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Intermodulation Distortion in Pseudomorphic
HEMT’s and an Extension of

the Classical Theory
Michael Jon Bailey, Member, IEEE

Abstract—Pseudomorphic high electron-mobility transistors
(pHEMT’s) offer superior RF and microwave performance and,
in particular, exhibit exceptional intermodulation distortion
characteristics that are not adequately modeled by the classical
theory. Intermodulation products are typically 8–10 dB below
classical expectations, and can be as much as 12 dB lower. An
extension of the classical theory is presented, which allows for a
better understanding of this phenomenon in terms of the device
transconductance characteristic. Experimental data is included
to provide quantitative verification based on both device and
amplifier results. pHEMT-based devices have the potential to
satisfy the spectral performance requirements of today’s wireless
systems with improved dc-to-RF efficiencies.

Index Terms—HEMT, intermodulation distortion, semicon-
ductor devices.

I. INTRODUCTION

T HE requirements of modern digital wireless communi-
cations systems place stringent demands on the inherent

linearity of active devices, and this trend can be expected to
continue as systems evolve to support the increasing subscriber
base. Systems designed to accommodate multiple simulta-
neous users over a widespread area must maximize spectral
efficiency. Power amplifiers for handsets, for example, need to
satisfy conflicting requirements of dc-to-RF efficiency, output
power, and minimal spectral regrowth. The IS-95 and IS-98
CDMA reverse-link standard requires a +28-dBm output power
(offset QPSK modulation) with adjacent channel power at
least−42 dBc at ±885-kHz offset, with a 1.23-MHz channel
bandwidth [1]. For the forward link (base station to handset),
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 multicarrier
transmission mode, whereas the handset does not. Since spec-
tral regrowth is a direct result of amplifier nonlinearities with
continuous spectra input signals (i.e., pseudorandom modula-
tion), the standard approach is to operate the power amplifier
considerably below its rated output power level, usually defined
as the output power at 1 dB of gain compression ( ). This
use of output backoff to ensure tolerable spectral regrowth
results in poor dc-to-RF efficiency, thereby limiting transmit
time for battery-powered handset units.
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The classical and still widely used benchmark for device
and system linearity is based on memoryless linear network
theory. In this first-order theory, a small amount of nonlinearity
is added, creating a “near-linear” network, and this network’s
intermodulation distortion (IMD) behavior is related to its
power transfer curve. This theory adequately models the
AM-to-AM conversion characteristics of most active devices,
and establishes the useful concept of the third-order intercept
point (IP3). Nonlinear reactance effects also inherent in most
active devices generate AM-to-PM effects, but it has been
demonstrated that AM-to-AM effects dominate the spectral
regrowth near the carrier, i.e., within the adjacent channels [2].
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-
vides for a simple and powerful description of device linearity.

The classical theory adequately describes the characteristics
of a wide range of active devices and, thus, the IP3 measure-
ment is standard for devices including the GaAs MESFET,
the Si MOSFET (and variants), the bipolar junction transistor
(BJT), or the newer heterojunction bipolar transistor (HBT).
However, as will be demonstrated in this paper, the classical
linearity theory is inadequate to describe the behavior of certain
types of devices, as exemplified by the pseudomorphic high
electron-mobility transistor (pHEMT). An extended theory is
now presented, in which it is demonstrated that some classes
of devices, and the pHEMT in particular, offer significantly
improved linearity performance over a wide dynamic range.

