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Abstract—A design strategy for a linear broad-band
InGaP/GaAs heterojunction bipolar transistor (HBT) power
amplifier is presented. This design is based on the bias depen-
dence of the nonlinear base–collector charge, as expressed in
the BC versus CE and versus characteristics of the
device. Using this technique, it is shown that the second- and
third-order distortions have separate optimum bias conditions
and, furthermore, there is an inherent tradeoff in optimizing the
second- and third-order distortions. The strong bias dependence
of the nonlinear base–collector charge and the tradeoff between
the different orders of distortion are verified on two 24-dBm
0.5–11-GHz distributed power amplifiers optimized for second-
and third-order distortions, respectively. The experimental results
show that the harmonic and intermodulation levels are sensitive
to the different order derivatives of the versus curve.
Specifically, second-order distortion is related to the slope of
the versus curve and third-order distortion is related to
both the slope and curvature of the versus curve. This
design technique suggests the importance of HBT device design
to minimize distortion in high-frequency broad-band amplifier
designs. Furthermore, to minimize high-frequency distortion in
HBT amplifiers across a wide range of bias, it is desirable to
linearize the base–collector charge, where flat BC versus CE

and versus characteristics are ideally desired.

Index Terms—Distortion, heterojunction bipolar transistor
(HBT), RF power amplifier.

I. INTRODUCTION

L INEAR broad-band power amplifiers with bandwidths
greater than a decade have numerous commercial appli-

cations. In the area of test instrumentation, wide bandwidth
sources with low harmonic distortion are essential since power
is swept over a wide range of frequencies, which makes
filtering impractical. Linear wide-bandwidth amplifiers are
also important in cable television distribution, where low
harmonic-distortion gain stages are desired for similar reasons.
Typically in these applications, high bandwidth and linearity
are critical specifications, and efficiency is a less impor-
tant requirement. One of the major challenges in designing
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broad-band power amplifiers is to maintain high linearity
over the entire bandwidth since narrow-band linearization
techniques cannot be utilized. In this paper, we present an in-
tuitive design methodology for an InGaP/GaAs heterojunction
bipolar transistor (HBT) broad-band power amplifier, which
achieves high linearity over a wide range of frequencies based
on properly identifying linear bias points from-parameter
data. More specifically, the optimum bias points are chosen
by observing the nonlinear behavior of the base–collector
capacitance with collector–emitter voltage and the unity
current gain frequency with collector current.

Background on the sources and mechanisms of distortion in
HBTs, focusing on base–collector charge, is discussed in Sec-
tion II. Experimental results of the influence of and
on harmonic distortion are described in detail. In Section III,
simple expressions based on a simplified small-signal model
are derived to show the link betweenand linearity figures-of-
merit second–order intercept point (IP2) and third-order inter-
cept point (IP3). Using the intuitions gained in these sections,
a design strategy for a linear broad-band amplifier based on the
distributed amplifier is presented in Section IV. Two amplifiers
optimized for second- and third-order distortions are described.
Finally, in Section V, experimental results of the two amplifiers
are presented to demonstrate the effectiveness of the low-distor-
tion broad-band design technique.

II. BACKGROUND ON NONLINEARITIES IN HBTS

Experimental studies of the distortion behavior of HBTs have
identified several significant sources of nonlinearities of the de-
vice. Among these, the most prominent is the nonlinearity of the
output current as a function of input voltage, quantified by the
transconductance . This nonlinearity is very strong at the

turn-on voltage (i.e., at low-current levels) and gradually
becomes linearized by the extrinsic base and emitter resistances
as current is increased [1]. At higher frequencies, nonlinearities
due to capacitances (or charges, in general) become a significant
source of distortion. It has been shown that the nonlinearity due
to the dependence of is a significant contributor to
distortion [2], [3]. Additionally, it has been shown experimen-
tally that the nonlinearity due to the transit time is also a signifi-
cant contributor to device distortion [4]. In Sections II-A–C, the
bias dependence of intermodulation and harmonic distortions is
explored, with emphasis on the role of the nonlinearity of the
base–collector charge.

