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BACKGROUND OF THE I NVENTION Field of the Invention: 10 The present

i nvent i owg sbabsss42t o el ectrical and el ectronic circuit sSPGRUSHPP@AR.  More
specifically, the present invention rlelates 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, desi gn nethodol ogy and nanufacturing cycle tine are nmmjor cost
contributors in these systens. Sw tching node, O ass-E, high-efficiency
power anmplifiers are useful for these and other applications inasnmuch as

these anplifiers limt f{ f Q@ W“fnling costs thereof. A
Cl ass-E anplifier is pa% %o‘?ﬁ?ﬁé“ﬁ C‘ﬁg%le% a iers" such as cl ass
D, E, F, etc. In these types of anplifiers, the transistor operates as a
perfect switch with no overl apping voltage & current waveforns at its

out put terminal, thereby ideally dissipating zero DC power. O her cl asses
of anplifiers such as class A, A/B and C, operate as a current 30 source

wi th overl appi ng voltage & current waveforms and hence dissipate DC

BACKGROUND 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.



power leading to a |lower efficiency. WO 2006/ 086542 PCT/ US2006/ 004554 2

Cl ass-E anplifiers use a series or parallel resonant |oad network. The
functi on Vo 200688634dad network in the class E anplifier iPCTHES280041955¢he

vol tage and current waveforns. 35 Th2 current and vol tage tinme-waveforns at
the active device output termnal are optimzed in such a way as to mnim ze
the DC power dissipation wthin. 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 ON (in the |lipear, region). Under
an i deal 4(¢1§§R‘n‘ &WPﬁéeréb‘é? AP Q{g’ﬁﬁlﬂﬂ raﬁenaahfoaaﬂle%wkaﬁﬁe Mtlgw%ﬁt

wavef or ms ' Mo ] | ' y and,

t her ef ore, %ﬁ?@@%&‘gﬂ;{ﬁﬁc&%}é%@%ﬂﬁéﬁ% ﬁiashaﬁtgggé\l}?%éea?qsa%rg%ﬁé%%%ﬁ%ng a 100
per cerd5 t hZhe efuran land ovkagectimy-eravednns afthe edtbiradevictSoutputasimigyient , t he

maxi mum ef fi ci ency of Class-E anplifiers ((fv: .e. the ratio of the RF output
power to tPRHIMEed FpsHchRowRy 3s teraninige frafawipawsr dissipatipamidnn.akhe activer t ed by

the tuned | s .t f.. Fhe limtation. is.due 1ot fact that, presence of
the tuned T AREERAE in il Bovee 20 854 SV PYtn e R i el ol Ol

anpl i fi er. yd“GEMCENdRiREThE SPRhtiE doitiofeheddvidedk shcid Uikt B dvice®t hod for

i ncreasing the power, power added efficiency (PAE) and bandw dth of C ass-E

anpl i fi er seithes\ONIWARY therpifichedtaf/EgianDr OB (Tintherlawdr ragionje Uader drsidealdr essed by

| oad cicuit.taqpol ogies of the present invention suitable for_ swtching

mode rsvmihl& PReratiqrependitin, outpip¥qltage ARd ciprend sraveformseatithi dfiGeve | oad

i ncludes a | ' 0 - Saldianmplifier;

a series iﬂ%@%{‘%ﬂr&fﬁ%ﬁ%&ﬁ%ﬁ@%ﬁﬁ@%@ @ggjaiﬁlg’ {gﬁ:{%{e’ (k)ﬁeosaelr (eialrsr%?"lktg(li er; and
within the device is zero, yielding a 100 percent theoretical power conversion

efficiency.