II. THE CLASSICAL THEORY

The classical theory of linear and near-linear systems has
been described in a number of sources (as found, for example, in
[3]), and it is useful to review the salient features of this theory.
A linear or distortion-free two-port memoryless system will ac-
cept an input signal and produce an output signal that is a scaled
version of the input, differing only in amplitude and possibly a
constant phase shift. This means that the system transfer func-
tion is given by

(1)

where and are constants. Real amplifiers may be classed
as near-linear two-port systems, i.e., with a small amount of
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nonlinearity. In this case, the two-port’s voltage gain may be
approximated by the expansion

(2)

where is the input signal, is the output signal, and
is the expansion series coefficients. A single sinusoidal input
signal of the form is assumed as follows:

(2a)

where is the input signal amplitude (volts), is , and
is the signal frequency. Expanding this series and combining

like terms, the resulting output signal consists of a dc compo-
nent, and components at the fundamental, second, and third har-
monic frequency ( and ). The fundamental com-
ponent at has an amplitude which is, in dBm units, as fol-
lows:

(3)

where (ohms). The resulting power gain
for the two-port becomes

(4)

where , compared to the linear power gain:
. The power-gain expression (4) allows for gain

expansion ( ), or gain compression ( ), but not both.
Practical amplifiers are typically characterized by their output
power at the point of 1-dB gain compression, compared to the
linear gain; and this is given by (dBm units)

(5)

III. IMD

The near-linear two-port generates harmonics, but the lowest
harmonic at is generally outside the system bandwidth in
most cases; however, if multiple input signals are present, IMD
products will be generated within the typical system bandwidth.
The standard method for characterizing this type of nonlinearity
is the two-tone IMD test. Two carriers of equal amplitude, at
and , are applied to the two-port under test, and the third-order
intermodulation products at and are measured
relative to the fundamental tones. Substitution of the two-tone
input signal

(6)

into (2) yields an expression that contains the third-order IMD
terms

(7)

and, therefore, the power levels of the third-order IMD products
are, in dBm units, as follows:

(8)

Note that the third-order IMD products increase with a slope
of 3:1 with respect to the fundamental tone output power by
comparison with the term of (3). The linear extrapolation
of (3) intersects with the IMD power expression (8) at a point
that is defined as the IP3, given by (dBm units)

(9)

The IP3 can be related to the power level by combining
equations (9) and (5), resulting in

dB (10)

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 the term be-
comes . Note that (9) stipulates that the IP3 is a constant,
and by combining this expression with (8) yields the two other
well-known relationships as follows:

(11a)

and

(11b)

IV. THE EXTENDED THEORY

The classical theory is now extended by including two addi-
tional higher order terms in (2) as follows:

(12)

For a single-tone input of the form (2a), this gives

(13)

This leads to a new expression for the fundamental power gain

(14)
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Note that this new expression allows for gain expansion fol-
lowed by compression, with and . Devices that
exhibit little or no gain expansion are adequately modeled by
(4). The location of the peak gain expansion can be determined
by converting (14) to a voltage gain expression, and setting the
first derivative equal to zero, yielding

(15)

For a two-tone input signal of the form (6), the extended power
series (12) gives the following:

(16)

This expression is derived in more detail in the Appendix. In-
spection of (16) shows that the two-tone fundamental power
gain is not equal to the single-tone gain, by comparison of the
and terms; this is true even in the case of no gain expansion,
i.e., the standard theory. This is not a new result, having been
derived in general terms by Blachman [4]. The terms for the
third-order IMD products now contain an explicit relationship
to the coefficient, and since (for devices with gain
expansion), there exists the possibility of significant reduction
in the power level of the IMD products.

The suppression of IMD levels by higher order expansion co-
efficients has been explored before, e.g., in GaAs MESFET’s
with specially tailored doping profiles, as described in [5]. To
analyze these engineered devices, the authors began with power
series expansions of the transconductance, input capacitance,
and drain conductance, which were then utilized to predict the
ratio of third-order IMD products to the fundamental signal
levels. The resulting IP3 improvement shown by these devices
was on the order of 3–4 dB, at least for low-input signal levels;
by contrast, pHEMT’s have demonstrated 10–12 dB of IP3 en-
hancement over a much wider range of input power levels. In
this paper, the single-tone AM-to-AM characteristics of a gen-
eralized device, specifically the presence of gain expansion, is
related to the two-tone IMD behavior.