0018-9480/02$17.00 © 2002 IEEE



IWAMOTO et al.: OPTIMUM BIAS CONDITIONS FOR LINEAR BROAD-BAND InGaP/GaAs HBT POWER AMPLIFIERS 2955

(a)

(b)

Fig. 1. (a) MeasuredC versusV at J = 0:3 and 0.6 mA=�m .
(b) Measured IP3 versusV atJ = 0:3 and 0.6 mA=�m .

A. Intermodulation Distortion

The bias dependence of intermodulation distortion at high
frequencies was experimentally investigated in detail in [4] so
only a brief overview of those results will be presented here.
Numerous papers have reported a link between the versus

characteristics of the device and intermodulation distor-
tion [2], [3]. Fig. 1(a) shows a measurement of versus

measured at two different current densities, i.e., 0.3 and
0.6 mA m . The device is an InGaP/GaAs HBT with a col-
lector thickness of 0.7 m and doping of 0.85 10 cm
(equivalent to the device “HBT-C” in [4]). Fig. 1(b) shows a
measurement of IP3 versus at the same current densities for
this device based on two-tone measurements. The measurement
conditions correspond to a frequency of 5 GHz, a frequency
spacing of 1 MHz, and a load impedance of 260. In gen-
eral, IP3 improves as is increased since IP3 is a function
of the derivatives of the versus curve. This trend is
clear for the mA m case, where IP3 flattens out
approximately when becomes a constant value. However,
this trend is not always observed, for example, as in the case for

mA m . Here, IP3 has a lower value even though
versus behavior is flatter than at mA m

( in both cases are influenced by the Kirk effect). In this
particular case, the transit time nonlinearities have a significant
influence at this current density. Fig. 2 shows a plot of IP3 versus

Fig. 2. Measured IP3 versusJ andf versusJ atV = 2 and 5 V.

and versus at of 2 and 5 V. is related to transit
time since is equal to the total emitter–collector delay
time. It can be qualitatively seen that there is a relationship be-
tween the curvature of versus and the value of IP3, where
large curvature results in lower IP3. The strong peaks in IP3 are
due to the transit time nonlinearity reaching a minimum at these
bias points. These effects will be investigated in more detail an-
alytically in Section III. At V, the curvature of the
versus curve is near its maximum at 0.3 mAm , which ex-
plains why IP3 is low at this bias point. As is increased, the
current density position in the peakis shifted toward a higher
value (due to the voltage dependence of Kirk effect [5]), and IP3
is improved at this current density. Finally, at V and

mA m , IP3 reaches its peak value on the IP3 versus
curve. Additionally, in Fig. 2, it is evident that IP3 values are

similar for both cases at low currents. This is attributed to
the fact that nonlinearities dominate in this region. The re-
sults in Figs. 1 and 2 demonstrate that the versus and

versus characteristics are important parameters to mon-
itor in understanding the distortion characteristics of HBTs.

B. Harmonic Distortion

Harmonic distortion was investigated in a similar fashion.
The measurements were taken on similar devices, and the
versus and characteristics are shown in Fig. 3. In this
three-dimensional plot, the current density for peakincreases
with , as expected from theory.

Fig. 4(a) shows a plot of second harmonic intercept point
(IP2h) of the same device measured at 5 GHz and a load
impedance of 50 . The definition of IP2h is analogous to IP3,
but is based on the second harmonic power and extrapolated
from a single-tone measurement. There is a very striking rela-
tion between this plot and the plot in Fig. 3, in which the bias
points where the peaks of both IP2h andoccur match very
closely. This trend has also been observed experimentally for Si
bipolar junction transistors (BJTs) [6]. Qualitatively, the second
harmonic distortion is related to the slope of theversus
curve. A more analytical treatment of this phenomenon will be
discussed in Section III.

