104 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 1, JANUARY 2000

Intermodulation Distortion in Pseudomorphic
HEMT’'s and an Extension of
the Classical Theory

Michael Jon BaileyMember, IEEE

Abstract—Pseudomorphic high electron-mobility transistors The classical and still widely used benchmark for device
(PHEMT's) offer superior RF and microwave performance and, and system linearity is based on memoryless linear network
in particular, exhibit exceptional intermodulation distortion theory. In this first-order theory, a small amount of nonlinearity
characteristics that are not adequately modeled by the classical . . . C o . ;
theory. Intermodulation products are typically 8-10 dB below !S added, cre_)atlng_a n_ear-llnear net\Nork, qnd this netwo_rks
classical expectations’ and can be as much as 12 dB lower. An|nterm0dulat|0n distortion (lMD) behavior is related to its
extension of the classical theory is presented, which allows for a power transfer curve. This theory adequately models the
better understanding of this phenomenon in terms of the device AM-to-AM conversion characteristics of most active devices,
transconductance characteristic. Experimental data is included and establishes the useful concept of the third-order intercept

to provide quantitative verification based on both device and . . . .
amplifier results. pHEMT-based devices have the potential to point (IP3). Nonlinear reactance effects also inherent in most

satisfy the spectral performance requirements of today’s wireless active devices generate AM-to-PM effects, but it has been

systems with improved dc-to-RF efficiencies. demonstrated that AM-to-AM effects dominate the spectral
Index Terms—HEMT, intermodulation distortion, semicon- regrowth near the carrier, i.e., within the adjacent channels [2].
ductor devices. It remains unclear whether or not standard IMD measurements

can be quantitatively related to spectral regrowth, and so direct
measurements of adjacent channel power ratio (ACPR) are
required. Nonetheless, the theory of IMD and IP3 concept pro-
HE requirements of modern digital wireless communiides for a simple and powerful description of device linearity.
cations systems place stringent demands on the inherenThe classical theory adequately describes the characteristics
linearity of active devices, and this trend can be expected dba wide range of active devices and, thus, the IP3 measure-
continue as systems evolve to support the increasing subscrip@nt is standard for devices including the GaAs MESFET,
base. Systems designed to accommodate multiple simuli#de Si MOSFET (and variants), the bipolar junction transistor
neous users over a widespread area must maximize speq®diT), or the newer heterojunction bipolar transistor (HBT).
efficiency. Power amplifiers for handsets, for example, need However, as will be demonstrated in this paper, the classical
satisfy conflicting requirements of dc-to-RF efficiency, outpuinearity theory is inadequate to describe the behavior of certain
power, and minimal spectral regrowth. The 1S-95 and 1S-pes of devices, as exemplified by the pseudomorphic high
CDMA reverse-link standard requires a +28-dBm output powetectron-mobility transistor (p0HEMT). An extended theory is
(offset QPSK modulation) with adjacent channel power @fow presented, in which it is demonstrated that some classes
least—-42 dBc at +885-kHz offset, with a 1.23-MHz channebf devices, and the pHEMT in particular, offer significantly
bandwidth [1]. For the forward link (base station to handsetimproved linearity performance over a wide dynamic range.
the requirement is more severe since the modulation is QPSK
with a 10-dB peak-to-average power envelope. The reverse-link
handset condition only requires a 3-dB peak-to-average enve-
lope since the base station must accommodate a multicarrieThe classical theory of linear and near-linear systems has
transmission mode, whereas the handset does not. Since speen described in a number of sources (as found, for example, in
tral regrowth is a direct result of amplifier nonlinearities with[3]), and it is useful to review the salient features of this theory.
continuous spectra input signals (i.e., pseudorandom modusdinear or distortion-free two-port memoryless system will ac-
tion), the standard approach is to operate the power amplif@¥pt an input signal and produce an output signal that is a scaled
considerably below its rated output power level, usually defing@rsion of the input, differing only in amplitude and possibly a
as the output power at 1 dB of gain compressifnggs). This  constant phase shift. This means that the system transfer func-
use of output backoff to ensure tolerable spectral regrowiin 4 (jw) is given by
results in poor dc-to-RF efficiency, thereby limiting transmit
time for battery-powered handset units.

