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Abstract—To accurately understand the linear characteristics
of a heterojunction bipolar transistor (HBT), we developed an an-
alytical nonlinear HBT model using Volterra-series analysis. The
model considers four nonlinear components: , di� , depl, and

. It shows that nonlinearities of and di� are almost com-
pletely canceled by nonlinearity at all frequencies. The residual

nonlinearity is highly degenerated by input circuit impedances.
Therefore, , di� , depl, and nonlinearities generate less
harmonics than nonlinearity. If is linearized, is the
main nonlinear source of HBT, and depl becomes very important
at a high frequency. The degeneration resistor is more effective
than for reducing nonlinearity. This analysis also shows
the dependency of the third-order intermodulation (IM3) on the
terminations of the source second harmonic impedances. The IM3
of HBT is significantly reduced by setting the second harmonic im-
pedances of 2 = 0 and = 0.

Index Terms—Heterojunction bipolar transistors, intermodula-
tion distortion, nonlinearity.

I. INTRODUCTION

T HE transmitters of the handsets of digital mobile commu-
nication systems require highly efficient linear power am-

plifiers [1]–[4]. Heterojunction bipolar transistors (HBTs) are
widely used for the amplifiers and their nonlinear behavior has
been extensively studied [4]–[12]. It is commonly known that

is the dominant nonlinear source and should be linearized to
reduce intermodulation distortions [7], [9]–[13]. is a deple-
tion capacitance and is a rather moderate nonlinear component,
which is surprising since HBT has highly nonlinear sources.
The dependence of the HBTs base currenton base-to-emitter
voltage is an exponential function, one of the strongest
nonlinearities found in nature. The same is true of its collector
current, , which is basically similar to . Furthermore, the
junction capacitance, which is primarily a diffusion capacitance,
is also strongly nonlinear. These exponential nonlinear behav-
iors are not seen in the nonlinear characteristics of HBT. Thus,
the measured high linear characteristics of HBT have motivated
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Fig. 1. HBT equivalent circuit with dotted capacitances for a high-frequency
operation.

many researchers to study the intermodulation (IM) mechanism
of HBT. The good linearity of HBT was attributed to the partial
cancellation between the IM currents generated from the expo-
nential junction current and the junction capacitance [5], or the
partial cancellation of IM currents from the total base-emitter
current and the total base–collector current [8]. According to
reference [10], it resulted from the almost complete cancella-
tion between the output nonlinear currents generated by the
emitter–base and base–collector current sources. It was also re-
ported that the emitter and base resistances linearize HBT output
[9]. Differing descriptions for the linear characteristics make it
necessary for a more complete explanation. To more accurately
gauge the characteristics of an HBT, an analytical nonlinear
HBT model, using Volterra-series analysis, was developed [14],
[15]. Based on the model, the fundamental nonlinear behavior of
an HBT is simulated and its physical characteristics are clearly
described.

II. BASIC DESCRIPTION OFBIPOLAR JUNCTION TRANSISTOR

(BJT) LINEAR CHARACTERISTICS

Fig. 1 shows the equivalent circuit of a BJT with base
and emitter degeneration resistances and . At a low
frequency, the capacitive elements are open circuited with

. In this case, all source voltage is applied to
the high-input resistance () of the BJT. Even though
is nonlinear, the voltage across it is constant. This constant
voltage is multiplied by the nonlinear . Therefore, is the
only nonlinear element, and the degeneration resistors linearize
the . The following equation describes the phenomenon:

(1a)

where

(1b)

As shown in (1b), for a large , becomes which has
an -dependent nonlinearity, and for a large , becomes
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which has a nonlinearity. Since is more linear than
, is a more effective degeneration resistor than. The

linearization effects of and can be clearly visualized by
using Voltera-series expansion of (1b)

(2a)

Here, the subscript “” refers to corresponding values at the bias
point. Since and are proportional to , the variations
are given by

(3)

Therefore, (2a) can be further simplified

(2b)

As can be seen from (2b), is a more effective degeneration
resistor than , by a factor of .

This physical picture becomes complicated at a high fre-
quency. The junction capacitances are not open circuited. The
emitter–base junction impedance is not high, and the source
impedance is usually conjugate matched to the input
impedance of the device. Many studies at a high frequency
indicate that is the major nonlinear element of the bipolar
transistor [9]–[13] and should be linearized. This is accom-
plished by using a thin collector layer, which is fully depleted
at a bias voltage, or by using a thick low-doped collector layer,
which is depleted by the injected electron charges [13]. In
those cases, becomes constant. When the nonlinearity
is eliminated, the linearity of the bipolar transistor improves
considerably, even though it has strong nonlinear elements.