The extended theory’s salient features are summarized in
Fig. 1. Over a wide range of input power levels, the third-order
intermodulation products are suppressed in comparison to the
classical theory. The classical behavior holds that the IP3 is
constant when the device is operated in its “linear” region,
but in the extended theory, the IP3 is not strictly constant
and, consequently, the concept of IP3 may no longer be as

Fig. 1. Notional summary of the extended theory. IMD products are predicted
to be considerably lower than classical expectations over a wide range of input
power levels.

useful. Examination of (16) shows that the IMD products are
completely cancelled at an input signal amplitude given by

(17)

This input signal amplitude is about 5–7 dB below
(15), the point of peak power gain expansion and, therefore,
this represents the optimum backoff for minimizing the IMD
products. At input signal amplitudes approximately 20–25 dB
below , the component dominates the third-order terms,
and the IMD products approach the classical result in (8).

V. LINEAR OPERATION AND THE TRANSCONDUCTANCE

CHARACTERISTIC

For the GaAs MESFET and other devices with similar
transconductance characteristics, determining the quiescent
operating point (OP) for optimum linear operation is fairly
straightforward. By inspection of the equivalent-circuit model
for a generic FET [6], the small-signal admittance matrix may
be generated, which can be converted to the represen-
tation [7]. Considering only the intrinsic device parameters,
and assuming that a conjugate match exists on both the input
and output of the device, the voltage gain may be expressed as

(18)

where is the transconductance, is the output conduc-
tance, and is the load resistance. In this simplified intrinsic
expression, the transconductance characteristic determines the
voltage gain, which is central to the foregoing discussion. Figs. 2
and 3 depict notional– and transconductance characteristics
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Fig. 2. Notional MESFETI–V curves (I versusV ). The external
matching circuit provides the load line as shown; also shown are dynamic load
lines at three levels of output power, centered on the quiescent OP.

Fig. 3. Typical MESFET transconductance characteristic, plotted from a
slightly positive gate bias to pinchoff. Three input signal levels are shown
centered on the quiescent OP; a sufficiently large drive level causes a reduction
in the averageg , resulting in gain compression.

for a GaAs MESFET device. Since the MESFET is a depletion-
mode device, the usual choice for Class-A operation is to op-
erate at 50% of (saturated drain–source current at
V), with a drain-to-source voltage centered between the “knee”
voltage (the linear to saturation transition) and the gate–drain
breakdown voltage. With a suitable choice of the load line, this
quiescent OP allows for maximum voltage and current swing
without clipping of the amplified signal. The maximum theo-
retical dc-to-RF efficiency for such a Class-A amplifier is 50%
for a sinusoidal input signal. Fig. 2 shows the OP and dynamic
load lines, representing the locus traced by an RF signal, for
three different input power levels; it is clear that driving the de-
vice with a sufficiently large input signal will result in overdrive,
with clipping of the voltage waveform. Practical MESFET am-
plifiers will, however, exhibit greater efficiencies when driven
into saturation, although with significant signal distortion.

Shown in Fig. 3 is a typical transconductance () curve for
the uniformly doped MESFET, as discussed in [8, pp. 334–334].
Note that there is a region of relatively constant, and for
small-to-moderate input signal levels, the MESFET will operate

Fig. 4. NotionalI–V curves for the pHEMT. Note the large value ofI
relative toI ; the ratioI =I 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 averageduring
each RF cycle will begin to decrease, and the power gain begins
to compress. Selection of a bias point less than 50% of
will allow for increased efficiency, but clipping of the ampli-
fied waveform, and generation of harmonics will result; this is
precisely the case for Class-AB, Class-B, or Class-C operation.
A quiescent bias point within the constant- region will have
one additional consequence, which is that the device will ex-
hibit little or no current “drive-up” as drive level is increased
since such an OP is symmetric with respect to current.

