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Abstract — A new Si-BJT CAD model and the
corresponding dkect extraction method are presented. An
exact analytical expression for the total distributed base
resistance is developed. Several exact analytical solutions for
the thermal resistance and the current source models are
derived. The model based on the new analytical expressions
can predict the measured data minimizing the least square
errors between measured and modeled data. This current
source modeling method requires no optimization or
trimming process. The parameters are extracted self
consistently to minimize the error in modeling. We applied
this method to 5 finger 0.4x20 ~m2 Si-BJT and verified the
model over the temperature range 273°K - 333°K and up to
15GHz. The model shows good correlation with the
measured data.

I. INTRODUCTION

Many studies have been performed on large signal

modeling of HBTs in the microwave range [1]. The recent

growth of commercial RF applications of Si-BJTs up to

25 GHz [2] has created the need for an improved large

signal Si-BJT model and modeling method. Physics based

large signal RF models and modeling methods such as

VBIC have been developed [3]-[5].

A robust model is one that can predict all measured data
and has many physical parameters over a broad range of

frequency, ambient temperature, and bias levels. It needs a
few tens of parameters, and a lot of measured data at

several temperatures. The parameter extraction procedure

is complex and requires some optimization to obtain the

desired accuracy [6].

In the current source modeling, many physical factors

are involved, such as the ideality factor, reverse saturation

current, thermal resistance, Early voltage, and Kirk effect

that are not so simple to extract [7].
In this paper, a large signal RF CAD model for Si-BJT

based on a novel parameter extraction procedure is
proposed. A new analytical expression for total base

resistance is derived. And exact analytical expressions for

the current source modeling are introduced. The model

based on these expressions can accurately predict the
measured voltage and current data in the normal active

region, minimizing the error between the measured and
modeled data.

II. PARAsrrIc AND ACCESSPARAMETEREXTRACTION

Fig. 1 shows the typical equivalent circuit model of Si-

BJT that has the distributed base-collector elements and

thermal resistance. We will discuss the temperature

dependent current source modeling in detail.

First, the parasitic capacitances (CP~, CPC),the emitter

elements (&, L.), and collector parasitic components (I&,

LC) are extracted through the hot and cold measurements

method [8].

The total base resistance extraction is very important

for internal current source modeling. In the simple

equivalent circuit that has a single base resistance, the

base resistance can be extracted using the simple

analytical expression Re {zl 1-z12}. In the equivalent circuit

that has the distributed base elements, the resistances

(R~,Xt, R~,nf) can be extracted through several steps of

procedure using measured data at several bias points.

Based on the procedure described in [9], we present a

simple and accurate analytical expression for the
calculation of the total base resistance.

R
{

~to, = Re Zll – 212~z
– ‘Z211 (1)

=22 –Y
12 at high freq.

where Zu’s are the Z-parameters after de-embedding

Cpb, Cp,, I+, and & The 5x0.4x20Vm2 size Si-BJT is
measured at several bias levels. Figure 2 shows the

frequency behavior of equation (1) at several bias points.
The base resistance is seen to be 9.2 ohm from the high

frequency range. This total base resistance and the

extracted emitter resistance are used in the current source
modeling.
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III. THERMAL RESISTANCE, CURRENTSOURCE,AND

CAPACITANCESMODELING

To accurately express the measured voltage and

currents fi-om the region dominated by space-charge-

region recombination current to the region dominated by

diffusion current, a number of physical parameters need to

be resolved. Most of these parameters are temperature

dependent. Their extraction is complex and requires a lot

of data. We propose a simple current source model to

reduce the complexity. This simple model accurately

predicts the measured DC-IV curves in the normal active

region below the Kirk current level over the broad range

of ambient temperature.

A. Current Source and Thermal Models

The four voltage dependent current sources in the Fig. 1

can be expressed as

Icc=l.cc[e.p[*]-l][l+*)(2)

‘EE=Ar’sBc[exp[*l-ll ‘3)
‘BE=’SBE[’XP[*I-’I ‘4)
‘Be=’sBc[exp[*l-ll “)

where VA is early voltage, F“XY1’Sare internal voltages,

and Ire’s are the temperature dependent parameters given

by

IW=I swo ‘X’kr (Rt/Ipd + ‘A – ‘AO )1 (6)

where, pd is the power dissipation, TA the actual

ambient temperature, TAO the reference ambient

temperature, Rfh the thermal resistance, and A,w’s the

parameters for the temperature dependency of Zw’s.

