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Abstract—This paper presents, for the first time, a novel
nonlinear model for accurate dc, small-signal, and noise char-
acterization of AlGaAs–GaAs heterojunction bipolar transistors
(HBT’s). A new set of equations are introduced to take into
account the bias, temperature, and frequency dependencies in
noise calculations. This model provides significant improvement
in predicting small-signal noise for HBT-based circuits. We also
present an integrated method for accurate HBT model parameter
extraction by fitting the dc, multibias s-parameter, and noise
measurements simultaneously. The extracted model provides ac-
curate small-signal, dc current, and noise characteristics. This
technique is general and can be used for parameter extraction of
other microwave devices such as MESFET’s and high electron
mobility transistors (HEMT’s). Our new HBT model is validated
using devices from different foundries. An integrated parameter
extraction technique is demonstrated for a foundry HBT and
excellent results are obtained.

Index Terms—Heterojunction bipolar transistors, microwave
devices, modeling, parameter estimation.

I. INTRODUCTION

W ITH the increasing demand of high speed and high
signal-to-noise ratio (SNR) in analog and digital com-

munication, high-frequency and low-noise circuits and systems
are becoming more important. This leads to immense interest
in the application of heterojunction bipolar transistors (HBT’s)
for high-speed digital and microwave circuits. HBT’s, com-
bining high transconductance, output resistance, and power
density with high breakdown voltage [1], are rapidly becoming
viable candidates for low-noise amplifier (LNA) applications
across the entire microwave frequency spectrum and well into
the millimeter bands. A particularly important application is
in monolithic microwave integrated circuits (MMIC’s) where
highly accurate bias and temperature-dependent noise models
are critical for first pass design success.

Accurate device models are critical to the success of the
design of nonlinear microwave circuits such as amplifiers,
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oscillators, mixers, receivers and synthesizers [2]–[5], partic-
ularly in MMIC design [6]. Many HBT models have been
developed during the last two decades using Monte Carlo
methods [7], [8] and models based on the Gummel–Poon (GP)
bipolar junction transistor (BJT) model [9], [10]. However,
these models suffer from either computationally intensive or
inadequate device performance prediction, especially in noise
characterization.

Low-noise microwave circuit design engineers are often
frustrated that the noise responses of the fabricated circuits are
quite different from the results obtained using CAD programs.
They may need several design passes to meet specifications.
Even in mixer designs the noise of the fabricated circuits may
be significantly higher than that predicted by the CAD tool.
The discrepancy arises primarily from the poor estimation of
the device noise figure.

Parameter extraction by fitting the model responses to
measurements is the primary method to obtain the model
parameter values of equivalent circuit models. Conventionally,
parameter extraction is based on dc,-parameter, and large-
signal measurements (e.g., [11]–[13]). The models extracted
are suitable for dc, small-signal, and large-signal analysis.
However, noise analysis with these models often contains
substantial errors.

In this paper, a novel HBT model for high-frequency
and low-noise applications is presented. This model is based
on a new formulation which takes into account the bias,
temperature, and frequency dependencies of the device noise
characteristics to provide accurate performance prediction.
Two types of noise equivalent circuits, a linearized tee-model
and a hybrid- model, are derived from the modified GP model
described in [14]–[17]. Self-heating effects are also taken into
consideration using the thermal equivalent circuits.

We also present an integrated parameter extraction approach
by fitting the model responses to the dc, multibias-parameter,
and multibias noise measurements simultaneously. The models
extracted not only provide precise characterization of device
small-signal and dc responses but also give accurate prediction
of device noise performance. The models can be used in
a variety of applications for small-signal and large-signal
analysis as well as noise analysis. The advantages of our
approach become more significant in the design of low-noise
microwave circuits.

Our new HBT model is presented in Section II. The in-
tegrated parameter extraction technique is addressed in Sec-
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Fig. 1. Three parts of equivalent circuit for HBT model.

Fig. 2. A typical equivalent circuit representing package parasitics of HBT’s.

tion III. HBT model validation using devices from various
foundries is given in Section IV. Section V demonstrates the
HBT model parameter extraction for a foundry device. Two
models are extracted: Model 1 is based on dc and-parameter
measurements while Model 2 is based on dc,-parameter,
and noise measurements. Model 1 shows large errors in noise
performance even though the dc and-parameter fits are good.
Model 2 provides accurate prediction in dc,-parameter, and
noise responses.

