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Abstract—An accurate and broad-band method for the direct
extraction of heterojunction bipolar transistor (HBT) small-signal
model parameters is presented in this paper. This method differs
from previous ones by extracting the equivalent-circuit parameters
without using special test structures or global numerical optimiza-
tion techniques. The main advantage of this method is that a unique
and physically meaningful set of intrinsic parameters is extracted
from the measured -parameters for the whole frequency range
of operation. The extraction procedure uses a set of closed-form
expressions derived without any approximation. An equivalent cir-
cuit for the HBT under a forward-bias condition is proposed for ex-
traction of access resistances and parasitic inductances. An experi-
mental validation on a GaInP/GaAs HBT device with a 2 25 m
emitter was carried out, and excellent results were obtained up to
30 GHz. The calculated data-fitting residual error for three dif-
ferent bias points over 1–30 GHz was less then 2%.

Index Terms—Broad-band parameter-extraction method,
closed-form expressions, heterojunction bipolar transistors.

I. INTRODUCTION

FOR THE development of microwave circuits using hetero-
junction bipolar transistors (HBTs), it is essential to use

an accurate HBT equivalent-circuit model for simulating cir-
cuit performances. The properties of this model should satisfy
the following criteria: 1) the topology of the equivalent cir-
cuit model has to be selected by considering the device elec-
trical response and 2) the model parameters-extraction proce-
dure should be efficient and systematic.

Several papers have reported HBT small-signal equiva-
lent-circuit parameter-extraction methods. Most of them are
based on numerical optimization routines aiming the best fit of
the model-calculated-parameters to the measured ones. How-
ever, the resulting parameter values might be nonphysical and
most of the time depend on the of initial-guess values. In order
to ovoid this problem, several authors have proposed some ana-
lytical or semianalytical parameter extraction techniques. Costa
et al. described in [1] a direct parameter-extraction technique,
where special test structures were designed and measured
for the calculation of the parasitic parameters. The frequency
dependency of the equivalent-circuit model parameters was dis-
cussed in [2], allowing a direct extraction of certain parameters.
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The remaining parameters ( , , , and ) are extracted
using numerical optimization. An alternative approach for
small-signal modeling of HBTs was also proposed in [3],
where certain assumptions and optimization steps were used.
Another direct extraction procedure for HBTs was developed
in [4], where the effect of pad capacitances was neglected and
the measured-parameter under open-collector bias conditions
were utilized to determine the extrinsic parameters. Recently,
an approach combining analytical and optimization routines
for parameter-extraction purposes was reported in [5], in which
dc and multibias RF measurements are used in conjunction
with a conditioned impedance-block optimization approach.
Finally, Li et al.have proposed in [6] a parameter-extraction
approach that combines analytical and empirical-optimization
procedures. In this approach, the derived circuit equations
are simplified by neglecting some terms depending on the
frequency range (low–middle–high frequencies) where the
model parameters are extracted.

Most of these techniques were based on the use of device’s
frequency behavior, but some assumptions and approximations
are made in order to derive the equivalent-circuit equations. This
introduces an uncertainty in the obtained parameter values de-
pending on the accuracy and validity of the assumptions. In
practice, and due to the diversity of the process technology and
device geometry, these assumptions and approximations need
to be modified and adjusted for different processes and devices.
In order to design both analog and digital applications, an accu-
rate and systematic extraction technique is essential to precisely
model the device performance from dc to millimeter-wave fre-
quencies [7].

Based on [8], this paper presents the essence with details of
the HBT small-signal model extraction technique. This paper
is organized as follows. In Section II, the methodology of de-
riving closed-form equations describing the intrinsic part of the
device equivalent circuit is presented. Section III then discusses
the basic procedure for extracting the small-signal element pa-
rameters. Section IV gives the extraction results and discussion.
Conclusions are presented in Section V.

II. THEORETICAL ANALYSIS

The HBT small-signal equivalent circuit is shown in Fig. 1.
This circuit is divided into two parts, i.e., the outer part contains
the extrinsic elements, considered as bias-independent, and the
inner part (in the dashed box) contains the intrinsic elements,
which are supposed to be bias dependent.

In order to facilitate the extraction of the intrinsic parameters,
we compact the intrinsic part of the device equivalent circuit
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Fig. 1. Small-signal equivalent circuit of the GaInP/GaAs HBT.

shown in Fig. 2 using the well-known transformations
shown in detail in Fig. 3. The final circuit is shown in Fig. 4.