. INTRODUCTION

Il. THE CLASSICAL THEORY

H(jw) = K exp (—juwt,) 1)
Manuscript received January 27, 1999. g
The author is with Filtronic Solid State, Santa Clara, CA 95054-3095 usAVhere K andt, are constants. Real amplifiers may be classed
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0018-9480/00$10.00 © 2000 IEEE



BAILEY: IMD IN pHEMT'S AND EXTENSION OF CLASSICAL THEORY 105

nonlinearity. In this case, the two-port’s voltage gain may kend, therefore, the power levels of the third-order IMD products
approximated by the expansion are, in dBm units, as follows:

o =kie; 2 3., 2 A3\ 2 103
e kie; + kaei + kaep + (2) Pgrdzl()log{(gk?’A) 10° ' ®)

. . . . : 42 R
whereg; is the input signale, is the output signal, ankl; - 3
is the expansion series coefficients. A single sinusoidal inpNbte that the third-order IMD products increase with a slope
signal of the form is assumed as follows: of 3:1 with respect to the fundamental tone output power by
comparison with thé:; A term of (3). The linear extrapolation
of (3) intersects with the IMD power expression (8) at a point

where A is the input signal amplitude (volts)y is 2 f;, and thatis defined as the IP3, given by (dBm units)
fl is the signal frequgncy. Expangiing this sgries and combining 2k3 10
like terms, the resulting output signal consists of a dc compo- Prp=10log | o= —

. 3ks R
nent, and components at the fundamental, second, and third har-
monic frequencyd;, 2w;, and3w;). The fundamental com- The IP3 can be related to thé ;5 power level by combining
ponent atv; has an amplitude which is, in dBm units, as folequations (9) and (5), resulting in
lows:

e; = A cos wit (2a)

©)

) Prp = Py +10.63 dB. (10)

3
k1A+ ZkgAg 1_03
/2 R

This well-known result, which specifies that a near-linear two-
port’s intercept point is approximately 10 dB above the 1-dB
compression power level, is extremely useful since it only re-
quires a single-tone power characterization of the device-under-
test. In the presence of two carriers, the power-gain expression
(4) is modified, as the numeric coefficient of ttkg term be-

3 comes9/4. Note that (9) stipulates that the IP3 is a constant,
G = 20 log <k1 + —k3A2> (4) and by combining this expression with (8) yields the two other

4 well-known relationships as follows:

P, =10log )

whereR = load impedance (ohms). The resulting power gain
for the two-port becomes

whereG = power gain, compared to th_e linear power gain: Pyq =3P, —2Pp (11a)
G, = 20 log k1. The power-gain expression (4) allows for gain

expansionks > 0), or gain compressiork§ < 0), but notboth. and

Practical amplifiers are typically characterized by their output 1

power at the point of 1-dB gain compression, compared to the Prp==(3P,, — P3d). (11b)
linear gain; and this is given by (dBm units) 2

k?’
Plas = 10 log {k_l} +0.62. ) IV. THE EXTENDED THEORY
K] The classical theory is now extended by including two addi-

tional higher order terms in (2) as follows:
. IMD

The near-linear two-port generates harmonics, but the lowest ) . o
harmonic atw; is generally outside the system bandwidth iff " & Single-tone input of the form (2a), this gives
most cases; however, if multiple input signals are present, IMD 1 3 3 5 .
products will be generated within the typical system bandwidth. €0 = §/€2A2+ §k4A4+{k1A+ ZkgA?’—i- §k5A°}
The standard method for characterizing this type of nonlinearity

co = ki1e; + kg@? + kgc? + /%‘46? + /%OC;) RERARE (12)

is the two-tone IMD test. Two carriers of equal amplitudef;at - cos (wt)+ { 1k2A2+ 1k4A4}
andf,, are applied to the two-port under test, and the third-order 2 2
intermodulation products aif, — f» and2 2 — f, are measured - cos (2wt) +{1k3A3+£k5A5}
relative to the fundamental tones. Substitution of the two-tone 4 16
. . 1
input signal - cos (3wt)+§k4A4 cos (dwt)
= A t+ A t 6 1 .

e cos w1t + A cos wa (6) +EI%AO cos (5wt)+---. (13)
into (2) yields an expression that contains the third-order IMD ) )
terms This leads to a new expression for the fundamental power gain

