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Abstract—Baseband impedance has been identified as having a
positive or negative effect on the intermodulation distortion of mi-
crowave circuits. The effect can be assessed or utilized with the aid
of previously proposed figures-of-merit. Under certain situations,
intermodulation cancellation can be achieved simply by adding re-
sistance to the bias network. The impact of baseband impedance on
the performance of derivative superposition amplifiers is analyzed.
A bias region was studied that exhibits a good second- and third-
order intermodulation null with minimal intermodulation depen-
dence on baseband impedance. This allows the effective use of the
derivative superposition technique in baseband amplifiers, as well
as giving wide-band linearization performance in RF amplifiers.

Index Terms—Field-effect transistor (FET) amplifiers,
harmonic distortion, impedance, intermodulation distortion,
linearization, memory effects.

I. INTRODUCTION

MODERN communications systems are using wide band-
widths, necessitating the efficient use of the available

spectrum. Thus, there is increasing demand for wide-band linear
amplifiers for use in transmitters and receivers. It is desirable
that high linearity be achieved with minimal circuit complexity,
power usage, and cost, especially in the growing mobile device
market.

A number of circuit-level methods have been developed to
meet these needs. These include terminating impedance opti-
mization [1], predistortion [2], second-order distortion injection
[3], and derivative superposition [4].

A fundamental obstacle to developing amplifiers that are
highly linear over wide bandwidths is caused by long time-con-
stant memory effects. These effects cause the distortion levels
to change depending on the bandwidth of the signal being
amplified. They can be clearly observed by measuring two-tone
intermodulation over varying tone spacing. While the above
linearization methods can be effective at small bandwidths,
their performance often rapidly degrades as the signal band-
width increases [5].

Memory effects are caused by both device and circuit mech-
anisms. This study concentrates on memory effects caused by
baseband impedance. Bias networks in microwave circuits are a
common cause of baseband impedance change with frequency.
It has been shown that baseband impedance can cause asym-
metry in intermodulation levels under certain conditions [6],
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and that it can cause the intermodulation levels to change with
varying tone spacing [7].

Previously, we have shown that a field-effect transistor (FET)
can be biased such that the baseband impedance has little ef-
fect on intermodulation and, hence, memoryless predistortion
linearization can be effective over wide bandwidths [8]. A sum-
mary of the relevant results from [7] and [8] is given in Sec-
tion II. Throughout this study, the analysis and measurements
concern circuits with low signal levels so that the distortion can
be described by weakly nonlinear behavior. In Section III, a
method to linearize an FET amplifier at certain biases, simply
by changing the baseband impedance, is developed. Section IV
analyzes the effects of baseband impedance on derivative su-
perposition amplifiers and proposes a method to find a bias that
reduces the effects. This is shown to be important in two appli-
cations: low-distortion baseband amplifiers and RF amplifiers
requiring linearity over wide bandwidths.

II. INTERMODULATION MODEL

An analysis has been previously developed to predict the ef-
fects of baseband impedance on intermodulation [7]. This anal-
ysis is valid for an FET in the common-source configuration
with a two-tone input signal, where the impedance presented to
the drain of the FET is . It is assumed that the input signal
is small enough that distortion terms above third order can be
neglected. In addition, we assume that the frequencies are such
that the distortion can be adequately modeled by considering
only the nonlinear drain current. The results from the analysis
are summarized and developed in this section for completeness.

In [7], the drain current is described by a two-dimensional
Taylor series

(1)

Suppose that is a two-tone signal, the magnitude of each
tone being , so that

(2)

The magnitude of the first-order component of the output
voltage at the fundamental frequencies is

(3)

where
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(4)

is the drain conductance in parallel with the drain termination
and and are the first-order transconductance and drain
conductance, respectively.

The magnitude of the third-order output voltage at the inter-
modulation frequencies is

(5)

where , , and are defined in [7] and reproduced in the
Appendix. They depend on the impedance at the fundamental
frequency only, and change with bias because they involve the
nine coefficients of the nonlinear drain current (1).

The intermodulation depends not only on the fundamental
frequency drain impedance, but also on the baseband and second
harmonic drain impedance, as seen in the terms and

in (5). The equation is valid for any frequency-de-
pendent drain impedance.

Two figures-of-merit have been proposed in [8] for selection
of a device and bias based on distortion performance. These
figures-of-merit are an assessment of the intermodulation level
and the effect of baseband impedance on intermodulation. They
model the low-frequency behavior of a device accurately, and
have been previously shown to predict the overall trends of
the intermodulation at high frequencies as well. They are very
useful when computed over a range of biases.

