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1]. If power ampli ers operate in their saturation region to mprove
PAE performances (case of g. I.1 (a)). Then the signal reackdts peak power and the
non-linear behaviour of the RFPA leads to spectral regrowthral poor linearity perfor-
mances. Basically a digital predistortion technique must d implemented to meet the
linearity requirements. This has also forced the designers put forward a cost-e ective,
reliable, portable and light weight equipment for e cient transmission with main focus
on the compactness of the di erent analog segments, powerdafrequency exibility, and
minimizing the energy consumed under the stringent consird of acceptable signal in-

tegrity (linearity).

The compactness and ease of integrating complex modulatiand energy conversion
functions and their co-design within the transmitting part d a communication system is
the principle idea on which the development of this thesis i®¢used.

This idea is furthermore associated with three fundamentgdarameters that have to
be accommodated as far as the designing aspect is concerned:

E cient DC-RF energy conversion at average power levels ovevide frequency band-
width maintaining an acceptable amount of signal linearitywith minimum DC power
consumption for complex modulated signals.

The exibility of a transmitter implies a relatively wide band functional operation to

address multi-standard or multi-function applications. t induces the need to jointly take
into account various functions such as ampli cation, Iteing and signal conditioning for
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2].

Concerning the RF power ampli er, if e ciency is not optimized, a great amount of
DC consumption is dissipated into heat and thermal managemieaf the system is more
complex along with a signi cant increase in the cost of produs.

Good e ciency is obtained when transistors operate at satuttgon which is prejudicial
for linearity. A trade-o always exists between power e ciency performances and linearity
when power back-o is applied. However, the most challengingpect today is to propose
solutions that enables the optimization of both e ciency ar linearity rather than to
nd acceptable trade-o s. Moreover, PA operating over widerequency bandwidths are
required. All that makes PA design a major challenge in RF trasmitter chain.

1.3 Issues and challenges in RF Power Ampli ers
1.3.1 Basic Architecture of an RF Power Ampli er

Fig. 1.3 shows the general block diagram of an RF power ampli giRFPA) along with
a simpli ed non-linear equivalent model of the active devi, the transistor, which acts
as an ideal voltage controlled current source. The trans@t here is considered to be an
unilateral device. The input circuit is assumed to be linearRi,, Ci,). Output capac-
itance G, is also assumed to be constant. The unique but fundamental ndinearity
is the drain current source, §s. The matching networks at the input and output of the
transistor are necessary to ensure the maximum transfer obwer from source to the
load. The bias networks are used to provide the proper DC oding conditions to the
transistor. Additionally, some passive components connext in the input matching and
biasing network might also be necessary to satisfy the elactl stability of the RF power
ampli er.
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Figure 1.3: Block Diagram of RF power ampli er and simpli ed madel of the transistor

The nonlinear behavior of any circuit is relatively complexd analyze theoretically and
it is di cult to use analytical functions to characterize its nature. Therefore a simpli ed
approach based on piecewise linear approximations is usettlasimpli es the analytic
approach to deduce the basic behavior of the device. The aswgtions that are consid-
ered for a simpli ed approach towards the analysis of the antiger can be illustrated
by the simpli ed piecewise-linear DC-IV characteristics ba power transistor as shown
in Fig. 1.4. V is the pinch-o voltage which is the minimum voltage below whih the
transistor is in o state.

-l 1 1

L.







P
=

oll

Harmonic Control

Figure 1.5: Representation of di erent current ow within a simpli ed ampli er model

and
lgs(t) = lgso+ Igsicog!t + ) (1.5)
where s, = O and ' /2 due to the capacitive behaviour at the gate port.

The ideal load network of a transistor is assumed to behave as ideal parallel resonat-
ing network including G, at the fundamental frequency. In this condition, the intrirsic
load seen by drain current generator is purely real and the hmonic components of cur-
rents are ideally terminated into a short circuit. Hence theepresentation of intrinsic time
domain drain voltage can be expressed mathematically asléovs :

WhereVdsl = Rylgs1
And the generalized output current is represented by the faiWing equations :

s
las(t) = lgso + I asn cos!t ) (1.7)

n=1

where n denotes the number of harmonics.

