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Abstract—A new bipolar transistor model called VBIC has recently been developed and is likely to replace the Gummel–Poon
model as the new industry standard bipolar transistor model. This
paper focuses on the comparison of the VBIC and Gummel–Poon
models under the dc operations. The extraction and optimization
procedure coded in S+ statistical language and required for VBIC
simulation is also developed and presented.
Index Terms—Author, please supply index terms. E-mail keywords@ieee.org for info.

I. INTRODUCTION

T

HE BIPOLAR junction transistor (BJT) is one of the most
widely used semiconductor devices in manufacturing integrated circuits and electronic components. Because of its superior speed performance, such a device has found wide applications in high-speed switching and digital electronics systems.
The SPICE Gummel–Poon (SGP) model [1] has been the industry standard bipolar transistor model for more than 20 yrs.
Users of the SGP model, however, have found it to be inadequate in representing many of the physical effects important in
modern bipolar transistors. Recently, a group of representatives
from the integrated circuit and computer-aided design industries have collaborated and developed a new industry standard
bipolar model called the vertical bipolar inter-company model
(VBIC) [2]. In addition to having an accurate model, it is imperative to be able to extract and optimize the parameters associated
with such a model.
This paper seeks to compare the new VBIC and conventional
SGP models under the dc operations. An accurate and efficient
methodology to extract and optimize the dc parameters for the
VBIC model is also developed. First, the SGP and VBIC models
will be briefly reviewed. This will be followed by the discussion
of the VBIC parameter extraction method. Finally, results calculated from the VBIC model using the parameters extracted
from the present method, calculated from the SGP model, and
obtained from measurements will be compared. It should be
pointed out, due to the large number of VBIC parameters, that
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Fig. 1.

Equivalent circuit for the new VBIC bipolar transistor model.

the parameters extracted and optimized in this paper are those
associated with dc and room temperature operations. Extraction
of parameters associated with ac, low/high temperatures, and
self-heating is a topic of ongoing research and will be reported
elsewhere in the future.
II. REVIEW OF VBIC MODEL
Before discussing the VBIC model, we give a brief review of
the SGP model. It is a three-terminal model (i.e., emitter, base,
and collector terminals) and consists of three current sources
,
, and
, two capacitances associated with the charges
and
stored between the base and collector terminals and
between the base and emitter terminals, respectively, and four
series resistances, two associated with the base region and one
each associated with the base and collector regions. The basic
of all variants of the SGP model is the integral charge control
passing through the emitter and
model for the dc current
collector terminals [1].
Fig. 1 shows the equivalent circuit of the new VBIC model.
Unlike the conventional SGP model, which has three terminals,
the VBIC is a four-terminal model comprising the base, emitter,
collector, and substrate denoted by the letters , , , and , respectively, and the currents flowing into these terminals are ,
, , and . The other nodes in the VBIC are the extrinsic
base , parasitic base , intrinsic base , intrinsic emitter ,
intrinsic collector , and extrinsic collector .
The VBIC model includes several features that make it distinct from the SGP model [2]. For example, the effect of parasitic substrate PNP transistor is included by a simplified SGP
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model (represented in Fig. 1 by the SGP equivalent circuit connected to the substrate terminal with components denoted by a
subscript ). Another feature included is that the quasisaturation
,
, and a modbehavior is modeled with the elements
[3]. Self-heating and excess-phase effects have also
ified
been accounted for in the VBIC model as separate options.