3 3 o 3 5
¢y = ZkgAg COS (Zwl—LUQ)t—i-ZkgAg COs (2(4)2 — wl) t+4--- G?(t =20 log <Z—> =20 IOg {k‘l + ZkgAQ + §k5A4 .
() Z 14)
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Note that this new expression allows for gain expansion fol
lowed by compression, with; > 0 andk; < 0. Devices that
exhibit little or no gain expansion are adequately modeled b Classical
(4). The location of the peak gain expansion can be determine3Ir ;Ofdei
. . . . nterce;
by converting (14) to a voltage gain expression, and setting tr P Fund |
. . . . : undamenta
first derivative equal to zero, yielding Output Power N\ £
5
2 Single-Tone
é ¥ Power Gain
=
3ks &
Aprk =4/ ——. 15 5
PK 5 |k5| ( ) =]
Avin s
For a two-tone input signal of the form (6), the extended powe
series (12) gives the following: ) Tnput Power
RS
9 25
co = {kl =+ —kgAg =+ —k;,AO} Ccos (wlt) G Classical Theory
4 4 ! 3™.Order
9 3 25 5 IMD Products
+ Sk + kg A%+ ks AP | cos (wat) f\
4 4 Extended Theory
3 5 25 s 3"-Order
+ ZkgA + gl%;)A CcOS [(2w1 — CUQ) t:| IMD Products
3 25 - Fig. 1. Notional summary of the extended theory. IMD products are predicted
+ {Zk?,Ag + glﬂsAo} cos [ (2w2 - wl) t} T to be considerably lower than classical expectations over a wide range of input
power levels.

(16)

This expression is derived in more detail in the Appendix. Iry-serI' Examination of (16). showg that the I.MD prpducts are
mpletely cancelled at an input signal amplitude given by

spection of (16) shows that the two-tone fundamental pow%?

gainis not equal to the single-tone gain, by comparison ofthe 1 [3ks

andk; terms; this is true even in the case of no gain expansion, AMIN = sl (17)

i.e., the standard theory. This is not a new result, having been 7

derived in general terms by Blachman [4]. The terms for thEhis input signal amplitude is about 5-7 dB beladpx

third-order IMD products now contain an explicit relationshig15), the point of peak power gain expansion and, therefore,

to the k; coefficient, and sincé; < 0 (for devices with gain this represents the optimum backoff for minimizing the IMD

expansion), there exists the possibility of significant reductidfoducts. At input signal amplitudes approximately 20-25 dB

in the power level of the IMD products. below A p g, theks component dominates the third-order terms,
The suppression of IMD levels by higher order expansion cgnd the IMD products approach the classical result in (8).

efficients has been explored before, e.g., in GaAs MESFET's

with specially tailored doping profiles, as described in [5]. To V. LINEAR OPERATION AND THE TRANSCONDUCTANCE

analyze these engineered devices, the authors began with power CHARACTERISTIC
series expansions of the transconductance, input capacitancg,Or the GaAs MESEET and other devices with similar

and drain conductance, which were then utilized to predict the ,qonductance characteristics, determining the quiescent
ratio of thlrd—ord(_er IMD products to the fundamental s'gn_aéperating point (OP) for optimum linear operation is fairly
levels. The resulting IP3 improvement shown by these devicgs,iqhitorward. By inspection of the equivalent-circuit model
was on the order of 3—4 dB, at least for low-input signal Ievelﬁ')r a generic FET [6], the small-signal admittance matrix may
by contrast, pHEMT's have.demonstrate(.j 10-12 dB of IP3 ef generated, which can be converted toAti&C' D represen-
hancement over a much wider range of input power levels. {&ion [7]. Considering only the intrinsic device parameters,

this paper, the single-tone AM-to-AM characteristics of a geny, 4 assuming that a conjugate match exists on both the input

eralized device, specifically the presence of gain expansionaiﬁd output of the device, the voltage gain may be expressed as
related to the two-tone IMD behavior.

The extended theory’s salient features are summarized in — % _ _gmBr (18)
Fig. 1. Over a wide range of input power levels, the third-order ¢i  1+gpshp
intermodulation products are suppressed in comparison to thieereg,, is the transconductanceps is the output conduc-
classical theory. The classical behavior holds that the IP3taénce, and?;, is the load resistance. In this simplified intrinsic
constant when the device is operated in its “linear” regioexpression, the transconductance characteristic determines the
but in the extended theory, the IP3 is not strictly constambltage gain, which is central to the foregoing discussion. Figs. 2

and, consequently, the concept of IP3 may no longer be asd 3 depict notional-V" and transconductance characteristics