In Fig. 4(b), a plot of the third harmonic intercept point (IP3h)
is shown over the same range of bias. The definition of IP3h is
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Fig. 3. Measuredf versusJ andV .

(a)

(b)

Fig. 4. (a) Measured IP2h versusJ andV . (b) Measured IP3h versusJ
andV .

similartoIP2h,butbasedonthirdharmonicpowermeasurements.
An interesting feature of this plot is its resemblance to the IP3

Fig. 5. Estimated base–collector transit time versusJ andV extracted
from s-parameter data.

plot shown in Section II-A. It is clear that there is a sharp peak
followed by a trough, which coincides with the region where the

peaks.Therefore,it isapparentthatthird-orderintermodulation
and harmonic distortions share similar mechanisms.

C. Base–Collector Transit Time

Since the bias dependence and derivatives ofare impor-
tant factors determining distortion, it is meaningful to narrow
down the sources of nonlinearity of. is related to the total
emitter–collector delay by the well-known expression

(1)

The first term is typically small compared to the other terms
and the second term becomes negligible at high current den-
sities. By removing the first two terms (after extracting ,

, , and ), we are left with the base–collector transit
time , which consists of the base and collector transit times
( and , respectively). A plot of this quantity (as estimated
on the basis of -parameter measurements) is shown in Fig. 5.

Fig. 5 shows that the nonlinear behavior of transit time at
high currents is influenced by and . represents the
delay associated with the minority carrier transport across the
base region, including the current-induced base region due to
Kirk effect. represents the delay associated with electrons
traversing the collector depletion region. At high current den-
sities below the onset of Kirk effect, the nonlinear behavior of

is predominantly influenced by due to the complex varia-
tion of electron velocity with the electric-field profile in the col-
lector depletion region. As current density increases at a fixed
base–collector voltage, the effective space charge density in the
collector depletion region decreases, which causes a decrease
in the effective electric field near the base edge of the collector
[7]. Due to the negative differential mobility characteristics of
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Fig. 6. Small-signal model used for nonlinear analysis.

GaAs, this decrease in field translates to an increase in elec-
tron velocity. Therefore, this phenomenon (sometimes referred
to as “ peaking”) causes a decrease in (or specifically

) as the collector current is increased up until the onset of
Kirk effect [8]. , on the other hand, does not become signif-
icantly nonlinear until base-pushout occurs past the Kirk effect
threshold current. Since the significant peaks in the second- and
third-order distortions (representing optimum bias points) occur
in the vicinity of Kirk effect, it can be concluded that (in ad-
dition to ) has an important influence on both intermodulation
and harmonic distortion characteristics of HBTs.

It is important to note that and are related to each
other since and are derivatives of the base–collector
charge with respect to and , respectively. There-
fore, it can be said that the nonlinearities associated with
and are tied to a single nonlinear source . It is also in-
teresting that the nonlinear behavior of electron velocity with
electric field of the GaAs collector (due to inter-valley transfer
of electrons in the conduction band) directly influences the dis-
tortion characteristics of GaAs HBTs.

III. A NALYSIS OF BASE–COLLECTORCHARGE NONLINEARITY

Simple relationships between and linearity fig-
ures-of-merit IP2 and IP3 are derived here. The analysis
is based on the simple small-signal model shown in Fig. 6.
Circuit elements have been lumped together to simplify the
analysis. represents the total source resistance (including
base resistance contributions) and represents the total load
resistance (including collector resistance). The charge of the
device is assumed to be dominated by the input capacitance,

. includes the effect of (augmented by the Miller
effect) and is given by

(2)

where is the unity current gain frequency with a load resis-
tance (“loaded ”).