This general analysis will lead to the de nition of a very imprtant term known as the
conduction angle which is illustrated in g. 1.6 for an exampe of Class-AB ampli er.
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Figure 1.6: lllustration of the conduction angle phenomenorirom simpli ed voltage-
current characteristics of a power transistor,d = | pss and Vgsmax = 0

I, is the peak value of the drain current waveform shown in g. 6 and needs to be
equal to lyss for maximum output power performances.

Using a variable change, = !'t, we get Vgs( ) =V g0 + V 4s1€COS

At a certain time instant t = t o, Vgs(t) = V p, therefore,

The term ! tg is known as the conduction or the aperture angle. Hence from the
above equation, it can be deduced that
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Figure 1.8: Transistor loadline illustration for maximum PAE (in blue) and output power
(in green).

Assuming again that the harmonic components at the input andutput are ideally
terminated into short circuit, Power Added E ciency (PAE) is de ned by equation 111.34
as far as we assume a purely real load impedance at the intimkevel of the drain current
source:

1 Vasitlasi ! < [Vgsiil gl
2 Vdso:ldso

PAE = (1.26)

Considering rstly Pin << P oy and Vgso = V, Which is in the appropriate region of
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Figure 1.11: Power Budget Analysis

The power ow relation is expressed mathematically as :

I:)in (W) + I:)DC (W) = I:)out (W) + I:)diss (W) (|-27)

In order to accomplish high e ciency the power ampli er must be driven into non-
linear region and be subject to gain compression. This wilegerate harmonics of higher
order which can be exploited to enhance e ciency performaes.

Fig. 1.12 shows the e ect on the overall power characteristicand hence the perfor-
mances of an RFPA in simulations when the second harmonic isoperly terminated.

Fig. 1.12 (a) illustrates an example of the ideal (favourab)eand the worst case regions
of the location of second harmonic impedance and consequenttinsic drain voltage and
current waveforms in both conditions (Fig. 1.12 (b) and (c)). Ashe e ect of proper load
termination of the second harmonic leads to the reduction aiverlapping area under the
voltage and current waveforms, consequently, it minimizebe dissipated power. Hence it
results in lower DC power consumption and enhancement of PAE dlsistrated in Fig. 1.12
(d) and (e) respectively.
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Figure 1.13: General schematic of an RFPA indicating the inpuand output voltages

When the input signal of the generator drives the power amplieand at the same
time, we assume the input of the transistor is linear andy}; is depending mainly on V,
(t) [3, 4], we have,

Lot () = aVin () + 2Via()+  aViS(t) + (1.28)

For a single-tone excitation,

Vin (1) = Vgso + VgerCOS(2 ft ) (1.29)

The spectrum shape of; is illustrated in g. 1.14.
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Figure 1.16: Illustration of output current spectrum under atwo tone excitation showing
the intermodulation products.

Intermodulation products appears in the operational bandwlith and cannot be Itered

out whereas the low frequency components of the currents greesent within the drain
bias network. The spectrum of \,; has same shape depending upon the load impedances
presented at each frequency components by the output biastwerk and RF matching

networks respectively. Consequently if in a more accuratgjroach, we consider that
lout (t) is a function of both Vi, (t) and V o4 (t), we can easily understand that the real
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5], and in 1994 by M. A. Khan et al. B], which has shown high electron
mobility in the interface between aluminum gallium nitride (AlGaN) and GaN layers.
GaN transistors have demonstrated signi cant amount of stability for high power RF
applications over the years. In June 2009, the E cient Power @nversion Corporation
(EPC) introduced the rst enhancement-mode GaN on silicon FEs designed speci cally
as power MOSFET replacements.

Firstly, GaN-HEMT's were produced in bulk and at low cost thankgo the silicon man-
ufacturing technology and facilities. Since then, Matsusta, Transphorm, GaN Systems,
RFMD, Panasonic, HRL, and International Recti er, among othes, have manufactured
high power GaN transistors for the power conversion markefhe main requirements for
semiconductors used in high power applications are e ciegcreliability, and cost e ec-
tiveness without which they would not be economically viabl§/].

