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hence di ssipate DC power, leading to a | ower
efficiency. A Cass-E anplifier typically consists of
a single i : -
funct fon D TRGE oRarame R il RRCIRHARE Copnd systoms.
and Morg eptcifivallpf drenpreaent t ingention i ieltedetpi orcrowtysuClass E power
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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



active device acts as a switch, driven by an RF input

signal to "ON' and "OFF" conditions. The operating
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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



series inductive-capacitive network coupled to an
output of the switching node circuit and a circuit for

wW@e@vioekdmy a capacitance coupled to the out putPOFf/US1966/023924

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 the smﬁtching node circuit.

The | oad circuit mag SR &j npduct ance

coupl ed to the output of the smntchlng node circuit.
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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
nvention.

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



Fig. 4 is a sinplified schematic diagramof a discrete
conponent inplenentation of an illustrative enbodi nent

W@B00a/0@3ass- E | oad networ k designed in accor daPCEUS20061023924

the teachings of the present invention. Fig. 5is a

di stri buted conponent inplenentation of the O ass-E

| oad depicted in Fig. 4. Fig. 6 is a graph showi ng the
frequency response of the distributed | oad of Fig. 5.
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illustrative e nment o i er stage
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accord nce thth chi ngs .of t esent . .
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d ass-E '8N laﬁdhspﬂ&t%ieceman@ﬁmlfmwa@wééhec@lgssgﬁz@ad depicted
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i nvention. DESCRIPTION OF THE I NVENTION Il lustrative

enbodi merffig 6dfd seapb hveng the Sistienay fesprnsewd the distribbied load of Fig.
ggsceibed with reference to the acconpanying draw ngs

to disclose the advant ageous teachi ngs of the present
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hereghn Véllt reference to illustrative enbodi nents for
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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
Iustrative 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



provided herein will recognize additiona
nodi fi cations, applications, and enbodi nents within
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present invention would be of significant utility.
Fig. 1 is a sinplified block diagram of an
illustrative enbodi nent of a two-stage C ass-E high
power anplifier 100 designed in accordance with the
teac@iﬂ% th venti.on. .The_ c
specitica I];/tosyﬁ ‘Légj?‘gg%c’(iq Sklﬁ 6‘%?“5%%% e%80% %g tf)acmngs
W - 1o ddad) Ierein wi Bteesghize pdditioral mgdiﬁcasiiom,l bipdicstiouns ahd grlnbod1ments

power ..added eff.iciency (PAE d. hi ower over .

B oot i detie heriah g 9o e in WiGh Eeren rentigyould be of
I ncl digefcant wWilitver stage (first stage) 102, a high

power st}ge (second stage) 106, and_a novel class-E

it er - st Irin SRPHifedlocketiaerant whamyllusativei epbagiannt of a two-stage
bet veeR-1 lﬂ%htﬁ%\/elsﬁﬂ Y 16@td@s1§{e@g§%c&)frda§1£@wﬁm& feh&fings of the

100 possess uni que broadband cl ass-E | oads. This
desimjeserippregtieth The diswt 10 i spesifically emihesimdi thblEh pbwgperation

A B [ S|
2 SRR B Pl A 05 B P ATEinc
hi ghPp&hvend highpp¥éresve( #HBRd drfeqllelney pngs €rtl GHyenTheoamplifier 100

cl.ude ovel ned i ntajn
sdlqrru %qlé%(seous VHi pec 6@\Xg§tag§51 g&ﬂ gfﬁéb&iév%é $° ?‘E&’Pg aﬁﬂge) 106, and a
bandwiveltotuss-Eiifler-stige hfatching hetbikf (ISMENp Fdl%[f&dtédjoedile%ﬂ Eh%fﬁvo stages.
of a_djscrete conpq en{ i npl enent ati on of an anplif

20 wPPl SHesRhRnFRAY 108 Bies s progband clast;Byppds. This design
Fi . apgRachAs bonbraad thek@Sentfonariilkd Aipetp A Qedidhs idhi88h @e driver stage

transistor represented by a switch 12, coupled to a
vol tiadwizgsedio operylg inghelinagisgiphduct i ve b| as line 14. The
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I nduct | |Lowed : . .
As's own n fF?g 2a, a typ1czl &ass-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 (Cgys) 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



shunt capacitor 18. Few design efforts have been nmade

to optim ze these circuits for broadband operation.
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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



device (gate periphery greater than 5.0 nm, which

generally is realized by conbining several active
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taken in combining active devices in parallel as it

may reduce the useful frequency range of the anplifier

due to the intrinsic capacitance and other associated

device extrinsic parasitics, thereby further reduci ng
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Capatdghdnég bAlde MeH bptadizd@E WREBull Ball F@NHhsPpeUbR ditime domain
termnal 36 and a broadband |npedance transfaornmer 44.
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transfornme
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Jget fb%ﬂ&ktggmﬁxo bnd 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.



