat if the fundamental impedance in Class J
operation mode is properly chosen, the design spatiee phase of harmonic impedance for Class
B/J continuous mode PA is much larger than thatlags B PA itself while keeping the same high
drain efficiency. Thus, when designing the matchiregwork of harmonic frequency impedance, if
the small range of phase where the efficiency dri@ss is designed to be properly avoided,
impedance in anywhere else should be sufficieradisieve high efficiency. Figure 2.9 shows an
example of the design space of second harmonicdemme for Class J PA. This figure shows the
simulation results of PAE versus the phase of cdfla coefficientl” at second harmonic frequency at
the load side of 45Watt GaN high electron mobititgnsistor (HEMT) device as an example. As
shown in the figure, PAE remains high in a very evidinge, indicating a wide design space. The
wide design space feature of Class J PA makegabd candidate for broadband and multi-band PA
design, which will be discussed in Section 2.3.

10



Second
Harmonic

[ )
© [ Fundamental
o
-]
o

Figure2.8 Design space of fundamental and second har monic impedance of Class J mode
80
75
707

40 T T T T T
© A~ © s =N
o © M o O
o & oS

Second Harmonic Phase

08¢
0ce
09¢

N
N
o

Figure2.9 Design space of second har monic phase of ClassJ PA

2.1.5 Switch Mode PA

In this operation mode, the input signal will eitteaturate the transistor or keep the transistor in
cutoff. Thus the transistor will behave like an RFitch, rather than a voltage controlled current
source as in the previous operation modes. Sireentignitude information of the input signal will

not be captured at the output, switch mode PA imllys applied to amplify the constant envelope
signal. The efficiency of switch mode PA is 100%thwidealized assumptions such as non-zero
saturation resistance of the transistor, instamtameand lossless switching action, etc. The

conventional switch mode PA includes Class E PAGlags D PA. Class E PA can be realized with
11



shunt capacitance, a parallel circuit, and transignislines. Class D PA is realized in a push-pull
structure. Since our work focuses on wireless comaation applications with a modulated signal of
non-constant envelope, the switch mode PA willbetiscussed in detail.

2.2 Practical Issues of Power Amplifier Design

Most theoretical analysis of transistors is donéhatideal current source plane; however, in ngalit
the transistor performance is affected by intearad external factors. Also, the DC-IV curves of
realistic transistors will have a knee region th#ects the transistors’ performance and thus PA
design. In this section the knee region interactiba internal capacitor effect and the packageceff
of the transistor device are discussed. To deternthe optimum impedance of the package
transistor, the load pull and source pull techniqaiee widely used in practice. Finally, the stapitif

the circuit is also an important issue that needsetconsidered during design.

2.2.1 Knee Region Interaction

The DC-IV curves shown in Figure 2.1 assume knédage to be zero; however, in reality the knee
voltage will always be a significant percentageéhaf DC supply. Figure 2.10 shows the actual DC-IV
curves of a GaN HEMT 45W transistor (the thermalster has been set to zero to eliminate the long
term thermal effect). The Class B load line is fgldton Figure 2.10 for different cases. The dashed
load line is the load line for the ideal case, whtdre knee voltage is zero, the current waveform is
half sinusoidal and 78.5% peak efficiency can baiakd. However, if the same load line is used for
the actual DC-IV behavior, the waveform of the eatrwill be distorted as shown in Figure 2.11.
Usually a dip will be observed at the peak regibthe current waveform since it is where the drain
voltage intrudes into the knee region. Since tt@ndvoltage also depends on the drain current, the
distortion of the waveform will be affected recwedy. This waveform distortion will change the
fundamental component and thus affect the lineafithe PA.

12
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Figure2.11 Drain current and voltage waveform with knee region interaction

To avoid the waveform distortion, the dot-dasheatllne in Figure 2.9 can be chosen to prevent
the drain voltage from entering the knee regiorcalh be seen that by choosing this load line, DC
power consumption remains the same whereas theoRErgs reduced because the output voltage
swing is no longer maximized. Thus, the drain éficy will be sacrificed.

13



In practical design, the solid load line shown igufe 2.10 is chosen as a compromise between
linearity and efficiency. This load line allows tlmnsistor to go slightly into the knee region and
have some extent of distortion, such that theiefficy is not unduly sacrificed.

2.2.2 Internal Capacitor of the Device

Because of the physical characteristic of the tséms structure, transistor performance will be
affected by its internal parasitic, including thepacitance among drain, source and gate. For field
effect transistors, the two most important capasithat affect the transistor analysis are Cgs and
Cds. The behavior of the capacitor will depend iffeint device technology. For example, Cgs of a
GaN device is nonlinear but Cds of a GaN HEMT tistns is relatively linear, whereas for a laterally
diffused metal oxide semiconductor (LDMOS) trarmistit is the opposite. The capacitor of the
device will affect the transistor performance innyeaspects, such as gain, optimal impedance

matching, bandwidth, etc.

2.2.3 Package Effect of the Device

Figure 2.12 shows an example of a package transj$f. The figure illustrates the internal
construction of a 2.1GHz 90W LDMOS transistor freneescale.

The gate and drain leads provide connections betteepackage device and the external circuit.
The bond-wires are used to connect the die todhd. |[For this transistor, the bond wires are also
used to realize a pre-matching inside the transisackage together with the MOS capacitors, to
improve the performance of the transistor. Usudlhg bond-wires behave like inductors and the
leads behave like a combination of inductor ancacigr. It can be seen that the performance of the
transistor will be affected by the package. Usyate optimum impedance for a package transistor
will be shifted a lot from the theoretical optimumpedance calculated using ideal transistor.

14
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Figure2.12  Illustration of LDMOS packagetransistor (with pre-matching) [15]

2.2.4 Load Pull/ Source Pull Technique

According to the discussion above, in most casesoffitimum impedance of PA design cannot be
chosen using the ideal transistor analysis. Intmecoptimum impedance is usually determined

using the load pull/ source pull technique, whieh be done either on the test bench or in simulatio

software if the the transistor device has been mheddeith adequate accuracy. Figure 2.13 shows the
simplified set up of load/source pull. First thading point of gate and drain, the input power, ttued

operating frequency need to be selected. Themiing and output tuner will be adjusted to provide
different reflection coefficients at the sourcees{isourcd and load sidel{load) of the transistor. The

corresponding output fundamental power and DC p@easumption will be measured for edth

The results of the load pull/ source pull are uguadesented as constant power added efficiency
(PAE) and output power contours. Since the optivalle ofT'|g5q Will depend on the value 0kqyrce

and vice versa, the process will be repeated detieras until optimum performance is achieved.
Usually, the optimum PAE (or DE) and the optimuntpoti power will not share the same optimal
impedance for load side, and thus the maximum PAdEmRaaximum output power cannot be achieved
at the same time. Figure 2.14 illustrates an exarapthe load pull result for a 45W GaN transistbr
1.9GHz. A trade off strategy is needed when selgctiie optimum impedance. As can be seen in
Figure 2.14, the design target impedance is firgghected between the two optimum impedances. In
addition, the load/source pull technique can beliegpto determine optimum impedances at
harmonic frequencies.