II. HIGH-FREQUENCY HBT MODELING

The equivalent circuits of our HBT model consists of
three parts: intrinsic circuit, device parasitics, and package
parasitics, as shown in Fig. 1. The device and package par-
asitics play a very important role in high-frequency modeling.
Without considering these parasitics, the model would not
be able to predict the ac performance accurately. A typical
equivalent circuit representing package parasitics is shown in
Fig. 2. The schematic of the intrinsic, extrinsic, and thermal
circuits for our HBT model is depicted in Fig. 3. This circuit
is a modified GP model implemented in SPICE [18]. The
base resistor in the original GP model is split into
and and a base capacitor is added between these
two resistors. This modification is necessary for accurate HBT
characterization at high frequencies. Additional base resistors
and capacitors have been added to the model in [19] for the
SPICE equivalent circuits. However, these components are
external to the device and noise correlation is not able to be
taken into account in SPICE simulators. In our paper,

and are inside the device model incorporated into
the harmonic balance simulator [20] which takes into account
the noise correlation and provides a much more accurate noise
prediction. The detailed dc, capacitance, and transient-time
equations of the model are available in [20] which is derived
from [10] and [15].

Fig. 3. Schematic of the intrinsic, extrinsic, and thermal circuits for the HBT
model.

Fig. 4. The linearizedT model for small-signal and noise calculations.

A. DC and Small-Signal Model

Using the intrinsic base–emitter voltage and collec-
tor–emitter voltage shown in Fig. 3 as state variables, we
can write the HBT model equations as

(1a)

(1b)

(1c)

(1d)
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Fig. 5. The linearized hybrid-� model for small-signal and noise calculations.

which indicate that the extrinsic base current, collector cur-
rent , base–emitter voltage , and the collector–emitter
voltage , as shown in Fig. 2, are functions of model
parameters , state variables and , and temperature

. The device temperature is also dependent on the model
parameters and state variables. Any two equations in (1) can
be used to solve for the state variables. We use (1a) and (1d)
with a Newton method in our dc simulation to obtain the dc
operating points and produce constantversus curves.
For a fixed set of parameters, the Newton iteration is written
as

(2)

where and are the measured or applied base bias cur-
rent and collector–emitter voltage. The entries to the Jacobian
matrix can be obtained by derivating (1a) and (1d) w.r.t. the
corresponding state variable, for instance,

(3)

In our implementation, these entries are calculated analytically,
which significantly reduces the computational time compared
to the perturbation method used in other implementations (e.g.
[10], [15]).

After the dc bias point is obtained, a small-signal equiv-
alent circuit is then established by linearizing the model at
the bias point and this is used for-parameter and noise
calculations. Two types of small-signal models are discussed
in the following sections. As we will see, the bias, temperature,

Fig. 6. Flowchart for model optimization.

and frequency dependencies are taken into account in model
evaluations for small-signal and noise simulation.

B. Linearized Model

The equivalent circuit for the linearizedmodel is sketched
as Fig. 4. We add a collector–emitter resistor into the
conventional model [18] to provide more accurate device
performance prediction. is also critical in parameter ex-
traction for a good match between modeled and measured
responses. The intrinsic linerized parameters
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, and are functions of and obtained in
the dc simulation. For example,

(4)

where

and are illustrated in Fig. 3, and is the
ideal forward current gain.

For the noise responses, the minimum noise figure ,
the optimal noise reflection coefficient , and the equiva-
lent normalized noise resistance are calculated using the
following equations [16], [17].

(5)

The optimum source resistance is calculated by

(6)

with the optimum source reactance

(7)

and the normalized noise resistance

(8)

where is the operating frequency, is the cutoff frequency
of the ac common base current gain is the dc
current gain, and is the Flicker noise corner frequency.
The Flicker noise used for small-signal noise calculation is
different from the one used for large-signal noise evaluation
[20]. The coefficients and are calculated as follows:

(9)

(10)

(11)

where is a noise factor.

(a)

(b)

Fig. 7. Comparison of measured and modeled (our model and SPICE) noise
parameters, (a)FMin and (b)Rn, as a function of frequency forVCE = 2.0
V, IB = 428 �A.

