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Abstract — A design strategy for a linear broadband
InGaP/GaAs HBT power amplifier is presented. This design
takes advantage of the bias dependence of the nonlinear base-
collector charge, expressed by the Cyc vs Vg and 1¢ vs I
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 tradeofl in optimizing the second and third order
distortions, This strong bias dependence of the nonlinear
base-collector charge and the tradeoff between the different
orders of distortion are verified on a 24dBm 0.5-11GHz
distributed power amplifier. To minimize high frequency
distortion in HBT amplifiers across a wide range of bias, it is
imperative to linearize the base-collector charge, where flat
Cpge V8 Vg and f, vs I characteristics are ideally desired.

I. INTRODUCTION

Wide bandwidth power amplifiers are essential in such
applications as broadband fest instrumentation (i.e. signal
sources) and cable television distribution. Typically in
these applications, high bandwidth and linearity are critical
specifications, and efficiency is a less important
requirement. One of the challenges in designing
broadband power amplifiers is to maintain high linearity
over the entire bandwidth, since narrowband linearization
techniques cannot be utilized. In this paper, we present an
intuitive design methodology for an InGaP/GaAs HBT
broadband power amplifier, which achieves high linearity
over a wide range of frequencies based on properly
identifying linear bias points from s-parameter data. More
specifically, the optimum bias points are chosen by
observing the nonlinear behavior of the base-collector
capacitance (Cgc) with collector-emitter voltage and of the
unity current gain frequency (f;) with collector current.

I1. BiAS DEPENDENCE OF DISTORTION IN HBTs

Experimental and analytical studies of weak
nonlinearities in GaAs HBTs have shed light on several
sources of distortion. The most apparent source of
distortion is due to the exponential relationship between
input voltage and the output current, quantified by the
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Fig. 1 a) f; vs Jc of a discrete HBT device at Vcg=4V.

b) Second harmonic intercept (IP2h), third harmonic intercept

{IP3h)}, and third order intercept point {IP3) at SGHz.
¢) Normalized plot of equations (1) and (2).
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transconductance (g,). This g, nonlinearity is dominant at
low bias currents and is inherently linearized by the base
and emitter resistances at high currents [1]. Another
identified source of distortion is the nonlinear behavior of
Cac with bias [2]. Experimental studies have shown
improved linearity by biasing the collector voltage high to
fully deplete the collector, which results in an
approximately constant Cgc. In addition, it has been
experimentally shown that the nonlinearity due to the base-
collector transit time (Tpc=15+17c) is a significant source of
distortion at high currents [3]. This nonlinearity can be
observed by plotting f; vs. J- and distortion vs. Jc as shown
in Figs. la and 1b. 175 and Tc are related to f; since 1/(2nf)
represents the total delay between the emitter and
collector. 1 represents the delay associated with the
minority carrier transport across the base region, including
the current induced base region due to Kirk effect. T
represents the delay associated with electrons traversing
the collector depletion region. At high current densities
below the onset of Kirk effect, the nonlinear behavior of f|
is predominantly influenced by tc due to the complex
variation of electron velocity with the electric field profile
in the collector depletion region. 1g, on the other hand,
does not become significantly nonlinear until base-pushout
occurs above the Kirk effect threshold current. It is
interesting to note that Cpc and Tc are related to each
other, since Cpc and 1c are derivatives of the base-
collector charge (Qgpc) with respect to Vpe and I,
respectively.  Therefore, it can be said that the
nenlinearities due to Cye and 1Tc are tied to a single non-
linear source, Qgc. It is also interesting 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 distortion
characteristics of GaAs HBTs.

The results of Fig. 1b can be elucidated by quantifying
the relationship between f; and distortion. Using a simple
small-signal model and assuming that the nonlinear
relation between Qpe and I (as implied by the f, vs I
relation) is the dominant source of nonlinearity, it can be
shown that the linearity figures of merit IP2 and IP3 are
related to f; by,
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Plots of these quantitics based on data from Fig. la are

shown in Fig. le¢ (with arbitrary constants of
proportionality). Agreement between the shapes of the
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corresponding curves is striking. It should be stressed that
Fig. lc was simply constructed by performing a
polynomial fit to the f; vs J¢ characteristics of Fig 1a and
then applying (1) and (2).

(1) states that to minimize second order distortion due to
transit time, the device should be biased at a current where
the slope of f; vs. J¢ is at a minimum and the magnitude of
fi is at a maximum. Fortunately, these two conditions are
simultaneously met at the f; peak. This relationship is
clearly evident in Fig, t and has also been experimentally
observed in Si BJTs [4].