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 system 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



a series capacitive elenent coupled to said series inductive element. 60 In
the illustrative enbodinent, the inventive |load is operable at frequencies
in the rnuagetsdB6m2- 10 GHz and beyond. The shunt i nductACIAUSAeMAISE part of
the said | oad WO 2006/ 086542 PCT/ US2066/ 004554 3 is suitably chosen to
provide two inmportant functions. First, to provide an inductive bias line
for said anplifier and second, to provide a parallel resonance with the 65
pHEMT' s out put drai n-source capacitance (Cds). The invention enables an
advant ageous Cl ass-E anplifier design conprising an input matching network;

an active devi,ce coupled to the input matchi.ng network and a.load coupl ed
to the act ivauBl osang nrapie mehierpriant Bucheri fuEstvippioYIAe an indyeldent

O ase £ b edpT FAERERIRG B1oEiedhe By R RS R A RE Rl el Al ent
Circui g5 r epHEMTtAGItRR drah-sbhiRe taRGitarRRYCAS)ZI Ng the | unped equi val ent

circuit representation of the load to 75 achi eve near ideal current and
vol t age operational characteristics over a predeterm ned frequency range

using a tinme domgin sinulatiqn; transform t opt.i.m zed | unped,

equi val ent circui IP%W‘QQQH’[‘QW W@@?ﬁ?uﬁgﬁﬁsgﬁa’é‘l’g‘ﬁg’f TS CU RS R ¢

r epr esent at,j,on, : L7l ] i i i { i on of
the T oad {anamuiabacniehiol 3 oL EuRic conbloBto She bl maRRLRARRL Gl

char act er i ahd adomleyupedyto ¢itkedctivededce indimidanynted g @ccobdhnas with the t i me domai n
simul ati on. The uni que properties of the inventive |load circuits enable

O ass- BV HPRESSEB! tep@iRESai n a si nul t aneous hi gh PAE and Power over a broad
bandw dt h. 85 BRI EF DESCRI PTI ON OF THE DRAW NGS

Also disclosed is a method for designing a load for use with a Class-E
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. 1a. '



Fig. lais a sinplified schematic diagram of an ideal discrete conponent
i npl ementation of a typical Cass-E |load in accordance with conventional = ..
t eachi ngVO20B/0865¢42 | b is a distributed conponent i npl erentE2d@noess+t he | oad.
depicted in Fig. | a. WO 2006/ 0865424 PCTTUS2006/ 004554 4 Fig. 2a is a
sinplified schematic diagram of an ideal discrete conponent inplenentation
of a typical Class-E |load in accordance with the teachings of the present
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
accor dance wi t h Fiti@aps esisplified sehemagis diagram of 3a idepl discrate porapenent showi ng

the t oachi HRCHFRRREn B a et A0S oo I H5s"aRGs MR E RO 6l rmr i

circuit of peesentShvdntiehed representation of a monolithic Cass-E anplifier
with the broadband O ass-E | oad in accordance with the present teachings.
Fi gure9% depicts sinulated voltage and current waveforns at the pHEMI 110

output term nal s.of  the amplifjer of Fig 4. DESCRI PT| ON THE | NVENTI ON

DLl ustrative ent i%ﬁf‘&“ﬁﬂﬂ“@%%@t 'gf&ﬁ?fflef&%‘il%g Well?%ml%%éﬂ’eggri bed
115 with reference to the acconpanying drawi ngs to disclose the advantageous
teachings of the present invention.

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. 3ais 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



Wil e the present invention is described herein with reference to
illustrative enbodinments for particular applications, it should be

under st ooHOZAYO863E i nvention.is 120 _not |imited ther etRETERIGEOUI ng
ordinary skill in the art and access fo the teachings provided herein wll
recogni ze additional nodifications, applications, and WO 2006/ 086542

PCT/ US2006/ 004554 5 enbodi nents within the scope thereof and additional
fields in which the present invention would be of significant utility. 125
Fig. lais a sinmplified schematic diagram of an ideal discrete conponent

i npl enent aty} t 5 Wiy € nti onal

t eachi ngs. teh%s%ds %ﬁfﬂ%@@és %@?ﬁg@é@?%&?ﬂ@%ﬁ@%l&??ﬁwitfg? ﬁl(r%g%l?esent ed by
a switch l12ivensionwaupd belof Ogrifismmdltyyds 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 shaping | oad network 20'. The

drainihkas lineg4' .|s tr.eat. i.ndependent of .t he, | pad ircuit 20", merely
acti nglags a chol}:ég'r é%.fslaz §p§§9%§c3ﬁggﬁg§1%%Pg%{q_?afgﬁ&eﬁe ‘ampinreﬁ%sm ssion
line. The hgatnitationdrudgsical ladsSt 16aa ¥ he el tlth dotveldibitdl tdathibBe dr ain
to source 135 capacitance (CdO of the transistor swtch 12'. |In accordance

wi t h convemts shownin intfegdhj atypical Btass-Gaainglfier irepreseniésl by sewitels 12’ nduct or 16