GaN HEMT transistor technology has matured in the last few yea demonstrating
high power density and high-frequency performance excepr thermal conductivity. The
thermal performance of GaN-based devices depends on the thal conductivity of the
substrate. For example, SiC has a thermal conductivity of aund 120W/mK having an
upper hand over Silicon based substrates, but it is not so costective.

RF power ampli er designing has bene ted signi cantly from these interesting poten-
tialities, for example the output capacitance has reducedyba factor of 10 comparable
with LDMOS, also increased input and output impedance has abled lower-loss and
broader-band matching circuits, increased reliability uder high temperature operation,
maximum operating frequency increased by more than a factof 8 compared with LD-
MOS, and above all increased drain voltage breakdown limits.

HEMT operation is di erent as compared to conventional MOSFETdevices. The con-
duction channel is formed due to the junction between two matials having di erent band
gaps (called a heterojunction). In this way current travelshrough high-mobility electrons
generated at the heterojunction in a thin layer called the tw-dimensional electron gas
(2DEG). Instead of the MOSFET gate oxide, the HEMT has a Shottky gte which allows
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8,9, 10

2.2 General Figure of Merits for GaN Device Selectivity

Table 1.1 gives a comparison of principal properties of Sibbn, GaAs, GaN and SiC
materials.

Parameters Units Silicon GaAs GaN Sic
Band Gap, E; eV 1.1 1.4 34 29
Critical Field, E it Mv/cm 0.3 0.4 33 25
Electron Mobility, cm?/V-s 1300 5000 2000 950
Saturation Velocity 10’ cm/s 1 1 22 2
Thermal Conductivity, W/cm-K 15 0.46 1.3 4.9
Permittivity, ", 11.4 13.1 9 9.7

Table 1.1: Comparison of principal material properties of ificon, GaAs, GaN and SiC.

Based on the above key material properties, some Figures of Méor GaN are high-
lighted in the following sections.

2.2.1 Band Gap, Intrinsic Charge Density and Breakdown Field

The di erence in the energy level between valence and condian bands identi es the

energy band gap of any semiconductor material. A free eleotr from valence band jumps
to the conduction band, thereby contributing in the condudbn current. Due to its large
forbidden band gap (3.4eV), GaN naturally has a high & breakdown eld from where
the phenomenon of destructive breakdown occurs along witts iconduction which can be
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11]. BFM indicates the switching losses of the material and JFM indates the switching
delay. Table 1.2 indicates the JFM and BFM values for Si and GaN matials respectively.

Parameters Silicon GaN
JFM 1 850
BFM 1 1090

Table 1.2: JFM and BFM values for Silicon and GaN.

2.3 GaN Device Structure

The operation of AlIGaN/GaN HEMT is based on the properties of the éterostructure
which is formed when a layer of the wide band gap material AlGakloped or undoped)
is grown on the narrow band gap material GaN layer. Due to thei@rence in their

band gaps, band-bending takes place in both conduction barmhd valence band. The
energy band diagrams of both narrow and wide band-gap semmcluctors are illustrated
in Fig. 1.17. Because of the depletion mode characteristicsa@d is usually a normally-ON
device.

Semiconductor-| v Level Semiconductor-Il

Semiconductor-I Semiconductor-I| accum Leve

Vaccum Level

lEc Ec2
Ec1 t _____ T T T T T T T T EF
Ee ________ ] B I
Evi ¢

I Ev Ev2

Figure 1.17: Energy band diagrams for narrow (I) and wide (I1band gap semiconductors
(left) and also the discontinuities in bands after equilibam in the heterostructure (right).

Fig. 1.18 (a) shows the simpli ed cross-section of AlIGaN/GaN-HEMTand g. 1.18 (b)
shows the cross-section of AIGaN/GaN-HEMT on a Silicon substratseen with a scanning
electron microscope.
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7]. This leads to large spontaneous polarization (PSP). In dition, the piezo-
electric coe cients (PPE) of llI-Nitrides are very stronger than any I11-V semiconductor.