15
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Figure2.14  Load pull result of 45W GaN transistor at 1.9GHz

Since the load pull/ source pull technique trehtsttansistor device as a black box, we lose the
insight of the intrinsic voltage and current of thensistor drain and thus have less understarafing
the class of operation mode that the transistamiking at. Also, since the voltage and currenthef
current source plane cannot be monitored, we iserdhe possibility of exceeding the voltage

limitation of the device and harming the transistor

A better solution would be to conduct load pulliz® pull and then verify the performance using
an exploded transistor device model, by which weazess the current source plane and monitor the

intrinsic voltage and current.
16



2.2.5 Stability Issues of PA Design

In PA design, stability analysis needs to be denavbid oscillation, especially in the low frequgnc
range where gain is relatively high. Pozar et Hb] analyzed the stability of a small signal. Adglin
resistors in series or in shunt with the transistauwally will help to stabilize the circuit. A prepy

selected capacitor will be added in parallel with tesistor to let the RF signal pass through auste
of being attenuated by the resistor. For a highgyohigh-efficiency amplifier, the stabilization

circuit is usually added at the source side to miré the loss of RF signal.

It is worth mentioning that the instability at R®sking frequency cannot be stabilized by adding a
resistor for high efficiency consideration. Thusfdre selecting the target impedance, it is impurta
that the stability analysis be done at the workiegquency and the selected target impedance feein t

stable region.

2.3 Broadband and Multi-Band Power Amplifier

The demand for broadband access and the proliderafithe applications of wireless communication
have motivated the constant development of wires¢égsdards. Different communication standards
increase the requirement of broadband or multi-besrdmunication systems, and consequently of
broadband or multi-band power amplifiers with gpadformance. Traditionally, a PA is designed for
each frequency band, a solution that can be emspiemented but is cost inefficient. Thus, power
amplifiers are needed that can operate over a baematlor multiple frequency range. This section

discusses the current approaches of broadband & fali-band PA design.

2.3.1 Broadband Power Amplifier

Since broadband power amplifiers need to achieregjaired output power and high efficiency at a
broad frequency range, the difficulty of MN designincreased. Several approaches have been

proposed in the literature to achieve broadbang&#ormance.

One approach is to design a tunable broadband BAanieconfigurable matching circuit. Figure
2.15 gives an example of a reconfigurable PA pregdsy Zhang et al. [17]. The output matching of
the PA is realized with LC circuits using PIN digdeontrolled by voltage control ports (CT1, CT2)
to adjust the equivalent inductor value. In thisywidne matching network can be optimized at each
sub-frequency band by adjusting the equivalentdtatuvalue. The disadvantage of this technique is
that the PA cannot operate at the broadband freguemge concurrently and the switching time

between different operation bands may also besareis
17



Voltage control ports CT1 CT2

Transistor Output Matching

Network
CT1 T2 Frequency band (GHz)
0 0 1.5-2.0
0 1 1.7-1.8
1 0 1.5-1.7
1 1 0.8-1.0

Figure2.15  Prototype of reconfigurable broadband PA [17]

To design a concurrent broadband PA, a widebandidvifeded. Li et al. [2] proposed a low Q
multistage matching network, where the multistage dircuit shown in Figure 2.16 is applied to
decrease the quality factor and smooth the variaifdhe impedance in the frequency range. Similar
approaches such as wideband MN implemented by itapga@nd micro-strip lines [18] can also

achieve a wideband MN performance.

Figure2.16  Low Q multistage L C matching network [2]

Another approach to realize wideband MN is to apeted transmission line [3], which causes the
impedance to vary in a continuous way. Figure 2Haws an example of broadband PA MN realized

by tapered transmission line.
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Figure2.17  Broadband PA using tapered transmission line [3]

The class of operation of broadband PA has alspb Biseussed, and recently Class J and Class F3
[19] have been found to have wideband potentiaP#design.

Previous discussion of Class J operation mode ins&ion 2.1.4 has shown that Class J
operation mode (or Class B/J continuous mode) eaefit from the existence of multiple sets of
fundamental and harmonic impedances. Furthermorkas been shown that if the fundamental
impedance in Class J operation mode is properlysamothe sensitivity of harmonic impedance
mismatching, which is evidence in Class B desigm ke largely reduced and thus implies a wider
design space [8][14]. Wright et al. [8] have shalva wide bandwidth potential of the Class J mode
due to the wide design space of Class J PA anassitdly applied this operation mode in broadband
PA design; the PA achieved 60%-70% drain efficiecross the frequency range of 1.4-2.6GHz.

Carrubba et al. [19] proposed a class of operatimae called “Continuous-ClassF3” power
amplifier mode was proposed recently and showepatsntial for broadband PA design. The origin
of continuous Class F3 mode is Class F mode; hawave&lass F3 mode the open or short circuit
harmonic termination requirement is relaxed. SimitaClass J operation mode, Class F3 mode has
multiple sets of fundamental and harmonic impedaricethe same PA performance, and it also has
a wider design space of harmonic impedance, indigahe wideband operation potential of this

operation mode.

2.3.2 Multi-Band Power Amplifier

Several approaches have been proposed recenthe ilitérature to design multi-frequency power
amplifiers. As has been done for broadband PAgnfigurable MN topology can be applied to
multi-band PA design. Several attempts have exgldre application of electronically tunable
devices, such as MEMS (micro-electromechanical esys} switches to design reconfigurable
matching networks needed to develop frequency amild flexible power amplifiers. Figure 2.18
shows an example of multi-band reconfigurable Paighed by Fukuda et al [20]. However, this

solution suffers from the slow switching speed #mel limited power handling capabilities of the
19



tunable devices. More importantly, as with the dragk for the broadband reconfigurable PA, this
solution does not allow for concurrent amplificatiof multiple signals operating at different

frequencies.

