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AlGaAs/GaAs HBT Model Estimation Through the
Generalized Pencil-of-Function Method

B. L. Ooi, T. S. Zhou, and P. S. Kooi

Abstract—An efficient technique of extracting the small-signal
model parameters of the heterojunction bipolar transistor (HBT)
is proposed in this paper. The relation between the extrinsic and
intrinsic model parameters, which can be employed to drastically
reduce the search space, is studied in depth. For the first time, the
HBT transistor is characterized by describing -parameters with
a set of complex exponentials using the generalized pencil-of-func-
tion method. The reliable initial values of some extrinsic elements
can be determined from the set of complex exponentials. This novel
approach can yield a good fit between measured and simulated

-parameters.

Index Terms—AlGaAs/GaAs, generalized pencil-of-function
method, HBT, small-signal model.

I. INTRODUCTION

M ICROWAVE-CIRCUIT computer-aided design (CAD)
requires device models with excellent accuracy, espe-

cially for the active devices. The equivalent-circuit modeling
approach has commonly been used to characterize active de-
vices. In the past, different methods for the determination of
the heterojunction bipolar transistor (HBT) microwave small-
signal models were studied in depth and numerous improve-
ments on the HBT equivalent-circuit parameter-extraction tech-
niques have been proposed [1]–[7]. In these models, the conven-
tional method requires extra measurements or some approxima-
tions and is generally difficult, inaccurate, and time consuming.
Other methods, such as the optimization technique, which de-
pends on the starting values, may result in nonunique solutions
of the element values.

It is noted in [8] and [9] that there is a strong correlation
between the extrinsic and intrinsic model parameters of GaAs
MESFETs and, by explicitly using this correlation, a smaller
optimization search space is resulted. In this paper, the strong
correlation between extrinsic and intrinsic elements of the HBT
transistor is explored in depth. In addition, by applying the gen-
eralized pencil-of-function (GPOF) method, we can approxi-
mate the -parameters of the AlGaAs/GaAs HBT. The set of
complex exponentials, which provides less data manipulation
and storage, approximates the measured-parameters with ex-
cellent accuracy, as it is very robust in eliminating statistical
noise. Good initial values of the extrinsic elements in the HBT
small-signal equivalent circuit by using this set of complex ex-
ponentials can be obtained.
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Fig. 1. Equivalent circuit of AlGaAs/GaAs HBT. Inside the dashed
line denotes the intrinsic part, and the outside is the extrinsic part
� = � exp(�j!�).

II. EQUIVALENT CIRCUIT OF THE HBT TRANSISTOR

The adopted equivalent circuit is shown in Fig. 1. As indi-
cated in this figure, the intrinsic part of the HBT transistor is the
part that excludes the elements , , , , , and .
The respective intrinsic -parameters are described as

(1)

where

(2a)

(2b)

(2c)

(2d)

(2e)

(2f)

(2g)
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The extrinsic part of the transistor, which is located outside
the dashed box of Fig. 1, is related to the intrinsic part
through (3) and (4), shown at the bottom of this page, where

is the overall -parameters and is the extrinsic
-parameters.

III. A NALYTICAL DETERMINATION OF THE

EQUIVALENT-CIRCUIT ELEMENTS

As for the MESFET modeling, Ooiet al. [8] and Shirakawa
et al. [9] have shown the strong dependence of the intrinsic
parameters on the extrinsic parameters. In this paper, our main
effort is to identify the strong correlation between the intrinsic
and extrinsic elements for an HBT transistor equivalent circuit.
Once this kind of correlation is obtained, the extrinsic elements
can be optimized individually, and the intrinsic elements can
then be synthesized from the measurement data and extrinsic
elements.

The overall measured -parameters are first converted to
-parameters, and the intrinsic-parameters are obtained by

using (3) and (4). Based on the adopted HBT equivalent circuit,
the intrinsic elements at each frequency point are derived. The
detailed expressions are given as follows:

(5a)

(5b)

(5c)

(5d)

(5e)

(5f)

(5g)

Fig. 2. Comparison ofS-parameters between measured and calculated data.
Solid lines indicate measured values and crosses indicate calculated values using
the GPOF method.

where

(6a)

(6b)

(6c)

(6d)

(6e)
Equations (5a)–(6e) indicate that there is a strong correlation
between the extrinsic and intrinsic elements, and the change in
the intrinsic elements is solely governed by (5a)–(6e).

IV. DETERMINATION OF EXTRINSIC-ELEMENT VALUES FROM

THE SET OF COMPLEX EXPONENTIALS

The GPOF method has been described in detail in [10]–[12]
and, for brevity, it will not be discussed in this paper. In the
GPOF method, the objective is to fit a complex function by a
sum of damped complex exponentials, which is given as

(7)

(3)

(4)



OOI et al.: AlGaAs/GaAs HBT MODEL ESTIMATION THROUGH GPOF METHOD 1291

TABLE I
CALCULATED RESIDUES ANDPOLES FORf (k), f (k), andf (k)

where is the number of sampling data,
is theresidue, denotes thepole,and is thenumberofsingular
values of [10] that satisfies the ratio .

