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BACKGROUND OF THE I NVENTION Field of the Invention: 10 The present
i nventi oRypsh@lResdh0 el ectrical and el ectronic circuits HITUSYS6/@3854 Nore
specifically, the present invention relates to m crowave C ass E power
anplifiers. 15 Description of the Related Art: For a variety of comerci al
and mlitary applications, highly efficient mcrowave and radi o frequency
(RF) power anplifiers are needed. Typical applications include wreless
| ocal area networks, cell phones and 20 tel econmuni cati on systens as well as
advanced airborne active phased array radar systens. The choice of
t echnol ogy, design nethodol ogy and manufacturing cycle tinme are nmj or cost
contributors in these systens. Sw tching node, O ass-E, high-efficiency
power anplifiers are useful for these and other applications inasnuch as
these anplifiers limt the power and 25 associated cooling costs thereof. A
Class-E anplifier is parBRADBANDMICRO WA VEAMEBIMKIER ers" such as cl ass
D, E, F, etc. In these types of anplifiers, the transistor operates as a
perfect swtch with no overl apping voltage & current waveforns at its
out put kermnal, thereby ideally dissipating zero DC power. O her classes
of anplifiers such as class A, A/B and C, operate as a current 30 source
wi th overl appi ng voltage & current wavefornms and hence dissipate DC power
| eading to a | ower efficiency.

BAZ‘KGROUND OF THE INVENTION

Field of the Invention:
10
The present invention relates to electrical and electronic circuits and systems.
More specifically, the present invention relates to microwave Class E power
amplifiers.
15 Description of the Related Art:

For a variety of commercial and military applications, highly efficient
microwave and radio frequency (RF) power amplifiers are needed. Typical
applications include wireless local area networks, cell phones and

20 telecommunication systems as well as advanced airborne active phased array
radar systems. The choice of technology, design methodology and
manufacturing cycle time are major cost contributors in these systems.
Switching mode, Class-E, high-efficiency power amplifiers are useful for these
and other applications inasmuch as these amplifiers limit the power and

25  associated cooling costs thereof. A Class-E amplifier is part of the “switching
mode amplifiers” such as class D, E, F, etc. In these types of amplifiers, the
transistor operates as a perfect switch with no overlapping voltage & current
waveforms at its output terminal, thereby ideally dissipating zero DC power.
Other classes of amplifiers such as class A, A/B and C, operate as a current-

30  source with overlapping voltage & current waveforms and hence dissipate DC
power leading to a lower efficiency.
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paral l el res t | oad network. The function of the 1lo i.n the
class E aW&ZI%P‘?@PS"IZS to shape the vol tiage and current vvge(éflg]%yn@%o“ég“ The
current and voltage time-waveforns at “t he active device output termnal are
optimzed in such a way as to mnim ze the DC power dissipation within. The
active device, a pHEMI in this case, acts as a switch, driven by the RF

input signal to "ON' and "OFF" conditions. The operating point of the
device is such that the device is either OFF (in the pinched-off region) or
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t he prezent N %enti on suitable for switching node Power Anplifiers (PAs).
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45 In any event, the maximum efficiency of Class-E amplifiers (i.e. the ratio of
the RF output power to the DC input power) and its bandwidth of operation are
limited by the tuned loads thereof. The limitation is due to the fact that presence of

the tuned load results in a very narrow operational bandwidth for the amplifier.

50 Hence, a need remains in the art for a s ystem or m ethod for increasing the

power, power added efficiency (PAE) and bandwidth of Class-E amplifiers.

SUMMARY OF THE INVENTION

55 The need in the art is addressed by load circuit topologies of the present
invention suitable for switching mode Power Amplifiers (PAs). In a most general
sense, the inventive load includes a shunt inductive element coupled to an output of
said amplifier; a series inductive element coupled to said output of said amplifier; and
a series capacitive element coupled to said series inductive element.