(L) and a shunt .capacitor, 18 (O . Fig.. lh is a distributed conponent

i mpl ement atPBRIe O EH%UIF%E{GS ‘G%ﬁ\g‘b‘%déla“‘ﬁ%blﬁ Br.le f‘I‘a. & SWILC t1?1°9+ﬁ°(di 8 ng t hat
the functi Qu;@fvet ol ' L ASS ki f i [ shape
the volt agg&éﬁ{jveclggdr %ﬁ?‘q&agéﬁl{ﬁﬁrﬁ%f‘?ﬁg%%r e, d%o%?ﬁ%%gégf %Iﬁfn(t)@ legggr oadband
d ass-1B0anphaging toadaretveork 2l Thoddraimbienlihe® 14nis treatedliadpehdan oéflerlosd exi st
over the entire frequency band. Choices of a suitable device non-I|inear

nodel i ng  tc&6Nt 3’ Rdrely 26ting avd chpke seplized hve uatteiov avaengih iength off ne donmi n,

r obust harr{pnic- . .
ansmission line.

The load 20’ includes a first shunt capacitor 15’ which is the drain to source
135  capacitance (Cgs) 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



bal ance and envel ope sinulation are critical for the successful design of

hi ghl y novo 2006/0B¢SA2ar circuits such as the sw tchi ng no®ETABBII6OPESS. Fi g.
2a is a sinplified schematic diagram®f an ideal discrete conponent

i mpl enentation of a typical Cass-E |load in accordance with the teachings of
the present invention. 150 WO 2006/ 086542 PCT/ US2006/ 004554 6 Fig. 2b is a
di stributed conponent inplenentation of the |oad depicted in Fig. 2a. In
accordance with the present teachings, a novel broadband C ass-E | oad

topol ogy is presented bas t he seri.es, (L-C). networ hown.in E.g. 2a. As
i Sousssd nore T b A Rn 0 P o beae SRR of BF foal B iip s
broadband 325mPRESRAAGG#h \HGHeka B s\ hovdl bodddahd €Fash-E RGNt C) | oad
network of Figs. 1 a and Ib. I n accordance with the present teachings, the
first steptopoldgyes pesaitediessied on freseres(L-Cy nétovork shewde it Bg. PaaiAs bi as

I nductor 14 as part of the O ass-E_|oad, topolo foll owed hy the
transfor maéﬁsﬁﬁs moptully Rsiay - iag 1Rad 1 medifie %?&%ﬁ HFACHOT P"soaé%"ﬁidval ent

distribute ; j L g | Qe es jchis
nocestayy DERTTPRRE pheR Bhmfle Wi (s, SLANE) TR SR B Y o
the seri eslbniigicordahiée @it thesgresensteaching tHerfirdBstep idhe noal dksignipesdeased by a
conmbi nation of a series transmssion |ine and a shunt shorted stub as shown
in Fig 2b. 1sApdesludeie slrainbias aerluetos A 4 28 part ofthy. ClagnEilead epplagedolldwad a shunt

horted stpb.t i d || el ith the pHEM t put
arai - sour £Y tidefoiaat p BBl P SR E it s Bl (e’ 1es
drain of 1t hRafleddindiansiothO n thieiticablrstdiithtida!pi6cest Whidi8 nk

conponents of the | oad network 20 are ascertained. Several authors have
publ i $6kd thetthe $ad amphfiestsiapestd aimittvevaye fretjiengies, the series inductor 16 and

series capacitor 18 of Fig. 2a are replaced by a combination of a series transmission
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.



