WD 2007/ 008349 PCT/ US2006/ 023924 TWD STAGE M CROMVE CLASS E PONER

AVPLI FIER 5 BACKGROUND OF THE | NVENTION 10 Field of the Invention: The
present WHYeaobgye rel ates to electrical and el ectroni C geipiGdthbehn2dnd systems.
More specifically, the present invention relates to mcrowave C ass E power
anplifiers. 15 Descrtion of the Related AS Hi ghly efficient m crowave and
radi o frequency (RF) high power anplifiers are required for nmany comrerci al
and mlitary applications. Typical applications 20 include wreless |ocal
area networks, cellular phones and tel econmuni cati on systens, as well as
advanced airborne active phasecthUWAGEqajcﬁMW&V‘E C ass- E power
anplifiers are high- eff|C|encya frers Id be useful for these and
ot her applications. dass-E aﬁ:llm" ﬁzé’r% Rt he "swi t chi ng node
anplifiers"” such as class 25 D, E, F, etc. These types of anplifiers
include a transistor that operates as a perfect switch with no overl appi ng
vol tage and current waveforns at its output termnal, thereby ideally

di ssipating zero DC power. O her classes of anplifiers such as class A A/B
and C, operate as current-sources with overl apping voltage and current

wavef orms and hence dissipate DC power, leading to a |lower efficiency. 30 A
Cl ass-E anplifier typically } stor and a resonant

| oad WD 2007/ 008349 PCT/ USZB%%%QW ﬁgt%jgwﬂmlctl on of the | oad
network is to shape the voltage and current waveforns at the active device
output termnal to prevent sinultaneous high voltage

10 Field of the Invention:

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:

Highly efficient microwave and radio frequency (RF) high power amplifiers
are required for many commercial and military applications. Typical applications
20  include wireless local area networks, cellular phones and telecommunication systems,
as well as advanced airborne active phased array radar systems. Class-E power
amplifiers are high-efficiency amplifiers that would be useful for these and other
applications.
Class-E amplifiers are part of the “switching mode amplifiers” such as class
25 D, E, F, etc. These types of amplifiers include a transistor that operates as a perfect
switch with no overlapping voltage and 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 current-sources with overlapping voltage and current
waveforms and hence dissipate DC power, leading to a lower efficiency.

30 A Class-E amplifier typically consists of a single transistor and a resonant load



and high current in the transistor, thereby m nim zing DC power dissipation.
The active device acts as a switch, driven by an RF input signal to "ON'
and " OFRVvO=oemmeBsbi ons. The operating point of the deviger/us2086i6d39ishat t he
device is either OFF (in the pinched-off region) or ON (in the linear
region). Under an ideal switching operation condition, output voltage and
current waveforns at the device output termnal do not exist simultaneously
and, therefore, the energy dissipated within the device is zero, yielding a

100 percent theoretical power conversion efficiency. 10 Present class-E high
power anplifi eprgworkpadiie Hiancsion jofi the doadsedtwprkbignigwibaps theyeltags andeswreni ghl y

tuned 1 0ad ol f GHldSime 405 ERARGDONBORDREA L BERHARHLAL g, P and

UHF frequencies I'T'cat’i ons 'such*as au I 0S

and hi gh power apl highrugeies alid Gansistog therdby mﬁmﬁmgtl}ﬂnwwbﬁﬁdmmdn. arle
required. In recent years, the published work on nmonolithic cl ass;‘(%ig,ov\er
anplifiers 15 ﬁ%{svetf@éwe|ap%a§édswhnéwwibaﬁaﬂi [yt sigpal o5

frequenci ess coygidiigst e oéé?déﬂg%@fm seélhle dph 8 s k& the hé\n@cdig'e éaeq OFF (in

conventional class-E anpli have |mt power out puts. ass-
amplifiers ar etheypndatﬂoﬁf ragiﬁnérmrﬁléo[lmﬁlen@n@r megien)st Hgderdesu@als switehing der to
i ncrease gain sl ze lifier's actjve dfﬁ\“ ce Idﬁ%l ncr eased.

f th
e oot o eobition: Fueny Paet Relss cind o Bikhk SeveREnS Ao ik G805 BRBE of t ne

anplifier due tgminakdo h&%@%@mﬁ@&aﬂy taamﬁeraforé ms% éﬂ’ép%l d19§1 didiew HIgN itleee
Hence, a need exists in the art for an |rrprove C ass |f|er of fering

si mul t aneous hilgycepoarsp, yagldinaiag A0 perernt tl@dm@dal@mvpmoamwmmeﬁ@emyer a broader
reeney S10e. 2oy R RR0A IS, A OO TS3RE e S
present invent d@to their highly tuned load circuits. Class-E HPAs have generally been used at

audio, HF and UHF frequencies for applications such as audio HI-FI systems, Ham

radios and high power plasma generation where narrow frequency bandwidth are

required. In recent years, the published work on monolithic class-E power amplifiers

15  has been limited to narrow band (less than 500 MHz) RF frequencies covering the

hand set cell phone market.

