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Harmonic and Two-Tone Intermodulation Distortion
Analyses of the Inverted InGaAs/InAlAs/InP HBT

Bin Li and Sheila Prasad

Abstract—Harmonic and two-tone intermodulation distortion analyses
of the InGaAs/InAlAs/InP collector-up heterojunction bipolar transistor
(HBT) are performed by a simple Ebers–Moll model. The parasitic
elements of the equivalent circuit are extracted at zero bias by numerical
optimization. A semianalytical approach is used to extract the intrinsic
parameters of the small-signal equivalent circuit at nonzero bias points.
Appropriate equations given by device physics are fitted to the bias vari-
ation of intrinsic parameters so that the Ebers–Moll model parameters
can be extracted. Agreement between simulation and measurement of
harmonic and intermodulation distortion is achieved.

Index Terms—Distortion, heterojunction bipolar transistor (HBT), in-
termodulation.

I. INTRODUCTION

Heterojunction bipolar transistors (HBT’s) are presently used in
many analog and digital applications. Although small-signal models
for the HBT’s have been developed extensively, the same is not
true for large-signal HBT models. Several models, including the
numerical model, the conventional Gummel–Poon model, and the
modified Ebers–Moll model have been presented in [1]. Large-signal
HBT modeling is an ongoing effort, since this model is essential for
most practical applications [2]–[4].

This paper presents a simple Ebers–Moll model based on the quasi-
static technique which makes use of multibias scattering parameters
and dc measurements to extract a bias-dependent nonlinear equivalent
circuit model. The Ebers–Moll model is more accurate than the
Gummel–Poon model since it includes the transit time effects [1].
Section II gives the small-signal equivalent circuit of the collector-up
HBT and the method of extracting the small-signal parameters. The
bias-dependent intrinsic elements are also identified. The equations
governing the nonlinearity of the intrinsic elements and the method
of extracting the parameters of the Ebers–Moll model are given in
Section III. The comparison of simulation and measurement of har-
monic distortion, as well as the two-tone third-order intermodulation
distortion, is given in Section IV.

II. SMALL- SIGNAL MODEL OF COLLECTOR-UP HBT

The device under investigation is a 5� 10 �m2

InGaAs/InAlAs/InP-inverted HBT with fT = 23 GHz and
fmax = 20 GHz. The small-signal equivalent circuit of the device
[5], [6] is shown in Fig. 1. There is no base collector feedback
capacitor in the inverted HBT.Lb, Lc, Le, Cpbe, Cpbc, andCpce

are parasitic inductances and capacitances, respectively,Rb, Rc,
and Re are extrinsic resistances. The active portion of the HBT
is modeled by intrinsic elementsCe, re, Cjc, �, andRjc, where
� =

�

1+jf=f�
e�j!� . �F is the dc value of the transport factor,

� is the transit time of collector current, andf� is an � 3-dB
frequency. RF measurements indicate that the HBT under zero
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Fig. 1. Small-signal equivalent circuit of the inverted HBT.

bias (Ib = 0A; VCE = 0 V) can be represented by a passive
network. Therefore, in this case, the transport factor� is negligible.
Moreover, the dynamic resistance of the base–collectorp � n

junction and the base–emitterp � n junction is assumed to be very
large. The uncertainty of numerical optimization in zero bias can
be reduced. The initial values that are assumed in optimization
are calculated from the physical and geometrical parameters. The
parasitic elements,Cpbe, Cpbc, Cpce, Lb, Le, andLc, are obtained
from zero-bias numerical optimization and assumed to be invariant
with bias [6]. Their values are listed in Table I.

The other elements under nonzero bias are extracted by the
following analytical approach:

• convert thes-parameters toz-parameters and remove the para-
sitic series elementsLb andLc;

• convert thez-parameters toy-parameters and remove the para-
sitic shunt elementsCpbe, Cpce, Cpbc;

• convert they-parameters toh-parameters.

The elements of the equivalent circuit, excluding the parasitic
effects, are easily extracted using the procedure described in [7].

The elementsRb, Le, Re, and Rc are basically constant over
the entire frequency range of interest and do not show significant
variation with bias. Therefore, these elements can be considered to
be fixed. The bias-dependent elements areCe, Cjc, Rjc, �F , � , f�,
andre. It has been shown that the consideration of the bias variation
of these elements is sufficient for accurate small-signal modeling [5],
[6].

III. L ARGE-SIGNAL MODEL

The large-signal equivalent circuit is shown in Fig. 2. For the large-
signal model, the following equations are used to characterize the
intrinsic elements

re =
nbekR

qIe
(1)

Ce = Cje + �F =re (2)

Cjc = Cjc0(1� V
0

bc=Vjc0)
�M (3)

Cje = Cje0(1� V
0

be=Vje0)
�M (4)
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Fig. 2. Large-signal equivalent circuit of the inverted HBT.

