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Abstract—Computer-aided determination and optimization of

lumped elements of equivalent circuits based on experimental data,

application to tie lumped equivalent circuit including noise sources
of microwave bipolar transistors, and calculation of gain, noise, and
stability from the said computer simulation are dealt with. As an
example, a special microwave transistor mount and aspects of a new

rugged metal-ceramic package are considered.

I. INTRODUCTION

I MPROVEMENT of the microwave bipolar transistors

can only be made by intricate technological processes.

Not only the chip itself should be improved, but also the

package.

In this paper, different computer simulation methods

are described and compared, allowing the determination

of equivalent circuits containing lumped elements. In this

connection, the sensitivity calculations by Director and

Rohrer [1], Goddard and Spence [2], and Downs [16]

are compared. The equivalent circuit of a bipolar transistor

up to 12 GHz is described. Furthermore, the influence of

the circuit elements is shown, thus obtaining several new

aspects for microwave transistor construction.

II. TRANSISTOR EQUIVALENT CIRCUIT

The determination of the equivalent circuit is based on

the measured scattering and noise parameters [3], [27].

The transistor fixture used is shown in Fig. 1. This transis-

tor mount shows a better VSWR and smaller losses than

the presently known stripline mounts. At 14 GHz, the

VSWR is 1.20 and the loss is 0.17 dB (sum of both ports).

These values were measured with joined ports.

AS an example, the equivalent circuit for the micro-

wave bipolar transistor AT-561 at the bias condition

(Ic = 3 mA, Uc. = 10 V) will be determined. This tran-

sistor shows a small metallization area resulting in small

parasitic capacitances. The chip is bonded to a rugged

metal–ceramic package.

Different variants of models describing transistor be-

havior are known, such as physical models, blackbox

models, tables, mathematical models, and equivalent net-

work models. Not all of these models provide the same

insight into the device behavior, as stressed by Villalaz
[4]. Good device models are amenable to analysis by
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Fig. 1. Coaxial transistor mount for frequencies up to 15 GHz
(scale in centimeters).

computer, but they ,must be related to the semiconductor
morphology and the physical processes.

In this paper, the equivalent circuit of Fig. 2 is applied.

In [5] the branch containing the capacitance Ch?., shows

a serial resistance with a very small value compared with

I l/cK76,., 1. This is also true for the present new transistor

in the higher frequency range. For this reason, this re-

sistance is omitted. The base resistance is divided up into

two parts. One part takes into consideration the outer

base, the other the inner base, resulting in a better ap-

proximation of the small-signal parameters. The deriva-

tion of the package equivalent circuit is given in [6].

Since the computer time increases rapidly with the

number of network elements and since the connections to

the transistor morphology become more complex, the

transistor model should be as simple as possible.

In Fig. 2 the noise sources are also introduced [7]. It

is one aim of this paper to see if this noise theory gives

satisfactory agreement with the measurement at fre-

quencies above 8 GHz [9]. The four noise parameters

(YOP,,FO.,,R.) have therefore not been used for the

computer-aided determination of the small-signal equiva-

lent circuit. But at the end of this optimization, the noise

parameters have been calculated. They are then com-

pared with the experimental results in Section V. In [8]

the experimental verification of the theory has been pre-

sented below 4 GHz, while here this verification extends

to 10.5 GHz.

III. COMPUTER-AIDED DETERMINATION OF THE

EQUIVALENT CIRCUITS

As many network analyses have to be executed during

the equivalent network determination, it is important to

use efficient computer methods. For time-saving network
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Fig. 2. Equivalent
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circuit of a microwave bipolar transistor includkzg noise Sources ‘&bl, iRb2, i.b, -~.c, and the additional
complex transadmittance, includlng the signal current source 1.
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Fig. 3, Original and adjoint networks for the direct sensitivity computation for the s parameters.

imalysis, it is imperative to inquire whether the electrical

quantities should be calculated either using orthogonal

Kirchhoff modes [10], or using a general computer

method of matrix inversion making use of generally valid

mathematical expressions instead of numerical values, or

using ECAP and comparable methods.

This paper is based oh an extended ECAP solution. The

equivalent circuit may be found by varying the network

elements at a fixed topology until the calculated param-

eters agree sufficiently with the measured ones, applying

computer optimization [17]. These metliods make sense

because in many cases not all the elements of the chosen

model can be calculated with sufficient precision using

well-known formulas based on physical simplification (e.g.,

see transadmittance in Section IV).

At first, a comparison of two sensitivity determinations

[}1, [21 is given. Many optimization methods are b@ed
on the gradient calculation, especially using accurate

starting values.