Figure2.18 Reconfigurabletriple-band PA employing RF-MEM S switches [20]

Alternatively, other authors [4][5][6][7][21][22][Z][24] have suggested a number of matching
networks capable of simultaneously providing nemgssmpedance transformations at multiple
frequencies to enable the design of multi-band pameplifiers. It is worth mentioning that the need
for proper impedances at the fundamental frequamcits harmonics (especially second and third
harmonics), as imposed by power amplifiers withagrded power efficiency, renders the design of
multi-frequency power amplifiers a very complicatadk.

As an example, Kalim and Colantonio et al. [4][Biroduced “impedance buffers” to design a
multi-stage, multi-frequency and multi-harmonic ofdhg network. This matching network is
implemented in multiple steps and designed MN ftbm highest frequency to the lowest frequency
considering fundamental, second, and third harmdémiquencies. Figure 2.19 shows the circuit
topology of the MN using impedance buffer. As can deen in Figure 2.19, d4 open ended
transmission line is added at the end of each nmajcktage for each frequency to eliminate the
impact of subsequent matching network stages. Tithoes demonstrate the capability of this
approach to realize optimal impedances at eachafuedtal and harmonic frequency. However, it
yielded large matching networks and consequentfjelinsertion losses.

A. Cidronali et al. [6] proposed a multi-sectiongedance transformer, which achieves impedance
transformation for multi-frequencies. The multisec impedance transformer consists of cascading

transmission lines with different characteristicpgdance and physical length for fundamental
20



impedances matching, followed by stubs in parédleharmonic impedances matching, as shown in
Figure 2.20. This technique has been applied tgdesdual-band PA. However, since the number of
stubs and transmission lines need to be increastidemough freedom is provided to achieve the
impedance matching at fundamental and harmoniuénecjes, this technique has a drawback similar
to that described in paper [4][5].

High Frequency Low Frequency
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Figure2.19  Dual-band PA MN using impedance buffer [4]
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Figure2.20  Multi-section impedance transformer [6]

The literature outlines other methods to desigrultisharmonic, multi-band impedance matching
network. Rawat et al. [7]proposed dual-band T antiyfe stub loaded quarter-wave transformers,
shown in Figure 2.21 and Figure 2.22, respectivEhe T/Pi type transformer can achieve the real-to-
real impedance transformation from 50 ohm to twffedént real impedances at two operation
frequencies. The derivation and equations to caleulthe characteristic impedances of the
transmission lines and stubs are introduced. Tinsa@ach provides a systematic way to realize the

real-to-real dual-band impedance matching. Howesiace this design approach does not control the
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harmonic, the PA was not optimized to achieve ogtiafficiency. The T-type or Pi-type circuits
also have limitations in terms of width and lengthtransmission lines and stubs. Thus, for a
particular frequency ratio and impedance values tteed to be transformed to, the T/Pi type
transformers do not always guarantee realizablgisak.

] - - -

(a) T-type with short ended stub (b) T-typehnapen ended stub

Figure2.21  Dual-band T-type quarter-wavetransformers[7]

N

(a) Pi-type with short ended stub (b) Pi-tygéhvepen ended stub
Figure2.22  Dual-band Pi-type quarter-wave transformers[7]

Gao et al. [21] proposed a novel bias line with leSonator and transmission lines at both gate
and drain sides to control the second harmonidd&dn input and output of the PA at two frequency
bands. Although the PA is realized in a compaaicstire, PA efficiency is still not optimized
because the third harmonic is not controlled.

Ding et al. [22] presented an interesting ideadotrol the second and third harmonic impedances
of two frequencies by exploiting the relationshijtween the harmonic impedances of Class F and
inverse Class F. Authors succeeded in presentiagreéquired impedances at the two operating
frequencies and their second and third harmonichaothe transistor operates in Class F mode at
one frequency band and in inverse Class F modeeasd@cond frequency band. Unfortunately, this
adroit technique can be applied only when desigmingl-band amplifiers with the two operation

frequencies related by the ratio of 1:1.5.
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Uchida et al. [23] presented a dual-band PA imples: using low pass Chebyshev-form
impedance transformer. It has been proven thdbthigass Chebyshev-form impedance transformer
has null attenuation frequencies correspondindgniéonumber of LC ladder circuit stages [25]. Since
the impedance transformation can be achieved atattehuation frequencies, there are N matching
frequencies for an N-stage LC ladder circuit. Iis thaper, a two-stage low-pass Chebyshev-form
impedance transformer is designed to realize tla¢lohnd impedance transformation. Figure 2.23 (a)
shows the prototype of the LC circuit and Figurg32(b) shows the transmission characteristig.
and o, are the two target frequencies. However this iraped transformer deals only with real
impedances and the harmonics are not controlled.

I
82 84
‘ w1 Wy i
Frequency
(&) Low pass impedance transformer (bn3ingission characteristic

Figure2.23  Low pass Chebyshev-form impedance transformer

An approach called active load modulation was psegorecently, inspired by the Doherty PA
concept, to modulate the load of a main amplifiedifferent frequency ranges while using switches

to switch the auxiliary amplifier on and off [24jut again the structure and implementation of the
associated methods are complicated.

2.4 Conclusion

This chapter provided an overview of high power Hieps and included the classes of operation
mode and practical issues of PA design. Also,eaditire review was provided on broadband PA and
multi-band PA. The next chapter will focus on dbahd power amplifier design.
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Chapter 3
Dual-Band Power Amplifier Design Approach

In this chapter, a systematic approach for thegtesi dual-band matching networks is proposed and
applied for a power amplifier (PA) capable of comently maintaining high power efficiency at two
widely spaced frequencies. This approach combmesadtomated synthesis of a dual-band filter with
the relaxed harmonic tuning requirements of thes€hmode of operation, to systematically design a
dual-band PA. In this chapter, first the class pEration is discussed, and then the systematic

approach is introduced step by step.

The work in this chapter was previously presente@6].

3.1 Choice of PA Operation Mode

As discussed in Chapter 2, the Class J mode haspiential and can be successfully applied to the
design of a high efficiency broadband PA. The masly mentioned flexibility brought by the Class
J design space can be extended to the design bbadod high efficiency power amplifiers. In fact,
designing a dual-band Class B, F, or power amplifier would require the synthesis ofimpim
impedances at the two fundamental frequencieslaaid second and third harmonics. Thus, the MN
needs to simultaneously match the optimum impedaatsix frequencies in total, which may result
in very complicated MN-even if feasible. Howeveenkfiting from the Class J design space, the MN
will need only to satisfy the impedances at the twadamental frequencies and limit the matching at
the second and third harmonics to a simple harmompedance control. Such a control is needed
only to avoid the harmonic impedances from beirggated within a small portion of the edge of the
Smith chart; the segment can be determined fromsthace/load pull characterization of the
transistor.