In addition to the above calculation, the effect of the device
and package parasitic circuits are added to obtain the overall
noise responses using a common two-port noise evaluation
method.

C. Linearized Hybrid- Model

The equivalent circuit for the linearized hybrid-model is
shown in Fig. 5. The intrinsic linerized parameters

, and are functions of model parameters
and obtained in the dc simulation. For example,

(12)

The intrinsic noise model of this hybrid-circuit is de-
veloped by incorporating the correlation of the noise sources
and the frequency dependency of the noise sources. The
normalized noise correlation matrix can be written as

(13)
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(a) (b)

(c) (d)

Fig. 8. Bias dependency of the noise parameters versus collector current at 10 GHz, biased atVCE = 2 V and IB varied from 50 to 200�A: (a)
NF , (b) RN , (c) j�optj, and (d) 6 �opt.

where

(14a)

(14b)

(14c)

where is the Boltzmann constant, is the bandwidth,
is the electron charge, and are the intrinsic base and
collector currents, respectively, correspond to
the intrinsic matrix of the intrinsic model as shown in Fig. 5
(shaded region), and represents the real part of .

At zero frequency (dc), the noise power terms and
of the intrinsic device reduce to the SPICE shot noise model.
Also, the cross-correlation terms reduce to zero indicating that
there is no noise component common to both the collector
and base currents.

The intrinsic noise parameters are derived
from the correlation matrix of (13) as

(15)

(16)

(17)

(18)

Fig. 9. Temperature dependency of the noise figure at 10 GHz, biased at
VCE = 1 V and IB = 100 �A. Temperature was varied from 20�C to
100 �C.

where and are the real part and imaginary
part of , respectively.

III. I NTEGRATED PARAMETER EXTRACTION

In this section, we present integrated parameter extraction by
fitting the dc, multibias -parameter, and noise measurements
simultaneously.
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(a)

(b)

Fig. 10. Measured (discrete points) and modeled (solid lines) dc I–V curves
of (a) Model 1 and (b) Model 2.

A. Formulation of Integrated Parameter Extraction

The objective function for optimization in our integrated
parameter extraction include dc,-parameter, and noise mea-
surements. It is formulated as

(19)

where ’s are the model parameters to be extracted, is
the total error, and

(20a)

(20b)

(20c)

are the dc error, -parameter error, and noise error, respec-
tively. is the number of ports of the device. is the

(a)

(b)

Fig. 11. Measured (discrete points) and modeled (solid lines)S parameters
of (a) Model 1 and (b) Model 2 at bias pointIB = 0.3 mA andVCE = 1 V.

number of dc measurement points. and are, re-
spectively, the number of bias points and frequencies at which
the -parameter measurements are taken. is the number
of noise parameters and and are, respectively,
the number of bias points and frequencies at which the noise
measurements are taken. The’s and ’s are the model
responses and the corresponding measurements. The’s are
the weighting factors applied to the corresponding errors. The

denotes the least-squares norm. A Levenberg–Marquardt
optimization process was applied to

(21)

The dc, multibias -parameter, and multibias noise measure-
ments are simultaneously matched to the model responses
during optimization. A direct parameter extraction and sys-
tematic optimization strategy [21] can be used for efficient
model extraction.

B. Model Optimization

The optimization scheme consists of two iteration loops.
The first iteration loop is for dc simulation to obtain the dc
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(a)

(b)

Fig. 12. Measured (discrete points) and modeled (solid lines)S parameters
of (a) Model 1 and (b) Model 2 at bias pointIB = 0.3 mA andVCE = 2 V.

operation point as described in Section II. The second loop
is used for adjusting the model parametersto match the
model responses to the measurements. This procedure can be
described by the following algorithm.

Step 1: Initialize the model parameter.
Step 2: Initialize the state variables and .
Step 3: Perform a dc simulation at each bias point to obtain

the solution for state variables using the Newton
iteration of (2).

Step 4: Obtain the linearized small-signal circuit and calcu-
late the model responses including theparameters
and noise parameters at each bias point and fre-
quency.

Step 5: Calculate the objective function for optimization
using (19) and (20).

Step 6: If is optimal, stop. Otherwise, updateaccording
to the Levenberg-Marquardt optimization algorithm
and go to Step 2.

This algorithm is illustrated by the flowchart in Fig. 6.