Ie = IsR(e
qV =n kT

� 1) at Vbe = 0 (5)

Ic = IsF (e
qV =n kT

� 1) at Vbc = 0 (6)

�F ISF = �RIsR: (7)

The description of the symbols is given in Table I. Equations
(1)–(7) are given by device physics [8] and the corresponding currents
and voltages are those of the intrinsic device. In the small-signal
device model, the plot of(Re+re) versus1=Ie is used to extractnbe
[1] (shown in Fig. 3).�F is extracted from (2).Cjeo, Cjc0, Vje0, Vjc0
are extracted from (3)–(4) by fitting them to bias-dependent intrinsic
capacitance elements.Mje is assumed to be 0.5 for the abrupt
emitter–base junction.Mjc is assumed to be 0.33 for the graded
base–collector junction.IsR andnbc are extracted from the inverse
Gummel–Poon curve.IsF is extracted from forward Gummel–Poon
curve. The transit time of collector current� is incorporated in the
frequency dependence of�. �R is obtained from (7). The variation
of � (�0; f�; �) with bias is not included in the present model.�0,
f�, and� at the applied bias are used for simulation in the overall
power excitation range.

During dc measurements, the base currentIb and collector-emitter
voltageVce are applied, the base–emitter voltageVbe and collector
currentIc are measured. Given the extrinsic values of voltage and
current, the intrinsic base–collector voltage, base–emitter voltage, and
emitter current are defined by the following equations:

Ie = Ic + Ib (8)

V
0

be = Vbe � IeRe � IbRb (9)

V
0

bc = Vbc � IbRb + IcRc: (10)

Equations (8)–(10) are used to fit the bias variations of the intrinsic
element values and the corresponding parameters of the model are
determined. The model parameters are listed in Table I.

IV. SIMULATION OF HARMONIC DISTORTION

A large-signal equivalent-circuit model has been developed using
LIBRA [9]. The harmonic distortion analysis has also been per-
formed. The simulation was performed at 6 GHz withVce = 1:2

V andIb = 150 �A corresponding to anIc = 4:5 mA. Fig. 4 shows
the measured and simulated fundamental and second harmonics.
The maximum deviations between measurement and simulation are
as follows: 0.4 dB for the fundamental and 3 dB for the second
harmonic.

TABLE 1
EBERS–MOLL MODEL PARAMETERS FOR THEINVERTED HBT

Fig. 3. Re + re versus1=Ie.

This investigation also indicates that the transit time delay� and
base–emitter junction-ideality coefficient have a significant effect
on the simulated results. In the simulation, the source impedance
and load impedance are assumed to be 50
. The source and load
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Fig. 4. The measured and simulated harmonic-distortion result of the in-
verted HBT atVce = 1:2 V, Ib = 150 �A.

Fig. 5. Two-tone third-order intermodulation distortion of the inverted HBT
at Vce = 1:5 V, Ib = 170 �A.

impedances at fundamental and second harmonic frequencies are also
measured. Simulation results with the measured impedances do not
show significant differences.

The two-tone third-order distortion simulation is performed to
verify the resulting HBT model. The harmonic-balance simulator in
LIBRA1 was used in this simulation. Fig. 5 shows the measured and
simulated distortion at the bias ofVce = 1:5 V, Ib = 170 �A. A
bias point different from that used in harmonic-distortion analysis

1HPEEsof, Westlake Village, CA,Libra, series 4.0, 4.0 ed.

is chosen to verify the validity of the proposed model. Both bias
points are for class AB power application. The two fundamental
signal frequencies are 6.02 and 6.08 GHz, respectively. The third-
order intermodulation distortions are average at 5.96 and 6.14 GHz.
The source and load impedances are again assumed to be 50
. The
difference between simulation and measurement is well within 1.5
dBm.

V. CONCLUSION

A simple Ebers–Moll model for predicting the nonlinear perfor-
mance of the inverted HBT has been presented. It is based on the
experimental characterization of the frequency and bias-dependent
behavior of the device small-signals-parameters. The model param-
eters are deduced by fitting the bias-dependent intrinsic elements
to the underlying equations from physics. The good agreement
between measurement and simulation of harmonic and two-tone
intermodulation distortions shows that this simple Ebers–Moll model
is valid and useful in applications where nonlinearity is important.
It avoids the complexity of the Gummel–Poon model, while the
requirement of good agreement between measurement and simulation
can be satisfied.
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