We studied the linear characteristics of a bipolar transistor
using a Volterra-series analysis. The results of our study for the
circuit with linearized can be summarized as follows. For a
constant input voltage , the output current is given by

(4)

Here, is the junction impedance of ( ), and
is the input impedance given by

. Because , , and are linearly pro-
portional to , their nonlinear behaviors are identical. There-
fore, (4) indicates that is significantly linearized by the de-
vice internal characteristics, i.e., and nonlinearities are
canceled by nonlinearity. Although the origin of non-
linearity is different, it can be partially canceled by nonlin-
earity. Moreover, there are significant degeneration impedances,
as shown in the denominator of (4). This is the reason for the
high linearity of the bipolar transistor.

Fig. 2. HBT nonlinear equivalent circuit model.

Our calculation shows that if the base and collector ideality
factors are identical, and nonlinearities are completely
canceled out by the nonlinearity. The nonlinear current
sources from , and are connected to the parallel
circuit of and the remaining part of the input circuit.
Therefore, portions of the nonlinear currents
generated by the nonlinearities are not delivered to the output,
and the portion of cannot be canceled out. The residual
nonlinearity is equivalent to the low frequency nonlinearity,
with high degeneration resistances given in (1b). In short, the
major nonlinear source of HBT is . If is linearized,
with a large degeneration impedance is the major nonlinear
source. nonlinearity cannot be completely canceled
and becomes significant at a high frequency. The exponential
nonlinear sources are internally canceled. In the following
sections, we will give detailed analysis results.

III. N ONLINEAR CIRCUIT MODEL OF HBT

The simplified equivalent circuit of HBT used for our anal-
ysis is shown in Fig. 2. The base and collector nonlinear cur-
rent sources are represented asand , respectively. Further,
the base–emitter nonlinear capacitances appear as a charge.

is assumed to be linearized for a constant capacitance and
is omitted for nonlinear circuit analysis. This model includes all
important nonlinearities and is sufficient to represent the essen-
tial nonlinear properties of HBT.

The nonlinear elements are represented by the third-order ex-
pansion of the Taylor series. Under a small-signal condition, the
base nonlinear current source can be expanded in the vicinity of
its bias point, yielding

(5)

(6)

(7)

where represents the saturation current, is the ideality
factor of the base current, is dc base current, and is
thermal voltage, and and are the small-signal components
of and , respectively. Here, the coefficient ( 1/ ) is
linearized junction conductance.

The nonlinear current source at the base–collector junction
is given by

(8)
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Fig. 3. HBT linear circuit for fundamental component analysis.

where and represent the saturation current and ideality
factor of the collector current, respectively. The collector non-
linear current source is also expanded as

(9)

(10)

where is dc collector current, and is the small-signal com-
ponent of . The coefficient, is equivalent to .

The stored charge at the base–emitter junction,, is the
sum of diffusion and depletion charges

(11)

where is the base transit time of the minority carrier, and
is the emitter transit time, and is assumed to be comparable to

. is the emitter area, is the depletion width of the
emitter, and is the doping concentration of the emitter. It
can be also expanded as follows:

(12)

(13)

where

and

For simplicity, depletion approximation is used. is built-in
potential of base–emitter junction and is the base–emitter
dc bias voltage. is the small-signal component of . is
the base–emitter junction capacitance .

IV. SECOND-ORDER HARMONIC ANALYSIS

The linear equivalent circuit of the HBT used for the
first-order analysis is shown in Fig. 3. The first-order equa-

Fig. 4. HBT equivalent circuits for the second-order (i = 2) and third-order
(i = 3) intermodulation analyses.

tion for the base-to-emitter voltage at the excitation
frequency can be expressed by

(14)

The second harmonic circuit used for our analysis is shown
in Fig. 4. From the Volterra-series analysis given in Appendix I,
the output current at the second harmonic frequency is
given by

(A11)

where the coefficients and are given in (A12a) and (A12b)
of Appendix I. Here, is the portion of nonlinear currents from

, , and nonlinear sources flowing into and the
portion is multiplied by . Therefore, it cancels nonlin-
earity. is the portion of the nonlinear current, which flows
into the source side and the portion of nonlinearity cannot
be canceled. In the input circuit, the feedback term
does not contribute to any harmonic generations.