The first figure-of-merit, i.e., IM3, is the intermodulation
level relative to the fundamental level (dBc) with zero baseband
drain termination ( , typical for LC bias networks
at small tone spacings). With reference to (3) and (5), this
quantity is

dBc (6)

The second figure-of-merit, i.e., , gives an indication
of the intermodulation change that occurs when the baseband
impedance changes from zero to some other value . The equa-
tion for this is

dB

(7)
where is the nominal load, which, for this study, is 50 .
Thus, for typical LC bias networks, indicates the change
in the intermodulation levels as the baseband impedance
changes from 0 at small tone spacings to the load impedance
at large tone spacings. These figures-of-merit can be found
by simulation using (6) and (7) or by measurement, as will be
discussed in Section IV-B.

This study uses Agilent ATF-35143 packaged pseudomor-
phic high electron-mobility transistors (pHEMTs), which have
a threshold voltage of approximately 0.7 V. The coefficients
of nonlinear drain current (1) were extracted using a method
similar to that in [9]. The figures-of-merit for a typical device
are shown in Fig. 1, which were calculated using (6) and (7).
The characteristic intermodulation null is at V. At
this point, there is also large intermodulation susceptibility to

Fig. 1. Predicted figures-of-merit [(6) and (7)] verses gate bias for an
ATF-35143 pHEMT with V = 2 V and Z (! ) = 50 
. The lower
tone is at 50 MHz and the input signal has a peak voltage of V = 0:1 V.
(a) IM3—intermodulation with Z (�!) = 0. (b) �IM3—change in
intermodulation when Z (�!) changes from 0 to 50 
.

baseband impedance, as explained in [8]. The small disconti-
nuity near V is due to harmonic distortion from the
signal generators used in characterization, not to the device.

III. BASEBAND IMPEDANCE LINEARIZATION

It is clear from Fig. 1(b) that, at certain biases, the intermod-
ulation levels will be lower if the baseband drain impedance
is nonzero. Thus, the common practice of setting the baseband
impedance in power amplifiers to zero is not always optimal.
This has also been observed in [10]. The optimum baseband
impedance can be found by solving

(8)

from (5), where is given in terms of in (4). This yields

(9)

Over most gate biases, the value for that cancels the
intermodulation is negative and, hence, this technique is not
useful. However, in the regions where is large and
negative (typically just above pinchoff), the optimum baseband
impedance is positive and, thus, it would be expected that
significant intermodulation cancellation can be achieved at
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Fig. 2. Baseband impedance for intermodulation cancellation Z for a
typical ATF-35143 pHEMT with V = 2 V.

these biases. Any imaginary component in the fundamental
or second harmonic drain impedances will decrease the level
and bandwidth of intermodulation cancellation. The baseband
impedance can be varied by adding a series resistance to the
inductor that supplies the drain bias. This will not alter the gain
of the amplifier. A graph showing the optimum over the
useful bias range is shown in Fig. 2.

At V, the optimum baseband impedance
is 320 . The intermodulation levels with this baseband
impedance and those with zero baseband impedance are
compared in Fig. 3(a). It can be seen that over 20 dB of
linearization has been achieved. However, this rapidly degrades
as the tone spacing increases because the baseband impedance
changes from 320 at small tone spacings to 50 at large tone
spacings. Hence, this technique can be useful for amplifiers of
small bandwidth signals, where the baseband impedance will
not change over the required bandwidth.

There is a bias where , somewhere between
and 0.62 V for the device in Fig. 2. A bias net-

work can be designed such that the impedance from baseband
up to RF frequencies is constant. That is, the impedance at the
drain will be 50 over all frequencies. This is achieved using
an LC bias network, with a 50- resistor in series with the in-
ductor and the capacitance set to .

The intermodulation levels with the constant 50- net-
work are shown in Fig. 3(b). The optimum gate bias with

was adjusted while monitoring the IM3 levels.
Over 15 dB of improvement is obtained compared to the levels
with . The linearized intermodulation characteristics
are relatively constant over a wide bandwidth because the load
impedance is constant from baseband to RF. This technique
could also be useful in baseband amplifiers, where the base-
band impedance is equal to the carrier-frequency impedance.
A limitation of this technique is that cancellation depends
critically on the bias point. For example, the linearization may
be negligible if the gate bias changes over 10 mV, as implied
by Fig. 1(a). It may be possible to make this technique robust
by using adaptive bias control.