60

In the illustrative embodiment, the inventive load is operable at frequencies in

the range of 8 - 10 GHz and beyond. The shunt inductive element, part of the said load



In the illustrative enbodi nent, the inventive |oad is operable at

f requenci i range of 8 - 10 GHz and beyond. The i {ve
el ement S@r%dag@g“ltgiize sai d | oad WO 20061086542 PCT| uszooa?ggﬂ@%‘if%g‘%%
suitably chosen to provide two inportant functions. First, to provide an
inductive bias line for said anplifier and second, to provide a parallel
resonance with the 65 pHEMI' s out put drai n-source capacitance (Cds). The
i nventi on enabl es an advant ageous C ass-E anplifier design conprising an
i nput matching network; an active device coupled to the input nmatching
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providing a |unped equivalent circuit representation of the |oad;

opti mi 25ng pHEMT spatpué drainsduzed capacitance (Cég)r esent ati on of the load to 75
achi eve near ideal current and voltage operational characteristics over a
predeterm ned frequency range using a time domain sinulation; transform ng

the optimzed lu i t_Gi I at. i f: to a
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operational characteristics over a predeterm ned frequency range 80 using a

ti me domai nard aridadtcoupled Whthewniivpudevicemnd impésnafted imeadcordancé wihithead circuits
enabl e _&ass-E HPAs to maintain a sinultaneous high PAE and Power over a
broad bAhdwPTESERt teRFhiBES-EF DESCRI PTI ON OF THE DRAWNGS Fig. la is a
sinplified schematic diagram of an ideal discrete conponent inplenentation
of a typical Cass-E |load in accordance with conventional teachings. 90

Fig. Ibis a distaléddikeldscddsnaneivd forBéssging alléanfoplisd Wethlac@dsiEpPi cted in

amplifier including the steps of: providing a lumped equivalent circuit representation

of the load; optimizing the lumped equivalent circuit representation of the load to

75  achieve near ideal current and voltage operational characteristics over a predetermined
frequency range using a time domain simulation; transforming the optimized lumped
equivalent circuit representation of the load to a distributed circuit representation; and
optimizing the distributed circuit representation of the load to achieve near ideal
current and voltage operational characteristics over a predetermined frequency range

80  using a time domain simulation.

The unique properties of the inventive load circuits enable Class-E HPAs to

maintain a simultaneous high PAE and Power over a broad bandwidth.
85 BRIEF DESCRIPTION OF THE DRAWINGS

Fig. lais a simplified schematic diagram of an ideal discrete component

implementation of a typical Class-E load in accordance with conventional teachings.

90 Fig. 1b is a distributed component implementation of the load depicted in
Fig. la. '



Fig. | a. WD 2006/086542 PCTNS2006/ 004554 4 Fig. 2a is a sinplified
schemat i C yg) g&&@ an ideal discrete conponent inpl e,

typi cal Cass ?aoad in accordance with the teachings of ?:tr?ﬁdzﬁ)&/o%:tas? .
invention. 95 Fig. 2b is a distributed conponent inplenentation of the | oad
depicted in Fig. 2a. Fig. 2c shows graphs of current and voltage wavef orns
of a lunped equivalent 100 circuit representation of the | oad designed in
accordance with the present teachings. Fig. 3ais a Smth chart show ng
frequency dependency of a broadband | unped | oad designed in accordance with

t he teachi ngs of A Fi patic
circuit of a di stﬂ?%ﬁ?stragéir Elﬁgge&{%hiaﬁgrﬁha?gg f%%lno ;ﬁlgﬁﬂ%‘é‘% é&g anmplifier
with the br Qﬁﬂl@ﬁi&ﬁta@bﬁ%ﬁa?ﬁ&@@lds@ﬂ@@&ﬁﬂ&d%@ﬁiaﬂbé WithlBe teﬁ&&ﬁ?@bf fneachi ngs.
Figure 5 depicts simulate ol tage and current wavefornms at the pHEMI 110

out put ter nprea¢ry invention. anplifier of Fig 4. DESCRI PTION OF THE | NVENTI ON
I1Tustrative enbodi nents and exenplary applications will now be descri bed
115 witf¥ reference to the acconpanyi ng drawi ngs to di scl ose the advant ageous
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applicationga it should be understood that the invention is 120 not limted
thereto. Those having ordinary skill in the art and access to the teachings
provided herein will recognize additional nodifications, applications, and

Fig. 2c shows graphs of current and voltage waveforms of a lumped equivalent

100  circuit representation of the load designed in accordance with the present teachings.