br oadband circuits can be found in the above

referenced patent application. Fig. 5is a distributed
w@eovpoes3me | npl enentati on of the C ass-E | oad PepiUs10e€023924

in Fig. 4. The | oad network 40 shown in Fig. 5 is

designed for use in the second stage 106 of the novel

hi gh power anplifier 100 of Fig. 1. In the

illustrative enbodi ment, the second anplifier stage
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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



magni t ude response over the frequency range 7-11 GHz.
This type of frequency response is the necessary

w0 egaiosssment to the broadband operati on of a QPEEESH06/023924
HPA. Those of ordinary skill in the art may extend the
present teachings to other frequencies w thout
departing fromthe scope thereof. Returning to Fig. 1,
the two-stage O ass-E high power anplifier 100 of the
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t eaphivitg fvei p@wver (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



present invention. The first anplifier stage 102
i ncl udes an active device 124 and ani nput matchi ng
WO eaoR00d849.22 for coupling an input term nal 12BCT/0S100€023924
i nput of the active device 124. In the illustrative
enbodi nent, the active device 124 is a pseudo- nor phi c,
hi gh-el ectron nobility transistor (pHEMI). The out put
]Sdrai n) of the active device 124 is connected to the
|rs £.od [
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capacitors to the first circuit 100 of the |

desi inpot o tfangister SACgHeshurp eaperitor 2o4is ceimpsdibpiveen %Iteaé@y %ﬂd 202.

for highe [

sinpl i fi egh g pEpt 1 gg\%m ec?gvue%”egp%l?ﬁ? L proayiband HPA by
conpeyminsizingd eeve riaat pb mirdtu@rbroddbarsit ClassF éoeésrﬁhﬁd mmehaphnology

of the ege%ﬁgnr‘g %n %here oré ar% 1SL2uta%I ftor monolﬁllnc m't:'egratlon 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

10



| SWN and the second anplifier stage 106 designed in
accordance with the teachings of the present

WO poogfos3an. In the illustrative enbodi nent, theCHESNE023924
anplifier stage 106 includes four active devices 50A
50B, 50C, and 50D connected in parallel, and a
br oadband Cl ass-E | oad 40, the details of which were
shown in Fig. 5. In the illustrative enbodi nent, the
active devices 50A, 50B, 50C, and 50D are |nplenented
usi ng peiEMAgs ar¥ het ligited tcCless Eoumpifiars. O Thsft is; g Presteachings may be
provid mtcsaﬁgnan% os"’ M&ﬂﬂg&ﬁﬁlﬁe{-’oﬂcﬂ%ﬂﬁﬂgﬁ of the

active devices in the second

anpl i fier sttaiethaefere ipqqnq':ﬁ@yﬁhq @EPF’l‘déil jelmse P YR and all such
the sec gﬂca%rfs %Hdﬁﬁciﬂags An ChblAdBSents Rlikhin iH-AEPT0EEE Hibsent invention.
lines 1 154, and 156 connected in series

bet ween t he A%R1E1882 and t he i nput of the transistor
50A. A three-port junction 158 connects the lines 154
and 156 to a transm ssion |line 160, which is coupled
to a voltage supply V5. A shunt capacitor 162 is
coupl ed between |ines 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
transm ssion lines 170 and 172 are connected in series
bet ween the capacitor 162 and the input of transistor
50B. A shunt capacitor 174 is coupl ed between lines
170 and 172. Simlarly for the other two transistors,
four transm ssion lines 180, 182, 184, and 186 are
connected in series between the node 132 and the input
of the transistor 50D. A three-port junction 188
connects the lines 184 and 186 to a transm ssion |line
190, which is coupled to a voltage supply V6. A shunt
capacitor 192 is coupled between lines 180 and 182,
and a shunt capacitor 194 is coupl ed between |ines 182
and 184. Two transm ssion |ines 200 and 202 are
connected in series between the capacitor 192 and the
i nput of transistor 50C. A shunt capacitor 204 is
coupl ed between |ines 200 and 202. Thus, the present
teachi ngs provide an efficient high power, broadband
HPA by

11



synt hesi zing a new class of m niature broadband
Cl ass-E | oads that are technol ogy i ndependent and