These e ects facilitate the AlGaN/GaN heterostructure to formthe 2DEG without
any external doping in the AlGaN layer. HEMT is a three terminaldevice where the cur-
rent between the drain (D) and source (S) ows through the 2DEGonducting channel
and is controlled by the space charge which changes accogdio the applied voltage at
the gate (G) terminal. If the gate voltage is increased in th@egative values, the space
charge below the gate starts to spread and deplete the chahn&t some point the channel
is totally pinched-o. The presence and quality of the 2DEG legely a ects the quality
of performance of a HEMT.

GaN is a polar crystal which exhibits strong polarization eects at the hetero-junction
interface due to which, it can achieve very high values of 2DE&heet carrier concentra-
tion (ns). Carrier concentration of 1013 atoms/m, [17] is achieved without any external
doping [13] in the device structure. In general, the doping could redecthe electron mo-
bility through scattering mechanisms. In case of an undoped AEB/GaN HEMT device,
there is little possibility of electron scattering, the eletons tend to have high mobility
and hence the device is referred to as High Electron Mobilityr&nsistor.

There are two kinds of polarization namely spontaneous andegzoelectric polarization
that contributes to the formation of 2DEG in the AlGaN/GaN HEMT [ 12]. The sponta-
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14)

The piezoelectric polarization normally occurs because ofstbrtion of the crystal
lattice. Due to the larger di erence in lattice constants baveen the AlGaN and GaN
materials, the AlGaN barrier layer grown over the GaN substra experiences a tensile
strain and is shown in g. 1.20.

14).
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15. It
has also been reported that the doped AlGaN/GaN HEMT structureshows better DC
performance compared to undoped GaN HEMTSs but the higher doginn AlGaN barrier
layer increases the scattering e ects and it may degrade theFperformance of the device

[16].

The AlGaN/GaN HEMT is a depletion mode device and the Schottky g& contact
has two major functions in device operation (i) it depleteshte channel (ii) it avoids the
parasitic parallel conduction between the source and dranmegions. The source and drain
contacts are usually formed using Ti/Al (or) Ti/Au and the Schottky gate contact is made
from Ni/Au (or) Pt/Au [ 17]. The typical structure is subjected to major problems such
as DC-RF dispersion which is related to surface and bulk trapand high leakage current

[18].

2.4 General Overview of the GaN Devices used in this work

In this thesis work, Dual- at-no-lead (DFN) packaged GaN trarsistors from Wolfspeed
have been used for the design procedure of the proposed diras shown in g. 1.21. Two
transistors, namely WolfspeedCGHV1F006S [19] and WolfspeedCGHV1F025S [2(]
have been used as driver and the power stages of the circuiesidned in this thesis. They
have the capability to deliver 6W and 25W CW output powers rgsectively. Di erent
potentialities of the transistors individually are explaned in the next few sections below
with the help of simulations in Keysight ADS.

Page 30



1.4
1.2+ Vo5 =25V [\ Nes= 0V
1.0 \// # N Vesstep =[0.5V
< 0.8 1 < \\\
- N ANS=
= ] / — = —
0.4 N T —
] — i
0.2 1 /55 =100V
0.0+t
4.0 -35 3.0 2.5 20 -1.5 -1.0 -0.5 0.0
VGS (V) VDS (V)
3.0
3 Ves F O
257 \/ FaY i W1 ,\\ /‘
. ] Vs — 40V //'\\\\ VGSStGpZ().SV
2 205 A\ _ ~ |
£ 1 < ~— —
< 157 // /// @ N —
e ] L — a —
2 102 %/l/l
05 7~ \os=200Y
0.0t T P A O P T T A T
4.0 -35 3.0 2.5 20 -1.5 -1.0 -0.5 0.0 0 10 20 30 40 50 60 70 80 90
VGS (V) VDS (V)

Figure 1.22: DC-IV characteristics: (a) Cree CGHV1F006S (b) CGHW0025S.
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Figure 1.23: Simulated MAG and MSG capabilities of the 6 W (l¢j and 25 W (right)
packaged GaN transistor alone.