In addition, conventional class-E amplifiers have limited power outputs.
Class-E amplifiers are typically implemented using single stage designs. In order to
increase gain, the size of the amplifier's active device is increased. Increasing the

20 active device, however, reduces the frequency range of the amplifier due to the
increased capacitance at the input of the device.

Hence, a need exists in the art for an improved Class-E amplifier offering
simultaneous high power and high power added efficiency (PAE) over a broader
frequency range.

25



5 The novel load circuit is adapted for use with any swi tching node circuit

and includes a series inductive-capacitive network co (J;ied to aZB o4ut put of
“the swi t¥RZAY98Y_ circuit and a circuit for providi nglp USRS P A e
coupled to the output of the switching node <circuit. In an illustrative

enbodi nment, the circuit for providing capacitance includes one or nore
| unped capacitors adapted to conpensate for an intrinsic capacitance in 10
the switching node circuit. The load circuit may al so include a shunt

i nductance coupled to the ouspgMMAaRYtOE THE DSVENTIODIE circuit. In an
illustrative enbodinent, the load circuit is adapted to provide a C ass-E

|l oad to a two-stage O ass-E high power anplifier. The anplifier includes a
driver stage, a novel Cass-E inter-stage matching network (I SMN), and a
hi gh power stage 15 using the novel load circuit. The novel |SW includes a
first circuit for ([heweel mgtha artGk addredsed bpthet load hiecuingfl thé ipesserdrinweatiorst age

and a second ¢j,rcuit far. pr.ovidin mat ched input i npedance for the high
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THE DRAW NGS 25

frequency range. 20 BRI EF "DESCRI PTI ON Fig.- | 1s a
sinplified bl col adiragit fompofviding k lckpasitanat covpledrth dizti ergpitt of thesswiitebing tmenge

Cl ass- E hi gh powe | i,fier. designed in accordance .mith the teachings of
Chaor Gomne" PEGEE, UK iSSR0 ey st RE SRRk et ats arelies
di screte conpamert mord PR BARLt&S awgtearto abmbérshte fordr Mtrthskayitahdral
Class-E load. 30 Fig. 2b is a distributed conponent inplenmentation of the

convent i ondl dhagsiiEingmegy ooy 0dBRlpad peritgEycdscomsda a shyaidinde@raceed i n
Fig. 2a. Fig. c%uf)l@d@)tﬁé E@Ebﬁtfoifﬂ% s%‘t@kﬁf@ﬁlioﬁe diagram of a discrete conponent

In an illustrative embodiment, the load circuit is adapted to provide a Class-E
load to a two-stage Class-E high power amplifier. The amplifier includes a driver
stage, a novel Class-E inter-stage matching network (ISMN), and a high power stage

15  using the novel load circuit. The novel ISMN includes a first circuit for providing a
Class-E load to the amplifier driver stage and a second circuit for providing a matched
input impedance for the high power stage. The load circuit and the ISMN are both
adapted to provide simultaneous high power added efficiency and high power over a

broad frequency range.

20
BRIEF DESCRIPTION OF THE DRAWINGS

25 Fig. 1 is a simplified block diagram of an illustrative embodiment of a two-stage
Class-E high power amplifier designed in accordance with the teachings of the present
invention.

Fig. 2a is a simplified schematic diagram of a discrete component

implementation of an amplifier with a conventional Class-E load.

30 Fig. 2b is a distributed component implementation of the conventional Class-E



i npl enentation of a prior art broadband C ass-E | oad network. Fig. 4 is a
sinplified schematic diagram of a discrete conponent 5 inplenentation of an
il ustr YOIW7OAEEYI nent of a C ass-E | oad network desi d’ﬁgg(’p$2H06’°§é%?6rdance
with the teachings of the present invention. Fig. 5is a distributed
conmponent inplenentation of the Cl ass-E |oad depicted in Fig. 4. Fig. 6 1is
a graph showi ng the frequency response of the distributed |oad of Fig. 10
5. Fig. 7 is a representation of a Cass-E ISWN in accordance with the
teachi ngs of |dQept@eantiginvention. Fig. 8ais a sinplified schematic

di agram showi ng a distributed conponent inplenentation of an illustrative
enbodi nent of the Figrst lanpl isimpdified t whematied déiagram sef a4 5dig¢retsuicompénenhe

Cl ass- E | SMN (ijr% i erﬁgd é%éflgcr?%ﬁ€$§%g%bgﬁiﬁk%$gl%%%%M&g.s of the present

invention. Fig. iragram'showi ng a distributed

conponent i npl enepjgat4 o af splifibd Ushérmdticy Qlidgiedofreat digéreR 6@PHENCI rcui t
of the Cass-E |SW and the second anplifier stage designed in_ accordance
with the teachrplggensationpf anjlusiredeeembadiment of ¢ laspESiord pyiwork dysignegEin

| NVENTI ON 25 L j | ary applications will now
be descri bed \?\/{:Jtohdéﬁ%eg e%%ﬁé%%gg%ﬁﬁggg%gﬁ%?% drawi ngs to disclose the
advant ageous t eachFigg$isaf disttibuted t@sgonentiimplnteniation Yihe €€laseE jond depidted
invention is descrjibed herein with reference to illustrative 30 enbodiments
for particul af®dgplications, it should be understood that the invention is

not 4 WD 2007/ 008349 RGlrifprABf{{24RO8 uency response of the distributed load of Fig.
10 5.
Fig. 7 is a representation of a Class-E ISMN in accordance with the teachings of
the present invention.
Fig. 8a is a simplified schematic diagram showing a distributed component
implementation of an illustrative embodiment of the first amplifier stage and a first
15 circuit of the Class-E ISMN designed in accordance with the teachings of the present
invention.
Fig. 8b is a simplified schematic diagram showing a distributed component
implementation of an illustrative embodiment of a second circuit of the Class-E
ISMN and the second amplifier stage designed in accordance with the teachings of the

20  present invention.