5
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I])ss IDSS
Imax
Tnax Vgs = +0.5V
Vc,s =0V
Ipss
0.5 Ipss
. / LOAD-LINE Inss
4 \
;
Vas = -Vp
Voss
Fig. 2. Notional MESFETI-V curves {ps versusVpg). The external
matching circuit provides the load line as shown; also shown are dynamic loe
lines at three levels of output power, centered on the quiescent OP.
8m Vgs =-Vp

Fig. 4. NotionalI-V" curves for the pHEMT. Note the large value Bf A x
relative toIpss; the ratiolyax/Ipss can be as high as 2:1. Asymmetry in
the transconductance contour (see Fig. 5) about the OP result in current “drive
up” as the input signal increases.

linearly, i.e., the power gain will be constant with drive level. As

the input drive level increases, however, the avegageuring

each RF cycle will begin to decrease, and the power gain begins

to compress. Selection of a bias point less than 50%g§

will allow for increased efficiency, but clipping of the ampli-
lves)  fied waveform, and generation of harmonics will result; this is
Vos =0V QP Vos =-Vp precisely the case for Class-AB, Class-B, or Class-C operation.
A quiescent bias point within the constapt- region will have

Fig. 3. Typical MESFET transconductance characteristic, plotted fromoahe additional consequence, which is that the device will ex-
slightly positive gate bias to pinchoff. Three input signal levels are sho '

centered on the quiescent OP; a sufficiently large drive level causes a redu!ﬁk_ﬁh't little or no Current dnve"Up as drive level is increased
in the average.., resulting in gain compression. since such an OP is symmetric with respect to current.

for a GaAs MESFET device. Since the MESFET is a depletion- VI. THE pHEMT AND RELATED DEVICES
mode device, the usual choice for Class-A operation is to op-

0 i = f—
erate at 50% ofpss (saturated drain-source currentak = 0 ical pPHEMT device [9]t There are a number of important dif-

V), with a drain-to-source voltage centered between the “kne, Zrences compared to the MESFET and, in particular,ghe

voltage (the linear to saturation transition) and the gate—dral o .
- ) . . Characteristic does not have a region of consgantThe other

breakdown voltage. With a suitable choice of the load line, thig .. : .
i : - Striking aspect is the large amount of current when a positive
quiescent OP allows for maximum voltage and current swan

without clipping of the amplified signal. The maximum theo-

retical dc-to-RF efficiency for such a Class-A amplifier is 50%n o ; .
: o . . a small amount of positive gate bias reduces the depletion re-

for a sinusoidal input signal. Fig. 2 shows the OP and dynamic N . i
ion, resulting in the maximum possible saturated current. The

load Im_es, rep_resentmg the IOCL!S. t_raced by an RF signal, YEMT does not share this limitation, and the devices generally
three different input power levels; it is clear that driving the de-

. X . . . : : -~ Wwill go into forward gate conduction before a maximum current
vice with a sufficiently large input signal will result in overdrive,

with clipping of the voltage waveform. Practical MESFET aml-im.it is_ reached (although Fhis depends on the specific_s of the
plifiers will, however, exhibit greater efficiencies when drivers pitaxial structure). Operation at the standard Class-A bias point

0, i - ici -
into saturation, although with significant signal distortion. Of 50% of Inss generally yields power-added efficiency ex
- : : ceeding 50%, and the pHEMT will also exhibit gain expansion
Shown in Fig. 3 is a typical transconductangg, ] curve for

the uniformly doped MESFET, as discussed in [8, pp. 334—33?]:11d current drive up. In F'.g' 4, the current denotedhagx (de-
X . . med as the saturated drain—source current Wgh = +1.0 V)

Note that there is a region of relatively constant, and for

small-to-moderate input signal levels, the MESFET will operatelAvailable HTTP: http://www.filtronicsolidstate.com

Figs. 4 and 5 present notion&+V” andg,, curves for a typ-



108 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 1, JANUARY 2000
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160 1 =O=Measured  ~#&—Extended Theory  =O=Classical
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<
]
5
g 130 RMSE against Measured:
Fn Extended Theory: 0.25 dB
Classical Theory 0.34 dB
I VGSl 12.0
Fig. 5. pHEMT transconductance characteristic. Jheis asymmetric with o ]
respect to the OP. The averagg will increase with input signal level. ’
100 +———r—/7—"TTT— e N T
can be as much as 170%—-220%gfs and, therefore, the usual A
Class-A condition (50% afpss) is not symmetric with respect O