It can be observed from g. 1.23 that at least 10 dB small sigriaggain can be obtained
up to a frequency of around 18 GHz for the 6 W device and 14 GHz fdre 25 W device.
The description of small-signal analysis, stability factoand concerned issues of the indi-
vidual 6 W and 25 W ampli ers and their design issues are addresd in the third chapter
of this thesis.

3 Conclusions

The semiconductor technology used in the power ampli catiofunction has evolved con-
stantly in the past few decades. The GaN material associateditiv an SiC substrate
o ers much better electrical properties as compared to ston in terms of breakdown
eld, working temperature and current density. Normally ON GaN technology has a very
high potential for high frequency applications.

However, its manufacture remains costly and its technologitprocess still su ers from
a lack of knowledge concerning the dispersive e ects of treinherent in HEMT tech-
nology) and reliability. The GaN HEMT technology on silicon @pears to be a promising
solution in terms of manufacturing costs and performance]], and can allow GaN to
be established for new RF applications. For power managentepplications, it has the
disadvantage of being normally ON. It is therefore not easilyniegrable in architectures
related to MOSFET's (normally OFF). To ease this problem and o € new elds of ap-
plications to GaN, the e-mode HEMT GaN is making its appearanceThis technology
appears to be a promising solution however, it is still not ntared, nevertheless it already
surpasses the performance of MOSFET in power management apalions.
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27,

For a modulated signal that shows high PAPR, crest factor is deed mathematically
as:

V
= Pesk (11.10)

Vrms

Where V,eak is the peak amplitude of the voltage and ¥ys is the root mean square
value of the modulated signal voltage respectively as regented in Fig. I1.3.









11, 27]. Be-
cause the digital modulation has evolved with ever more congy modulation schemes, the
PAPR is ever larger, and the PDF moves toward a low power region the histogram plot.

Fig. 1.5 illustrates an example of PDF and typical gain and PAEbehaviour of a
conventional RFPA. The e ect of high PAPR on average e ciency wha the output
power is backed-o to preserve the signal linearity is clebr visible as well as the need to
operate at an input power back-o to stay in the linear regionof the power gain.
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Figure 11.5: Typical RFPA e ciency with respect to input power. Probability density
function for a high PAPR signal at an average output power levexample is illustrated.

E ciency drops quickly as input power is backed o from the peak power so that the
PA can operate in a more linear region to meet linearity critga. Amplitude-modulated
signals such as 4G LTE have probability distributions awayrém maximum output power
and PAE, hence resulting in ine cient operation at the time-average power level.

1.4 RFPA Spectral Regrowth and Adjacent Channel Power Ra-
tio (ACPR) : Out-of Band Distortion

Adjacent-channel power ratio is the linearity gure-of meri for wireless communication
systems employing non-constant envelope modulation tecgnes. These linear modula-
tion techniques, although spectrally e cient, produce modilated carriers with envelope
power uctuations. This uctuation results in signal distortion and spectral spreading
when the modulated carrier is passed through a saturated RFower ampli er as illus-

trated in Fig. 11.6.
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ACPR is mathematically expressed by the following relatian
!
I:)out (f )d

ACPR(dB) = 10l R main ! channel
(dB) 0010 P ()

adiacent ! channel

(11.22)
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Figure 11.8: Demonstration of EVM principle for 16-QAM constelation example across
RFPA output

EVM is the measure between the ideal reference symbol vectardathe transmitted
measured symbol vector which are de ned in the I-Q constetlan diagram. EVM mea-
sures the modulation quality of the signal and indicates maudation accuracy. The ratio
of the error vector magnitude to the original symbol magnitud de nes the EVM as:

EVM = E (11.23)
Po

Where E is the error vector and R is the transmitted measured symbol vector. An

unimpaired 16-QAM digitally modulated signal would have albf its symbols land at ex-
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The RMS value of EVM is expressed by the following relation:

N =

1 N 12
EV Mays = {J N 1i=1 [Il__JSr’\Tfere.nce;r ! Sme.asure;rj] - 100% (”-24)
N i=1 []Sreference;r J]2

Where, Speasurer IS the normalized ' symbol in a stream of measured symbols,
Smeasurer 1S the ideal normalized constellation point for the ¥ symbol, and N is the
number of distinct symbols in the constellation25).