Fig. 3a is a Smith chart showing frequency dependency of a broadband lumped

load designed in accordance with the teachings of the present invention.

105 Figure 4 shows a schematic circuit of a distributed representation of a
monolithic Class-E amplifier with the broadband Class-E load in accordance with the

present teachings.

Figure 5 depicts simulated voltage and current waveforms at the pHEMT
110 output terminals of the amplifier of Fig 4.

DESCRIPTION OF THE INVENTION

Illustrative embodiments and exemplary applications will now be described
115  with reference to the accompanying drawings to disclose the advantageous teachings

of the present invention.

While the present invention is described herein with reference to illustrative
embodiments for particular applications, it should be understood that the invention is
120 not limited thereto. Those having ordinary skill in the art and access to the teachings

provided herein will recognize additional modifications, applications, and



WO 2006/ 086542 PCT/ US2006/ 004554 5 enbodi nents within the scope thereof and
addi t i onalwd 2006/08s5427 Whi ch the present invention would ?@Tﬁj‘sz&jﬁgmsgj cant
utility. 125 Fig. la is a sinplified schematic diagram of an 1deal discrete
conponent i nplenentation of a typical Cass-E |oad in accordance with
conventional teachings. As shown in Fig. 1 a, a typical Cass-E anplifier
represented by a switch 12' is coupled to a source Vds via an inductive
bias line 14'. The switch 12' is coupled to a resistive load 24' via a
capacitor 22' and an inverted L type (series L, shunt C) wave 130 shapi ng

| oad net worémBddimerisavithintie seopstheied€addladditionial Girlddn iwlidepeirgeesenof the | oad
circuit 20", nerely acting as a choke realized by a quarter wavel ength

| engt h of nVeHoN weyldbelof significest utddy 20 includes a first shunt capacitor
15" which is the drain to source 135 capacitance (Ca) of the transistor
switch 12'. In accordance with conventional teachings, the | oad 20
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amplifier is to shape the voltage and current wavefornms. Therefore, for the
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transmission line.

The load 20’ includes a first shunt capacitor 15’ which is the drain to source
135  capacitance (Cys) of the transistor switch 12°. In accordance with conventional

teachings, the load 20’ includes a series inductor 16’ (L) and a shunt capacitor 18’ (C).

Fig. 1b is a distributed component implementation of the load depicted in Fig.
la. It is worth mentioning that the function of the load network in the class E
140  amplifier is to shape the voltage and current waveforms. Therefore, for the design of
a broadband Class-E amplifier, care should be taken to ensure Class-E waveforms
exist over the entire frequency band. Choices of a suitable device non-linear modeling
tool as well as a design environment tool capable of time domain, robust harmonic
balance and envelope simulation are critical for the successful design of highly non-

145  linear circuits such as the switching mode amplifiers.

Fig. 2a is a simplified schematic diagram of an ideal discrete component
implementation of a typical Class-E load in accordance with the teachings of the
present invention.

150



150 WO ZO%gggéﬂ;g‘uECT/ US2006/ 004554 6 Fig. 2b is a di shebRKbREG0685PONENT
i mpl ementation of the |oad depicted i Fig. 2a. |In accordance with the

present teachings, a novel broadband C ass-E | oad topology is presented
based on the series (L-C) network shown in Fig. 2a, As discussed nore fully
below, the load is nodified to offer a superior broadband 155 performance
when conpared with the (series L, shunt C |oad network of Figs. 1 a and

| b. I'n accordance with the present teachings, the first step in the novel
desi gn process Fig, 2Wis \GbtriBatel REmPoRin irdp RinehifidaAthe thad Yepivtel iR Fid he

Cl ass-E | oad topology followed by the transformation of the | unped network
r epr esent at3arintaocardance quith/thke @rdsentitedchingsit enbo ved braadbadd CrassEnloadi s criti cal

transformation process which js necessary 160 for the said anplifier to
operate at WRPelpgvasmresenisghased extheseresdbrGactvadyshaym ingignda 4éri es
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provi de a parallel resonance wth the HEMI" s out put drai n-soudrce
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line and a shunt shorted stub as shown in Fig 2b. Also, the shunt inductor 14 of Fig.