IV. DERIVATIVE SUPERPOSITION

The derivative superposition amplifier has emerged as a
useful linearization technique [4]. It is conceptually simple,
requires no complex circuit tuning techniques, does not involve

Fig. 3. Measured baseband impedance linearization of a pHEMT amplifier
with V = 2 V and Z (! ) = 50 
. The lower tone is at 50 MHz and the
input signal has a peak voltage of V = 0:1V. (a) V = �0:68V,Z (�!) =
320
 for small�!, 50
 for large�!. (b) V � �0:62V,Z (�!) = 50

for all !.

a significant increase in circuit complexity, and achieves good
performance. The analysis and results presented here considers
all the terms in the drain current (1) for an understanding of
how baseband, second harmonic, and fundamental-frequency
impedance will affect the performance of derivative superposi-
tion amplifiers.

A. Derivative Superposition Amplifier Intermodulation

The circuit diagram of a typical derivative superposition am-
plifier is shown in Fig. 4. At low frequencies, a two-transistor
amplifier can be represented by the equivalent circuit in Fig. 5.
Each FET is represented by a two-port voltage-controlled cur-
rent source. Each current source can be modeled by a Taylor
series, as in (1). However, the transistors have different biases
so the Taylor-series coefficients will be different for each tran-
sistor. If the drain current of the first transistor is , and that
of the second is , the total drain current is

(10)
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Fig. 4. Derivative superposition amplifier.

Fig. 5. Low-frequency equivalent circuit of a derivative superposition
amplifier.

Thus, the intermodulation analysis of a derivative superposi-
tion is the same as that of a single FET amplifier, as presented in
[7], except that each coefficient in the Taylor-series expansion
of the drain current is replaced by the sum of that coefficient
in the first and second transistor. Therefore, to analyze the in-
termodulation distortion of a derivative superposition amplifier,
(5) is valid, provided the above substitutions are performed. The
coefficients , , and are now two-dimensional functions of
bias, as they depend on the bias of two transistors.

An important consequence of the fact that a derivative su-
perposition amplifier’s intermodulation can be modeled with
(5) concerns complex drain impedances. If the impedance pre-
sented to the drain of the device (including the effect of the
drain–source capacitance) has a significant imaginary compo-
nent at the fundamental frequency, the effectiveness of the in-
termodulation cancellation will be reduced. This is because the
real and imaginary parts of (5) may not be zero at the same bias.
It might be expected that conjugate matching will eliminate this
problem because the imaginary terms in the drain impedance
are cancelled. However, if is not negligible (as is the case for
a conventionally biased amplifier), the drain impedance must
be real at the fundamental and second harmonic frequencies.
Therefore, careful design of the matching network at the drain
of the device is required at high frequencies.

If only the transconductance terms ( , , and ) of
the drain current model are considered, then in (5) simplifies
to . In addition, (see Ap-
pendix). In this case, there are no baseband impedance effects,
and the optimum biases for the transistors are simply those that
give over the greatest range of gate volt-
ages, which gives a wide intermodulation null. However, in a

Fig. 6. Measured figures-of-merit verses primary gate bias and bias
separation for a derivative superposition amplifier with V = 2 V and
Z (! ) = 50 
. The lower tone is at 50 MHz and the input signal has a peak
voltage of V = 0:11 V. (a) IM3—intermodulation (dBc) with Z (�!) = 0.
(b) �IM3—change in intermodulation (dB) when Z (�!) changes from 0
to 50 
.

real device, the cross and conductance terms in the drain current
are significant. They cannot be neglected if an understanding of
how the intermodulation will change with drain impedance at
fundamental, baseband, and second-harmonic frequencies is re-
quired.

A typical derivative superposition amplifier is implemented
with the two transistors biased on opposite sides of the
third-order intermodulation (IM3) null in Fig. 1(a). This will
give a wider intermodulation null because the sign of the
intermodulation is different on either side of the null [4].
However, the second-order terms are large and positive on
both sides of the null. Thus, the IM3 cancellation is at the
expense of increased second-order distortion. This is usually
not considered to be a problem when second-order products
are out-of-band. However, is dependent on the second-order
terms and, thus, it will be large. Therefore, for a typical deriva-
tive superposition amplifier, the intermodulation will change
markedly with changes in the baseband impedance. This limits
the bandwidth of effective linearization. A technique to solve
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Fig. 7. Measured figures-of-merit for the conventionally biased derivative
superposition amplifier under the same conditions as Fig. 6. The derivative
superposition result is at V = 0:3 V and the single transistor result has the
second transistor pinched off at V = 1:5 V. (a) IM3 and IM2. (b) �IM3.

this problem, explored below, involves biasing the devices to
cancel second- and third-order distortion simultaneously.

