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This paper presents HIBTRA (High Speed Bipolar Transistor Analysis), a high speed
non-linear bipolar transistor circuit simulation package. The paper discusses about the
modelling of Bipolar Junction Transistor operated at high speed in the sinusoidal small
signal and the transient region of operations. The package uses a high frequency model
non-linear circuit elements for accurate analysis. The package also uses transistor’s
lumped circuit model to calculate devices electrical parameters, and it also does dynamic
simulation. It also includes the conventional model as a special case. Model verification
has also been done by simulation.
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1. INTRODUCTION

Bipolar transistors are used today in a variety of applications from
power electronics and fast digital circuits to microwave amplifiers,
both in integrated and discrete form. Considering the increasing level
of integration to lower the costs, it is essential to use efficient CAD
tools to achieve good design productivity and to predict the perform-
ance of the circuit under consideration.

For reliable circuit simulation, accurate model of devices to be used
are essential. The modeling of bipolar transistors has been the subject
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of extensive study during the last few decades. Ebers and Moll [1]
developed a model to describe the essential features of transistor opera-
tion. The charge control concept [2] was later used to formulate the
Gummel-Poon model [3] which is the basis of most of the non-linear
bipolar transistor models today.

Inspite of these advances it is difficult to combine non-linear and
high frequency effects into a single model. This would be essentially
important with regard to a microwave power transistor in class C
operation near the transition frequency. One possibility is to use the
Gummel-Poon model with external parasitic elements to increase its
accuracy at high frequencies [4]. There are, however, reasons to believe
that this approach is not entirely satisfactory.

It is required to use frequency-dependent elements values in the cir-
cuit models of microwave transistors if the models have to cover a wide
range of frequencies. On the other hand, the small signal diffusion
conductance and capacitance of a p-n junction are also frequency
dependent [5]. It is clear that this phenomenon must also appear in the
bipolar transistor.

The use of higher order and dynamic circuit elements [6] opens up new
possibilities in accurate non linear modeling. Philippow and Jakubenko
[7]1 ) have presented a bipolar transistor model using higher order
elements. Chua and Chang [8] have demonstrated the applicability of
these elements to the high speed non linear modeling of p-n junction
diodes. Sipila ef al. [9] have extended the analysis to bipolar transistor
in which an improved description of the base dynamics is presented.

The high speed bipolar transistor modeling via non-linear circuit
elements is a more accurate modelling approach. The current existing
CAD packages are not based on this model [9] HIBTRA incorporates
the latest high frequency model of bipolar transistor presented by
Sipila et al. [9] it also includes an analytical model, a physical model
and other dynamic models.

The purpose of this paper is to present a software, which can be used
for device simulation and differs from other softwares. We have studied
the latest BJT models. HIBTRA inputs the physical parameters of the
device and it also does dynamic analysis at the desired operating
frequency. The user can be get the print out of the terminal current
characteristics and other parameter values at the required speed. It also
overcomes the difficulties involved in the transient measurement of the
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fast devices. The high frequency accurate model used take third order
derivative of the input signal and it computes the recombination and
charge current in the base region. The model has provision for sinusoidal
and transient analysis of the equivalent circuit. It also uses a lumped
bipolar transistor model in which starting from the diffusion equation
in the base region, an electrical equivalent circuit model is realized. It
also uses a Static Model which is based on the steady state analysis
of transistor behavior. It also calculates various other transistor
parameters like cut-off frequency, forward and reverse current gains,
reverse saturation current, resistance and diffusion capacitances of the
emitter and collector regions.

2. MODEL DISCUSSION

HIBTRA uses four models, 1) Analytical Model based on improved de-
scription of base dynamics, 2) Numerical model, 3) Lumped Transistor
model and 4) Static Transistor Model.

2.1. Analytical Model

It is based on complete mathematical analysis of bipolar transistor
based on its improved base dynamics solution #,,,(x, 7) = vm(x)Y™(1)
of electron concentration description in [9]. It uses non-linear higher
order current controlled sources in electrical circuit representation.