DESCRIPTION OF THE INVENTION

25
Illustrative embodiments and exemplary applications will now be described 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

30 embodiments for particular applications, it should be understood that the invention is not



limted thereto. Those having ordinary skill in the art and access to the
teachings provided herein will recogni ze additional nodifications,

appl i catWorr8)7/@sd9 enbodi nents within the scope ther eofPGIAES280d12892dnal
‘fields in which the present invention would be of significant utility. 5
Fig. | is a sinplified block diagramof an illustrative enbodi nent of a
two-stage Cass-E high power anplifier 100 designed in accordance with the
teachings of the present invention. The circuit 100 i s specifically
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15 The two-stage Class-E high power amplifier (HPA) of the present invention

includes a novel Class-E load designed to maintain simultaneous high power and high

PAE over a broad bandwidth. Fig. 2a is a simplified schematic diagram of a discrete

component implementation of an amplifier 10 with a conventional Class-E load 20.

As shown in Fig. 2a, a typical Class-E amplifier 10 includes a transistor represented

20 by a switch 12, coupled to a voltage source Vys via an inductive bias line 14. The

switch 12 is also coupled to a resistive load 24 via a capacitor 22 and an inverted L

type (series L, shunt C) wave shaping load network 20. The conventional Class-E

load network 20 includes a first shunt capacitor 15, which is the drain to source

capacitance (Cgs) of the transistor switch 12, and a series inductor 16 followed by a

25  shunt capacitor 18. Few design efforts have been made to optimize these circuits for

broadband operation. Hence, in previous amplifier designs, the drain bias line 14 was

treated independent of the load circuit 20, merely acting as a choke realized by a
quarter wavelength length of transmission line.

Fig. 2b is a distributed component implementation of the conventional Class-E

30 load depicted in Fig. 2a. It is worth mentioning that the function of the load network



quarter wavel ength length of transmssion line. Fig. 2b is a distributed
conponent inplenentation of the conventional Cass-E 30 toad depicted in
Fig. 2a.WORZOWHOgHPt h mentioning that the function of tHRCT/USA0GEBMIrk 5 WO
2007/ 008349 PCT/ US2006/ 023924 in the class E anplifier is to shape the

vol tage and current waveforns. Therefore, for the design of a broadband

Cl ass-E anplifier, care should be taken to ensure O ass-E waveforns exi st
over the entire frequency band. Conventional Cass-E load circuits are
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may reduce the useful frequency range of he anplifier due to the intrinsic
capaci tance alvdd dedigy prassso e$ atsheht dalnciies émnq’:nt ri4i coupled to the transistor output

terminal 36. The intrinsic capacitance Cgys of the active device is represented as a
15  shunt capacitor 15 coupled to the transistor output terminal 36.

While this design provides superior broadband performance for medium
power applications, it may not be as effective for high power amplifiers. In order to
achieve greater RF power, a high power amplifier typically includes a larger active
device (gate periphery greater than 5.0 mm), which generally is realized by

20  combining several active devices in parallel. However, care must typically be taken
in combining active devices in parallel as it may reduce the useful frequency range of
the amplifier due to the intrinsic capacitance and other associated device extrinsic
parasitics, thereby further reducing the operational bandwidth of the circuit.

In accordance with the teachings of the present invention, auxiliary capacitors are

25  added to a series L-C load network to compensate for the intrinsic capacitance of the
active device. Fig. 4 is a simplified schematic diagram of a discrete component
implementation of an illustrative embodiment of a Class-E load network 40 designed
in accordance with the teachings of the present invention. The novel load network 40
includes one or more lumped capacitors 42 coupled to the output terminal 36 of the

30 active device. The lumped capacitors 42 are designed to compensate for the intrinsic



parasitics, thereby further reducing the operational bandw dth of the
circuit. ance with the teachings of the present invention
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Fig. 5 is a distributed component implementation of the Class-E load depicted

15 inFig. 4. The load network 40 shown in Fig. 5 is designed for use in the second stage
106 of the novel high power amplifier 100 of Fig. 1. In the illustrative embodiment,
the second amplifier stage 106 includes four transistors 50A, 50B, 50C, and 50D
connected in parallel. The outputs (drains) of the transistors are connected together at
node 36. In this embodiment, the load network 40 includes two adjustable lumped