The relationship between the output and input voltages are
derived to be

(3)

By substituting (2), we get

(4)

To simplify the expression further, a high-frequency approx-
imation is made, which
results in

(5)

The nonlinearity of the circuit is contained in the fact that
is a function of and . As the output voltage

varies as , and vary according to
and . is expanded as

an approximation given by

(6)

As shown in Fig. 3, the variation of with is significantly
larger than with , thus, the derivatives with respect to
can be approximately neglected. Also, at larger values of
( V in the case of the device in Section II), the de-
pendent nonlinearity due to becomes small, and this non-
linearity is neglected in the analysis.

Substituting (6) into (5), we obtain the incremental output
voltage

(7)

where the derivatives are evaluated along the load line. This
equation is of the form

(8)

To obtain the desired output–input relationship

(9)

the substitutions , , and
are made.

Using the relationship between and the coefficients

(10)

approximations for IP2 and IP3 are made as follows:

(11)

(12)

Fig. 7(a) shows an versus plot obtained from simula-
tions of a large-signal HBT model [4], [12] at V of a
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(a)

(b)

(c)

Fig. 7. (a)f versusJ simulated with a large-signal HBT model[4], [12] at
V = 4 V. (b) SimulatedIP2h, IP3h, and IP3 versusJ atV = 4 V. (c)
Normalized calculated IP2 and IP3 versusJ .

representative HBT device, and Fig. 7(b) shows corresponding
distortion curves. At this bias, the collector is fully depleted
and the nonlinear contribution from should be very low.
Applying (11) and (12) using the data in Fig. 7(a), an estimate
of where the peaks and troughs occur in the distortion curves can
be made, as shown in Fig. 7(c). Fig. 7(c) was simply constructed
by performing a polynomial fit to the versus characteris-
tics of Fig. 7(a), and then applying (11) and (12) with arbitrary
constants (representing other sources of distortion) to adjust the
levels of IP2 and IP3. The agreement between the shapes of the
corresponding curves is striking.

Equation (11) states that to minimize second-order distortion
due to transit time, the device should be biased at a current where
the slope of versus is at a minimum and the magnitude
of is at a maximum. Fortunately, these two conditions are si-
multaneously met at the peak, denoted by Bias A in Fig. 7(a).
According to (12), the third-order distortion due to transit time
is more complex since both the slope and curvature ofare
involved. It can be seen from Fig. 7(b) and (c) that any signifi-
cant curvature in the versus characteristics is detrimental
to third-order distortion. Accordingly, a local minimum in IP3
exists where the curvature is at a maximum (at peak) and the
peak in IP3 occurs where the curvature is small at Bias B. More
specifically, the peak in IP3 occurs when the sum of the terms in
(12) is at a minimum. Since the slope and curvature cannot be
typically minimized simultaneously (unless thebehavior of
the device is designed to be flat), there is a tradeoff in optimizing
second- and third-order distortions. A more detailed analysis of
high-frequency distortion in HBTs will be presented in [9].

IV. DESIGNSTRATEGY FORLINEAR BROAD-BAND AMPLIFIER

The design methodology for a linear broad-band power
amplifier takes advantage of the peaks in the second- and
third-order distortion presented in Section III. Two 24-dBm
four-stage distributed power amplifiers optimized for second-
and third-order distortions were designed with a decade of
bandwidth. To minimize the distortion from , is set
high to fully deplete the collector. This condition is easily met
in this design since has to be set as high as possible to
maximize output power. Considering the breakdown voltage of
the device, a value of 7.5 V was chosen for the design. The
bias current is selected by considering the maximum power and
load line for class-A operation. Since the power requirements
are limited by the load (50 ) and bias voltage, both amplifiers
are designed to have the same bias current conditions. Deter-
mining the currentdensitybias then becomes the critical design
point to achieve high linearity. As mentioned in Sections II and
III, to minimize the second harmonic distortion, the current
density should be set where the peaks (at Bias A) and to
minimize third harmonic and third-order intermodulation (IM3)
distortions, current density should be set at Bias B. Setting the
current density is done by properly scaling the areas of each
cell.