2.2. Numerical Model

This model solves the physical system, which is in the form of cou-
pled partial differential equations. It uses Finite Difference Method,
Gauss Elimination Method and Simpson’s Method to solve these
equations and to determine the terminal currents. It also computes
minority carrier mobilities and life times based on Shockley Read
Hall Recombination Mechanism.

On the basis of current density equation in one dimension and
carrier flow described by the continuity equation, we can write this
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equation, which represents the carrier flow as

On Pn n
S =Diss-= (1)
ot oxr 1,
where excess concentration n = n, — ny.
When we consider the higher order effect, which has been discussed
by Sipila et al. [9] we can write excess minority concentration in the

following form: ny,(x, ) = /mY" (1)

(1) when m = 0: zero order effect
(2) > 0: higher order effects

© on_pon_n
ot~ "oxr

32 Vo Vo

a2 20

(2)

For zero order solution, boundary condition is

v9(0) = npo

14 (W) =0 (3)

and for higher order effect boundary condition is
Um(0) = vm(w) =0 4)

We integrated these position dependent functions in neutral base
region to calculate the following coefficients used in terminal current
calculations:

g = /0 " o(x)dx
o = fo Y (x)dx
@ = /0 " v (x)dx
a = /0 " (%) dx

(5)
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Now we can use these steps to find out emitter current at x = 0 of
neutral base region.

im(x,1) = —AqD,,%'%C"l(x, 7)

ieo (X, 8) = —AgDnv o(x)7(2)

le1(x, 1) = —AgDav | (x)7'() (6)
ia(x,t) = —AgDav3(x)7y" (1)

ie3(x, 1) = —AgDyv5(x)y" (2)

Similarly we can compute collector current at x = w

i, 1) = —AgDat (3121

ic1(x, t) = _AanVII(x)'YI(t)
ic2(x,8) = —AgDyv5(x)7" ()
ic3(x,1) = —AgDav 3 (x)y" (1)

(7

We used the expression discussed by Sipila et al. [9] to compute the
base current:

(1) = g 20+ (a0 +2 )1

+ (a1 +‘;—:>7"(t) + (az +%)7’”(t)] 8)

2.3. Lumped Transistor Model

The model is based on the solution of partial differential equations,
which yield network like models of a device. Since a physical device
operates by transmitting information between points in space, this
information always results in delays. If we are to model such a device
completely we must therefore include time and space variables in our
characterization. Let us define [10]

s g.A. Ax (“Storance”, representing charge storage in the nth
lump)

H? é g.A.D/Ax (“Diffusance”, represents diffusion between the nth
lump and the adjacent lump)

He: qg.A.Ax/m, = (“Combinance”, represents recombination
within nth lump)
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A transistor can be formed by two diodes in close proximity, where a
single lump model of emitter and collector regions is used. When these
lumps are reflected to the base by ‘“Voltage” scaling of the carrier
density levels, and when the base is represented by a single lump model,
the equivalent circuit has the form shown in Figure 1.

The parameters can be expressed as:

1ADy
gi=2"%
w
z AL s AW - gAL
Hpezq e'&q;Hn,,=q ;Hpczq c.l_’f_o_;
Te N0 271 Te Ny (9)
§ _9AL po o _GAW o AL po
Pe 2 nbO’ Ne ) y Op, 3 nbo,
~ AW - AW
H,, —qub; Sne—'%‘—,

2.3.1. Large Signal Dynamic Model

Now the differential equations describing the model shown in Figure 19
are given by:

) . « = .dn
i = (H? +Hpe+H,,e)ne+(S,,e+Spe)7te—Hdnc
(10)

) - - - . . dn
i = —H, + (H? + Hpe + Hye)ne + (Spe + S"‘)EE
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Since these are linear equations, they do not include non linearity of
the junction law.

ie = (H + Hpe + Hye)npo(e"*/"7 — 1)
+ (S'ne + gpe) (nbo/VT)eV°b/VT -‘z—;,:—b- - Hdnbo (evd’/VT -1
(11)
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i, = —Hdnbo(ev"’/vT -1+ (Hd + flpc +I:Inc)nbo(ev°"/vr -1)