20  capacitors 42A and 42B coupled to node 36. Two bias drain lines 14A and 14B
couple the transistor output node 36 to voltage sources V1 and V2, respectively. The
series L-C network is implemented by two transmission lines 52A and 52B, which
couple the transistor output node 36 to a three-port capacitor 54. A transmission line
56 couples the three-port capacitor 54 to the impedance transformer 44. The

25  impedance transformer 44 is implemented using two transmission lines 58 and 60
connected in series between line 56 and an output terminal 62. A shunt capacitor 64
is connected between lines 56 and 58, and a shunt capacitor 66 is connected between
lines 58 and 60. Illustrative values for the width and length dimensions of the
transmission lines are shown in microns in Fig. 5. Other implementations may also

30  be used without departing from the scope of the present teachings.



connected in parallel. The outputs (drains) of the transistors are connected
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bandwidth. An ISMN is necessary when designing a two-stage amplifier. The ISMN

15  circuit could be said is similar to a band-pass filter having unequal complex loads at its
input/output ports. In the case of the Class-E ISMN circuit 104, the complex load has to
be a frequency independent Class-E load. This load (which is the Class-E load for the
first amplifier stage 102) then is matched to the complex input impedance of the second
amplifier stage 106 over the desired bandwidth. Fig. 7 is a representation of a Class-E

20 ISMN 104, illustrating this concept.

The novel Class-E ISMN 104 includes a first circuit 110 for providing a Class-E
load to the first amplifier stage 102, and a second circuit 112 for providing a matched
input impedance for the second amplifier stage 106. Figs. 8a and 8b show the details for
the novel two-stage Class-E HPA 100 of the present invention: Fig. 8a shows the first

25  amplifier stage 102 and the first portion 110 of the ISMN, and Fig. 8b shows the second
portion 112 of the ISMN and the second amplifier stage 106.

Fig. 8a is a simplified schematic diagram showing a distributed component
implementation of an illustrative embodiment of the first amplifier stage 102 and first
circuit 110 of the Class-E ISMN designed in accordance with the teachings of the

30 present invention. The first amplifier stage 102 includes an active device 124 and an



104 designed to maintain sinultaneous high power and hi gh PAE over a broad
bandw th\( gﬁ[‘} /b&w IS necessary when designing a two-stage anplifier. The

I sSW 15 &P uld be said is similar to a band-passPfTiUsg6M2if2hg
unequal conplex loads at its input/output ports. In the case of the O ass-E
| SWN circuit 104, the conplex |oad has to be a frequency independent

Cl ass-E load. This load (which is the Cass-E |load for the first anplifier
stage 102) then is matched to the conplex input inpedance of the second
anplifier staggutlfichseietidie 1Tkl ERglikpadmtid tdimidal 020 6 i tlof e @@t at i on
of a Cass-E 20 | SIW 104 |Ilustr(§ltg| ng this concept. Thezm%evel %ass E

| SNIN 104 i nclaysed24 Inithesilugiafiveeraborimgent he patiye devieryl 24 icrasydEmapiie to the
first amplifi 298, i i mat ched
i nput i rrpedan@gh?fgr &‘leh ]Sf%m? I eryst&gge)hféé.gdr%%gp{ géﬁeg&ggc show t he
details for Iihiesnmn&tedmhsﬁmg@rc(ﬁtameﬁhb{wmoo of the pr esent i nvention:

Fig. 8a shwsthe t 25 i.fi e 102 an f|r portion 110 of
the I SW, %nd Fig. ﬁ%ﬁ&%& fé@?@@ Prgwfif% %WO&%EH%&%@ padip el ¢ he
second anpl i fifylifes aae 18861 i 1Husu§ﬁ’ve'e§1b@dlﬁieﬂﬂ3ﬁfefch&ﬁ|t SeherRtd & MeAgmam

show ng a di st ri buted conponent i npl enment ation of an illustrative

enbodi ment of Ctrelevork prgt ingligdsi & fransmissiey &ind 028 aoruheéted 8t serigs wdhlatcapmwef t he

Cl ass-E | SMN desi e.wth t ch| n f resent
raent o R 256 e ORERAOR 38a8 4o 136 HEEE Ml Ba | T BaiuBoR35
an 8 WO 2007M1Q@83ﬂa91d9(§8' a3 D 2304 bemamthemfahﬁémﬂgupmeumm akdRagkor
coupl ing an input termnal 120 .to the in of the active device 124. In

the ill ustdat§upely efioft SHeHcapacher Hdis gau eé‘@eeﬁzthe i%esalz’ﬁsaé‘ ddo-ndhpssi c,
hi gh- el ect r oniRRiskibd unegmﬂ%ugwméa}é%ecmms e[?%@gmmai oltptf active

device 124 is connected t6 the first circuit 11 of t e first
circuit 110 oF26tahégio®MN provi des a broadband Cl ass-E load to the first

anplifier stage 1 i llustrati i me Cir. 11 is
based on a series Qipuo@r}We&‘ﬁgﬁ{ CuGY ﬁhé’?&’(ﬁgw W&ﬁfﬁﬂf@]‘%
connected i n &Eidites chipldd t6 tHe ARG tdriovBut 126 to compensate for the intrinsic capa01tance

15 of the active device 124. The first circuit 110 of the ISMN thus uses a similar approach

as the Class-E load described above. In the illustrative embodiment, auxiliary capacitors
are not needed in the ISMN because the first amplifier stage 102 is a driver stage
providing lower power (and therefore a smaller active device 124) than the second
amplifier stage 106. The addition of auxiliary lumped capacitors to the first circuit 100

20  of the ISMN may be desirable for a higher power first amplifier stage or for higher
frequency operation.