B. Parameter Extraction Procedure

The early voltage is extracted from the slope of DC-IV

curves. The parameters in the expression (2) and (4) can

be extracted fi-om the measured terminal currents and

voltages. The current source ICC and ZBEare dominant in

the normal active region of the DC-IV curves above the

knee voltage. In this region, Icc and lEE represent most of
collector and base terminal currents; I.f and 1A,,

respectively ( ~Ct = ICC and l~t = ~BE). The equation(2)

can be converted to a linear equation, using n number of

sampled data

where

I
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Where Vc,i and Vbei are the internal junction voltage of

base-emitter and base-collector junctions, respectively.

Matrix A is n x 4 and B is n x 1 and there are four

unknowns in X. The equation (7) can be constructed from

the measured DC-IV data in the normal active region at

several ambient temperatures. For n>4, the equation (7) is

an over-determined linear equation. Its solution can be

obtained using X=(A ‘A)-lATB, which predicts the sampled
data minimizing the error between the measured and

modeled data. Using the equation (7), the parameters

NVTCG IsccO, Ace, and Rtk are extracted.

By a similar procedure, a linear equation for the current

source IBE can be constructed

where

y.

and

c.

CY=D (8)

ln(ISBE ),1.1ln(Ibt ,1 )

NVTBE-l ,~~ :

ABE ln(Ibt,m3X1 )

1 Vbei,,RfhPd,l + TA~– TAO
. . .. . .. .

1 Vb=i,,RthPd,l + TA,l – TAO‘ I mx3
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Using the equation (8), the parameters NV~~G Is~BO, and

ABC are extracted. Even if there are small perturbations in

the parasitic resistances, the solutions based on the

equation (7) and (8) return self consistently the exact

parameter values to predict the measured voltage and

currents. The pmameters in equations (3) and (5), that are

dominant in the reverse bias mode, are extracted from the

reverse-Gummel plot.

All the parameters for the current sources are listed in

table 1. Fig. 3 and 4 show the measured and modeled
collector currents and base-emitter terminal voltages at

273,299, and 333 “K.

Table 1. Extracted parameters for current source

modeling

“.

Mmt 19.2 I I~ccO I 1.1743 x 10-13

I NVm~ I 0.03148644

All the parameters in table 1 are determined without

any optimization or trimming process, and are extracted

directly flom the measured data. The resulting modeled

data agree accurately with the measured data at several

ambient temperatures as shown in Fig. 3 and 4.

C. Capacitance Model and Parameter Extraction.

With the constructed current source models, the

corresponding small signal parameters such as base-

emitter dynamic resistance and trans-conductance can

directly be calculated. The ratio of the internal and

external base resistance is calculated. The base-emitter

and base-collector capacitances are extracted using the

small signal parameter extraction method described in [7]

at all bias points and temperatures. The capacitance values

are fitted into the polynomials as a Ii.mction of internal

junction voltages and currents.
Fig. 5 shows the measured and modeled S-parameters at

the bias Ibt=80f.@ Vce=2.5V, and an ambient
temperature of 333 ‘K,

To veri~ the large signal model, load and source pull

measurements were performed at several ambient

temperatures. As shown in Fig. (6) there is a good

correlation between the measured and modeled power,
gain and efficiencies.

VI. CONCLUSION

A new temperature dependent large signal CAD model

for Si-BJT and the corresponding direct extraction method

are presented. The proposed current source model is

simple and can accurately predict the measured data. To

extract the thermal resistance and current source

parameters analytically, linear algebraic equations are

derived. From the solutions of the equations, thermal

resistance and current source parameters can be extracted.

From the sampled data, over-determined linear equations

are constructed and the solution predict the measured data

minimizing the least square errors. The large signal model

based on this modeling procedure can predict the

measured current, voltage, s-parameters, and load pull

data at different ambient temperatures.
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Fig. 1 Large signal equivalent circuit of Si BJT
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Fig, 2 The real parts of equation (1) at the bias points of

Ibt=35@, 601.LA,85P.A, 110pA, 135@, and 160pA,

Vce=2.5V
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Fig. 3 Modeled and measured (rectangle;273°K,

circle; 299°K and triangule;333°K) collector currents
curves.
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Fig. 4 Modeled and measured (triangule;273°K,

circle;299°K and rectangle; 333°K) voltage curves,
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Fig. 5 Modeled (line)

parameters at the bias
temperature of 333°K
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Fig. 6 Modeled and measured power, efficiency, and gain
at the bias Ib=70~, Vce=2.5V, at 273”K, 299”K, 333%,
and Pin = -2dBm at 2.4GHz.
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