The first term in (A11) originates from the cancellation of
and nonlinearities. If the ideality factors of the current

sources are identical, the second-order IM distortion currents
are completely removed. The second term shows the cancel-
lation between and nonlinearities with the same be-
havior. The third term, generated from nonlinearity, can
be canceled by nonlinearity, but cannot be completely elim-
inated due to the different origin of sources. The last term is
the residual nonlinear portion. The coefficient of the
last term is identical to the highly degeneratednonlinearity
equation at the low frequency given in (1b). It can be expressed
at a low frequency as

(15)

For the numerical calculation of the nonlinear components
of HBT, we used the model parameters of the 320 m
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TABLE I
MODEL PARAMETERS OFHBT

Fig. 5. Second harmonic currents at the output from each nonlinear source.

emitter HBT built at Pohang University of Science and Tech-
nology (POSTECH), Pohang, Korea. This device can deliver
approximately 13 dBm of power. The parameters are summa-
rized in Table I. For the calculation, and are adjusted
to have impedance matching at the fundamental and harmonic
frequencies and the input power is60 dBm. Fig. 5 shows
the second harmonic currents of the HBT at rf frequencies. As
shown, , is much less than (harmonics from

nonlinearity) for the overall frequency. is about
5 dB less than at a low frequency, and is about 12 dB
lower at a high frequency. It is the result of a partial cancellation
of by (harmonics from nonlinearity) and
(harmonics from ). At a low frequency, is larger than

, but at a higher frequency, the situation is reversed. In ad-
dition, all currents start to decrease from about 3 GHz, because

starts to decrease due to the capacitance effect. Fig. 6 shows
the frequency-dependent values of the four terms of in
(A11). The cancellation between and nonlinearities
is significant for all frequencies, and the dominant nonlinear
sources are and for a low frequency, and are and

for a high frequency. At a low frequency, the perfect cancel-
lation of nonlinearity by nonlinearity using identical ide-
ality factors can enhance the second-order intercept point (IP2)
of the HBT.

Fig. 6. Magnitude of four terms composingI in (A11).

Fig. 7. IP2 levels of HBT calculated using the model parameters.

We have calculated IP2 of our HBT and the same HBTs with
some modifications. The results are shown in Fig. 7. The IP2
level of the HBT is flat below 1 GHz. Above 1 GHz, as
nonlinearity becomes larger than, and the IP2 level slightly
decreases with frequency. However, as the portiondecreases
with a frequency of about 4 GHz, the IP2 level rapidly increases
and finally becomes constant. In the case of identical ideality
factors of 1.3, the IP2 level is improved significantly at low fre-
quencies, because nonlinearity is perfectly canceled out by
some portion of nonlinearity. At higher frequencies, the de-
pletion capacitance nonlinearity is dominant and the linearity
improvement is minimal. For an AlGaAs/GaAs HBT, of the
graded E–B junction HBT is 1.0, while that of the abrupt junc-
tion HBT is from 1.1 to 1.3 [16]. Further, the of an HBT with
unpassivated extrinsic base region is around from 1.3 to 1.6,
while that of a passivated HBT is near 2.0 [17]. Therefore, the
unpassivated HBT with abrupt junction can have almost iden-
tical and , and can enhance IP2. However, the surface re-
combination is dispersive around the frequencies [18], and some
care should be taken. The IP2 level for an HBT with
is also calculated. As expected, the IP2 level is reduced because
the emitter degeneration has been removed.
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V. THIRD-ORDER HARMONIC ANALYSIS

We performed a similar analysis for the third-order intermod-
ulation (IM3). The detailed sequence of analysis for the cir-
cuit given in Fig. 4 is described in Appendix II. The third-order
output current is given by

(A22)

where the coefficients , and are given in Appendix II.
The and have the comparable meanings ofand in the
second-order analysis case.

The third-order output IM current in (A22) has a very sim-
ilar form to the second-order one. The first term of the equation
indicates that nonlinearity is partially canceled by non-
linearity, and it can be perfectly canceled for matched ideality
factors. The second term of (A22) indicates that the diffusion
charge part is also canceled by nonlinearity. The third term
shows that the distortion signal generated from the depletion ca-
pacitance is again incompletely canceled by some portion of that
which is generated from the nonlinearity. The last term is
residual nonlinearity and the degeneration resistances can
effectively reduce it.

Fig. 8 shows the magnitude of the third order nonlinear
currents of our HBT at RF frequencies. The basic behaviors
are quite similar to that of the second-order case. At a low
frequency, the nonlinear output current components from
and nonlinearities are larger than . Because of the
internal nonlinearity cancellation mechanism, is
approximately 10 dB less than the power of the nonlinear output
current from nonlinearity for the overall frequencies. Fig. 9
shows the frequency dependent values of the four terms of

in (A22). The cancellations between and , and
and nonlinearities are quite good for all frequencies.