. . 1 P dBi
to the family of I-V" curves. The point of current symmetry for mput Fower (46m)

the pHEMT is gene_rally 75%-90% @bss. o Fig. 6. Power gain data taken on the pHEMT-based 1900-MHz amplifier.
The pHEMT's unique transconductance characteristic und&esying the expansion and compression coefficients, ke.and ks from

lies the unusual IMD performance of these devices since it fq}_él), the e_xtended-the_ory pow_er-gain expression is fitted to the measured da_ta.
. . The classical expression, (4) is set to match the actual power at 1 dB of gain
lows from the extended theory that, if the intrinsic voltage gaimpression. Root-mean-square error (rms) values for both models versus

of a device possesses nonzero higher order derivatives, canoehsured data are given.
lation of the IMD products will be possible. There exists a wide
range of bias conditions for the pHEMT that satisfy these con = 2 — T l ' 1

ditions. In the case of the MESFET, biasing at or near pinchof | |
may resultin some IMD product cancellation, but at larger inpu | ’ |
signal levels, the device will begin to clip the voltage waveform,

with subsequent IMD degradation. 1

15 T
VII. EXPERIMENTAL RESULTS f ;
AL
5 LT

IMD products are typically 5-12 dB below classical expecta-

tions. Reverting to the concept of IP3, reported IP3 values ar

consequently 15-22 dB higher th&n,g, compared to the clas- | ] |

sical “10-dB” rule. The quantitative results presented here wer ~O~Measured —t—Extended Theory —G=Classical

taken from an amplifier based on the LP1500 pHEMT device !

(manufactured by Filtronic Solid State, Santa Clara, CA), ant TF i l

can be considered fairly representative. 0T T .
The LP1500 is a double-heterojunction discrete pHEMT with v % N

gate dimensions of 0.25 pum x 1500 um, which is normally uti-

lized as a high-performance power device, with a standard biﬁé 7. Power transfer curves. The modeled curves use the actual input power

condition of Vpg = 8V, Ips = 50% Ipss. In the low-noise levels. The measurel, 45 = 21.5 dBm and, therefore, the expected classical

high dynamic range application, the typical bias conditions uség3 = 321 dBm.

areVps = 5V, Ips = 25% Ipss. The data presented in

Figs. 6—-8 were taken on a 1900-MHz amplifier based on this dd4). In the case of the classical thedty,andks; were adjusted

vice, with simple single-pole input and output matching circuit® match the actuaP; 4z and small-signal gain. Modeling the

and a shunt-serid®-L stabilization network. At this bias condi- power gain with (14) was accomplished by successive iterations

tion, the LP1500 can be tuned to achieve a typical linear powaf k3 and k;, noting that the overall magnitude of the coeffi-

of 22—-24 dBm; however, no effort was made in this case to obtients sets the predicted IMD product power levels (16), while

tain a proper power match or to provide for harmonic tuning. the ratio ofk:s to k; fixes the peak of the gain expansion. Clearly,
Fig. 6 presents the amplifier's measured power gain corie classical power-gain expression does not account for the

pared to the classical and extended theory relationships (4) aneasured 0.4 dB of gain expansion, whereas the (16) provides a

Qualitative confirmation of the extended theory’s predictions
have been noted in a wide variety of applications; in genera
when a quiescent OP in the range of 20%—60%f is used,

Output Power (dBm)

Y

I <
U v-E R R RN

sLt
ss1- -
o€l
o1 |

Input Power (dBm)
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TABLE |
=O—Classical =O=Measured =0—Extended Theory
N P BIAS o Ckorr EQUIVALENT
DEVICE (i O% 11,y CONDITION 2P B IP3
L (Vi%Ipss) (dBm)
. TP1500 900 MHz __ 5/25% P%) 20 39
Th Coeffi :
20 ,‘j’“fg“:;’ s LP1500 1900 5/25% 22 —20to+1 4042
1=345k,=09Tk;=2.
LP1500  50-2000 5/33% 25 -15 42
LP1500 8 GHz 8/33% 28 -12100 3845
20 LP6872  8-12 4/33% 20 -20 36-38
LP7612 18 5/33% 18 —10to+1 2834