As can be seen from the literature review of dw@debPAs, most techniques that achieve multi-
fundamental and multi-harmonics matching suffemfroomplicated MN structure and thus degrade
the drain efficiency of the PA. In this work, thesijn of dual-frequency matching networks has been
tackled in combination with the transistor modeopgration. In fact, the integration of the Class J
mode of operation and its attributes has been wdhyential in the development of the proposed
dual-frequency matching network topology and itategsis. The adoption of the Class J mode of
operation significantly reduced the design compjexif the matching network by limiting the

explicit matching to the fundamental frequencied eglaxing the requirements on the matching at
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harmonics. This complexity reduction enabled thepsidn of a systematic methodology in designing
the multi-frequency matching networks by exploititg different techniques devised for automated

synthesis of multi-band filters.

3.2 Dual-band Matching Network Design for Package D  evices

Benefiting from the previous attributes of Clagkedign space, the two optimum impedances required
for transistor input and output at the two targetexfjuencies are determined. Furthermore, the
harmonic terminations study helped identify theioeg to avoid in the edge of the Smith chart. An
effective design of matching network to achievettirgeted impedance relies on the proper choice of
the circuit topology and its synthesis methodoldgigure 3.1 shows the proposed topology of the
dual-band matching network. Since the optimum inapeds needed by packaged transistors are
usually complex valued ones, the dual-band matciéngerformed in two steps, namely real-to-
complex and 50o0hm-to-real impedance transformatigmsadditional transmission line is inserted
between the two transformation stages to contelsticond and third harmonic impedances. The

following sub-sections describe the synthesis athestage of the proposed dual-band matching

networks.
Real-to-complex Real-to-real
matching network matching network

T Harmonic tuningi

3 L, line is added here

| | i } Dual-band filter

C TLs | 1/G Tls 3
21@f | o | N
2:@f> 1/G@f1, f2 1/G@f1 f2

Figure3.1 Proposed dual-band matching networ k topology

3.2.1 Real-to-Complex Impedance Transformation

The circuit shown in Figure 3.2 is used to transfdhe two complex impedances, ahd 2, at two
operating frequencieg; andf,, to an intermediate real impedance, R (G=1/R).open-circuit stub

(TL4), short-circuit stub (T, and transmission line (ELwere used to provide enough degrees of
25



freedom for the realization of this transformatidime method used to choose the resistance value R

or conductance value G is discussed later.

-

TL,
TLs
—— 1+
1@ L 1/G@f1, f>
2>@f2 | 1

Figure3.2 Real-to-complex fundamental impedance matching networ k

Figure 3.3 shows how the matching network trans$othe impedances in the Smith chart. The
transformation includes two steps:

-Starting with a conductance G, the dimensions etwo open and short stubs are adjusted to
attain the two points along a constant conductaircée that are marked with the star symbol in
Figure 3.3.

-In the second step, the dimensions of the dre adjusted so that the two points of the Smith

chart that were obtained in the previous step areechto the target impedances.

Z2@f2

% Impedance/Admittance
of constant conductance

® Target Impedance

21@f1

Figure3.3 Impedance transfor mation in Smith chart
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Having the bandwidth of the matching network asadditional design factor, the choice of the
value of G needs to be carefully chosen so thatamanable quality factor is maintained. The
conductance value G should be chosen close todfdtie two fundamental impedances so that
0(1/Z)) = O(1/Zy). Also, the transmission line (TLTL,, TLs) length must be <&/4.

Hence, the impedance transformation of the reabtoplex transformation is relatively low and
the bandwidth of the overall dual-band matchingwmogk will be dominated by the real-to-real

transformation.

It is also worth mentioning that the topology oé treal-to-complex impedance transformation is
not fixed. The selection of the circuit topologylwilepend on the position of the two target
fundamental impedances. In this work, the topolagth one transmission line and two short/open
ended stubs is chosen among other topologies edaashieves the minimum transformation while

maintaining some design flexibility. In additiohjg topology is relatively simple and compact.

3.2.2 Dual-band Real-to-Real Impedance Transformati on

The second impedance transformation is designedatch the intermediate conductance G to 1/50
Siemens. As discussed in [26], when transformingeidance over a wide range of frequencies, a
matching network has a filter-like characterisBenefiting from the established theory of automated
synthesis of dual-band filters, the design of cheatd real-to-real impedance matching will be treate
as a dual-band filter synthesis problem wherenhgedances of the dual-band filter ports are equal t

1/50 Siemens and G, at the two operating frequencie

Step 1: Low passfilter to single-band passfilter

The filter design begins with the determinationtieé low pass filter prototype in Figure 3.4. Tde
values of the low pass filter prototype are chosem the g-table of the Chebyshev filter, given in
[26], where the filter order was set to 1. In faxthigher order filter will result in higher insiert

losses for unnecessary high roll-off.

Figure3.4 Prototype of low passfilter
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The low pass filter prototype is first transformietb a single-band pass filter, where the center
frequencyf, is equal to the average of the two working freaqiesy, andf,. For that the inductor,L
needs to be transformed into an LC series resotizbresonates gt =wo/2r as is shown in Figure
3.5. Such a series resonator is not suitable forastrip line realization. Hence, a series resmmiat
shunt resonator (CL,) transformation using a J-inverteg @hd J) is applied as shown in Figure 3.6.
The two J inverters are also used to realize tmeiteahce transformation from G to 1/50 Siemens,

where G is the intermediate conductance value chiosine real-to-complex matching network.
L' Gi'=1/(L1'wo’)
|
N

Go=go Gz=gz

Figure3.5 Single-band passfilter with L C seriesresonator

G Ji G— <L, J 1/50

Figure3.6 Single-band passfilter with LC parallel resonator and J inverters

In Figure 3.6, the values of, I, and G, L, are calculated using the following expressionse Th
generalized equations for N-th order single-barss ffitter are given in [26]:

_ ’FBWSXGAXbZ

J1= o (3.1)
_ ’FBWSXGBXbZ

J2 = T (3.2)

fo=tt (3.4)

where G = G, and @ = 1/50 Siemens, and FBWs is the fraction bandwadttme single-band pass

filter. b, is the susceptance slope parameter of the LC aemonvhich is defined as
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= Wo 4By
b, = S (mhos) (3.5)
where B is susceptance of the parallel LC resonator.dtlmcalculated thab, in this circuit is

1
WXL,

b2 =Wy X CZ = (36)

The value of pis not fixed and can be chosen provided that Eoua.6 is satisfied. It will be

used later to facilitate harmonic impedances cbasaliscussed in the following sub-section.