val ues of the lunped series (L, C) Cass-E |oad. See for exanple " ass-E -
A new 170 class of high efficiency tuned single-ended sw tching power

anmpl i fi erWO2PR0/086542) Sokal , et al. | EEEE JSSC, vol. SSE®CIOUS2006/M854176,
June 1975; "Solid State Radio Engineéring" by F. H Raab, et al., John
Wley & Sons, 1980; "Low Voltage, H gh Efficiency Cass E GaAs Power
Amplifiers for Mbile Comrunications", by T. Sowati, et al. IEEE GaAs IC
Synposi um Di gest 1994, pp.171-174; "Sw tched-Mde 175 Hi gh-Efficiency

M crowave Power Amplifiers In A Free-Space Power Conbiner", by T. Mder, et

|., | EEE MIT, | 10. . 1998 . 1391-.1398; d"Utra-H gh .
Effi ci ency Operﬁéf%rqa\gﬁgg EaaF]dﬁﬁe %F‘&%ﬁﬁéﬁﬁeééméﬁa&aﬁ%%a@@ 2% .é%ﬁ‘f‘@&n, et

al ., 180EEsi@aAsidnGs mm«%éd%mo&iﬁﬁféth@%Q,wiw@%gf?tivaf%9&%93ﬁ?a§%dea

PCT/ US2006/ 004554 Next, having obtained the rting val ued r the | oad

net wor k, actmrere addmaltage WiBe{ahmsdvat a desired operafing ramget(e.got il BIGHZ)t he | oad
with the objective of obtaining near ideal current and voltage waveforns
over a desired operating range (e.g. 8 - 10 GHz). Fig. 2c shows these

i mul at ed f i i ' ReLf : 2. f
bandw dih. The Tieaqeiey et BRER e PRI s BT 2l en
circuit repr@enGHz sibadldwidie THeAEequencyHRpendency ﬂtlhgi’o(gw&ban&@tﬂhﬁéd ng an

b
excel | ent frequency independent response over 8.0- GHz conpared to the
nar r ohBand eQlivdentEiicui dgenresentation of theHoad isghowr én Fig. Bt(abldepistiog xaband d ass- E

P Al i fi " by R. i, | EEE G I i PP 205-208, OCct.
2001, 100" FEIRE SHER A RO PP Iah - T hACH e CHPERLGh feude and phase
response f Qb blBaddUMRGIE SSHA (MMt skkdi €Yl tSdeC SRRDLAE Kbl ENRsIroad

network, we can now proceed to the next step by transformng this load to
i ts equi valPener dinplified5ubeR. TagtmpHEE GoéeIE-Sgmpasinjn, PP 205-208, Oct. 2001.

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 (Cgs) 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



195 To optimze the distributed |oad, the tine domain optimzation process
described for the lunped |load is repeated for the distributed |oad. Figure
3b is a MNAFPUMSKHZch illustrates the time domain si nul RATBS2006/Q04%54
distributed | oad network illustrating8near ideal performance at 8 GHz. As
shown in 200 Figure 3b, the voltage waveform across the switch rises slowy
at swwtch-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. Furthernore, it is shown that the integral of the

capaci tor curtrent. over the 05 half-cycl.e is zero .an hat the

capaci tancéggﬁ%lbé‘?ﬁd I hayange, & aeptly %F%cyﬁgdqﬁ%éxd%rﬁd'e%ons? Wg“ﬁ’ﬁ}t? lf%l‘clzycl e, both
i ndi cay ve nghpdd Resiof R ﬁ{j:i%@ref%}t he distributed |oad at 8.0 Gz.