40 4

supply voltage of 6.5 V. This amplifier, operated at 40 dBm,
produced IMD products less thai35 dBc, which is equivalent

to an IP3 of at least 57.5 dBm using (11b). Although thgg

was not specifically stated, it may be assumed to be in the
range 39—41 dBm and, thus, the IP3 is at least 16.5 dB over the
linear powerP; 4g, and possibly as much as 20 dB higher. The
—  ACPR of this amplifier measured a45 dBc, when operated at

« °  38-dBm output power in the 1S-95 CDMA forward-link mode
Input Power (dBm) (1.25-MHz offset). Clearly, the power backoff needed for the
more stringent forward-link mode, approximately 2—-3 dB, is

Fig. 8. Measured two-tone IMD data, the extended theory prediction, and @ignificantly less than that required for other devices.
expected performance based on the classical theory and an assumed IP3 of

32.1 dBm. Actual pHEMT IMD performance is typically 8—10 dB lower than

classical theory, even in the region of gain compression. The predictions of the VIII. L IMITATIONS OF THE EXTENDED THEORY
extended theory begin to diverge as the device goes into gain compression.

IMD Product Power (dBm)

-50 4

-80

=3
3

P N S T
[V S SIS N 2

D
[ S N T oo

SL-

While the extended theory does provide additional valuable
insight, it does not yet provide a complete analytical model of
fairly good model well into saturation (note the rms values cajhe pHEMT over all modes of operation. There are two obvious
culated against the measured data). Fig. 7 presents the measgi@@ncements that could be added to the theory; first, higher
single-tone power transfer curve plotted against the predictiofigier terms could be added to the series expansion and, second,
of the two models (using the actual input power levels). the AM-to-PM mechanism for the pHEMT could be modeled.
The measured IMD performance of this example amplifigf is expected that higher order terms (e.g., kagerm) become
is plotted in Fig. 8, along with the predictions of (16), and thgnportant in large-signal operation and, clearly, an analytical
expected performance from the classical theory. The classiggbression could be developed to account for these.
behavior given by (11a) is plotted based on the meash{@d A more interesting issue is the understanding and modeling
of 21.5dBm, and an assumed IP3 of 32.1 dBm. Once again, #f&he pHEMT’s nonlinear reactive elements, such as the gate—
classical theory cannot account for the measured IMD produ@yrce capacitanégs. In traditional FET large-signal models,
power levels, which are 8-10 dB lower than expected; the amplisch as the Curtice—Ettenberg formulation, €es element is
fier behaves as if the IP3 was 40-42 dBm. The extended the@i$deled as a simple junction capacitance, as described in [8, pp.
models the measured data reasonably well up to the onseB®#1347]. This is not an adequate model for the pHEMT, again,
gain compression. The subject amplifier in this example did ngécause of its unique charge—control mechanism; nonlinear re-
show the complete cancellation of IMD products as predicteggtive elements such as this must be modeled and thereby in-
but does show a small localized decrease. As the device begiBfyorated into the theory. Further work is underway to explore

to transition into large-signal operation, other factors that hay@d understand these unusual attributes of the pHEMT.
not been modeled begin to become significant; this is discussed

in more detail in Section VIII.

Another very significant finding is that the IMD behavior of
the pHEMT remains far below classical expectations even as theAn extension of the classical IMD theory has been developed
device approaches gain compression and saturation. It is cléeat models the power transfer and IMD behavior of pHEMT
that there are additional cancellation mechanisms that needlavices, based on the specifics of the device’s transconduc-
be identified and analyzed. Table | presents a brief summarytafice characteristics. Amplifiers utilizing pHEMT devices
measured or reported IMD performance results obtained on sewnsistently achieve IMD performance that is 8-12 dB below
eral discrete pHEMT devices at various frequencies in a numtmassical expectations, over a wide dynamic range, even up to
of applications. compression and saturation. Harmonic tuning may enhance

Recent results on high-power multistage pHEMT-basdhis intrinsic performance beyond the results presented here.
amplifiers illustrates the advantages of this nonclassical IMChe extended theory provides for a reasonably good model of
performance, as reported by Pengadiyal. [10]. The authors device behavior over a wide range of input power levels, but
present, among several examples, a 900-MHz pHEMT amees not adequately predict the observed IMD performance
plifier with a saturated power of 41.5 dBm, operating from ander conditions of large-signal operation.

IX. SUMMARY
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(A2)

Using the trigonometry identity
2 cos(8) cos(¢) = cos(8 + ¢) + cos(f — ¢).

From (A2), terms of the formos((1/2)at) cos((1/2)5t) yield _ ‘ _ _
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