W@ b@reéssse are suitable for nonolithic integrarCDOSione/023924

GaAs, @GN and/or SiGe MM C technol ogi es. The nost
i nportant properties of these new | oads are their
ability to provide a sinultaneous PAE and power over
the entire bandwidth. In a preferred enbodi nent, the

HPA i s desi gned using i@]@\#b%m%dﬂl’{iﬁ&é" on techni que

including tine domain ySi's, rnmoni ¢ Bal ance
analysis, large signal stability analysis, and envel op
simul ation. By applying these new circuits and their
associ at ed uni que desi gn net hodol ogy for the design of
swi tching node power anplifiers, highly efficient
(PAE>80 at X-band). HPAs can he desi gned. Thus,,th )
present ilnddatd GrFui 440 darpseutcs swkdmgdpedepiigpit fp0) characterized
reference to a particular enbodi ment for a particul ar
appli‘cation. Those having ordinary skill in the art .
and accegsseries tndactiyieewspastiive agbtiith §32, i) Icogmbedtpn iy gutput of said
addi ti. I .1 caki , applications and enbodi nments
mﬁtH%%Qﬁﬁéng@gﬁéh@ﬁég%%?. For exanple, the

@ esent t eae i nyse Wnped ospatitars (420 coupl€d tasssidEutput of said switching
anplif'ens..%% t is, the present teachings may be used

in BN %ith any switching anplifier or circuit
design. It is therefore intended by the appended

clainms to cover any and all such apﬁlicatio %2 p
modi fi catd o BIfAtEREbETAE At KhefeR i tcﬁ%"lcg%rég ) SPmppsate for an

pr e%ﬁﬁfnsﬂc%y]?a@ﬁ&lﬁ@m ACAGhiRg nbal ERRRGINLE] CLAIMS 1. A
|l oad circuit (40) for use wth a sw tching node
circuit (50) characterized by: a series

i nducti veyr NP ' sal1da t includes an
i nduct i ver Cﬂggﬁ}sevhﬁ{ng%j{@éﬂ’@[ Knrdfr saferid cf(:%l%b)ﬂltgﬁoa FBrtiA includ

out put of sal nmode circuit one or
mor eintpadqneel tremiermiet G143 céubdd to seid| sedest ipductivelcapatiive netfvork (32,
saiqyﬁmﬁtching node circuit (50).

4. The invention of Claim 1 wherein said load circuit (40) further includes a
shunt inductive element (14) coupled to said output of said switching mode circuit

(50).

5. The invention of Claim 4 wherein said shunt inductive element (14)

includes an inductive bias line for said switching mode circuit (50).

6. The invention of Claim 1 wherein said series inductive-capacitive network
(32, 34) includes an inductive element (32) coupled to said output of said switching

mode circuit (50).

7. The invention of Claim 6 wherein said series inductive-capacitive network

12



2. The invention of Caim1 wherein said capacitors
(42) conpensate for an intrinsic capacitance in said
wa o obs3my node circuit (50). 3. The inventi onPOf/US086/003924
1 wherein said load circuit (40) further includes an
i npedance transforner (44) coupled to said series
i nductive-capacitive network (32, 34). 4. The
invention of Claim1 wherein said load circuit (40)
fur d
couptted®t AL SR SURE QERELLBPLRRER in FAL foseid inducive
(50plennt e i nvention of Caim4 mherein sai d shunt
i nductive elenent (14) includes an inductive bias |line
for said switching node circuit (50). 6. The invention
of C ai n3 1TRbRKEitinSACHhiE arwiesein Rddihil vizeuda@arpovides a Class-E
network (32, 34) includes an inductive elenent (32)
coupt®dd to said out put of said switching node circuit
(50). 7. The invention of Caim6 wherein said series

I nducti ve- caga0|t|ve networ k(32, 34) further includ

a capaci 9i vEhe imvegiim ?@@‘}al@ohm}@ﬁaﬂi‘ ﬁaléelloﬁ‘és"“ﬁ‘é‘t é‘é@dpm‘”des a
| ndygt) i QRy! MY Bvove Aibfal frequenc
n Bl ifeci B Novie? Sded WMy (BB AR L E1fab frequency
| oadhng®. The i nvention of Cla|n11 mhereln sald Ioad
circuit (40) provides a sinultaneous high power added

ef ficiency and hi gh power over a broad frequency

range. 100. Tihe invetioi o0Clanh 1Gkkdrein baidhesdtincustafd) Isogpdrable at
glf r%%hﬁep(iéwheran (r)fa7b_l 1e1 (?[E{z.f requencies in the range
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