B. Characterizing a Derivative Superposition Amplifier

A derivative superposition amplifier using two ATF-35143
pHEMTs was constructed. The bias network was designed with
impedance at 10 kHz close to 0 , and impedance at 20 MHz
approximately 50 . This allowed the measurement of the two
figures-of-merit, i.e., IM3 and . IM3 is simply the inter-
modulation distortion with a tone spacing of 10 kHz, where
there is negligible baseband impedance. is the difference
between the distortion at a tone spacing of 20 MHz and that
at 10 kHz, which is the difference between the distortion for a
baseband impedance of 50 and 0 . The lower tone was 50 MHz
and input tone peak voltages were 0.11 V.

In this case, IM3 and are two-dimensional functions
because they depend on the biases of two devices. They are
plotted against the gate bias of the primary device on one
axis, and the difference between the biases of the primary and
secondary device on the other axis, as shown
in Fig. 6.

In Fig. 6(a), the null at V is observed when the
second transistor is well into pinchoff ( V or

V) so that the amplifier is essentially operating as a single-
transistor amplifier. This corresponds to the null at this bias for
a single transistor, as shown in Fig. 1. The baseband impedance

Fig. 8. Measured figures-of-merit for the low �IM3 biased derivative
superposition amplifier under the same conditions as Fig. 6. The derivative
superposition result is at V = 0:65V and the single transistor result has the
second transistor pinched off at V = 1:5 V. (a) IM3 and IM2. (b) �IM3.

susceptibility is large in this region, as evidenced by significant
.

As the second transistor comes out of pinchoff, the typical
derivative superposition action starts to occur. When the pri-
mary gate bias is at V and the voltage separation
is V V , there is a 150-mV-wide
null, as seen in Fig. 6(a). The distortion of the single transistor
amplifier (with the second transistor pinched off) and the dis-
tortion of the derivative superposition amplifier with constant
bias voltage separation of 0.3 V, are compared in Fig. 7(a). This
is the conventional bias where a derivative superposition am-
plifier would normally be operated. However, is large in
this region, as seen in Fig. 7(b), thus, baseband impedance sus-
ceptibility will be high. The significant in the vicinity of
the null can be explained by the large second-order distortion in
this region, as shown in Fig. 7(a), remembering that de-
pends on , which depends on second-order nonlinearity. Thus,
this bias will not be good for amplifiers requiring linearity for
wide-bandwidth signals with conventional bias networks.

However, this is not the only bias where a wide intermodu-
lation null is achieved. Fig. 6(a) shows that there is a wide null
along the diagonal line .
Thus, if the secondary transistor has a gate bias of 0.75 V,
there will be a null in the intermodulation characteristics for
any V. It can also be seen that is smaller
for higher . This is a consequence of the fact that there is a
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TABLE I
COEFFICIENTS OF NONLINEAR DRAIN CURRENT FOR THE ATF-35143 pHEMT WITH V = 2 V. THE COEFFICIENTS FOR BOTH THE CONVENTIONAL

(V = �0:5 V, V = 0:3 V) AND LOW �IM3 (V = �0:1 V, V = 0:65 V) BIAS ARE SHOWN

sign reversal in the second-order terms in (1) at higher gate bi-
ases. The secondary transistor is biased near pinchoff where the
second- and third-order distortion have a positive sign. The pri-
mary transistor is biased beyond the point where the sign of the
second-order terms change sign so that second- and third-order
distortion of this transistor have a negative sign. Therefore, it
is possible to cancel second- and third-order distortion simulta-
neously and, hence, the baseband impedance effects and inter-
modulation levels are minimized.

A slice of Fig. 6 at V is shown in Fig. 8. There
is a good null near V, though not quite as wide as
that seen in Fig. 7. However, is much smaller at this high
gate bias so there is less baseband impedance susceptibility. This
can be understood by noting that the derivative superposition
nulls the third- and second-order distortion at this bias, as seen
in Fig. 8(a). In addition, a greater degree of IM3 cancellation
was observed in the null. Although this bias draws more drain
current, it has more gain and lower intermodulation and, hence,
the third-order intercept IP3 is higher. Thus, the ratio of IP3
to power consumption is similar for both biases, although the
low bias had a narrower null. The 1-dB saturation power
is slightly improved over a single transistor amplifier for both
biases.

The coefficients of nonlinear drain current (10) for both the
conventional and low bias are shown in Table I. These
were extracted using a method similar to that in [9]. It can be
seen that, for both the bias conditions, the third-order terms will
be reduced. It is possible to calculate that will be large for the
conventional bias, and small for the low bias. This shows
that the theory correctly predicts that the baseband impedance
effects will be smaller for the low bias.