Sim |l ar. sinmulated waveforns were obtai ned over the desired 2.0 GHz frequency

band. Although not shown, the frequency response of the distributed |oad
(Figure 2b) shouyl D 2006/ 086542 PCT/ US2006/ 004554 8 al so be broadband
havi ng a near| ylf‘F ﬂ@\éﬁémwfz RaRifeHaRthe ]roééﬁgﬁ‘élélssﬁyﬁ’ﬁ?eéﬂefi(gmi W%‘%u@lﬁy“feﬂ mped
ver si on sh Lo Ry : : P i f 4.0N, | oad
circuit i s@\g;%rgt ?gm ze’dﬁ??{% ijt}%n{ cl)m%rhg%e?@hﬁgpgg?nh%%b%#gx ﬁl A single
0.25 um x 7@ cisenip HizMdh Riesvare suitableissedsingle stabe P Acaridion 4s th&tiedt stags o e
suitable as a si n'%le stage PA and/or_as the first stage of a 215 two stage
O ass2b Hi §wo sege Flasih HigheRower dmmplifier{HRA®. 4 shows a schematic circuit of

a distributed representation of a nonolithic Cass-E anplifier with the
broadband Cl ass-E | oad in accordance with the present teachings. The

anplifier 30 of Hhe 44hbW§ b 4eIRIaAR cAGit Y2 ARMIHRedlepPéskitatiBg 020 | Nventive
load 20. In the iTlustrative enmbodi ment, the active device 12 is a Gallium
Arseni de psmuddthio Chss-E arhplifiiereviticthe broadbdid Clays-Erlaad irstasordaGeetwith HEEMT) .
present teachings. 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.
The load 20 and input matching network 40 are designed with the width and length
225 di.mer:isions 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 Cgg
(V4s,Vgs) capacitances;
Bias dependency of input channel resistance Ri(Vs,Vgs); and

235 Bias dependency of output channel resistance Rgs(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



An input matching network 40 is provided at the input to the active device
12. The |l oad 20 and i nput nmatching network 40 are designed with the width
and | engMP 2W9886§¢%rensi ons shown in microns for operati BATAS2®6/004584 Ghz.
Those of ordinary skill in the art m#y extend the present teachings to other
frequenci es without departing from the scope thereof. For accurate and
robust non-linear sinmulation of swtching node anplifiers, 230 the device
non-|inear nodel should have the follow ng properties: Bias dependency of
drai n-to-source Cds(Vvdh,Vgs) and gate-to-drain Cad (Vds, Vgs) capacitances;

Bi as depe ' I ' R, (Vds. Vas)y Bi as
dependencggrgﬁgéﬁq%h %ﬁ%’rﬁ%ﬁqﬁggf} @%ﬁ%&ﬁﬁggk %ém %ﬁﬁ%%ogﬂgguégg?,ce nodel
shouldobe taRbEEHEM P esddebh i MbIRGA BECAREAGiISRECE AP V 3S15Qad an}si(x\%ﬁém the drain
current, gm and Ra. If the pulsed DC IV technique is used WD 2006/ 086542
PCT/ US200denéesDegdgr Systethe (48R (V.360¥opent, this requirenent may be
unnecessary. For this purpose, 240 the EEHEMI nodel available in | CCAP
(Agilent ICCAP, V.5.1) and ADS (Agilent Advanced Design Systens (ADS), V.

2003C). A 0.3 2?36!%%#%&@8% i gégi&qldat% %ga@_ﬂﬁhq{r%ﬁ)@nbr eakdown

vol tage of grea esi gne curren avai |l abl e

t echnol ogyoltage efigeecthadl d80Lmal be désigned s Burteal v Aitihld RchRdgydar f or mance
goals for very large (>100,000 T/R el enents) space based phased array radar

r equiZdPng aseerdincgrraduthe psessabiisasidngs doaicet parFImROCE gosty\foraey lRYe® (nin. 60%
8.0 - Fi 5 i i mul at ed vol.t.age. and t
vaver or ms IO MRS BesipmsBt) Seads B EhRieR Py S rERRR FrRDGSE g 4 e

wavef or M p3hiNaRd p¥ECHIAI260°081W) and PAE (min. 60%) over 8.0 - 10.0 GHz.

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 amplifiers. That is, the présent teachings 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,
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the range of 8 - 10 GHz. 3. The invention of Caim1l1 wherein said shunt
i nductive element (14) is an inductive bias line for said circuit.

2. The invention of Claim 1 wherein said load (20) is operable at frequencies

in the range of 8 - 10 GHz.

3. The invention of Claim 1 wherein said shunt inductive element (14) is an

inductive bias line for said circuit.