1.4.2 Noise Power Ratio (NPR)

Fig. 1.9 illustrates a digital NPR test stimulus with a white noise source.

Amplified Stimulus (C) and
Intermodulation Noise (1)

4 >
A Amplitude
AAAAAA  AAAAAA - Y
NPR
A
P frequency -
f., notch
- »

Noise Stimulus

Intermodulation Noise (I)

Figure 11.9: A digital NPR test stimulus with white noise sour@ connected in cascade with

a bandpass lter and a notch Iter. The notch depth can be measred with a Spectrum
Analyzer.

The performance of high power ampli ers with many carriersysually > 10) is nor-
mally tested using a noise power ratio (NPR) measurement tedgue. In this measure-
ment procedure, Additive White Gaussian Noise (AWGN) is used tdraulate the presence
of many carriers of same amplitude and random phase. A gaussmhite noise can be
digitally generated with large number of tones having di eent frequencies with same
magnitude and random phase (uniform distribution from 0 to 2) [26, 27] as illustrated
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11]. The ratio of power outside
the notch and within the notch is the Noise Power Ratio (NPR).

NPR can therefore be considered a measure of multi-carrieten-modulation ratio
(C/N. NPR di ers from multi-carrier C/l in that it is the rati o of carrier plus intermod-
ulation to intermodulation (C+l)/I.

Mathematically, NPR is expressed by the following relation:

C+ 1

NPR (dB)=10 log: |

(11.25)

Error vector magnitude (EVM) and noise power ratio (NPR) meastements pP8| are
quite well established techniques to estimate the in-bandsdortion of RF power trans-
mitters. One of the major advantage for NPR estimation over EVMs that it does not
require demodulation of the transmitted signal29].

NPR only requires power measurements in di erent frequencyabnds for multi-carrier
systems and quanti es the spectral distortions falling imd the operational band of the
ampli er, and de nes a signal-to-noise intermodulation raio in the band.

2 High E ciency Power Transmitter Architectures
for Modulated Signals

High e ciency performances of RF power ampli ers are obtaind if the transistors operate
at saturation. The saturated behaviour of transistors ocas when the dynamic load line
comes weakly in the ohmic region. In order to get a modulatedFRpower wave across a
50 Ohm output of a power wave generator, there are two posdities which can ideally be
implemented to meet the requirements of both high e ciency ad linearity, as indicated
in g. 11.10 (a) and (b).
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Figure 11.10: General architecture of a modulated power waveegerating system for
modulated signals (a) xed saturated gain and (b) variable garated gain.

If the input power wave has a variable envelope ( g. 11.10 (3) the power wave genera-
tor must have a xed power gain for each instantaneous envgle power of the input signal
in order to generate an undistorted ampli ed power wave at 5@hm output load. To be
e cient, the transistor must operate with a xed saturated gain. This can be achieved if
the drain bias voltage or the load impedance varied using ampjropriate signal control.
If this signal control acts on the drain bias voltage, we getrwelope tracking architecture.
If the signal control acts on load impedance, we get load modtion architecture.

On the other hand, if the input power wave has a xed envelope ( gll.10 (b)), that
is only phase modulation, the power wave generating system rihsive a variable gain to
reproduce the required ampli ed modulated power wave at 50 Ohmutput load. To be
e cient, the transistor again must operate at saturation ard therefore the system must
operate with a Variable Saturated Gain and gain variations ost be linear with large dy-
namic range. This can also be achieved using an appropriatgrel control to make drain
bias or load impedance variations. If the signal control aston the drain bias voltage, we
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Figure 11.11: General schematic of an RFPA with a load tuner deonstrating load vari-
ation for three di erent input power levels.

Fig. 11.12 shows the shape of Power Added E ciency as a functioof output power

Page 50



Max. PAE trajectory S!“T‘/Ei?

(variabtetogd) /R4 A:
PAE!trajectoty // / :
fixed load)| A
( //, / :

Z !

Zaim

PAE (%)

I\

—

Output Power (dBm)

Figure 11.12: Power Added E ciency as a function of output powe for three di erent
load impedances A, B and C.