Since the intrinsic device exhibits a topology, it is conve-
nient to use the admittance () parameters to characterize its
electrical proprieties. These parameters are defined as follows:

(1)

(2)

(3)

(4)

With ,

Fig. 2. Intrinsic part of the HBT small-signal model.

Fig. 3. Application of theT $ � transformations to the HBT device intrinsic
equivalent circuit.

and

III. SMALL -SIGNAL MODEL PARAMETER EXTRACTION

A. Extraction of Parasitic Elements

The first step in determining the equivalent-circuit elements
is the accurate extraction of extrinsic element values. Some of
the pad capacitances, pad inductances, and contact resistances
are relatively small, but have significant influence on the ex-
traction of the intrinsic elements. Thus, their values have to be
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Fig. 4. Compacted equivalent circuit of the intrinsic HBT small-signal model.

Fig. 5. Equivalent circuit of the HBT device at open-collector bias condition.

Fig. 6. Evolution of the total base resistance fromreal(Z � Z ) as a
function of the currentI , freq = 1:6 GHz.

Fig. 7. Plot ofreal(Z ), real(Z ), and real(Z � Z ) versus1=I ,
freq = 1:6 GHz.

Fig. 8. Evolution of the imaginary part of theZ-parameters versus! when
the device is forward biased (I = 60 mA).

determined with great accuracy. As reported in [9], the extrac-
tion of parasitic elements is made by biasing the device first in
forward operation (high current ) in order to extract the par-
asitic resistances ( , , ) and inductances ( , , ).
The device is then biased in the cutoff operation mode a second
time, thus permitting the extraction of the parasitic capacitances
( , , ).

B. Extraction of Parasitic Inductances and Access Resistances

These parameters are determined from open-collector bias
condition [4], where the base–collector and base–emitter junc-
tions are in such forward condition that the collector current is
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Fig. 9. Equivalent circuit of the reverse-biased HBT device.

Fig. 10. Evolution of the imaginary part of theY -parameters versus! when
the device is reverse biased (V = �3 V).

cancelled out. At high base current densities, the base–emitter
and base–collector junctions capacitances have low impedances
and low junction dynamic resistances short them. That is why
the imaginary parts of -parameters of the equivalent circuit are
dominated by the parasitic inductances of the device. In such an
operation mode, the HBT equivalent circuit is shown in Fig. 5.
This circuit is more valid than that used in [9] since it is not per-
fectly symmetric, more physical, and illustrates how to calculate
with detail the different parameter values.

The -parameters of this circuit are defined by the following
equations:

(5)

(6)

Fig. 11. Evolution of the measured capacitances (C +C +C ), (C +
C ), and (C ) versus the expression(1� (V =V )) .

Fig. 12. Plot ofim(Z =Z ) versus! for the calculation ofR C (V =
2 V, I = 10 mA, I = 50 �A).

(7)

(8)

where and are dynamic resistances of the base–emitter
and base–collector junctions, respectively, and their expressions
are given as follows:

(9)

(10)

is the dc transconductance and is the total base
resistance, which depends on the injected forward base current

.
The extrinsic resistances are determined at low frequency

from the real parts of the calculated-parameter as follows:

(11)
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Fig. 13. Plot of!C versus! (V = 2 V, I = 10 mA, I = 50 �A).

Fig. 14. Plot of!R versus! (V = 2 V, I = 10 mA, I = 50 �A).

(12)

(13)

At high base current densities , the total base resistance
tends asymptotically to the access base resistance,

as shown in Fig. 6. Also at these high current densities,
and became very small ( ) and the real
part of , , and increase linearly as a function
of , as shown in Fig. 7. The extrapolated intercepts at the
ordinate ( ) of these lines give the value of and .

Fig. 15. Plot of!C versus! (V = 2 V, I = 10 mA, I = 50 �A).

Fig. 16. Plot of!G versus! (V = 2 V, I = 10 mA, I = 50 �A).

Fig. 7 shows also that the values of extracted from the
expressions of and are roughly the same,
and the existent discrepancy between the evolution of these two
expressions versus is explained by the fact the device at
the considered bias condition is not perfectly symmetric as pre-
dicted by (6) and (7). For the parasitic inductances, , and

, using (5)–(8), one can easily get their values from the imag-
inary parts of , , and , respectively
(Fig. 8).

C. Extraction of Parasitic Capacitances

The pad capacitances can be extracted or estimated from the
HBT under cutoff operation [9]. Under such conditions, the
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Fig. 17. Plot of!� versus! (V = 2 V, I = 10 mA, I = 50 �A).

Fig. 18. Measured (�) and model-calculated (�x�) S-parameter of a
2�25�m HBT device (1–30 GHz,V = 2 V, I = 10 mA, I = 50 �A).