Usually, the scattering parameters are used ai small-

signal parameters in the microwave range. In [5] the ob-

jective function is formed with input and output currents

of the two-ports showing a relationship with thes param-

eters (Fig. 3). In this paper, the sensitivity calculation

is carried out directly using scattering parameter&. As the

determination of the error function. for the sn and s21

parameters is analogous to that for the other two s pa-

rameters, only the procedure for the first said error func-

tion is described. This function is expressed by (1):

El =
/

‘2: {W,,,u, ] w,o) A In— sll(jo)

W

+w2(&0 I s21(j”) – S,,(j@) ]fi] dw (l:)

where

Wi(jo) wei~ht functions (real and nonnegative);
A measured value;

n integer number; in our ewe n.= 2;

w,, resp U2 iower resp. upper angular frequency value.

The first-order sensitivity related to an equivalent net-

vvork element (El) is

“ (Sll(ico)
sll(j@)

* — ~ll(jti) *) -
aEl

+ W2(ju) I S21(j@) – ~21(ju) 1~-2

“ (s21(j0) * — 321(W *)
}

‘~ d. (2)

where * is the complex-conjugate value.

convention of Fig. 3 it can be seen that

&ll(j@J dIl(jw)’
—=2zo —
aEl dEl

With the sign

(3)



1s0 IEEE TliANSACTIONS ON MICROWAYE THEORY AND TECHNIQUES, MARCH 1974

tk21(ja) aIa(j@)’
—--.-— .2zo —

aEi aEl -
(4)

Using thernethod [l]~the, error sources of (5) and (6)

have to be applied at the ports of the adjotit two-port.

Z, is the characteristic impedance:

#’Ol(jti)’ = ‘2ZOWl(ju) I S1l@.} - &l(@) in-2(sll(jU)* - &@)*)

(5)

!hw)’ = —2ZIIW2(j@JI .921(~Oj - &i(@) in–2 (S21(@)* — ~21(jti)*).

(6)

By this pi-ocedure, the firs~order sensitivities are obtained

directly. This is valid for the additional network ele-

ments, too.

Assuming approximately equal experimental acctiacy

for all four s parameters, the weight functions W~(jo) of

(7) ZI1OW a fast optimization procedure:

(7)

In [2] the nodal voltages are differentiated with respect

to the 2-terminal admittance Yit. If the relation (8) is

applied, the setiitivities for the different network ele-

ments are obtained:

dllybll = dll Ybll dyk

dEl ayk aEl
(s)

where Y~ is the 2-terminal branch admittance; II yb II k

the branch admittance matrix;

a [1v*I1
_=-l]Y.l]-lllAlla~:”~

aEl

“ 1[ Vbll – II ebll (g)

II Y. II is the nodal admittance matrix; II eb II is theinde-

pendent branch voltage vector; II u= II is the nodal voltage

vector; II Vb 11,is the branch voltage vector; II A II @ the

reduced incidence matrix., The for&ula for the trans-

admittance elements is obtained by omitting the vector

II eb Il. With a suiiable tree configuration tK,’/3El and

dI,’/aEl of (3) and (4), are obtained by dividing (9) by

the characteristic iinpedance 2..

The following comparison is based on the &s&order

sensitivity calcidation of the error function, fo~ed by
using all four s parameters at a single frequency value.

Furthermore, it is based on the Gaussiari elimination

process and the traditional matr~ inversion., Sparse

matrix solutioti tie not considered. As the multiplication

and division operations occupy most of the c;mputer

time, only these operations are compzired. Applying the

method [2], it is advantageous to execute the matrix

inversion II Y= Il–l already at the beghmihg, s~ce this

matrix is used for the gradient calculation of (9). The

traditional matrix inversion requires at least (n3 + 2?22)

essential operations. One operation is defied * either

one multiplication and addition or one division. n is the

number of network equations. Aa the process is only

applied to two nodal voltage sensitivities at both ports

of the original network, the number of additional opera-

tions is small compared with (n3 + 2n2).

With procedure [1], Gaussian elimination [11] may

be applied. In ~12] it is shown that for the original net-

work and its adjoint network only kl operations are used:

kl = &(n2 – 1) + 2n2. (lo)

For the second ornginal network (Fig., 3 ) o~y the excita-

tions are different from the first configuration. For this

reason, only (2n2 ) further operations are needed for the

sensitivity calculation with respect to the error function

of all fours parameters:

k2 = kl+2n2 = *(n2 – 1) ~4n2. (11)

At large values of n, the second method takes much more

computer time.

If the first-as well as the second-order sensitivities have

to be calculated, the method by Downs [16] is more

favorable than [1]. Ordy its operations are used with [16]:

ii%=ns+-2mf5m2 (12)

where m is the number of branch admittances for which

the first- as well the second-order sensitivities are used.