Fig. 8b is a simplified schematic diagram showing a distributed component
implementation of an illustrative embodiment of the second circuit 112 of the Class-E
ISMN and the second amplifier stage 106 designed in accordance with the teachings of

25  the present invention. In the illustrative embodiment, the second amplifier stage 106
includes four active devices 50A, 50B, 50C, and 50D connected in parallel, and a
broadband Class-E load 40, the details of which were shown in Fig. 5. In the illustrative
embodiment, the active devices 50A, 50B, 50C, and 50D are implemented using
pHEMTs.

30 The second circuit 112 of the ISMN provides matched input impedances to the



el ement 130 between the active device output 126 and a node 132. Two
transm ssion lines 134 and 136 are connected in series between the

transi st 3P YUVPE2126 and a vol tage 10 supply V3. A shuRET/USHAEPIBH 144 is
coupl ed between the lines 134 and 136. Three transm ssion |lines 138, 140
and 142 are connected in series between the transistor output 126 and
ground. Optionally, the first circuit 110 of the I SMN may al so i ncl ude
auxiliary lunped capacitors coupled to the transistor output 126 to

conpensat e f orinfui€of thé 4dtiRE tievicea DAL S0BNSEC, aha 50D if AR sB&dnt \uthplBdtistBe 186t The
first circuit 110 of the | SMN thus uses a sim|ar approach as the Cass-E

| oad descri beddBoifustrafive embodimentsthe second cisqwiiold 2 rirahedes fonki trangnigsieralingsi t or s
are not needed; shnydHh t. FNe ifier ﬁ%t driver
stage provi dldlr?g }%\’/\g?d’ %@é&e%}%ﬁ% ]gsg égrbg&ggg%lr{ogfg 121% I vgle Vi ?ﬁth 24)

t han the secortnsistoplSOAl eA stragert] fifictiohh 58 dotinecto rthoflineX 64 i aad y1 J6utoped
capacitors to the first be desirable for a

. ircui.t 100 of the IS y
hi gher poyvesr fqafgpsﬁ?ﬁ}meﬁﬁérwﬁ‘%ﬁﬁéouﬁﬁgﬁ%? Yﬂfaﬁﬁwg/{;"f\?@q@émcﬁﬁgpéhg%ﬁ. Fig.
8b is a sinplidhged saRemBines 15 KAM3M 20 QWi cahatitt 16k R RHIeE BERREAL R s
i npl enentation of an illustrative enbodi nent of the second circuit 112 of

the O ass-E |ISkmpdihd- thhehuglespastoralipplis doupled i rde 132 6l wieingmisdion fingsd@dr dance
with the teachj present. i nvention., | he, kllLustrative
oo ment ¢ ralda 8 ORalclia R LGRS Mol oh S dephhsiol Dot Bt e skt P lnfor o

50A, 50B, 50C,508nc\ s cagoineAU4n chiplditietldet llinesalTd ad 112 oadband C ass- E | oad
40, the details of i ch wetée tﬁhown in Fig.. 5 In the jillustrative
9

whi |
enbodi nent!? t he acttarlyden AR trappistors deur trapynisyny Ies 184 pPatshi@d usi ng

PHEMTS. 30 The g @rQRhdelell fidetiestbaveth etodt %ﬁrtﬁé’ﬁgﬁ%f%t&ﬂﬁgmim% _
i npedances to the 9 WO 2007/008349 PCT/ US2006/ 023924 inputs of the active

devi ces 50A, S@Bs-p&OTnctand880Mnkests thia dineselBdradd 48Gploi of tramsmissieny nel 9, which t he
: : ngt rative Efstrpc%%iegl?on ;[1 Vol%agg sgsp%ﬁlo\%! gi silgn%ic%pa%l 021' 1i99(1:s! go%%l%dfbgtldvreeé L&@ﬁgb ssion
and 182, and a shunt capacitor 194 is coupled between lines 182 and 184. Two
15  transmission lines 200 and 202 are connected in series between the capacitor 192 and the
input of transistor S0C. A shunt capacitor 204 is coupled between lines 200 and 202.

Thus, the present teachings provide an efficient high power, broadband HPA by
synthesizing a new class of miniature broadband Class-E loads that are technology
independent and therefore are suitable for monolithic integration in GaAs, GaN and/or

20  SiGe MMIC technologies. The most important properties of these new loads are their
ability to provide a simultaneous PAE and power over the entire bandwidth. In a
preferred embodiment, the HPA is designed using a circuit simulation technique
including time domain analysis, Harmonic Balance analysis, large signal stability
analysis, and envelop simulation. By applying these new circuits and their associated

25  unique design methodology for the design of switching mode power amplifiers, highly
efficient (PAE>80 at X-band) HPAs can be designed.