After the bias points are selected, the input and output
matchings are done using standard distributed amplifier de-
sign methodology. A major design issue for HBT distributed
amplifiers is that the diffusion capacitance dominates the
effective input capacitance [10]. This limits the bandwidth of
the amplifier. The limitation is further exacerbated for power
amplifiers since the diffusion capacitance is proportional to the
bias current. To alleviate this problem, a coupling capacitor
is placed in series with the input to reduce the effective input
capacitance at the cost of gain [11]. Emitter resistor ballasting
further reduces diffusion capacitance, though its main purpose
is for thermal management. To simplify testing, the biasing of
the input and output is achieved through bias tees.

In the design process, it is beneficial to use an HBT model
that accounts for effects that influences the shape of theversus
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(a)

(b)

Fig. 8. (a) Photograph of second-order amplifier MMIC. (b) Photograph of
third-order amplifier MMIC.

curve, such as field-dependent electron velocity and the Kirk
effect. An HBT model that includes these effects [12] was used
in the design process to accurately identify the appropriate bias
currents for optimum linearity.

Photographs of the completed monolithic microwave inte-
grated circuits (MMICs) are shown in Fig. 8(a) and (b) for the
second- and third-order amplifiers, respectively. The area of
each cell of the second-order amplifier is 62 14 m and
8 2 16 m for the third-order amplifier. The chip sizes of
the MMICs are 1.92 0.96 mm and 2.14 0.95 mm for the
second- and third-order amplifiers, respectively.

V. EXPERIMENTAL RESULTS

Measurement results for the amplifier that minimizes
second-order nonlinearity (DA2H) and for the amplifier that
minimizes third-order nonlinearity (DA3H) are summarized in
Sections V-A and B.

A. Second-Order Amplifier

The frequency response of the amplifier was evaluated using
an Agilent 8510C network analyzer. Although DA2H was op-
timally designed for low second harmonic distortion (Bias A),
it can also be biased at the optimal third-order distortion point
(Bias B) by reducing the current to the appropriate value. Fig. 9
shows the -parameters measured at the two bias points. It is
evident that the -parameters for the two biases look very sim-
ilar although the bias current densities are different. This is at-
tributed to the fact that the input and output impedances of each
stage are predominantly determined by the value of the cou-
pling capacitor and the emitter ballasting resistors. The gain is

Fig. 9. Measureds-parameters of DA2H at Bias A and Bias B.

7.5 1 dB with 0.5–11-GHz bandwidth. Good input and output
matches are also obtained within this bandwidth.

Harmonic-distortion measurements were made at the two
bias points. Fig. 10(a) shows a single-tone power sweep at
1 GHz and Fig. 10(b) shows a similar measurement at 5 GHz.
At 1 GHz, is at 25 dBm for Bias A and 23 dBm for Bias
B. Although the two bias points have similar gain, it is evident
that the second and third harmonic-distortion components are
strikingly different. For Bias A, the second harmonic-distortion
component is low, while the third harmonic-distortion power is
relatively high. Since each cell is biased at thepeak, this be-
havior is consistent with the characteristics observed in Fig. 7.
For Bias B, the converse of what is observed for harmonic
distortion in Bias A occurs. Relative to Bias A, the second
harmonic distortion worsens due to an increase in the slope of

versus , and the third harmonic distortion improves due to
a decrease in the curvature ofversus . It can be observed
that the improvement or degradation in distortion power is very
significant (10–20 dB) between the two bias points. Also, this
biasing technique is effective in controlling harmonic distortion
for a wide range of output power. At higher output power, it
is evident that the second harmonic deviates from a 2 : 1 slope
and the third harmonic deviates from a 3 : 1 due to large-signal
nonlinearities caused by higher order distortion terms. Similar
trends in biasing are observed at 5 GHz, as seen in Fig. 10(b).
At this frequency, dB of the amplifier is 24.5 dBm for Bias
A and 22.5 dBm for Bias B. At dB of Bias A at 5 GHz, a
power-added efficiency (PAE) of 14.1% was measured. This
relatively low PAE is attributed to the inherent inefficiencies of
the standard distributed amplifier topology and the class-A bias
point. Much higher values of PAE can be obtained by biasing
at a lower quiescent current and designing more optimum input
and output matching networks.