Step 2: Single- band passfilter to dual-band passfilter

The next step is to convert the lumped-elementgesinand pass filter in Figure 3.6 to a distributed
elements based dual-band pass filter, with two ezefrequencies; and f,. For that, the single
frequency resonator and J inverters in Figure 8&drto be transformed in to dual-band elements.
Figure 3.7 and Figure 3.8 show the transformatimmfa single-band resonator to a dual-band
resonator and the transformation from a single-banmalverter to a dual-band J inverter [27]. The
dual-band resonator is realized using an open-eltdestub that behaves like series LC, in parallel
with a short-ended/4 stub that behaves like parallel LC. Hétés the wavelength at the frequency
of fo. To achieve the correct impedance transformatioboth frequencies, the parameters of the

dual-band J inverter shown below are determineagusie following equations [27]:

_ 2 (1 fo—f1
Zy = 7., cosec (2 X f_z+f1) 3.7)
_ 1 2(m fofa
Zg = s sec (2 X f—2+f1) (3.8)
P S— (3.9)
© T Jeos G |
1

]sin(gx;—; ;;i)xtan(gx;—; ;;i)
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Figure3.7 Single-band resonator (a) to dual-band resonator (b) [27]
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(a) (b)
Figure3.8 Single-band J inverter (a) to dual-band J inverter (b) [27]
Figure 3.9 shows the resulting dual-band filterduserealize the dual-band real-to-real matching
network. It is worth mentioning that the differesitcuit transformations applied to obtain the final

dual-band real-to-real matching allow for a stepstgp design process in which the circuit
parameters are chosen to satisfy the impedancsfdramtion ratio and the requirements in terms of

bandwidth around the two carrier frequencies.
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Dual-Band
J-inverter

Figure3.9

Dual-Band
Resonator

U

Can be combined with one stub with the
characteristic impedance of ZD1//ZA//Z2D2

Dual- band char acteristics discussion

As introduced in Step 2, the dual-band resonatbichvis composed of a short-ended quarter wave
stub in parallel with an open-ended quarter wawi,sis applied to achieve the dual-band pass
transmission at; andf,. This topology has a dual-band transmission chariatic because it has a

band pass structure, which is the short-ended guardve stub, and a band stop structure, which is
the open-ended quarter wave stub. When aligningéheer frequency of the band pass structure and
band stop structure to befgaand properly control the bandwidth, the combinedcttire can achieve

a dual-band pass characteristic. Figure 3.10 iilites$ the band pass frequency response of the short

ended stub, the band stop frequency response obpke-ended stub and the dual-band pass

frequency response of the combined structure.

31

50Q

Dual-Band
J-inverter

Circuit topology of real-to-real impedance matching networ k



fo
0.0 : .
-0.2— 3 -0.
) N 04— i S o
%3 & ] i %3
= = -0.6— ; -0.
o ‘ @
© % - i o
-0.8— - -0.
1.0 R S S — 10 S R N o PR R
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 1.5 20 25
freq, GHz freq, GHz freq, GHz

(a) Short-ended quarter wave stub (b) Open-endedagusave stub (c) Combination of the two

Figure3.10  Frequency response of band pass (a), band stop (b) and dual-band pass (c)
topology

Bandwidth discussion

The relationship of the bandwidth of the singledbgass filter with a parallel LC resonator and the
bandwidth of the dual-band pass filter with disiitdd elements needs to be discussed. In this design
we transform the lumped LC resonator directly te thstributed element dual-band resonator.
Actually, there is a hidden step in between, whicthe dual-band lumped element resonator shown
in Figure 3.11. To implement the circuit in Figudd 1 using distributed elements (transmission Jine)
the LC in parallel can be realized by a quarterevsivort stub and the LC in series can be realiged b
a quarter-wave open stub. Thus, we end up withlltiad-band resonator shown in Figure 3.7 (b). The
fractional bandwidth factor (FBW) is defined foretsingle-band pass filter (FB¥ye), and it will
retain a linear relationship with the FBW of theallband filter using LC resonators (FR\WY),

which is

fa—f
FBWgyal = FBWgingle X fZ+fi (3.11)

32



However, since the susceptance values of the lurafgedent circuit and distributed element circuit
are different, the FBW of the dual-band filter witlistributed elements will change during the
transformation from lumped elements to distriblgtments.

.l

Figure3.11 Dual-band resonator realized by lumped elements

Figure 3.12 shows the imaginary part of the dualdbsesonator admittance (or susceptance),
implemented by lumped elements and by distributethents respectively. It can be seen that for
lumped elements, the susceptance changes more slbttle higher band,f than at the lower band
(f) and both bands share the same fractional bandwittiwever, in the distributed element’s case,
the slope of susceptance around each band is tie, $hus indicating the same bandwidth for both
bands and, hence, different FBWSs.

This analysis shows that the FBW factor set indingle-band pass filter design will not be the
FBW of the dual-band filter using distributed elatse however, this fact does not mean that the
bandwidth of the designed dual-band filter is ofitentrol. It is found that the bandwidths of the
designed dual-band filter at both bands are diyeethted to the FBW of the single-band pass filter
therefore, the bandwidth can still be controlledaldjusting the FBW factor in filter design.
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Figure3.12 Imaginary part of admittance for dual-band resonator, using lumped element
(top) and distributed element (bottom)

Realizability discussion

The realizability of the circuit topology shouldways be considered for practical design. For
transmission lines or stubs, the realizability defgemainly on the dimension, which is the lengtth an
the width that are determined by transmission linkaracteristic impedance and electrical length. |
our case, the electrical length of each transmidéie or stub of real-to-real impedance MN hasbee
fixed to 90 degrees, which is usually realizable, tke analysis is focused on the range of
characteristic impedance values, which can be lzdbmlifrom Equations 3.6 to 3.9.

Figures 3.13 to 3.15 show the characteristic impeéa of 4, Zs, Zc1, Zc2, Zo1, and %, of the
real-to-real impedance MN in Figure 3.9 versus o of the two operating frequenciefs/f().
Since the three stubs with characteristic impedante,, Zp;, and %, in parallel will be combined
into one stub, the value ofs#Zp.//Zp, versusf,/f; is considered (Figure 3.16). The impedance
transformation is from 8.3ohm to 50o0hm, and the FgAkameter in Equation 3.1 and 3.2 is set to be

0.2, which is a reasonable value in practical cases
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Transmission lines with very high characteristipadance may end up with very narrow width
and are difficult to fabricate. On the other hatrdnsmission lines with very low characteristic
impedance may become too wide. The realizable ctaistic impedance should not be lower than
approximately 8 ohm nor higher than approximate?® bhm. The exact range will depend on the
substrate that is used for designs.