Thus, the present invention has been described herein with reference to a
particular embodiment for a particular application. Those having ordinary skill in the
art and access to the present teachings will recognize additional modifications,

30 applications and embodiments within the scope thereof. For example, the present
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150, 152, 154, and 156 connected in series between the node 132 and the
input of the transistor 50A. A three-port junction 158 connects the |ines
154 and YE520H0838 t r ansmi ssion |ine 160, which is CoupPETUS008/023924 age
supply V5. A shunt capacitor 162 is coupled between lines 150 and 152, and
a shunt capacitor 164 is coupled between lines 152 and 154. A shunt
capacitor 166 is coupled to node 132. Two transmi ssion lines 170 and 172
are connected in series between the capacitor 162 and the input of
transistor 50B. A shunt capacitor 174 is coupled between |ines 170 and 172.
10 Sinilarly for ‘eaEangsauot figited tofriass-Samplifiers.oThat i3 B PrAseny i'gphingsiesy bego,
182, 184, and 1864 SodhOdRR %ithdn} WiSHRE ARpRL YRR igiRode 132 and the

i nput of the transistor 50D. A three-port-junction 188 connects the |ines
184 and 186 to a tran¥nf sherefre intended bp thepnipered claimsotoprever ey ahdvd) Fihe
supply V6. A shunp,igaRfs no@ficshdns dnd eritRditleRd withih WRSEbpk bABSpridft inftebn182, and
a shunt capacitor 194 is coupled between |lines 182 and 184. Two 15
transm ssi on PFines 200°®KiEE02 are connected in series between the capaci tor
192 and the input of transistor 50C. A shunt capacitor 204 is coupled
between lines 200 and 202. Thus, the present teachings provide an efficient
hi gh power, broadband HPA by synthesi zing a new class of mniature broadband
Cl ass-E | oads that are technology independent and therefore are suitable
for monolithic integration in GaAs, GaN and/or 20 Si Ge MM C technol ogi es.
The nost inportant properties of these new | oads are their ability to
provi de a simultaneous PAE and power over the entire bandwidth. In a
preferred enbodi nent, the HPA is designed using a circuit sinulation
technique including time domain anal ysis, Harnonic Bal ance anal ysis, |arge
signal stability analysis, and envel op sinulation. By applying these new
circuits and their associated 25 uni que desi gn net hodol ogy for the design of
swi t chi ng node power anplifiers, highly efficient (PAE>80 at X-band) HPAs
can be designed. Thus, the present invention has been described herein with
reference to a particular enbodinment for a particular application. Those
having ordinary skill in the art and access to the present teachings wll
recogni ze additional nodifications,

1]



30 applications and enbodi nents within the scope thereof. For exanple, the
present 10 WD 2007/008349 PCT/ US2006/ 023924 teachings are not |limted to
Class-E anplifiers. That is, the present teachings nay be wused in
connection with any switching anplifier or circuit design. ft is therefore
i ntended by the appended clains to cover any and all such applications,
modi fi cat ChAdMihd enbodi ments within the scope of the present invention. 5
Accordingly, 11 CLAIMS 1. Aload circuit for use with a swtching node
circuit conprising: first nmeans for providing a series inductive-capacitive

networ k coupl efl to AnoadaifcpidforQise H@thd ssidchiapinfi@e RTCE Ecbrﬁp‘rwmg second nmeans
for providing a capacitance coupled to said output of said switching node

circuit; and tHisk eaBader POVidingAseoeindyctie-gnagiure nepodasewled t ﬁe | oad
circuit t Qut Qﬁ@mﬁswﬂﬁﬁhéﬁ%d%?ﬂ&ﬁ@nce 2. The invention of claim1l wherein
es fo

sai d capacitance conpens ran intrinsic capacitance in said swtching
node circuit. Sconkh@eim\fengrovidingfa paditance avhpleeitnsasdbatpseatoad switahiagi ncl udes
one or nore, lunped capacitors. 4. The invention of claiml wherein said

| oad ci r cliPge $iteHthad i ncl udes fourth nmeans for providing a shunt inductance

coupled to sai tﬂlrﬁ%é&HE O e 2R drCAtHE iFBEIncS bf Hdi bad §lrcuTtht% hatMeRt i on of

claiml wherein said load circuit provides a O ass-E | oad . The invention
of cl ai m desibéimepedasi d | oad circuit provides a S|nultaneous hi gh power
added efficiency and high power over a broad frequency range.

2. The invention of claim 1 wherein said capacitance compensates for an

intrinsic capacitance in said switching mode circuit.

3. The invention of claim 1 wherein said second means includes one or more

lumped capacitors.

4. The invention of claim 1 wherein said load circuit further includes fourth
means for providing a shunt inductance coupled to said output of said switching mode

circuit.
5. The invention of claim 1 wherein said load circuit provides a Class-E load.

6. The invention of claim 1 wherein said load circuit provides a simultaneous

high power added efficiency and high power over a broad frequency range.