To further understand the effectiveness of this broad-band de-
sign approach, harmonic and intermodulation distortions were
measured at small power levels over frequency. Fig. 11(a) shows
the second harmonic intercept (IP2h), third harmonic intercept
(IP3h), and third order (intermodulation) intercept point (IP3).
The tradeoffs in optimizing the second- and third-order distor-
tions are again evident between the two bias points. It can be
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(a)

(b)

Fig. 10. (a) Measured fundamental, second harmonic, and third harmonic
power versus input power at 1 GHz for Bias A and Bias B. (b) Measured
fundamental, second harmonic, and third harmonic power versus input power
at 5 GHz for Bias A and Bias B.

seen that this tradeoff is consistent over a wide range of fre-
quencies. Fig. 11(b) shows second and third harmonic distor-
tions measured at a fixed fundamental power of 20 dBm over
frequency. This fundamental output power level is large-signal
since it is only several decibels backed off fromdB. Similar
trends are observed between the two bias points and over fre-
quency.

B. Third-Order Amplifier

Fig. 12 shows an -parameter measurement of DA3H taken
at Bias B, which is the optimum linearity bias point for this am-
plifier. The gain between 0.5–11-GHz bandwidth is 5.30.5 dB.
The reduced gain compared to DA2H is attributed to the fact that
the area of each cell of DA3H is significantly larger. However,
the general shape of the-parameters look similar since they
are based on the same design.

Fig. 13 shows second and third harmonics versus output
power at 5 GHz for DA2H and DA3H at Bias A and Bias B,
respectively. The harmonics are plotted against output power
since the two amplifiers have dissimilar gains.dB for DA3H
is 25 dBm at 5 GHz, which is close to the one obtained for

(a)

(b)

Fig. 11. (a) Measured IP2h, IP3h, and IP3 versus frequency at Bias A and
Bias B. (b) Measured second and third harmonic distortion versus frequency at
a fundamental power of 20 dBm at Bias A and Bias B.

Fig. 12. Measureds-parameters of DA3H at Bias B.

DA2H at Bias A. More importantly, it is evident that the biasing
scheme is effective in optimizing the harmonic distortion
levels, where low third harmonic distortion is achieved at a
cost of second harmonic distortion. At a given output power,
the relative difference between DA2H and DA3H in harmonic
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Fig. 13. Comparison of measured second and third harmonic distortions of
DA2H at Bias A and DA3H at Bias B at 5 GHz.

Fig. 14. Comparison of measured IM3 distortion of DA2H at Bias A and
DA3H at Bias B at 5 GHz with 1-MHz tone spacing.

power is greater than 10 dB over a wide power range. Fig. 14
shows IM3 distortion measurements of the two amplifiers
at 5 GHz with 1-MHz tone spacing. As expected from the
results of discrete devices, DA3H at Bias B has significantly
better IM3 over a wide power range than DA2H at Bias A.
The experimental results from this design technique indicate
that DA3H achieves very good IM3 performance at the cost of
increased second harmonic distortion.

VI. CONCLUSIONS

A design approach for a linear InGaP/GaAs HBT broad-band
power amplifier has been presented. The circuit is based on
the distributed amplifier topology, and optimum linearity is
achieved through careful observation of the nonlinear bias
dependence of the base–collector charge. With this biasing
method, there is an inherent tradeoff in optimizing the second-
and third-order distortion components. Measurements indicate
that this biasing technique is applicable over a wide range
of frequencies. Ultimately, to minimize the high-frequency
distortion in HBTs, the bias dependence of and should
be minimized.
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