2a is replaced with a shunt shorted stub to provide a parallel resonance with the
pHEMT’s output drain-source capacitance (Cds) as well as to provide a bias to the
165  drain of the pHEMT transistor.

Next, starting values for the lumped components of the load network 20 are
ascertained. Several authors have published detailed expressions for the starting
values of the lumped series (L, C) Class-E load. See for example “Class-E — A new

170  class of high efficiency tuned single-ended switching power amplifier”, by N. O.
Sokal, et al. IEEEE JSSC, vol. SSC-10, pp.168-176, June 1975; “Solid State Radio
Engineering” by F. H. Raab, et al., John Wiley & Sons, 1980; “Low Voltage, High
Efficiency Class E GaAs Power Amplifiers for Mobile Communications”, by T.
Sowlati, et al. IEEE GaAs IC Symposium Digest 1994, pp.171-174; “Switched-Mode

175  High-Efficiency Microwave Power Amplifiers In A Free-Space Power Combiner”, by
T. Mader, et al., IEEE MTT, vol. 10. Oct. 1998, pp. 1391-1398; and “Ultra-High
Efficiency Operation Based On An Alternative Class-E Mode”, P. Watson, et al.,
IEEE GaAs IC Symposium Digest 2000, pp.53-56.



175 Hi gh-Efficiency Mcrowave Power Anplifiers In A Free-Space Power
Combi ner der, et al., IEEE MIT, vol. 10. Cct. 1998, .

1391- 1398W(p¥86/&i9? a-Hi gh Efficiency Operation Based Cﬁcwsﬁﬁ(’ggp‘fﬁfi ve
Cl ass-E Mode", P. Watson, et al. | EEE GaAs I C Synposi um Di gest 2000,

pp. 53-56. WD 2006/ 086542 PCT/ US2006/ 004554 7 Next, havi ng obtai ned the
starting values for the load network, a tinme domain 180 sinulation is
performed to optim ze the load with the objective of obtaining near ideal
current and vol tage waveforns over a desired operati ng range (e.g. 8 - 10

GHz). Fig. 2 h t f il | i d
vor T or mmnce.—ovase, BVERCOR A s attRy Ve Br i R p Rt AR doBR e
br oad bmd | $iRREon KSRrRMeY 8 §MmizE el phd cv%rtﬁé s&%eﬁv@af Htafnlt AdffehS Shown

in Fig. 3 (a), depicting an excellent frequency i ndependent response over
8.0-10.0 G@mﬁMwﬂtagmwﬁhéomaovammﬁmaug fangel(d. g8 + E8GHz)shunt Q
See "A Monolithic X-band C ass-E Power Anplifier", by R Tayrani, |EEE GAs
| C Synposium PP 205-208, Cct. 2001. 190 Having obtained a nearly frequency

i ndepend i ph f he. . |
- opr bsent at i on ofi& B ?f%fsfwlﬁ%ﬁ&%@ Brnd g3 b BB B AR ERooct cp by
transform r&ze&blcﬁGﬁ%ﬁb&mwla& THY! e@& géﬁéﬁéﬁ%ﬁﬂe bREAWRA! rH%ze Fi g.

2b.) 195 To optim ze the distri e time domal n optl ation

procesk8S desmivabend cirauit teprestntaticrof tbatbadSS stervanineRigf ®1(a); Gepictisg 4r but ed | oad.
Figure 3b is a diagramwhich illustrates the time domain sinulation of the
di stri but eceXcglent ﬁr@gmcx indepgrdans raspepsp exer §.80dM0 GHlzcompaektodhes GHz. As

or e t on. ot Saieer foRS el EOTARE SEP ARUSRAIbRZe R TESES Do s
zero rate oﬁmcaamﬁ iffh YR endr@fi, IRBETGa A @ymlswxﬁbw@@swosngcmo@pft

tumon condition.