According to Figures 3.13 to 3.16, it can be sé&m when the ratio df to f; is high, the value of
each transmission line or stub remains within gadizable range. However, wh&ff, is approaching
1, which means the two operating frequencies argedo each other,cZbecomes too low, andbZ
Zno, ZMIZp4l1Z5; become extremely high, indicating that this MNdlmgy is difficult to realize by
transmission lines or stubs.

The dimension analysis shows that this approachfdessble solutions when the two operating
frequencies are far from each other; however, whentwo frequencies are close to each other, a
feasible solution may not be guaranteed. This &itimh will not affect the application of this
topology very much because the dual-band MN topoldgays targets frequencies that are far away
from each other. If the two operating frequencies @dose to each other, then the broadband MN
topology, rather than the dual-band topology, sthdnel chosen for designs.
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Figure3.13 Z, and Zg vs. fiff;
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3.2.3 Harmonic Impedance Controls

The previous two sub-sections described the dethithe topology and synthesis of the dual-band
matching network that allow the realization of thtimum impedances at two frequencies without
any specific control on the resulting harmonic icgreces. However, as previously stated, a high
efficiency can be obtained if the fundamental ingesks are chosen within the Class J design space
so that the sensitivity of the efficiency to therhanic impedance variation is reduced. In fact, the
efficiency drops significantly over only a smalhge of the phase of the reflection coefficient segn
the transistor at the harmonics and remains wilniracceptable range over a wide range of phases.
Hence, as shown in Figure 3.1, a transmission (lig) with a characteristic impedance equal to
Zy=1/G is added between the real-to-real and thetoeabmplex impedance transformations to tune
the harmonic impedances. This tuning is achieveautih the adjustment of the length of the added
transmission so that the impedances fat 3fi, 2f,, and 3, are located outside of the sensitive
region predicted by the Class J operation. It istlwenentioning that the choice of the value of
parameter pin Equation 3.3 to 3.6s used as an additional degree of freedom to wlp the
achievement of the proper harmonic impedancesadt b can take an arbitrary value in the real-to-
real impedance transformation; however, adjustisgalue has a direct effect on the tuning range of
the harmonic impedances for a given value of thgtle of TL,.. Since the impedance looking into
the real-to-real matching network is 1/G, addinig fiL, line, which has characteristic impedance
equal to 1/G, will not affect the fundamental impede matching while tuning the harmonic
impedances.

Figure 3.17 illustrates how impedances of secorfd, &f,) and third harmonic @, 3f,) may

change with and without the transmission ling While the fundamental impedances, (f2) remain

the same.
r “of B TN "ol -8
/ g §f1 \\ (,")‘21:1 31:2."'\__.
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Figure3.17  Illustration of harmonic impedances control
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3.2.4 Biasing Approach of Dual-band PAs

DC power supplies need to be connected to theagatalrain of the transistor to control its operatio
mode and supply the power. Usually, the DC powepbes connected to an RF short-ended quarter
wave transmission line (Figure 3.18) provide annopicuit at RF frequency. Thus, this biasing
network prevents the DC supplies from being infetled with RF signals. Also, the biasing the
circuit will not affect MN at the RF fundamentakfuency. This approach works for single-band-
frequency PA design; however, using the same tgyatannot prevent the interruption between DC
and RF signals at two frequencies. An alternatiyer@ach would be to replace the single-frequency
guarter-wave transmission line with dual-frequencyarter-wave transmission lines; however, this
approach increases the complexity of the biasirguitiand may not be necessary. In this design, we
took advantage of the RF short-ended stubs in tNeakld used these stubs to connect with the DC
power supply. Thus, the RF signal is prevented fgmimg through the biasing circuit, and the load
and source matching at fundamental and harmonguénmecies will not be affected by the biasing
circuit. The entire dual-band PA topology with g circuit is shown in Figure 3.19. Note that a
parallel RC circuit was added in series and in shith the transistor to ensure the stability of th
transistor at the low frequency range.

1
: T,

VGS co@ operation H

A4 @ operation

frequency frequency

b

frequency
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L 1

Output MN
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\
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I e—
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Figure3.18 Biasing circuit for single-band PA
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In Chapter 4, a dual-band PA operating at 0.8GHk1aBGHz is designed using this systematic
approach. The detailed design procedure is preséntehapter 4.

3.3 Revised Dual-band Matching Network Design Appro  ach for Transistor Die

The systematic MN design approach presented iriqus\sections is divided into two parts: the real-
to-complex MN and the real-to-real MN. However, fotransistor die, its output can be modeled as a
resistor (Rout) in parallel with a capacitor (CdBE)is is a much simpler model and provides a better
chance to integrate the real-to-complex MN pai thee whole dual-band filter; thus, the entire MN
design will become a dual-band filter design. THeamtage of merging the real-to-complex MN into
the dual-band filter is that we can have bettetrobiof the bandwidth and insertion loss of theirent

MN. The suggested revised dual-band MN designtisdnced as follows.

Assuming a dual-band filter has the topology shawrrigure 3.20, which contains dual-band
resonators and dual-band J inverters, theng iE¥hosen as the output resistor Rout and€Cequal

to or larger than Cds, the transistor with Cdslmamerged into the entire filter design.
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Figure3.20 Possible dual-band passfilter topology

Guan et al. [28] analyzed a dual-band filter wittopology similar to that in Figure 3.20. If{ds
set equal to Cds, thenyl L, and G, can be calculated once the two working frequeneies
fractional bandwidth are chosen.

According to the relationship of the values of Li€ments in dual-band resonators and single-band
resonators during the transformation between tlad-lsand pass filter and the single-band pass filter
the value of € and L of the single-band pass filter shown in Figurel3¢an be determined
according to the value of,C(or Cy,, Lis, L1), two working frequencies, and FBW. Consequertéy t

value of g in the low pass filter prototype shown in Figur@23can be determined according to C

‘Single band resonator ‘

7 N

Siemens

Yo G Lé J, | - ng 1/50

‘ Single band J inverter ‘

Figure3.21  Single-band passfilter topology
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Figure3.22 Low-band passfilter topology

Therefore, other than starting with g values that be chosen from tables given in [26], we

determined the other g values according to thefixveal parameters, which arg and g.

Matthaei et al. [26] has proven that given the meguoent of the ripples, the other g values of a low

pass filter can be calculated.

First define

(db Chebyshev ripple)
10

H = antilogo (3.12)

o1
sinh™1! |—

d = sinh——"= (3.13)
where n is the number of reactive elements in thiofype.