C. Baseband Amplifier

A baseband amplifier accommodates signals ranging from
near dc up to high frequencies. Apart from amplifying base-
band signals, they have applications as ADC preamplifiers and
as cable television boosters. A key feature of these amplifiers, of
relevance to their distortion performance, is that second-order
products at difference frequencies are likely to fall inside the
passband of the amplifier. Therefore, the baseband impedance
is not 0 , but is usually equal to the load impedance.

This has an important consequence if the derivative super-
position technique is to be employed in a baseband amplifier.
The conventional bias region for derivative superposition am-
plifiers that gives a wide IM3 null, as shown in Fig. 7, has a
large and positive . This indicates that when the baseband
impedance equals the load impedance, the intermodulation level
indicated by the figure-of-merit IM3 will be changed in accor-
dance with the figure-of-merit . Thus, the null will almost

Fig. 9. Intermodulation levels of the baseband amplifier with V = 2V, input
levels ofV = 0:11V, and 50-
 load. (a) Conventional derivative superposition
bias (V = �0:5,V = 0:3). (b) Low�IM3 bias (V = �0:1,V =

0:65).

completely disappear in this case and the linearity will not be
substantially improved. This prediction was confirmed by mea-
surement.

A solution to this problem is to bias in the region where there
is still a good IM3 null, but where is small so that the
baseband impedance has little effect. This is the situation previ-
ously referred to in Fig. 8.

The circuit of the baseband amplifier was as shown in Fig. 4.
The linearization performance when the amplifier is biased in
the high region and the low region are compared
in Fig. 9. The amplifier has a bandwidth of 300 kHz to 100 MHz
with less than 1-dB variation in gain. The lower frequency limit
can be extended by lowering the corner frequency of the bias
networks or by using dc coupling.

The IM3 reduction when the amplifier is biased in the com-
monly used region with high [see Fig. 9(a)] is less than
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Fig. 10. Intermodulation levels of the 900-MHz amplifier with V = 2 V
and tone input levels of V = 0:9 V. (a) Conventional derivative superposition
bias (V = �0:55, V = 0:15). (b) Low �IM3 bias (V = �0:3,
V = 0:4).

7 dB. When the amplifier is biased in the low region
[see Fig. 9(b)], the IM3 reduction is greater than 14 dB over
the whole band.

D. RF Amplifier

A 900-MHz derivative superposition amplifier was con-
structed. The circuit was similar to Fig. 4, except that an input
matching network was added. This amplifier is used to illustrate
the effects of baseband impedance on intermodulation in band-
pass derivative superposition amplifiers. An LC bias network
was used at the outputs of the devices. The intermodulation
levels were measured with varying and to produce
graphs for IM3 and similar to those in Fig. 6. From these
graphs, two biases were selected for testing the intermodulation
levels with varying tone spacing.

The first bias used is the conventional bias, giving a broad
null, but with a high susceptance to baseband impedance ef-
fects, as illustrated for the 50-MHz amplifier in Fig. 7. The re-
sulting intermodulation levels versus tone spacing are shown in
Fig. 10(a). The improvement in intermodulation levels by using
derivative superposition over a single transistor circuit is better
than 10 dB for small bandwidth signals. However, the improve-
ment rapidly degrades for bandwidths greater than a few mega-
hertz due to the changing baseband impedance. At bandwidths
greater than 20 MHz, the improvement is less than 5 dB. The
rise in intermodulation levels at small tone spacings is thought

to be due to device-level mechanisms such as thermal or trap-
ping effects.

The second bias used is the low bias, where the pri-
mary transistor has a higher gate voltage so that the second-order
terms in the IM3 are small, as demonstrated in the situation
shown in Fig. 8. The intermodulation levels over tone spacing
are far less variable at this bias, as seen in Fig. 10(b). The im-
provement in intermodulation is better than 12 dB, over the mea-
sured tone spacing, out to 100 MHz. This represents a very wide
bandwidth of linearization for a 900-MHz amplifier.

V. CONCLUSION

The distortion of FET amplifiers is often sensitive to the
impedance presented to the drain of the device at baseband
frequencies. This fact has been used to linearize a single-FET
amplifier simply by selecting a suitable baseband impedance.
The effects of baseband impedance on derivative superposition
amplifiers have been studied, and a bias has been found
where there is both a good intermodulation null and little
dependence of the distortion on baseband impedance. This
was shown to be crucial to the successful application of the
derivative superposition technique to baseband amplifiers. A
900-MHz derivative superposition amplifier was used to verify
the baseband impedance effects, showing the improvement in
linearization bandwidth that can be achieved by selecting a
suitable bias.

APPENDIX

The coefficients in the intermodulation (5) are as follows
from [7]:

(11)

(12)

(13)

where is the gain at the fundamental fre-
quency.
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