7. A Class-E load circuit for use with a switching mode circuit comprising:

a series inductive-capacitive network coupled to an output of said switching mode
circuit;

one or more lumped capacitors coupled to said output of said switching mode
circuit to compensate for an intrinsic capacitance in said switching mode circuit; and

an impedance transformer coupled to said series inductive-capacitive network.

12



7. A Cass-Eload circuit for use with a switching node circuit conpri sing:
a series inductive-capacitive network coupled to an output of said swtching
node «circuit; one or nore |unped capacitors coupled to said output of said
swi t chi ng node circuit to conpensate for an intrinsic capacitance in said
swi tching node_circ and an ce tr.ansforner couple |d series
i nduct i ve- capai tiv %‘QY%PR I_'PQB%W RIn 531 doad; drsup Aurdhegi ?“fjte\?vﬂé Win said

l'oad ci rcyidhctfvdreldiit b&fﬂlé&ﬂ@%aﬁ Rt saidm&hln‘é%@deecm%ﬂﬁ coupled to said
out put of said switching node circuit. 9. The invention of claim8 wherein

said shunt inductive elenent includes an inductive bias line for said

swi tching modeg ci rcﬂetanéTQlOE-Bl?%lairﬁ\g et R SRl iiuliaLALR 1§&h<f1; gﬁ“ es

i nductive- capaC|t|ve net wor i nc es an | nductive el ement cou to said
out put of irdlactdredmastimliforgsaookatchingonode.cirgdit. The i nvention of claim 10 wherein
said series inductive-capacitive network further includes a capacitive

el ement coupled in series to said inductive elenent. 12. An inter-stage

mat chi ng net work f oThecigugition®f @lalrh 7SWhegéin Gaitl tserléstiRd@ctivecapuditiveinetutrk
conprising: first means for providing a Cass-E load to said first circuit;
and secontichianan indictive slemenhigpualede éqﬁ%autpw;ﬂjtsalﬁﬁwa@ﬁsmdémgt&rd second
circuit, wherein said inter- stage mat chi ng network is operable at
frequenC|es in the range of 7-11 GHz. 13. The invention of claim112 wherein
said first meahls mthJd@@naomerfu elsim i Hweheraje- swihasetied viedustivewsanecitivepl ed to

an out put necEwP&af'Pﬂhér e%' g%b'%fgtwejeﬁlér?enP &ol e;/dequtsér t8 fsa1 1r?du@?17’l33%]¥$§r{te' h said

first neans ive e enen 0 said
out put of said first C|rcuit 15. The invention of claim13 wherein said

first neans furfher,includes nor.e.l u d capacitors oupled to said
out put of sai dfz% i r A0 SlERee ‘P%elﬁ%ﬁ%tﬁvgﬁi foregyp ? RS circlit with's Second
circuit comprising:
first means for providing a Class-E load to said first circuit; and
second means for providing a matched input impedance for said second circuit,

wherein said inter-stage matching network is operable at frequencies in the range of 7-11

GHz.

13. The invention of claim 12 wherein said first means includes a series

inductive-capacitive network coupled to an output of said first circuit.

14. The invention of claim 13 wherein said first means further includes a

shunt inductive element coupled to said output of said first circuit.

15. The invention of claim 13 wherein said first means further includes one or
more lumped capacitors coupled to said output of said first circuit to compensate for an

intrinsic capacitance in said first circuit.

16. The invention of claim 12 wherein said inter-stage matching network
provides a simultaneous high power added efficiency and high power over a broad

frequency range.

13



intrinsic capacitance in said first circuit. 16. The invention of claim12
wherein said inter-stage matchi ng network provides a simultaneous high
power added efficiency and high power over a broad frequency range. 13 17.
A two-stage C ass-E high power anplifier conprising: a driver stage,

i ncluding an active, device; high power stage, and.an inter-stage matching
net wor k di sposﬁd bef IEiTags ps ﬁ%%‘??%\f%{g’*&lpiﬁaf LAIRISHIggh  power st age and

adapt ed to proyjGeerataet a8Suink @Rdcthve de@td driver stage and a matched input
i npedance for said high power stage, wherein said inter-stage natching

net wor k i ncl udibighgower stege; piluct i ve- capacitive network for providing a

Cl ass-E coupl e J i Y i .18, i tjon of
claim17 wher e‘ﬂlnﬁlgeé-i%glga?ﬁ&é&/%?&gs?%\éve&faﬂsrpt%ﬁéedrbe?‘?l/gﬁ%u%gagdrggl& Stla%%g‘%d %fgﬁbng

net wor k cpompdrestageandrudapied tto @kovidd 8l CatEvieadiey kgie.drilOr stdfeandy emdtéhed of
claim17 wherein said inter-stage matching network is adapFed to provide a
si mul t aneHWEt KARgHASWEF Sad ddeh BWs SiagscYhasH G MtyotiRge Baehing nehyykd
frequency; 2hes TRCHRVERLLIAR Rwohd! e #iclaaal dolthieh paner stage
i ncl udes g%gﬂgfa nn?%'ggg?gz gedﬁcestconnggiérvﬁn paraﬁﬁg?.oga. fﬁe

i nvent i onowdbutcifaaitha@iverdesrcei n sai d i nter-stage matching network further
includes a circuit for transform ng an output of said series

i nductive-capacitive network to desired input inpedances at inputs of said

active devices)of sphddiRbgibnPONGAIm $% 3@Rreir daid Ui el BUENFirdRr Hclifdeqiam 20
wherein said high power stage further includes a O ass-E |oad network

coupl ed t pvuUMPohisg oetweosk eoupbadito an dwut elesgid ®Fve dwacd. nvent i on of cl ai m 22
wherein said | oad network i ncludes a 'series

19. The invention of claim 17 wherein said inter-stage matching network is
adapted to provide a simultaneous high power added efficiency and high power over a

broad frequency range.