Fig. 11.13 shows the intrinsic load lines at maximum input powr levels corresponding
to the beginning of the output power saturation for each caseA, B and C respectively.
We can see that the load line with higher slope provides highceency at high output
power whereas the loadline with lower slope provides the besciency at back-o . This
illustrates that load modulation is necessary to maintain igh e ciency performances on
an output dynamic range of about 6-dB back-o .

Variation of the loa
AE valy

0O 10 20 30 40 50 60 70 80

Figure 11.13: Intrinsic loadlines corresponding to three derent load impedances A, B
and C.
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30
from Bell Labs. Corp. in the year 1936 for e ciency improvemehof microwave tubes and
RF-PAs. The Doherty PA technique involves the approach for aste load modulation of
a main transistor by the use of an auxiliary transistor. The implementation of active load
modulation requires two transistors represented in g. IL5 by their ideal drain current
sources at fundamental frequency respectively, Ifor the main and |, for the auxiliary
respectively.
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Figure 11.17: Conventional Doherty Architecture and Ideal pecewise linear I/V charac-
teristics of the voltage controlled drain current source ahg with voltage and current
waveforms and associated loadlines for the Main Ampli er.

The basic Doherty ampli er consists of two ampli er circuits which are biased di er-

Page 54



31] where the input
amplitude and phase is controlled digitally using digital ginal processing blocks (DSP).
This provides additional degree of freedom at the output ohe combiner enabling digital
control of the phase misalignment ensuring an optimal Dohgrperformance B2)-[33], like
a recon gurable circuit.

Fig. 11.18 shows an example setup for the digitally assisteddberty PA. Magnitude

and phase of the two input signals are monitored digitally tomprove the overall PAE
performances 34.
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37)).

As the modern communication signals are getting more comm@ied, it also raises the
PAPR, therefore one solution to improve the output power rang at maximum PAE (up
to 9 dB for example) is to use Asymmetrical Doherty3d5 where the auxiliary ampli er is
of a bigger size than the main ampli er. This enhancement invees a wider load modu-
lation range, however at the cost of slightly lower averageagency because of the power
dissipated due to the large size of the class C biased awxyidransistor when it begins
to turn on.

Another solution to improve the load modulation is to adjust he gate bias of the
peaking PA (gate envelope tracking)36]. The principle objective is to gradually modify
the gate bias of the peaking PA. This technique o ers the podslity to make the power
gain shape of Doherty ampli ers more at versus input power @ improve the linearity
performance.

2.2 Envelope Tracking Technique

Envelope Tracking (ET) [37] is another commonly used technique to address the average
e ciency enhancement of RF Power Ampli ers. In this technique, the drain bias voltage

is varied according to the instantaneous envelope power iaions at the input of the RF
power ampli er. That is the drain bias voltage is lowered for laer input power level and
raised for higher input power level.

2.2.1 Principle of Envelope Tracking Technique

Fig. 11.19 gives a general schematic for the static CW simulain of a 25 W GaN transistor
with xed load impedance and variable drain bias voltage shwang power characteristics
for three di erent drain bias voltages respectively.
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Figure 11.19: General schematic of a Wolfspeed packaged GaN\®3ransistor RFPA with
a xed load impedance and variable drain bias voltage demomating envelope tracking
principle for three di erent input power levels.

Fig. 11.20 (a) shows the shape of PAE versus output power for tee di erent drain
bias voltages, 20V, 30V and 40V respectively at center frequnof 2.5 GHz. Fig. 11.20
(b) shows the intrinsic loadlines corresponding to maximurRAE (points 1, 2 and 3) for
each drain bias voltage. PAE performances can be ideally ingwed by 10 to 20 points
if the drain bias voltage is lowered when the output power degases as compared to the
PAE performances obtained at xed drain bias voltage of 40 V.
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Figure 11.20: (a) Corresponding simulated PAE performancessaa function of output
power, indicating the optimum trajectory for maximum PAE and (b) Intrinsic loadlines
for three drain bias voltage.