VI. THE pHEMT AND RELATED DEVICES

Figs. 4 and 5 present notional– and curves for a typ-
ical pHEMT device [9].1 There are a number of important dif-
ferences compared to the MESFET and, in particular, the
characteristic does not have a region of constant. The other
striking aspect is the large amount of current when a positive
bias is applied to the gate, a consequence of the charge–control
mechanism intrinsic to the pHEMT. In the case of the MESFET,
a small amount of positive gate bias reduces the depletion re-
gion, resulting in the maximum possible saturated current. The
pHEMT does not share this limitation, and the devices generally
will go into forward gate conduction before a maximum current
limit is reached (although this depends on the specifics of the
epitaxial structure). Operation at the standard Class-A bias point
of 50% of generally yields power-added efficiency ex-
ceeding 50%, and the pHEMT will also exhibit gain expansion
and current drive up. In Fig. 4, the current denoted as (de-
fined as the saturated drain–source current with V)

1Available HTTP: http://www.filtronicsolidstate.com
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Fig. 5. pHEMT transconductance characteristic. Theg is asymmetric with
respect to the OP. The averageg will increase with input signal level.

can be as much as 170%–220% of and, therefore, the usual
Class-A condition (50% of ) is not symmetric with respect
to the family of – curves. The point of current symmetry for
the pHEMT is generally 75%–90% of .

The pHEMT’s unique transconductance characteristic under-
lies the unusual IMD performance of these devices since it fol-
lows from the extended theory that, if the intrinsic voltage gain
of a device possesses nonzero higher order derivatives, cancel-
lation of the IMD products will be possible. There exists a wide
range of bias conditions for the pHEMT that satisfy these con-
ditions. In the case of the MESFET, biasing at or near pinchoff
may result in some IMD product cancellation, but at larger input
signal levels, the device will begin to clip the voltage waveform,
with subsequent IMD degradation.

VII. EXPERIMENTAL RESULTS

Qualitative confirmation of the extended theory’s predictions
have been noted in a wide variety of applications; in general,
when a quiescent OP in the range of 20%–60% of is used,
IMD products are typically 5–12 dB below classical expecta-
tions. Reverting to the concept of IP3, reported IP3 values are
consequently 15–22 dB higher than , compared to the clas-
sical “10-dB” rule. The quantitative results presented here were
taken from an amplifier based on the LP1500 pHEMT device
(manufactured by Filtronic Solid State, Santa Clara, CA), and
can be considered fairly representative.

The LP1500 is a double-heterojunction discrete pHEMT with
gate dimensions of 0.25 µm x 1500 µm, which is normally uti-
lized as a high-performance power device, with a standard bias
condition of V, % . In the low-noise
high dynamic range application, the typical bias conditions used
are V, % . The data presented in
Figs. 6–8 were taken on a 1900-MHz amplifier based on this de-
vice, with simple single-pole input and output matching circuits
and a shunt-seriesR–L stabilization network. At this bias condi-
tion, the LP1500 can be tuned to achieve a typical linear power
of 22–24 dBm; however, no effort was made in this case to ob-
tain a proper power match or to provide for harmonic tuning.

Fig. 6 presents the amplifier’s measured power gain com-
pared to the classical and extended theory relationships (4) and

Fig. 6. Power gain data taken on the pHEMT-based 1900-MHz amplifier.
Varying the expansion and compression coefficients, i.e.,k and k from
(14), the extended-theory power-gain expression is fitted to the measured data.
The classical expression, (4) is set to match the actual power at 1 dB of gain
compression. Root-mean-square error (rms) values for both models versus
measured data are given.

Fig. 7. Power transfer curves. The modeled curves use the actual input power
levels. The measuredP = 21:5 dBm and, therefore, the expected classical
IP3 = 32:1 dBm.

(14). In the case of the classical theory,and were adjusted
to match the actual and small-signal gain. Modeling the
power gain with (14) was accomplished by successive iterations
of and , noting that the overall magnitude of the coeffi-
cients sets the predicted IMD product power levels (16), while
the ratio of to fixes the peak of the gain expansion. Clearly,
the classical power-gain expression does not account for the
measured 0.4 dB of gain expansion, whereas the (16) provides a
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Fig. 8. Measured two-tone IMD data, the extended theory prediction, and the
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
extended theory begin to diverge as the device goes into gain compression.

fairly good model well into saturation (note the rms values cal-
culated against the measured data). Fig. 7 presents the measured
single-tone power transfer curve plotted against the predictions
of the two models (using the actual input power levels).