To characterize the fixed load of the filtep émd g), its decrement is defined in Equation 3.14.

1

- dogiWi

(3.14)

where g and w are normalized to 1. The meaning of decremiestthe reciprocal of the quality
factor (Q) of the load evaluated at the edge ofrtiedance matching band.

Then define
d
Also,
_ Y9091
- In+19n (316)
Thus, the following g values can be calculated as
1
Jni1 = —— (3.17)

D8gnwy
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Once all the g values have been chosen for theplmss filter, a low pass filter to single-band pass
filter transformation and consequently single-baads filter to dual-band pass filter transformation
can be conducted. The dual-band resonator andbdunal-J inverter topology in Figure 3.7 and 3.8
can still be employed to transform lumped elemémtiistributed elements.
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Chapter 4
0.8GHz and 1.9GHz Dual-band PA Design

To validate the proposed dual-band matching netwapklogy and synthesis, a dual-band amplifier
is designed using a packaged 45W GaN HEMT transision Cree to operate at 800 MHz and 1.9
GHz. In this chapter, a step-by-step design pragedpplying the systematic dual-band MN design
approach is presented. The entire PA prototypeh@vs and measurement results using both
continuous wave (CW) and modulated signal are shown

The work in this chapter was previously presente@6].

4.1 Dual-band PA Design Procedure

4.1.1 Choosing the Target Fundamental Impedance and  Design Space

The first step is to determine the optimum two idgeces to be seen by the transistor at the two
target frequencies, 0.8GHz and 1.9GHz. These impmex$aare chosen from the set of impedances
described by the Class J design space that minith&sensitivity to the harmonic termination. The
output power needs to be monitored. In additiordissussed in Section 3.2, the conductance value G
needs to be as close as possible to the two funttaienpedances in the Smith chart so that the
bandwidth of the total matching network is domidatey the real-to-real MN; thus, the two
impedances are chosen such that they are clobe sate constant conductance circles to facilitate
the complex to real transformation. Also, stabititythe operation frequencies needs to be chetked.
the impedance is in or near to the unstable regiome compromise is required to move the target
impedance away from the unstable region since la éfficiency PA at operation frequency cannot

afford to be stabilized by adding a resistor. Timedimental impedances are chosen as follows:

Table4-1 Target fundamental impedances

Impedance 0.8GHz 1.9GHz
Load sidi 5.85+6.6 4+j1.€
Source sid 4.68+j3.6t 2.1-j2.7

The design space for the phase of harmonic impedaran be found after selecting the
fundamental impedances. Figure 4.1 shows the atinalresults of PAE versus the phasé& af the

second harmonic frequency of the load side at 0Bi@kn all ideal case as an example. As shown in
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the figure, PAE dropped more than 40% between ¥iffais and 250 degres, whereas in other
ranges,PAE will remain almost the same, which is around thaximum value. Thi, the design
space for thesecond harmonic phase the 0.8GHz load side should be withi-150 degrees and
250-350 degrees similar type o design space is noticed in ettharmonic frequeliies as well.

90 ‘
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65-]

PAE (%)

55-]

45-]

35
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Second Harmonic Phase

Figure4.l PAE vs. phase of theload second harmonicimpedance at 0.8GHz

4.1.2 Real-to- Complex Matching Network Design

Given the two selected fundamental impedances lamatitcores of the sensitivity analysis to t
harmonic terminations, the ddaand MN can now be designed starting with the-to-complex MN
portion. The previously described synthesis apgroa@s applied. For that, the intermedi
conductance G value was getbe equal to 8.3 and 1/6 Siemens for thead and source sides

respectively.

The designed real-toemplex MN topologywas shown in Figure 3.2. Téeideal transmission
lines will be transformed to actual transmissioed. The MN transforms ¢ ohm tc the two optimal
impedances shown in Tableldatthe load side and transform®bm to the two optimal impedars
shown in Table 4-1 at theource sidi The characteristic impedance and electrical len§the MNat

theload side is shown in Table«2. The source side can be designed likewise.

Table4-2 Dimension of real-to-complex MN at theload side

Load side Characteristicimpedance (ohm) | Electrical length (degree)
TL1 43.€ 57.€
TL2 77.2 12.2
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TL3 14.¢ 18.€

4.1.3 Real-to-Real Matching Network Design

The real-to-real matching network is designed ugingl-band filter theory to transform 1/G to
50o0hm at two operation frequencies 0.8GHz and 1AG\%d introduced in subsection 3.2.2, first a
low pass filter will be transformed to a single-tgrass filter, and then a single-band pass filtiér w
be transformed to a dual-band pass filter. Thissation describes the implementation procedure of

the load side in detail.

A. Low passfilter
The g values are chosen as@=1, g=0.1128 for the low pass filter shown in Figure. Fiyure 4.2

shows the filter response.
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freq, Hz

Figure4.2 Low passfilter response (order 1)

B. Single- band passfilter

A single-band pass filter is then transformed frantow pass filter using the topology shown in
Figure 3.6. The J inverter can be realized wittuarggr-wave transmission line, @ Figure 3.6 is
calculated to be 3.54pF;,lis calculated to be 3.93nH; and J are 0.079 and 0.032 Siemens,
respectively. The center frequency is (0.8+1.9)/35GHz. The impedance transformation is from 50
ohm to 1/G, which is 8.33 ohm for the load sideadfional bandwidth FBW is set to be 0.2. Figure

4.3 shows the frequency response of the single-pass filter.
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Figure4.3 Frequency response of single-band passfilter

C. Dual-band passfilter
A dual-band pass filter is then transformed frormsirggle-band pass filter to transforms 50 ohm to

8.33 ohm at 0.8GHz and 1.9GHz concurrently. A dwaaid resonator and dual-band J inverter are
used as discussed in Section 3.2.2 in Chapterd@iaikband pass filter is designed using the topolog
shown in Figure 3.9. The characteristic impedarfaeach quarter-wave stub in Figure 3.9 is shown
in Table 4-3. Figure 4.4 shows the frequency respaf the designed dual-band pass filter. Figure
4.5 shows the impedance looking into the dual-baask filter with 500hm termination. It can be
seen that the MN designed with dual-band filterotogy transforms 50 ohm to 8.33 ohm at both

operating frequencies.

Table4-3 Characteristic impedances of quarter-wave stubs (units: ochm)
ZA ZB ZCl ZCZ ZDl ZD2
81.3¢ 81.3¢ 15.7¢ 38.5¢ 28.4] 69.€
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Figure4.4 Frequency response of the dual-band filter
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Figure4.5 Impedance transformation of the dual-band filter

Figure 4.6 shows the targeted and actual fundaménfzedances obtained by the dual-band

source and load matching networks. The good agreteietween the target and obtained impedances
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confirms the ability of the proposed topology tancorrently synthesize the correct impedances at
different frequencies with good accuracy.