- - 12
+ (Snc ‘+‘ Spc)(nbo/VT)chb/VT d% ( )

Although the model of Figure 19 is a large signal dynamic one, we will
convert it to a more common form. Figure 19 is described on the basis
of Egs. (11) and (12), if the capacitors are described by an equation of
the from i = ¢(¢) dv/dt and the elements have the value of column three
of Table I given below.
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TABLEI Input to the program is area of transistor = 4.020000E — 09 width =
2.500000E — 07 minority carrier concentration = 3.300000E + 08 Life time = 3.000000-
E-09 diffusion constant = 1.000000E — 03 diffusion length = 1.732051E—06 small
signal analysis of the input function V(T ) = Cl1 + C2sin(2«PIxF+T ) where Cl =
7.20E — 01 C2 = 2.00E — 02 frequency = 8.00E + 09

x Gamma 0 Gamma_1 Gamma 2 Gamma_3

.00 .3288570E + 09 .0000000E +00  .0000000E + 00 .0000000E + 00
.05 .3115487E+09  —.3331204E—03  .1503230E—14  —.8999306E — 26
11 2942404E+09  —.6122831E—03  .2948700E—14  —.1773784E —25
.16 .2769322E + 09 .8404686E —03  .4287996E — 14  —.2596484E — 25
21 2596239E+09  —.1020660E — 02  .5481533E—14  —.3344796E — 25
.26 2423156E+09  —.1155844E—-02  .6498047E—14  —.3998012E — 25
32 .2250074E+09  —.1249009E—-02  .7314074E—14  — .4538497E —25
37 2076991E+09  —.1303147E—02  .7913439E—14  — .4952093E — 25
42 .1903909E+09  —.1321251E—-02  .8286733E—14  —.5228396E — 25
47 .1730826E+09  —.1306316E—02  .8430802E—14  —.5360930E — 25
.53 A557744E+09  —.1261339E—-02  .8348222E—14  —.5347193E —25
.58 .1384661E+09  —.1189321E—02  .8046784E—14  —.5188614E —25
.63 JA211578E+09  —.1093262E—02  .7538075E—14  — .4890421E —25
.68 .1038496E + 09 9761631E—-03  .6841455E—14  — .4461425E —25
.74 .8654131E+08  —.8410288E—-03  .5974536E—14  —.3913724E - 25
.79 .6923304E+08  —.6908631E—03  .4961667E—14  —.3262362E — 25
.84 5192479E+08  —.5286711E—03  .3828901E—14  —.2524909E — 25
.89 .3461654E+08  —.3574590E—-03  .2604385E-—-14  —.1721021E —25
95 .1730827E+08  —.1802330E—03  .1317833E—14  —.8719433E —26
1.00  .0000000E + 00 .0000000E+00  .0000000E + 00 .0000000E + 00

2.3.2. Small Signal Model

The small signal model [10] Figure 21 follows the large signal model by
replacing each element by its small signal equivalent. For example, the
emitter diode is replaced by the linear resistor:

R = %é Vr/(Ise"/"7) (13)
e

and the small signal emitter diffusion capacitor is

Cg = (Spe + gne)%evgb/vr (14)
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When the transistor is forward biased then
AIC _ Olf _ af _ af
Al 1+RICIS™ 1, CoctSulowS — 1+ 5/Wes
. “ (15)
S, Sne) P,
where  1/wes = (_E__+7_"f_)_b°
es

From the circuit shown in Figure 20, W is measurable as the 3-dB cut-
off frequency in the forward direction. The large signal capacitance
[10] of table can now be written as:

Ce — (Sne + S’pe)nb{] eveb/VT - qleseveb/VT
Vr Viwer (16)
= gl /KTwey



TABLE II It uses more accurate model for analysis sinusoidal analysis

Result

Time(Sec) IB(Amp) IC(Amp) IE(Amp)
.000000E + 00 .262804E — 02 197111E-02 459914E - 02
.657895E — 11 .335620E — 02 .255482E — 02 .591101E - 02
.131579E - 10 .386845E — 02 .327862E — 02 .714707E - 02
.197368E — 10 .390296E — 02 .403765E — 02 .794061E — 02
.263158E — 10 .318003E — 02 471859E — 02 .789862E — 02
.328947E — 10 .158183E — 02 .525192E — 02 .683374E — 02
.394737E - 10 —.601052E — 03 .558003E — 02 .497898E — 02
.460526E — 10 —.267187E — 02 .560591E — 02 .293403E - 02
.526316E — 10 —.394544E — 02 .525212E - 02 .130668E — 02
.592105E — 10 —.419464E — 02 456816E — 02 .373521E-03
.657895E — 10 —.367485E — 02 .372696E — 02 .521126E — 04
.723684E — 10 —.281269E — 02 .291716E — 02 .104466E — 03
.789474E — 10 —.192986E — 02 .225561E — 02 .325748E — 03
.855263E — 10 —.116692E — 02 .177703E — 02 .610113E - 03
.921053E - 10 —.533342E - 03 .146789E — 02 .934549E - 03
.986842E — 10 .233907E — 04 .130172E - 02 132512E-02
.105263E — 09 .572875E — 03 .126046E — 02 .183333E-02
.111842E - 09 .117699E — 02 .134387E — 02 .252085E - 02
.118421E - 09 .186895E — 02 .157113E - 02 .344008E — 02
.125000E — 09 .262804E — 02 J197111E-02 459914E — 02

TABLE III Input to the program is Area of transistor = 4.020000E — 05 Width =
1.000000E — 05 Minority carrier Concentration (Base) = 340.909100 Base doping
concentration = 6.600000E+ 17 Emitter doping concentration = 1.000000E + 19
Collector doping concentration = 1.000000E + 16 In Base — Life time = 7.042254E — 08
Diffusion constant = 28.028600 Diffusion Length = 1.404936 — 03. Small signal analysis
of the input function v(f) = EO/[1 +exp(—kt)] where EO = 7.00E—-01 Damping
factor(K) = 5.000000E + 11 Transient start time = — 10psec stop time = 20 psec
VCB = 0.000000E + 00. Ies (Amp) = 6.161405E — 15 Ics (Amp) = 6.363502E — 15 Col-
lector Capacitance (F) = 3.368963E — 21 hFE = 883.191000 Break down voltage
BVbe = 2.306128 BVcb = 53.400000 3-db cut off frequency for Waf = 2.176192E + 11
War = 7.304179E + 07

x Gamma_ 0

.00 .3409063E + 03
.05 .3229638E + 03
11 .3050214E + 03

Gamma_1

.0000000E + 00
—.1968327E — 10
—.3617466E — 10

Gamma 2

.0000000E + 00
.5057831E - 23
.9921130E - 23

Gamma 3

.0000000E + 00
—.1724555E - 35
—.3399122E - 35

.16 .2870789E+03  — .4965150E—10  .1442691E-—-22  —.4975638E — 35
21 2691365E+03  —.6029112E—10  .1844198E—-22  —.6409572E — 35
.26 2511941E+03  —.6827084E—10  .2186119E—-22  —.7661241E — 35
32 2332516E+03  —.7376798E—10  .2460567TE—22  — .8696855E — 35

.37 .2153092E + 03
42 .1973668E + 03
47 .1794243E + 03

— .7695988E — 10
— .7802386E — 10
—.7713724E - 10

2662110E—22  —.9489289E — 35
2787592E—-22  —.1001862E — 34
2835962E—22  —.1027246E — 34

.53 .1614819E+03  —.7447735E—-10  .2808097E—22  —.1024601E — 34
.58 .1435395E+03  —.7022151E—10  .2706625E—22  —.9942033E — 35
.63 .1255970E+03  —.6454705E—10  .2535753E—22  —.9370560E — 35