190 Having obtained a nearly frequency independent magnitude and phase
response for the lumped equivalent circuit representation of the load network, we can
now proceed to the next step by transforming this load to its equivalent distributed
network. (See Fig. 2b.)

195 To optimize the distributed load, the time domain optimization process
described for the lumped load is repeated for the distributed load.

Figure 3b is a diagram which illustrates the time domain simulation of the
distributed load network illustrating near ideal performance at 8 GHz. As shown in
200  Figure 3b, the voltage waveform across the switch rises slowly at switch-off and falls
to zero at the end of the half-cycle. It also has a zero rate of change at the end of half-

cycle, thereby ensuring a “soft” turn-on condition.

Furthermore, it is shown that the integral of the capacitor (Cys) current over the

205  half-cycle is zero and that the capacitance current has dropped to zero by the end of
the half-cycle, both indicative of Class-E operation for the distributed load at 8.0 GHz.
Similar simulated waveforms were obtained over the desired 2.0 GHz frequency band.

Although not shown, the frequency response of the distributed load (Figure 2b) should



Furthernore, it is shown that the integral of the capacitor (Cd,) current
0

over the wiPhobadssscycle is zero and that the capacitanc
dropped to zero by the end of the halgf-cycle, both indiggf/iﬂéfe{ﬁg %?gss-E

operation for the distributed load at 8.0 GHz. Simlar sinulated waveforns

wer e obtained over the desired 2.0 GHz frequency band. Al though not shown,

the frequency response of the distributed |oad (Figure 2b) should WO

2006/ 086542 PCT/ US2006/ 004554 8 al so be broadband having a nearly frequency
i ndependent response simlar to its 210 |unped version shown in Figure 3

(a). In th%lsolBet&bacﬁfahmaﬁagIalxﬁ&uwequehbﬁideﬁéhd%hffésl dndesirhiattbegi zed for
medi um power PAs (- 30 dBm 1.0 max).” A single 0.25 urn x 720 urn pHEMI
devi c&10s Usmged mersiohisbownrin Higure B(g)h PAs are suitable as a single stage PA
and/or as the first stage of a 215 two stage O ass-E H gh Power Anplifiers
(HPAs). Figure 4 shows a schematic circuit of a distributed representation

of a nonolithi qp%éﬁ%sgatﬁf@zlp#:uﬁ{%n#gg TOE{F}?CZICQ{&%? ?ﬁﬁ@%@é‘a@f "Efﬂdl%ﬁo‘gv%cl udes

accordance with the résent ‘teac

an active dend Ce30ldBml 110 Whaad2Q\ siplentasvuen koad @R pHEMIThRvidelisitdedan i ve
enbodi ment, the active device 12 is a Gllium Arsenide pseudo-norphic,
hi gh- el ect rthis ciobit! Sugh PAsass sitable @Ga singletEE)P A And/fon psithenfastcdtagespfmet wor k40

is pravided at the inp]%;&_ﬁto the actjye device 12. The load 20 and i nput
mat chidlg neWpotagesdassrie Hagh PowersAmpliRers kEPAsHt h and | ength 225 di nensi ons

shown in mcrons for operation at 8 - 10 Ghz. Those of ordinary skill in the
art may extend the present teachings to other frequencies w thout departing

from the scope FiggfeePshowsQ schEBaticdiRundd a/dpBhted @8preée@Aionsdful ati on of
swi tching node anplifiers, 230 the device non-linear nodel should have the

fol I owi ng propaithicdslassEE amptifipewil theybroddband Class & badri ecudinvd Hithstby  and
gate-to-ar aﬁrgse%?%achings. The amplifier 30 of Fig. 4 includes an active device 12 with the
220 inventive load 20. In the illustrative embodiment, the active device 12 is a Gallium-

Arsenide pseudo-morphic, high-electron mobility transistor (GaAs pHEMT).

An input matching network 40 is provided at the input to the active device 12.
Tbe load 20 and input matching network 40 are designed with the width and length
225 dimerisions shown in microns for operation at 8 — 10 Ghz. Those of ordinary skill in
the art may extend the present teachings to other frequencies without departing from

the scope thereof.