III. VBIC PARAMETER EXTRACTION AND OPTIMIZATION
The VBIC parameter extraction and optimization method developed in this paper is coded in S+ statistical language [4] and
is based on the experimental data measured from bipolar transistors fabricated at Lucent Technologies. Our extraction and optimization procedure follows in general the approach of Seitchik
et al. [5].
The following is a brief description of the development of our
S+ program for the VBIC parameters extraction and optimization. All the measurements data are stored in only one S+ object
denominated “data,” which contains several components with
the names of base-emitter capacitance (CBE), base-collector capacitance (CBC), “substrate-collector capacitance (CSC), forward Gummel (FG), reverse Gummel (RG), forward output current–voltage ( – ) (FO), and reverse output – (RO). All the
VBIC model parameters are put into a numerical vector denominated “para.” A logical vector called “extract” is also used to
define the parameters to be optimized; in this vector, values with
“true” statement are to optimized and those with “false” statement are to be kept constant. A function “weight” could be used
to minimize the effects of the experimental data that fall outside of the norm of typical data. Based on the model parameters extracted and optimized (i.e., stored in “para”), a function
“evaluate” is used to generate the VBIC simulation results. A
VBIC Fortran program, which is available in the public domain
[6], is needed to interface with “evaluate” to carry out the simulation. A function “residual” compares and differentiates the
simulated and experimental data. A function “optimize” is then
used to optimize the parameters with “residual” values larger
than those deemed acceptable. This function “optimize” is executed in conjunction with the nonlinear regression function “nlregb” available in S+.
The extraction and optimization of the VBIC parameters involves many steps. The order of these steps is important, as
a nonoptimal sequence will result in less accurate parameters
being extracted. In each step, a different “extract” (i.e., to define
the parameters to be extracted and optimized) and “residual”
(i.e., to define the measured data to be used for comparison) will
be utilized. The steps for extracting and optimizing the VBIC
parameters are given in sequence below.

,
, and
. From
versus
and low forward bias regions, extract
Optimize the above parameters.

data, in reverse bias
,
, and
.

B. Early Effect Parameters
The next step is to extract the parameters associated with the
early effect. The junction parameters extracted in the previous
section can be used to calculate the forward and reverse early
and
) using the following equations [7]:
voltages (

(1)

(2)
Here, superscripts and denote forward and reverse modes,
is the charge in the junction, which can be calrespectively,
culated from the junction parameters, is the derivative of ,
and is the output conductance, which can be determined from
the forward and reverse data. Because this early effect model
was developed under low injection condition, it is necessary to
extract the early effect parameters using data measured at relatively low bias conditions.
C. Low-Voltage Parameters
The linear region (i.e., low-voltage region) in the Gummel
plot, which is not influenced by the series resistances and
high-voltage effects, provides useful information for extracting
the model parameters associated with the current transport in
bipolar transistors. The approach of extracting low-voltage
parameters is the same as that used in the SGP model parameter
extraction. However, since the VBIC model incorporates several improved features, more parameters need to be determined,
and the extraction procedure is more complicated.
From the forward Gummel plot, extract the following param,
,
,
, and
. From the reverse
eters: ,
,
,
Gummel plot, extract the following parameters: ,
,
,
,
,
,
,
, and
.
Note that the parameters extracted include the parasitic PNP
transistor current components. This is because, in the reverse
Gummel plot, the base-collector junction is forward biased,
and the parasitic transistor is conducting. Optimize these
parameters. The voltage range of this extraction is normally
between 0.4 and 0.8 V. It should be emphasized that this set of
parameters is relatively easy to extract and requires minimal
optimization due to the fact that they are isolated from the
effects associated with the high current region.

A. Junction Parameters

D. Knee Current Parameters

The parameters associated with the emitter-base and
base-collector space-charge regions are first extracted. From
versus
data, in reverse bias and low forward bias
,
, and
. From
versus
data,
regions, extract
,
in reverse bias and low forward bias regions, extract

The knee currents are the currents at which the – data starts
to deviate from its linear relationship. These parameters (
and
) can be estimated from the forward beta (i.e., forward
and reverse beta (i.e., reverse current
current gain) versus
gain) versus
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(a)
(a)

(b)
Fig. 2. (a) Forward and (b) reverse Gummel plots obtained from measurements
and from VBIC model using the parameters extracted from both the low- and
high-voltage regions.

plots by taking the current where the beta value is dropped to
and
are influenced by
half of its peak value. Since
the high-voltage effects, their values need to be optimized later
when other parameters are extracted.
E. High-Voltage Parameters
High-voltage effects in bipolar transistor make the parameter extraction difficult. They include voltage drops on series
resistances, parasitic currents and resistances, high-level injection, quasisaturation, and avalanche breakdown. Since these ef-

(b)
Fig. 3. (a) Forward and (b) reverse current-voltage characteristics obtained
from measurements and from VBIC model using all parameters except for those
associated with the quasineutral region avalanche breakdown.

fects are interacting with each other, one subset of parameters
cannot be extracted independently from the others. A better way
to do this is to extract and optimize a subset of parameters using
other subsets of parameters which are not yet optimized. This
process is then repeated until all the parameters associated with
the high-voltage region are optimized.
1) Forward Gummel Plot: In the forward Gummel plot at
,
, and
.
high voltages, extract the series resistances
Next, these series resistances, together with the knee currents
extracted previously, are optimized.
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(a)

(b)

(a)

(b)

Fig. 4. (a) Forward and (b) reverse current gain versus current obtained from
measurements and from VBIC model using the parameters.