Therefore, the dominant nonlinear sources for all frequencies
are and . The nonlinear current from becomes
comparable to term at 2 GHz and above. At a low frequency
(below 2 GHz), nonlinearity with a large degeneration
resistor creates IM3. Between 220 GHz, IM3 are generated
by and nonlinearities. At higher frequencies, the
dominant source is . Complete cancellation of and

Fig. 8. Third-order nonlinear currents at the output from each nonlinear
source.

Fig. 9. Magnitude of four terms composingI in (A22).

nonlinearities by nonlinearity using identical ideality
factors does not have any significant impact because they are
rather small quantities.

We also examined the degeneration effects of the emitter and
base resistances. Fig. 10 illustrates the surface of the IP3 level of
HBT for various and at 2 GHz. For , as
increases, the IP3 level of HBT monotonously increases, fol-
lowing the degeneration of nonlinearity. In the case of
, the effect of is negligible and is the dominant factor,

following the degeneration of nonlinearity. The maximum IP3
of HBT is obtained at and , which is
28.2 dBm. As increases further, the IM3 signal decreases.
However, the larger reduces not only the IM3 signal but
also the fundamental signal, and an optimum value of is
about 5 in our case. These degeneration resistors should be de-
signed to consider both the thermal ballast effect and lineariza-
tion. A study for optimum and design is currently under
investigation.

As can be seen from of (A17) and (A22), the third-order IM
currents are dependent on the second harmonic impedances of

and . We have calculated the IP3 of HBT for
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Fig. 10. Three-dimensional surface of IP3 level of our HBT as a function of
R andR .

the various source terminations at the second harmonic frequen-
cies. The IP3 can be enhanced by 3.5 dB by setting the second
harmonic impedances of and , which
are the optimum harmonic terminations.

VI. CONCLUSIONS

To clearly delineate the linear characteristics of an HBT, we
developed an analytical nonlinear HBT model using Volterra-
series analysis. Our model considers four nonlinearities:,

, , and . The analysis reveals that there is an in-
ternal cancellation mechanism of nonlinearities in a BJT. The
nonlinear currents from and , and and nonlinear-
ities are canceled quite well for all frequencies. Therefore,
is the main nonlinear source. If is linearized, is the main
nonlinear sources of the HBT. can be linearized using degen-
eration resistors. The degeneration resistor is more effec-
tive than for reducing nonlinearity, since linearizes
the -dependent nonlinearity while the dependent non-
linearity. The nonlinearity becomes important at a high
frequency. This analysis also provides the dependency of the
source second harmonic terminations on the linearity of HBT.
The IP3 of the HBT improves considerably by setting the second
harmonic impedances of and .

APPENDIX I
VOLTERRA-SERIES ANALYSIS OF THE

SECOND-ORDER COMPONENTS

The harmonics can be found by means of a Volterra-series
analysis. Fig. 4 shows the equivalent circuit for the second-order
nonlinear analysis. The second-order intermodulation currents
generated by the nonlinear base-emitter junction capacitance

, and by the nonlinear base and collector current sources
and are given by

(A1)

(A2)

(A3)

where is the first-order voltage phasor of at the exci-
tation frequency . Thus, the second-order IM current source
for the frequency of is given by

(A4)

(A5)

(A6)

Performing a linear analysis of this circuit, we find the base-to-
emitter junction voltage at the second harmonic as shown in
(A7) at the bottom of this page.

The output current at this second harmonic frequency
is

(A8)

Substituting (A7) into (A8) gives

(A9)

Equation (A9) is further simplified to

(A10)

(A7)
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(A11)

with

(A12a)

(A12b)

APPENDIX II
VOLTERRA-SERIES ANALYSIS OF THE

THIRD-ORDER COMPONENTS

Fig. 4 is applied to the calculation of the third-order IM com-
ponents. Since this circuit is identical to the second order circuit,
it can be analyzed in a similar manner. The third-order IM current
sources at the interesting frequency of are given by

(A13)

(A14)

(A15)

(A16)

where is shown in (A17) at the bottom of this page.
The third-order base–emitter voltage is calculated using the

equation which is similar to the second-order voltage, as shown
in (A18) at the bottom of this page.

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)
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Further, the third-order IM output current at this frequency
is given by (A19)–(A22), shown at the bottom of the previous
page, where

(A23a)

(A23b)
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