However, in this case, the procedure [2] is comparable

tith [16]. Especially with respect to the scattering pa-

rameters, further efficient sensitivity calculations are given

in [18]–[21]. -

At the end of this section, it has to be mentioned that

the Gaussian elimination is not optimal ~13]. In [13] a

special procedure for matrix inversions is given, allowing

less a@hnetical operations. But the said procedure is

favorable at approxiinately n >1000.

IV. DISCUSSION OF THE NUMERICAL RESULTS FOR THE

SMALL-SIGNAL s PARAMETERS

With the riumeric@ values of Table I for the emitter

configuration, the calculateds parameters of Figs. 4 and 5

are obtained. In the same figkes, the measured s par~-

eters are given., The remaining errors between the meas-

ured and circulated quantities tire caused mainly by the

phase ahgles of these parameters. These differences are

partly due to the assumed pa&age eq&alent circuit. At

shorter waveiengtly, taking into account the package
dimensions, the detern&ati6n of an aqcurate equivalent

circuit with lumped elements becomes more problematic.

Such a m%work can o~y be valid over a limited frequency
range arid its values are more formal than physical. An

ideal lossless transmission line piece of the length 1 cti be

replaced by an equivalent circuit containing one L and

one C if tanL yl W YL ~ is the transmission line con-

stant per unit length. The ratios of the effecti~e wave-

lengths to the dimensions of the active part of the tran-

sistor pill are more favorable, because the latter dimensions

amount to only some microns. Nevertheless, the pill~s

equivalent circuit elements may also be frequency depend-
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TABLE I
NUMERICAL ELEMENT VALUES FOR mm TRANSISTOR AT-561 AT THE

BiAs CONDITION (1c = 3 MA; UC. = 10 V) (SEE FIG. z)

c1 = 0.127 (pF) L1 = 0.1u5 (nrl) ~1 = 12.92 (Q

C2 = 9.093 L2 = u.182 %2 = 3.48

c> = 0.059 ~ . 0.215 Kbqe’ = 304.74

C4 = 0.102 L4 = 0.168 ~~ = 8.56

C5
= 0.022 L5 = 0.150

Cci = 0.123 L6 = 0.216

Ceo = 0.077
‘TR= 0.208

cb,e,= 2.250

.

\~-
-1

I&. 4. Scattering parameters w, and szz (transistor AT-561;
~e D 3 ~; ucE = 10 v; reference planes—base side at the

package edge, collector side 0.625 mm away from the package
edge). A—measured; A—calculated; O—parameters of the
chip alone (calculated).

90”

I

#

- so”

Fig. 5. Scattering parameters s21 and s12 (see caption of ~lg. 4).

ent for other reasons. As an example, it is shown in [14]

that at heavier g$ading of impurity coricentrat;on in the

base region, the luinpea base-emitter capacitance Cb’ .I

(Fig. 2) k more frequency dependent. An improvement

of the agreement coidd be achieved by the subdivision of

this capacitance Cbf., (Fig. f3).

181

I

QE I I

Fig. 6. Extension of the lumped equivalent circuit of the one-
dtiensional transistor chip to a lumped equivalent circuit of a
twodmensional chip.

The small-sijjal s parameters of the chip alone have

also been calculated (Figs. 4 and 5). This chip modeling

can be made. more precise by considering the two dimen-

sional (Fig. 6) or even the three-dimensional character of

the transistor. But, by the application of an increasing

number of network elements, applying computer optimiza-

tion, the possibility exists of findin~ element values without

true physical meaning. Therefore, in this ,case; the physical

limits and starting values have to be estimated very care.-

fuuy.

Fig. 7 shows the calculated dependence of the complex
transadmittance Yzl.,. Furthermore, the calculated values

of Yw~ with respect to [14] ‘are shown in the same figure.

These values have been calculated, assuming a frequency

fi~ of 7 GHz [15] and v = in (NBE/NBc) = 4 (NBE,NBC =

unpurity concentrations at the emitter and collector edge

of the base). For ~ # 4 and for j~~ slightly different from

7 GHz the agreement is not better than with q = 4 and

.fT = 7 GHz. In this frequency range, a precise measure-
ment for the experimental confirmation of either curve is

difficult, especially beyond the 6-dB-per-octave falloff

region of \ hfe I [15]. A certain discrepancy for the result

based on ~14] can be expki.ined with [15]. The base im-

purity concentration increases with depth in the compen-

sation region, resulting in a locally retarding field. In [14],

this point has not been considered. Furthermore, a better

model of the base-emitter admittatice with more elements

results in a better model for the transadmittance.