Fig. 5. (a) Forward and (b) reverse output conductance obtained from
measurements and from VBIC model using the parameters.

2) Quasisaturation and Saturation: The parameters associated with the quasisaturation effect can be extracted from
the forward current-voltage (forward – ) characteristics
under quasisaturation and saturation operations. They include
and
, and quasisaturation
the series resistances
,
, and
. In addition, since the
parameters
base-collector junction is forward biased and the parasitic
PNP transistor is conducting, the parasitic current components
extracted previously, together with the parameters extracted
here, need to be optimized.

3) Reverse Gummel Plot: In the reverse Gummel plot at
and
, and
high voltages, extract the parasitic resistance
optimize all the former parameters.
Using all the parameters extracted and optimized so far, we
have compared in Fig. 2(a) and (b) and 3(a) and (b) the calculated and measured Gummel plots and current-voltage characteristics under forward and reverse operations, respectively.
In general, the fitting is quite good. In Fig. 3(a) and (b), however, the model becomes less accurate as the current level is
increased, particularly for the reverse operation, where the effects of impact ionization become significant. This is because
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(b)

(c)
Fig. 6. (a) Gummel plot, (b) I–V characteristics, and (c) current gain of the BJT under forward operation obtained from the SGP model, VBIC model, and
measurements.

the parameters associated with avalanche breakdown have not
been extracted and included in the VBIC model. This problem
will be addressed and removed in the next step.
4) Weak Avalanche Breakdown: Next, based on the –
characteristics in avalanche breakdown region, we carry out
and
the extraction and optimization of the parameters
associated with forward weak avalanche breakdown and
and
associated with the reverse weak
parameters
avalanche breakdown.
F. Global Parameter Optimization
Finally, all the above dc parameters are optimized to obtained
the best fitting for the current gain and output conductance.
Fig. 4(a) and (b) and Fig 5(a) and (b) illustrate the forward

and reverse current gains and forward and reverse output conductances, respectively, obtained from the VBIC model playback and measurements. The predictions from the VBIC model
using the parameters extracted compare favorably with measurements.
IV. COMPARISON WITH THE GUMMEL–POON MODEL
To illustrate the advantage of the VBIC model over its
Gummel–Poon counterpart, we compare the dc characteristics
of another bipolar transistor (i.e., different from the ones used in
the previous section) obtained from VBIC model, SGP model,
and measurements. Because the self-heating effect is not
accounted for in the present VBIC model (i.e., the self-heating
option is not considered), a device with relatively large size
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(a)

(b)

(c)
Fig. 7. (a) Gummel plot, (b) I–V characteristics, and (c) current gain of the BJT under reverse operation obtained from the SGP model, VBIC model, and
measurements.

is used. Fig. 6(a)–(c) and Fig. 7(a)–(c) show the forward and
reverse characteristics of the BJT, respectively, calculated from
the SGP model with the SGP parameters extracted from the
conventional method, calculated from the VBIC model with
the VBIC parameters extracted from the present method, and
obtained from measurements. The results indicate that the SGP
model is less accurate when the BJT is operating at relatively
high current level and/or is operating at reverse operation.
Again, because the self-heating does not play an important
role, the observed improved accuracy of the VBIC model came

solely from the advanced features included in the main VBIC
model (see Fig. 1). For small-size bipolar devices, the VBIC
model is expected to be even more accurate than the SGP due
to the availability of the self-heating option in the VBIC model.
V. CONCLUSIONS
The VBIC model developed recently is likely to replace the
SGP model as the industry standard for SPICE circuit simulation of bipolar transistor-based integrated circuits. As a result,
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there is a great interest in the quality of the new VBIC model. To
this end, this paper presented the comparison of the new VBIC
and conventional SGP models under the dc operations. The procedure and steps for the extraction and optimization of VBIC
model parameters were developed, and improved accuracy of
the VBIC model over the SGP model was clearly illustrated.
The information is important to the engineers and researchers
who recognize the importance of an accurate model and intend
to use VBIC model for bipolar circuit design and simulation in
the future.
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