The finalized dual-band PA is designed and fabeitatising Duroid 6006 substrate and the
prototype is shown in Figure 4.7.

1.9GHz bl : I~
/__ -/“'BGHZ P @-—D.BGH;
@ @ LT @ «— 19GHz
% Actual Load Impedance | 3 Actual Source Iﬁ'lpedance
@ Target Load Impedance ® Target Source Impedance

Figure4.6 Target fundamental impedances and the actual fundamental impedances

Figure4.7 Fabricated dual-band PA
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4.2 Measurement Results

4.2.1 Continuous Wave Measurement

Power amplifier performance was initially measuusthg a continuous wave stimulus. According to
Figure 4.8 and Figure 4.9, the measurements ofdtaen efficiency and output power for both

operating frequencies 0.8 GHz and 1.9 GHz arelatively good agreement with the simulation ones
except for the frequency shift experienced at tighdr band. This shift can be attributed to thdlac

of accuracy in MN fabrication and transistor modeladdition, a drain efficiency and output power
of about 68% and 46 dBm were recorded at the twadda
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Figure4.8 Output power and drain efficiency for the lower band (0.8 GHz)
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Figure4.9 Output power and drain efficiency for the upper band (1.9 GHz)
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4.2.2 Modulated Signal Measurement

Further measurements were conducted using diffeypes of modulated signals in order to assess
the linearizability of the designed dual-band powasplifier. For that, a digital predistortion (DPD)
technigue was chosen, more precisely, a Voltemias®ynamic Deviation Reduction (DDR) digital
predistortion [29] with a nonlinearity degree equeeb and a memory depth equal to 7, 5 and 3 for th
1st, 3rd and 5th kernels, respectively. The dynasriler reduction of the Volterra series was s& to
(r=2).

In addition, the linearizability assessment wasdeated while stimulating the PA under test with
three types of signals modulated around eitherNBi@ or 1.9 GHz. The first signal is a four-carrier
20MHz WCDMA signal with a 7.15dB peak to averagevporatio (PAPR). The second test signal is
a two-carrier WCDMA signal with 15 MHz frequencypseation and a PAPR equal to 7.12 dB. The
third signal is a 10 MHz LTE signal and a PAPR dfRdB.

Figures 4.10, 4.11, 4.12 and 4.13 show the meaquoer spectrum density (PSD) at the PA
output before and after applying the DPDs. Accaydim Figure 4.10, the application of the Volterra
DPD to linearize the PA when driven with the foarrier WCDMA signal around 800 MHz allowed
for an ACPR of about 50 dBc at an output power andiverage drain efficiency of about 39 dBm

and 35%, respectively.

In Figure 4.11, the Volterra DPD linearized the ®ih the same signal but at around 1.9 GHz
and achieved ACPR of about 51.7 dBc at an outpuiep@nd an average drain efficiency of 38.7
dBm and 39.4%, respectively. Similarly, as per Fégd.12, the Volterra DPD was also able to
linearize the PA when driven with the two-carrielCMA signal around 1.9 GHz for the same

average power; the achieved ACPR at this powel igas about 50.7 dBc.

Figure 4.13 confirms the successful linearizatiérthe PA when driven with a 10 MHz LTE
signal, around 800 MHz, using the Volterra DPD sitiee out-of-band emission was reduced by 15.6
dB compared to those obtained without DPD.

According to the analysis above, the application aofpruned Volterra DPD proved the
linearizability of the designed PA under multi-éarrwCDMA and LTE signals at around both

operating frequencies.
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Figure4.10

Figure4.11
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

This thesis first discussed the class of operaifgmower amplifiers. Among all the operation modes,
the Class B/J continuous mode shows itself to geal asset for broadband and multi-band design
due to its multiple sets of fundamental and harmomipedances and, consequently, wide design

space.

This work focuses on multi-band PA design, whichuiees an MN that can concurrently match
optimal impedances at multi-frequencies. Accordimghe literature review, most research that has
managed to design the MN to match the optimal irapeds at both fundamental and harmonic
frequencies has resulted in very complex topolémyg circuits and thus, degraded efficiency. In our
work, we start by reformulating the problem by eoyphg the wide design space of the Class J mode
so that the fundamental and harmonic impedancehingtconstraints are relaxed. Thus, by choosing
this operating condition, we can achieve the flidikjoneeded to design a simple, compact MN that

provides competitive power-efficiency without theed for any explicit harmonic MN structures.

The dual-band matching network was designed indtages. First, a complex-to-real impedance
transformation network, with harmonic control cafigh was used to transform the complex
impedance for Class J operation to real impedanaeis common to both operation frequencies.
Then, a real-to-real trans-impedance transformer syathesized using the dual-band filter theory.
This technique was successfully applied to desighua-band 45W GaN Class J PA operating at
0.8GHz and 1.9GHz. The measurement results ofahechted PA show peak efficiencies of about
68% at the two operating frequencies. In addittbe, application of a pruned Volterra DPD proves
the linearizability of the designed PA under mahirier WCDMA and LTE signals and around both

operating frequencies.

5.2 Future Work

Several areas are worth further analysis. Firs, rivised dual-band Matching Network Design
approach for a transistor die, discussed in Se@&i8nneeds to be finalized and verified by designi

actual MNs for a transistor die and comparing flheukation and measurement results as we did for
the packaged transistor MN. Since the revised amprdor a transistor die merges the real-to-
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complex and real-to-real MN into the filter desigrallows better control of bandwidth and insemtio
loss of the MN.

In addition, the proposed MN design approach hagpthential to be extended to triple-band PAs.
The Class B/J continuous operation mode can #ilisged to provide wide design space and, thus,
reduce the requirement to match harmonic impedan&esne proposed topology for a triple band
filter in the literature [30] can be applied to Westhe real-to-real impedance transmission stage.
More analysis needs to be done on the triple-b&adto-complex MN stage and the harmonic

control circuits.

Another application of the proposed MN design apphois the dual-band Doherty amplifier. The
Doherty efficiency enhancement technique is widelgd today since the PAPR of the input signal is
much higher for more efficient date rates, and nieed for broadband Doherty and multi-band
Doherty is also increasing, including the requiretngf broadband MN and multi-band MN. More
investigation is needed in the impedance transfaomaequirements of dual-band MN for Doherty
amplifiers. Revision and improvement of the propo®N design approach is also needed to meet

the new requirements.
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