According to (2), the third order distortion due to transit
time is more complex since both the slope and curvature of
f, are involved. It can be seen from Figs. 1b and 1c that
any significant curvature in the f; vs J¢ characteristics is
detrimental to third order distortion. The peak in IP3
occurs where the curvature is small and a local minimum
in IP3 exists where the curvature is at a maximum (at peak
f). Since the slope and curvature cannot be typically
minimized simultaneously (unless the f; behavior 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 [5].

HI. D}éSIGN STRATEGY FOR OPTIMIZED DISTORTION

A 24dBm four-stage distributed power amplifier
optimized for second order distortion was designed with a
decade of bandwidth. To minimize the distortion from
Cgc, Ve is set high to fully deplete the collector. This
condition is easily met in this design, since V¢ has to be
set high as possible to maximize output power. Also, the
bias current is selected by considering the maximum
power and load line for Class A operation. Determining
the current density bias is the critical design point to
achieve high linearity. As mentioned in the previous
section, to minimize the second harmonic distortion, the
current density should be set where the f; peaks (at Bias
A). This is done by properly scaling the areas of each cell.

SN e T

Fig. 2: Photograph of the HBT distributed power amplifier
MMIC optimized for second harmonic distortion
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After the bias point is selected, the input and output
matching is done using standard distributed amplifier
design methodology. A major design issue for HBT
distributed amplifiers is that the diffusion capacitance
dominates the effective input capacitance [6). This limits
the bandwidth of the amplifier and 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
[7]. Emitter resistor ballasting further reduces diffusion
capacitance, though its main purpose is for thermal
management. To simplify the testing, the biasing of the
input and output is achieved through bias tees. A
photograph of the completed MMIC circuit is shown in
Fig 2.

IV. MEASUREMENT RESULTS

The frequency response of the amplifier was evaluated
using the Agilent 8510C network analyzer, Although the
amplifier was optimally designed for low second harmonic
distortion (Bias A), it ¢an also be biased at the optimal
third order distortion point (Bias B) by reducing the
current to the appropriate value. Fig. 3 shows the s-
parameters measured at the two bias points. It is evident
that the s-parameters for the two biases look very similar
although the bias current densities are different. This is
attributed to the fact that the input and output impedances
of each stage are predominantly determined by the value
of the coupling capacitor and the emitter ballasting
resistors.  The gain is 7.5tIdB with 0.5-11GHz
bandwidth. Good input and output matches are also
obtained within this bandwidth.

Harmonic distortion measurements were made at the
two bias points. Fig 4a shows a single tone power sweep at
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Fig. 3: S-parameters measured at Bias A and Bias B
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Fig. 4: Second and third harmonic distortion at Bias A and Bias B:
a)1GHz and b)5GHz

1GHz and Fig 4b shows a similar measurement at 5GHz.
At 1GHz, P, gp is at 25dBm for Bias A and 23dBm 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 the f; peak, this behavior is consistent
with the characteristics observed in Fig. 1. 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 f, vs.
Jc and the third harmonic distortion improves due to a
decrease in the curvature of f; vs. J¢. It can be observed
that the improvement or degradation in distortion power is
very significant between the two bias points. Also, this
biasing technique is effective for a wide range of output
power. Similar trends are observed at SGHz as seen in Fig
4b. At this frequency, Pigp of the amplifier is 24dBm for
Bias A and 22dBm for Bias B.



To further understand the effectiveness of this
broadband design approach, harmonic and intermodulation
distortions were measured at small-signal power over
frequency. Fig. 5a shows second harmonic intercept
(IP2h), third harmonic intercept (IP3h), and third order
(intermodulation) intercept point (IP3). The tradeoffs in
optimizing the second and third order distortions are again
evident between the two bias points. It can be seen that
this tradeofT is consistent over a wide range of frequencies.
Fig. 5b shows second and third harmonic distortions
measured at a fixed fundamental power of 20dBm over
frequency. This fundamental output power level is large-
signal since it is only several dBs backed-off from Pgp.
Similar trends are observed between the two bias points
and over frequency. In general, to optimize both second
and third harmonic distortions, the optimum bias point lies
somewhere between Bias A and Bias B. From the view of
the device, it is desirable to bias the current just below the
peak of the f, vs. Jc curve,
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Fig. 5 a) IP2h, IP3h, IP3 vs. frequency at Bias A and Bias B
b) Second harmonic and third harmonic powers vs. frequency
measured at 20dBm fixed fundamental output power

V. CONCLUSION

A design approach for a linear broadband power
amplifier was 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. Ultamately, to
minimize the high frequency distortion in HBTs, the bias
dependence of Cgc and f; should be minimized.
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