HBT equivalent circuit of Fig. 1 is reduced to capacitance el-
ements only, and can be represented by the circuit shown in
Fig. 9.

From the -parameters of this circuit, we get

(14)

(15)

(16)

Fig. 10 shows the evolution of the-parameters of this cir-
cuit as a function of the frequency. In the above equations, the
parameters , , and are considered to be bias in-
dependent, while and (total base–collector junc-
tion capacitance) are bias-dependent elements. The output ca-
pacitance calculated from (16) keeps a constant value of
23.3 fF with varying the applied base voltage.

Fig. 19. Measured (�) and model-calculated (�x�) S-parameter of a
2� 25�m HBT device (1–30 GHz,V = 3 V, I = 5 mA, I = 50 �A).

Fig. 20. Measured (�) and model-calculated (�x�) S-parameter of a
2� 25�m HBT device (1–30 GHz,V = 3 V, I = 1 mA, I = 6 �A).

Both the base–emitter and base–collector junction capaci-
tances can be described by the following well-known expres-
sion:

(17)

The extraction of the parasitic capacitances and are
carried out by fitting and
to the expression , and this can be done by
varying iteratively the parameters values of and until the
resulting curve is a straight line. Thus, the extrapolated inter-
cepts at the ordinate of these lines give the values of parasitic
capacitance.

As shown in Fig. 11, the obtained values of and
are 82.9 and 14.5 fF, respectively. However, in the reality, and
as mentioned in [5], it is difficult to distinguish between these
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TABLE I
HBT SMALL -SIGNAL MODEL PARAMETER VALUES FOR THEEXTRACTED

BIAS POINTS

TABLE II
RESIDUAL DATA-FITTING ERROR FOR THEEXTRACTED BIAS POINTS

parasitic capacitances and their corresponding junction capac-
itances. That is why, in this extraction procedure, their values
were fixed to be zero, and if their presence exists, it will be sup-
posed to be absorbed by the junction capacitances.

D. Extraction of Intrinsic Elements

The calculated extrinsic parameters are then used to deembed
the measured-parameter of the device and deduce the intrinsic

-parameters defined by (1)–(4). We then calculate the param-
eters ( ) and using the following equations:

(18)

(19)

(20)

(21)

At this stage, the intrinsic parameters can be determined analyt-
ically for each bias point as follows.

• , where is the ideality factor of
the base–emitter junction.

• . The value of is then calcu-
lated from the slope of this expression when plotted versus
the angular frequency, as shown in Fig. 12.

•

This relation represents a second-degree equation as a
function of and it has one meaningful solution as
follows:

The other solution is usually nonphysical or negative. The
value of is then calculated from the slope of this ex-
pression when plotted versus, as shown in Fig. 13.

• From the real part of , we get

The value of is calculated from the slope of this ex-
pression when plotted versus, as shown in Fig. 14.

Knowing the previously calculated values of , , ,
and , one can calculate the parametersand , and then
calculate the value of , , and from the slopes of their
corresponding expressions

Figs. 15–17 show the calculated value of , , and .

IV. RESULTS AND DISCUSSION

In order to validate and to assess the accuracy of the pro-
posed extraction technique, we investigated several 225 m
GaInP/GaAs common emitter HBT devices. The measurements
were performed with a microwave probing system and a vector
network analyzer (VNA) over the frequency range 1–30 GHz.
Figs. 18–20 show a comparison between the measured and cal-
culated -parameters for the bias points ( V,

mA, and A), ( V, mA, and
A), and ( V, mA, and A)

corresponding, respectively, to the operation classes A, AB, and
B. Table I gives the small-signal model parameter’s values for
the extracted bias points. An excellent agreement over the whole
frequency range was obtained. Table II gives the values of the
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residual error quantifying the accuracy of the proposed extrac-
tion method accordingly to the following defined error function:

where is the number of considered frequency points,
is the measured -parameter at the frequency, and
is the calculated corresponding-parameter coefficient derived
from extracted values of the model parameters.

V. CONCLUSIONS

A new analytical and accurate method for extracting the HBT
small-signal model parameters has been presented. The extrac-
tion procedure allows for direct and fast calculation of a unique
physically meaningful set of intrinsic parameters for the whole
frequency range of operation. The presented extraction proce-
dure can be easily implemented for automatic device charac-
terization and process monitoring. The excellent agreement be-
tween the measured and the model-calculated-parameter of a
2 25 m emitter HBT device has proven the accuracy of the
proposed extraction method.
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