.68 .1076546E + 03
74 .8971217E + 02
.79 7176973E + 02

—.5763131E—-10
— .4965159E — 10
—.4078524E — 10

.2301088E — 22
.2009465E — 22
.1668770E — 22

— .8548475E - 35
— .7498970E — 35
—.6250868E — 35




68

M. N. DOJA et al.

TABLE III (Continued)

x Gamma_ 0 Gamma_1 Gamma 2 Gamma 3
.84 .5382730E+02  —.3120957E—10  .1287768E—22  — .4837839E — 35
.89 3588488E+02  —.2110193E—10  .8759205E—23  —.3297539E —35
.95 .1794242E+02  —.1063963E—10  .4432179E—23  —.1670672E — 35
1.00  .0000000E + 00 .0000000E+00  .0000000E + 00 .0000000E + 00
TABLE IV It uses more accurate model for analysis transient analysis
Result
Time(Sec) IB(Amp) IC(Amp) IE(Amp) Input(V')
—.100000E—10  .102589E—14 .900817E—15 .186564E—14 .468500E — 02
—.842105E—11  .272098E—14 .213932E—14 .469637E—14 .102351E - 01
—.684211E—11  .899365E—14 .554955E—14 .139910E—-13  .221508E — 01
—.526316E—11  474588E—13 .169357E—13 .614508E—13  .469934E — 01
—.368421E—11  .626805E—12 .379175E—13 .628241E—12 .957617E—01
—.210526E—11  .334623E— 10 —.537943E—11 .264816E—10 .181104E+00
—.526316E—12  .573740E — 08 —.140509E—08 .409317E—08 .304211E+ 00
.105263E—11  .867483E—06 —.159672E—06 .664368E—06 .440036E 4 00
263158E—11  .344617TE—04 .113219E—05 .332343E—-04 .551936E+00
421053E—-11  .328050E—03 .901743E—04 .395905E-—-03 .623990E + 00
578947E—11  .919428E—03  .556787E—03 .142363E—02  .663310E + 00
736842E—11  .107316E—02  .144626E— 02 .246542E—02  .682849E + 00
.894737E—11  .767596E—03 .231982E—02 .305132E—02 .692106E + 00
.105263E— 10  .430757TE—03  .290045E—02 .331157E—02 .696393E + 00
.121053E—10  .215616E—03 .321604E—02 .342193E—02 .698358E + 00
.136842E—10  .102397E—03 .337176E—02 .346953E—02 .699253E + 00
152632E—10  .474930E—04  .344521E—02 .349052E—02 .699661E + 00
.168421E—10  .218128E—04 .34791S5E—02 .349992E—02 .699846E + 00
.184211E—10  .999453E—05 .349468E—02 .350415E—-02 .699930E + 00
.200000E—10  .459534E—05 .350176E—02 .350607E—02 .699968E + 00
—.100000E—10  .186564E—14 .350162E+13  .131230E —23 —.842105E—11
469637E—14  .282527E+13  .162646E —23 —.684211E—11  .139910E—13
.178216E+13  .257843E—23 — .526316E—11  .614508E—13 .681927E+12
.673853E—23 —.368421E—11 .628241E—12 .103447E+12  .444204E —22
—.210526E—11  .264816E—10 .381484E+10 .120456E —20 —.526316E — 12
409317E—-08  .326591E+08 .140701E—18 .105263E—11 .664368E — 06
.170982E+06  .268753E—16 .263158E—11 .332343E—04 .225786E+ 04
203519E—14  421053E—11 .395905E—03 .139196E+03 .330122E-—13
.57894TE—11  .142363E—02  .304284E+02 .151016E — 12

In a similar manner, we define the following for a reverse biased

transistor [10]

Way

I s

- (Snc + 31pc)PbO

(17)
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So that

— qICS Vcb/ Vr
Ce= kTwe, © (18)

2.4. Static Model

The continuity equation and the current density equation govern the
steady state characteristics. The terminal currents after solving these
equations are given by:

Ig = AqDLB:b coth(L—W;) [eV+/Vr —1]

1 [/ — 1]+ A, DePe

—_— Veo/Vr _ 1
cos h(w/Lg) Lg le ]

Dpgny Veo/Vr <W) Veo/V:
2B Vel 1] - coth( o= )"/ — 1
qsinh(%) —Lg e J=co Lg e ]
- A2 gl ] (19)
L

3. DEVELOPMENT OF NUMERICAL ALGORITHM

We have solved the following differential equations using finite
difference method.