To get the maximum PAE trajectory at variable drain bias, Vys Versus input power
Pin control law should be the one represented in g. 11.21.
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Figure 11.22: Simulated CW gain characteristics as a functioof drain output power with

the optimum trajectory corresponding to linear gain at di erent drain voltages.
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38-[39-[40-[41]. The switching between di erent bias
voltage is provided with a combination of a pulse width modaltor and a power switch

(Buck or Boost DC-DC converter) with a low pass lter.

Fixed DC Supply f. (cut-off frequency)
-
| \/
|
-1 /
PWM I
/\/\ Modulator J_
o

Power Switch ==

fclod{*

— Supply Modulator

Envelope
| Raso(Load impedance of
v the supply modulator)
Envelope | 4
Detection
» RF

Delay and
Synchronization |

RFPA
Figure 11.23: Simpli ed architecture of Envelope Tracking amp er

The PWM modulator has a clock frequency k. Which must be 6 to 7 times greater
than the cut-o, f. frequency of the low path reconstruction lter, in order to eproduce
the continuous envelope signal monitoring the drain bias ¢fie RFPA. The envelope sig-
nal that drives the PWM circuit input is extracted with the help of an envelope detector
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42 (g. 11.24).

5 v \ 45V
25 \\v~ Fixed DC supply

Roso trajegtory for
[ Variable DT supply

=

Figure 11.24: Simulated values of drain resistance §& as a function of output power.

As the overall e ciency of the system is a product of the individial e ciencies of the
RFPA and the supply modulator (ww = RrRrpa - swm), it IS necessary to implement a
supply modulator with high e ciency (at least 80 %) and high svitching speed.

The third critical issue to be addressed is the bandwidth ofhie supply modulator for
high power and high speed applications. The bandwidth shaube su ciently high to
replicate the envelope at the output according to the incomgsignal. This also leads to
control and provide proper timing alignment and synchronition between the input and

output respectively.
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34] technique is shown in g. 11.25.
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Figure 11.25: Simpli ed block diagram of an outphasing tranmitter architecture.

In outphasing technique, a complex modulated and envelope yarg input signal is
divided and processed into two individual and envelope caast CW signals E ;(t) and
E,(t) according to Fresnel representation shown in the same we. The signal decompo-
sition function is performed at the input by signal conditiming [43].

As only phase modulated signals drives both the ampli ers, is possible to implement
ampli ers that operates at saturation. The input signal E(t) in outphasing transmitter
architecture can be expressed by the following relation :

E(t) = A(t)cod! ot + ' (1)]

which can be rewritten as

(11.26)
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Figure 11.26: General schematic of an outphasing principleithi a non-isolating power
combiner.

Fig. 11.27 shows the intrinsic loadlines at maximum PAE and xel input power for
four di erent outphasing angles 1, ,, 3, 4. It can be observed from the gure that the
loadlines corresponding to the best e ciency is achieved whethe outphasing angle is 0
degrees that is when both the input signals are in phase anditiines tends to open when
the phase angle increases leading to poor e ciencies for hig values (between 50 to 90
degrees).
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44, 45, 46, 47, 48, 49, however leading to very complex circuit architectures.
There are also stringent requirements for higher outphaginangles as it is evident that
wide opening of loadlines lead to high power dissipation dii¢ transistors at back-o .
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Figure 11.28: General Schematic of a 25 W GaN transistor basé&FPA with xed input
power and variable drain bias.

The principle of operation of EER is illustrated by g. I1.29 which shows the simulated
PAE and output power characteristics of Wolfspeed 25 W packad GaN transistor for
three di erent drain voltage values, 20V, 30V and 40V respeptely matched for maximum
PAE.

The operational region of the RFPA in EER technique is at a xedinput power P,
depicted by dotted line in g. 11.29 (a).

For this xed input power (30 dBm), the output power varies if the drain bias voltage
Vpp is varied from 20 V to 40 V. The resulting power gain variation ®rsus Vs, is plotted
in g.11.29 (b). It can be observed that only 5 dB gain variations can be obtained which
is not su cient for the generation of output power wave havirg PAPR of the order of 10
dB. Furthermore, from g. 11.29 (a), it can be observed that maximum PAE performances
are not achieved at 20 V.
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