The measured IMD performance of this example amplifier
is plotted in Fig. 8, along with the predictions of (16), and the
expected performance from the classical theory. The classical
behavior given by (11a) is plotted based on the measured
of 21.5 dBm, and an assumed IP3 of 32.1 dBm. Once again, the
classical theory cannot account for the measured IMD product
power levels, which are 8–10 dB lower than expected; the ampli-
fier behaves as if the IP3 was 40–42 dBm. The extended theory
models the measured data reasonably well up to the onset of
gain compression. The subject amplifier in this example did not
show the complete cancellation of IMD products as predicted,
but does show a small localized decrease. As the device begins
to transition into large-signal operation, other factors that have
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 the
device approaches gain compression and saturation. It is clear
that there are additional cancellation mechanisms that need to
be identified and analyzed. Table I presents a brief summary of
measured or reported IMD performance results obtained on sev-
eral discrete pHEMT devices at various frequencies in a number
of applications.

Recent results on high-power multistage pHEMT-based
amplifiers illustrates the advantages of this nonclassical IMD
performance, as reported by Pengellyet al. [10]. The authors
present, among several examples, a 900-MHz pHEMT am-
plifier with a saturated power of 41.5 dBm, operating from a

TABLE I

supply voltage of 6.5 V. This amplifier, operated at 40 dBm,
produced IMD products less than−35 dBc, which is equivalent
to an IP3 of at least 57.5 dBm using (11b). Although the
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 power , and possibly as much as 20 dB higher. The
ACPR of this amplifier measured at−45 dBc, when operated at
38-dBm output power in the IS-95 CDMA forward-link mode
(1.25-MHz offset). Clearly, the power backoff needed for the
more stringent forward-link mode, approximately 2–3 dB, is
significantly less than that required for other devices.

VIII. L IMITATIONS OF THE EXTENDED THEORY

While the extended theory does provide additional valuable
insight, it does not yet provide a complete analytical model of
the pHEMT over all modes of operation. There are two obvious
enhancements that could be added to the theory; first, higher
order terms could be added to the series expansion and, second,
the AM-to-PM mechanism for the pHEMT could be modeled.
It is expected that higher order terms (e.g., theterm) become
important in large-signal operation and, clearly, an analytical
expression could be developed to account for these.

A more interesting issue is the understanding and modeling
of the pHEMT’s nonlinear reactive elements, such as the gate–
source capacitance . In traditional FET large-signal models,
such as the Curtice–Ettenberg formulation, the element is
modeled as a simple junction capacitance, as described in [8, pp.
314–347]. This is not an adequate model for the pHEMT, again,
because of its unique charge–control mechanism; nonlinear re-
active elements such as this must be modeled and thereby in-
corporated into the theory. Further work is underway to explore
and understand these unusual attributes of the pHEMT.

IX. SUMMARY

An extension of the classical IMD theory has been developed
that models the power transfer and IMD behavior of pHEMT
devices, based on the specifics of the device’s transconduc-
tance characteristics. Amplifiers utilizing pHEMT devices
consistently achieve IMD performance that is 8–12 dB below
classical expectations, over a wide dynamic range, even up to
compression and saturation. Harmonic tuning may enhance
this intrinsic performance beyond the results presented here.
The extended theory provides for a reasonably good model of
device behavior over a wide range of input power levels, but
does not adequately predict the observed IMD performance
under conditions of large-signal operation.
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APPENDIX

The two-tone input signal from (6) may be expressed as

(A1)

with the following definitions:

Substitution of (A1) into (12) yields

(A2)

Using the trigonometry identity

From (A2), terms of the form yield
terms containing or , while terms of the form containing

or
product the third-order products of interest. All other combi-
nations of terms (such as those is theexpression) combine
to give second-order products or higher harmonics. Collecting
the terms of interest

(A3)
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