The set of complex exponentials can not only describe the
HBT microwave behavior, but can also give approximate infor-
mation on the initial values of the extrinsic elements for the iter-
ative determination of the equivalent circuit. The measurement
frequency range is from 0.2 to 18 GHz. The frequency step
is taken as 0.2 GHz. The total sampled data number is 90, and
the angular frequency is related to the sampling point by

(8)

where denotes the th sampling point, and is the th sam-
pling point in the angular frequency.

Following the GPOF method [10]–[12], we obtain various
residues and poles to express the-parameters as the sum of
complex exponentials. Fig. 2 show the comparison between the
measured and calculated-parameters. The solid lines indicate
the measured values and crosses indicate the calculated values
by the sum of complex exponentials using the GPOF method.

The total -parameters are then converted to the-parame-
ters. From (1)–(4), we obtain

(9a)

(9b)

(9c)

By approximating , ,
and individually as the sum of complex
exponentials, namely, and , we have

(10a)

(10b)

(10c)

where , , and . The values of and
for and are given in Table I, respectively.
Equating (9a)–(9c) with (10a)–(10c), and assuming up to the

second derivative continuity, the following simultaneous equa-
tions are obtained:

(11a)

(11b)

(11c)

(11d)

In order to obtain a high-order derivatives of
and , we apply the central-difference approximation
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Fig. 3. Algorithm.

method [13] with an error of order . Thus, the truncation
error for the first-order central-difference approximation is

. Similarly, the truncation error for the second-order
central-difference approximation is , and the trun-
cation error for the third-order central-difference approximation
is , where is the step size, and ( , , )
denotes the th-order derivative of the function ( , , ).

Based on (11a)–(11d) and by using the appropriate Taylor se-
ries expansions and the numerical differentiation approximation
to obtain the high-order derivatives of and ,
the values of , , and can be obtained. The values of

, , and are found to be ,
pH, and .

V. RESULTS AND DISCUSSIONS

In our method, the iterative algorithm is the same as that in
[8]. The initial values of , , and are determined as
in the above section. The initial values of the three remaining

TABLE II
EXTRACTED VALUES OFEXTRINSIC AND INTRINSIC ELEMENTS

Fig. 4. Comparison ofS-parameters between measured and simulated data.
Crosses indicate measured values and solid lines indicate simulated values.

extrinsic elements , , and are arbitrarily selected as
, pH, and pH. All element

values are updated by Levenberg–Marquardt method [8], [14]
in the iterations. The flowchart is given in Fig. 3.

Our modeled AlGaAs/GaAs HBT contains two emitter fin-
gers, each of which is 2-mm wide and 10-mm long. The biasing
condition is mA and V, and the frequency
range is from 0.2 to 18 GHz. In the numerical differentiation
approximation, we select the step size () as 0.01. The element
values extracted using our technique are shown in Table II. The
comparison between the measured and simulated-parameters
under the proposed technique for the AlGaAs/GaAs HBT is pre-
sented in Fig. 4. A close agreement between the measured and
simulated -parameters is noted from these figures.

In the conventional methods, the selection of the initial values
sometimes affects the final results. In our new method, the re-
liable initial values of some extrinsic elements are determined
automatically from the set of complex exponentials. Therefore,
the optimization efficiency and accuracy are greatly improved.
As compared with a pure optimization process, our optimiza-
tion process based on the GPOF method can result in less data
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TABLE III
COMPARISON OF THErms ERRORSBETWEEN SIMULATED AND MEASURED

DATA WITH THE DIFFERENTVALUES OFM

Fig. 5. Comparison ofS between measured and simulated data. Solid lines
indicate measured values and others indicate calculated values using our new
technique (crosses:h = 0:01, circles:h = 0:001, squares:h = 0:0001).

Fig. 6. Comparison ofS between measured and simulated data. Solid lines
indicate measured values and others indicate calculated values using our new
technique (crosses:h = 0:01, circles:h = 0:001, squares:h = 0:0001).

manipulation and storage. Moreover, it can also lead to faster
computation.

It is observed that and have some effects on the final
equivalent-circuit parameters and simulation results. If unsuit-
able values are used, the simulation results will be poor.
Table III shows the rms errors between measured and simulated
data with the different values of . Figs. 5–8 show the compar-
ison of the -parameters between the measured and simulated
data with the different step size (). From these figures, it is
noted that the selection of the step size has a great effect on the

Fig. 7. Comparison ofS between measured and simulated data. Solid lines
indicate measured values and others indicate calculated values using our new
technique (crosses:h = 0:01, circles:h = 0:001, squares:h = 0:0001).

Fig. 8. Comparison ofS between measured and simulated data. Solid lines
indicate measured values and others indicate calculated values using our new
technique (crosses:h = 0:01, circles:h = 0:001, squares:h = 0:0001).

final simulation results. For and , the ex-
tracted model element values are the same and excellent agree-
ment between simulated and measured data can be obtained.
However, for , the extracted model element values
are different and the final simulation results are also different.

VI. CONCLUSION

A novel approach for the HBT small-signal equivalent-circuit
parameters extraction has been introduced in this paper. The re-
lation between extrinsic and intrinsic elements is analyzed in
depth and the detailed expressions are obtained. A new tech-
nique for describing the high-frequency behavior of microwave
devices by using a set of complex exponentials based on GPOF
method is proposed. Excellent agreements between the mea-
sured and simulated values are achieved.
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