IV. NOISE MODEL VALIDATION

We use the linearized hybrid- model for noise model
validation in this section and leave the linearizedmodel

(a)

(b)

Fig. 13. Measured (discrete points) and modeled (solid lines)S parameters
of (a) Model 1 and (b) Model 2 at bias pointIB = 0.3 mA andVCE = 3 V.

for integrated parameter extraction example which will be
discussed in Section V.

To validate the model, on-wafer bias and temperature-
dependent noise parameter measurements are performed using
the ATN-NP5 system for various foundries. Parameter extrac-
tion is performed using the procedure and model described
above.

Fig. 7 compares the measured and modeled noise param-
eters for a foundry HBT biased at 2 V and
428 A. Two models are compared with the measured result;
our model, referred to as‘Mod_PI’ and the SPICE shot
noise model (referred as‘MOD_SPICE’), used in SPICE
and harmonic balance simulators. From the results, it is
evident that at lower frequencies both models predict the
same, however, for reasons as explained earlier, at higher
frequencies the SPICE noise model deviates rapidly from the
measurements while our model is very consistent with the
measurements.

The next validation process is the model’s accuracy with
bias. For this case, the base current is varied from 50 to
200 A, and is set to 2 V. The frequency is 10 GHz.
Fig. 8 illustrates the bias-dependent noise characteristics for a
foundry HBT. Very good correlation is obtained between the
measured and modeled noise parameters.
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(a)

(b)

Fig. 14. Measured (discrete points) and modeled (solid lines) minimum noise
figures of (a) Model 1 and (b) Model 2 at bias pointIB = 0.3 mA and
VCE = 1 V.

Finally, the temperature-dependent model is validated as
shown in Fig. 9. The noise figure of the HBT is plotted versus
temperature in Kelvins. In this case, the device is biased at

1 V and 100 A and the temperature varied
from 293 K to 373 K (20 C to 100 C). We can see a very
good match between the measured and modeled results.

V. PARAMETER EXTRACTION OF AN HBT MODEL

Parameter extraction of an HBT model is carried out using
the linearized model illustrated in Section II.

The data used for parameter extraction include dc mea-
surements at 60 points, and-parameter measurements and
noise measurements at 9 bias points and 17 frequencies. Two
models are extracted: Model 1 using dc and-parameter
measurements while Model 2 using dc,-parameter, and noise
measurements. The modeled and measured dc responses are
plotted in Fig. 10. The modeled and measuredparameters
at three bias points are shown in Figs. 11–13. The modeled
and measured minimum noise figures at three bias points are
shown in Figs. 14–16. From Figs. 10–13, we can see that
the dc responses and parameters of both models match
the measurements very well. However, the noise responses of
Model 2 are much closer to the measurements than those of

(a)

(b)

Fig. 15. Measured (discrete points) and modeled (solid lines) minimum noise
figures of (a) Model 1 and (b) Model 2 at bias pointIB = 0.3 mA and
VCE = 2 V.

Model 1 which are illustrated in Figs. 14–16. If both models
are used for noise analysis in circuit design, Model 2 will
provide much more accurate results than Model 1.

VI. CONCLUSION

We have presented a novel nonlinear model for accurate
dc, small-signal, and noise characterization of AlGaAs–GaAs
HBT’s. Two linearized model topologies have been described.
Our model takes into account the bias, temperature, and
frequency dependencies for small-signal and noise calcula-
tions and provides accurate device performance prediction.
The model has been validated using devices from different
foundries. This model can be implemented into SPICE or
harmonic balance simulators thereby facilitating the design of
microwave integrated circuits which incorporate HBT’s. Our
novel innovative noise calculation method can be similarly
applied to the noise calculations of the FET device family.

We have exploited an integrated parameter extraction
method fitting dc, multibias -parameter, and multibias noise
measurements simultaneously. The models extracted using
this approach are capable of predicting the device small-signal
responses and dc characteristics as well as noise performances
accurately and can be used in a wide range of applications.
Microwave circuit design engineers will benefit from such
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(a)

(b)

Fig. 16. Measured (discrete points) and modeled (solid lines) minimum noise
figures of (a) Model 1 and (b) Model 2 at bias pointIB = 0.3 mA and
VCE = 3 V.

models to attain first-pass circuit design and thus reduce the
development cost. This creative technique is general and can
be used for parameter extraction of other devices.
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