20.  The invention of claim 17 wherein said high power stage includes one or

more active devices connected in parallel.

21.  The invention of claim 20 wherein said inter-stage matching network
further includes a circuit for transforming an output of said series inductive-capacitive
network to desired input impedances at inputs of said active devices of said high power

stage.

22.  The invention of claim 20 wherein said high power stage further includes

a Class-E load network coupled to outputs of said active devices.

23, The invention of claim 22 wherein said load network includes a series

inductive-capacitive network coupled to said outputs of said active devices.

14



i nducti ve-capacitive network coupled to said outputs of said active devices.
14 24. The invention of claim23 wherein said |oad network further includes
one or nore |lunped capacitors coupled to said outputs of said active
devices to conpensate for intrinsic capacitances in said active devices.

25. The inventjon of claim22 sai.d |.gad network | ed to
provide a si 4taﬁbﬁh@vﬁﬁéﬁcﬁg%gpzédﬂgﬁméﬁ?ai-%H%?Wgﬁéhﬁ 3H“§E%§P“8ver a

broad fr egURRY e GSbachlts oBublERth Gid Slbhis RkaitiH81iYH Beices SWebiiPirite m0de
circuit conpri si ng: first neans for provi di ng a series of

i nduct i vefaapendi¢ capecitacopinisaidagpyedtvices.an out put of said switching node
circuit; and second nicans for providing a capacitance coupled to said
out put of said switching node circuit; wherein said load circuit is

operabl e at freguentCheigveéntionde clag 02 whireln dald Bad netvbrk Tshlapted enprooide of cl ai m

26 wherein said capacitance conpensates for an intrinsic capacitance in

sai d swit enimytaneris gk poper added offeieney, and high RFVE) %emazlaroaﬂﬁé%mcxai d

second ne%ﬂéelncludes one or nore |lunped capacitors. 29. The invention of

claim 26 rein said load circuit further includes fourth neans for

providing a shunt i nductance coupled to said output of said sw tching node
26 wherein said |oad circuit provides a

circuit. T, invention of cla

d ass-E Poad. 1. e R forGRE I D6 TKE FFHE SR Gl Foul
provi des a S'PM{hﬁ&%@%§fhh&ﬂng9%@&e@@@ﬁ9w§®%kﬁ@ﬁﬂﬁ%rﬁﬂﬂmﬂh&hp@@%@%nOVer a
broad frequency range . Class-E load circuit for use with a

swi t chi ngowipeief sdid @mt@hln@ mod sirewgt; and
second nicans for providing a capacitance coupled to said output of said switching
mode circuit;

wherein said load circuit is operable at frequencies in the range of 7-11 GHz.

27.  The invention of claim 26 wherein said capacitance compensates for an

intrinsic capacitance in said switching mode circuit.

28. The invention of claim 26 wherein said second means includes one or

more lumped capacitors.
29.  The invention of claim 26 wherein said load circuit further includes fourth
means for providing a shunt inductance coupled to said output of said switching mode

circuit.

30.  The invention of claim 26 wherein said load circuit provides a Class-E

load.

31.  The invention of claim 26 wherein said load circuit provides a

simultaneous high power added efficiency and high power over a broad frequency range.
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a series of inductive-capacitive network coupled to an output of said
swtching node circuit; one or nore |unped capacitors coupled to said

out put of said switching node <circuit to conpensate for an intrinsic
capacitance in said switching node circuit; and a shunt inductive el enent
coupled to said output of said switching node circuit, wherein said shunt
i nductive el em8at i AcClaseE lead dingulig &arivsewish aswitcinieg pde satwlt empprisiighg  node
circuit. 33. The i.nvepntion.of clal.m32 wherein said serie . L

“nduot | ve- capad EIGLr MAPR P Rad A (Ralerpve SReHemibamiairg o sai o
out put of msaiedirsint;t chi ng node circuit. 34. The invention of claim 33
wherein said series inductive-capacitive netwrk further includes a

capaci tive el eRBRCr ddUpIlwapsdcapasifass coypledhiagsaich @uput 0& seif sdighing mexle

circuit to compensate for an intrinsic capacitance in said switching mode circuit; and
a shunt inductive element coupled to said output of said switching mode circuit,
wherein said shunt inductive element includes an inductive bias line for said switching

mode circuit.
33.  The invention of claim 32 wherein said series inductive-capacitive
network includes an inductive element coupled to said output of said switching mode

circuit.

34.  The invention of claim 33 wherein said series inductive-capacitive

network further includes a capacitive element coupled in series to said inductive element.
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