For accurate and robust non-linear simulation of switching mode amplifiers,

230  the device non-linear model should have the following properties:

Bias dependency of drain-to-source Cgs(V4s, Vgs) and gate-to-drain Cgq
(V4s, Vgs) capacitances;
Bias dependency of input channel resistance Ri(Vgs,Vys); and

235 Bias dependency of output channel resistance Rys(Vs, Vgs)-

Also the device model should be able to accurately model the dispersion

associated with the drain current, gm, and Ry, If the pulsed DC IV technique is used



(Vvds, Vgs) capaci tances; Bi as dependency of input channel resistance R;

(Vds, Vss); and 235 Bias dependency of output channel resistance
Rds(Vds, V9 2000086842t he devi ce nodel shoul d be abl e to acearamsedogomssel the
di spersion associated with the drain%urrent, gm and Rds. If the pul sed DC
N techni que is used WD 2006/ 086542 PCT/ US2006/ 004554 for the nodel

devel opnent, this requirenent may be unnecessary. For this purpose, 240 the
EEHEMI nodel available in | CCAP (Agilent |1 CCAP, V.5.1) and ADS (Agil ent
Advanced Design Systenms (ADS), V. 2003C). A 0.3 p.mx 6 x 120 pm pHEMI

devi ce having a gate-drain breakdown voltage of greater_than 18 V nmaybe

desi gned udetije mdﬁbqlﬁweippm,}thﬁlr%qwr@mnb?@g?e Mﬁne@&%alr&cﬁqsﬁm&nwow,t h ; he
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power (m n-Ad%Qﬁ’cé&[ﬁéélgﬁ@ﬁté?ﬁ?(AﬂSﬂV.@@@@C.Vﬂ 8.0 - 10.0 GHz. Figure 5

depicts sinulated voltage and current waveforns at the pHEMI 250 out put
termnals of the anplifier of Fig 4. The waveforns show a sw tchi ng nade
behavi or of the pHEMI device at 8.5 GHz. Simlar wavefornms may be provi ded

over 8 - 10 GHA 03 woard x A0 vonplBEMI dgyitechaving a gatesirainfeeskdewant i nventi on
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Figure 5 depicts simulated voltage and current waveforms at the pHEMT
250  output terminals of the amplifier of Fig 4. The waveforms show a switching mode
behavior of the pHEMT device at 8.5 GHz. Similar waveforms may be provided over
8 - 10 GHz to confirm broadband operation.

Thus, the present invention has been described herein with reference to a
255  particular embodiment for a particular application. Those having ordinary skill in the
art and access to the present teachings will recognize additional modifications
applications and embodiments within the scope thereof. For example, the present
teachings are not limited to Class-E ainpliﬁers. That is, the présent teadhings may be

used in connection with any switching amplifier or circuit design.

260
It is therefore intended by the appended claims to cover any and all such
applications, modifications and embodiments within the scope of the present
invention.
265 Accordingly,

WHAT IS CLAIMED IS:



applications, nodifications and enbodi nents within the scope of the present
i nvention. 265 Accordingly, WAT IS CLCAIMED IS: 10 CLAIMS 1. A nethod for
designing a load for use with a Cass-E anplifier including the steps of:
provi ding a | unped equivalent circuit representation of said |oad;

optim zing the |unped equivalent circ k} representation of said load to
achi eve near ideal current and voltagt operational characteristics over a
predeterm ned frequency range using a time domain sinulation; transform ng
said optim zed | unped equivalent circuit representation of said l|oad to a
distributed circuit representation; GItAIM®ti m zing the distributed circuit
representation of said |load to achieve near ideal current and voltage
operational characteristics over a predeterm ned frequency range using a

time donmein siqul at 4Opethod for designing a load for use with a Class-E amplifier

including the steps of:

providing a lumped equivalent circuit representation of said load;

optimizing the lumped equivalent circuit representation of said load to achieve
near ideal current and voltage operational characteristics over a predetermined
frequency range using a time domain simulation;

transforming said optimized lumped equivalent circuit representation of said
load to a distributed circuit representation; and

optimizing the distributed circuit representation of said load to achieve near
ideal current and voltage operational characteristics over a predetermined frequency

range using a time domain simulation.