_ sinh[(w — x)/Ly]
W(x) = np—g h(w/L,)

Pro_m _,

ox2 L2

P n_ w

ox L}~ D, (20)
62112 |1 %) !

x2 L2 D,
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The boundary conditions for zero order solution are:

140 (0) = Npo
vw)=0 (21)
and for higher order solutions are:
vp(0) = Upm(w) =0 (22)

We have used the following expressions for electron and hole mobility
calculations:
B1— Ho
N
(15 ms (23)
Hp = pia + ps — pa/([1 + N(n)/ pe)p7)

Hn = po +

To calculate the minority carrier life times, we use the Shockley Read
Hall Recombination Mechanism, the electron and hole life times are
expressed as:

Tn

1+ NSRH 1 + NSRH

We have used Finite difference Method to solve the partial difference
equations and used Gauss Elimination Method to solve the matrix
generated by FDM and for integration we used Simpson’ rule.

Program’s data and control flow can be described by the following
steps:

Step 1 Read the input data from a file.

Step 2 Convert each second order differential equations into a
difference equation using finite difference method and get
the equation Ax = B.

Step 3 Solve the equation Ax = B using Gauss Elimination Method
to get the position function value at different points in the
neutral base region.

Step 4 Repeat Step 1 for other higher order differential equations till
the last one.
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Use plot routine to get plot of the position function in the
neutral base region.

Step 6 Use Simpson’s integration method to calculate the coefficients
a0, al, a2, a3.
Step 7 Calculate upto third order derivative of the applied input
signal.
Step 8 Calculate base current.
Step 9 Use finite difference method to compute different components
of the emitter current upto third order effect at x = 0.
ie0(0, 1) = —AgDav (0)(2)
ie1(0,7) = —AgDv1(0)Y'(1) (25)
ie2(07 t) = _AanVlz(O)'Y”(t)
i3(0,7) = —A,Dnv5(0)y" (2)
Step 10 Use finite difference method to compute zero and higher
order terms of collector current at x =w.
ico(w, t) = —AgDwv (W) (2)
i1(w,t) = —ADuvi(w)y' ()
. oy (26)
ia(W, 1) = —AgDnv5(w)y" (1)
i3(w, 1) = —AgDuvs(w)y" (1)
Step 11 Use the character-plot routine to get the plot of these terminal
current and signal wave form.
4. RESULTS

We have carried out simulation on this package at various frequencies.
Simulation results for two examples are given in appendix. In the first
example the program takes area, width, minority carrier concentra-
tion, life time, diffusion constant and diffusion length as input and
does small signal sinusoidal analysis at 8 GHz. It calculates the gamma
function and its derivatives and plot them against time. Next it use the
accurate non-linear model given in (9) to calculate base, emitter and
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collector currents and plots them against time. In the second example
the program inputs area, width, minority carrier concentration, base
doping, emitter doping and collector doping concentration and life
time, diffusion constant and diffusion length in the base region. It
does transient analysis. It calculates reverse saturation currents in emit-
ter and collector regions, collector capacitances. Current gain, break
down voltages for base emitter and base collector regions, 3-dB cut off
frequencies, gamma function and their derivatives. It plots them
against time. Next it uses the accurate non-linear model and calcu-
latesbase, collector and emitter currents, emitter resistance, emitter
capacitance and plots them against time.

5. CONCLUSION

We have developed a high speed bipolar transistor device analysis
(HIBTRA) package, which is based on the high speed bipolar transistor
modeling via non linear circuit elements. It uses analytical model,
numerical model, lumped model and static model of bipolar transistor.
The results obtained on the basis of higher order circuit elements is
a more accurate circuit representation of bipolar transistor at high
frequency, for reliable circuit simulation.

It uses less memory (approximately 86 KB) and computation is also
fast, while other device simulators require approximately 2 MB core
memory, so it requires either XENIX or UNIX based systems. Our
developed package incorporates the latest high speed bipolar transistors
models, and it also does the physical simulation. It also computes
the other device parameters starting from the physical parameters of
the bipolar transistor. Plotting facility has been also included in the
package to get the dynamic simulation characteristics.
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