In Table II the influence of different chip elements on

h
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Fig. 7. Calculated frequency curve of the transadm~ttance Y2w
A = Y~l. obtained with the additional network (Fig. 2). O =
Y,,d obtained with [14].
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TABLE II TABLE III
INrLUENCE OF THE NETWORK ELEMENTS ON MSG’ AND K’ FOR CALCULATED AND MEASURED OPTIMAL NOISE FIGURES AND

50-PERCENT REDUCTION INTEENETWORK ELEMENT OPTIMALSOURCE ADMITTANCESAS AFUNCTIONOFFREQUENCY

%1 ‘cl “Co Coe’1 ‘ackage ‘el”change‘ %
f ( G,iz) 6.0 +- 0.2 -18.5 -12,3 +11.3 -19.0, +14.0

8.0 + 8.9 -21.4 -15.0 +13.9 -13.3 +17. j

I

lob. ~T

10.5 + 9.4 -25.2 -10.2 +10.9 - 3.2 +25.2

f(GiIz) 6.0 +2%.3 +18 .0 +10 .1 +45.7 +4.9 +24 .4
~oo:Ai6’G ,

,,Is& ‘

8.0 +37. [) +11. u + 5.9 +47.2 +9.9 +20.2

10.5 +112.0 +68.9 ‘ +52.6 +114.0 +58.3 +87 . y

the calculated maximum stable gain (MSG’) and the

stability factor Kf at three frequency values is shown.

The relative changes of MSG’ and K’ have been calcu-

lated at an individual 50-percent reduction of the corre-

sponding elements. Only one network element value has

been changed at a time. The package influence has been

eliminated completely in the last column of Table II.

This package reduces gain and stability. A comparison of

the element values of AT-101A [5] shows that the im-

provement is based on smaller capacitance values and a

larger I Yzl., 1. But the total base resistance of this more

recent transistor is now larger, above 6 GHz.

V. DISCUSSION OF THE NOISE CALCULATIONS

In Fig. 2 the noise sources were also introduced. ~nE

considers the generation-recombination noise with respect

to the base-emitter junction [25]. This factor mE can be

approximately determined with the corresponding de char-

acteristic. The transistor AT-561 shows a factor mE of

%1.03 at UCE = 10 V and Ic = 3 mA. For frequencies

above 6 GHz, the influence of the generation-recombina-

tion noise is small compared with the contribution of the

collector shot noise.

In Table III the calculated absolute noise figures FoPt’

and the calculated optimal source admittance Y~Pt’ [7]

are compared with the corresponding measured values

FOptand YOp~.It can be seen that the better the modeling

of the S1l parameter, the better the agreement of YoPi’

and F.Dt’ with YOpt and FOpt.One reason for the remaining

error may be that at Ic = 3 mA, high current injection

phenomena can set in. In this frequency range, the con-

tribution of the thermal noise sources i~b~ and i~~z is

smaller than that of the correlated noise sources ‘i.b and

inc. The simulation of the fourth noise parameter R. k
not satisfactory. AS an example, at 6 GHz, 25 Q instead of

48 Q have been calculated, In this connection, it has to

be said that R. is determined by (13 ):

R. =
(F – F.pti)Gs

(G. – G. opt)’ + @s – B. opt)’

Y, = G. + jB. = source admittance. (13)

From (13 ) it can be seen that R. is extremely sensitive to

changes of G. and l?.. In Table Iv the influence of differ-

ent chip and package elements is shown. The relative

changes of FOPtl have been calculated as described in

Section IV 122]-[24].

f ( GLiZ ) F! F r~ ~pt (mmho ) Yopt (mmho )
opt opt

6.o 4.89 3.55 25.5+4.02 2Y. G+6.4J

8.0 5.99 5.50 25.0+5,5J 28.0+8.4J

10.5 10.29 13.58 18.5+9.5j 12.0+3.6J

TABLE IV
INFLUENCE or THE NETWORK ELEMENTS ON THE OPTIMAL NOISE

FIGURE FOPT’ AT 10.5 GHz FOR A 50-PERCENT REDUCTION IN
mm NETWORK ELEMENT

BlemntI
‘bl

:Ccijc
: %I? m t Cb’e’ ‘ackage

VI. CONCLUSION

An equivalent circuit for a microwave bipolar transistor

up to 12 GHz has been shown, At these high frequencies,

the equivalent circuit for the package is more formal than

physical. A better agreement between measured and calcu-

lated values could mainly be achieved by a subdivision

of the base-emitter admittance in more elements. The

influence of a new rugged metal–ceramic package as well

as the influence of different chip equivalent circuit ele-

ments on gain, stability, and noise have been shown in

detail. With microwave bipolar transistors, high-current

injection phenomena set in at relatively low currents. In

a further work it would be interesting to examine the

contribution of these effects at larger current densities

[26]. In connection with the computerized optimization,

three different sensitivity y calculations have been exam-

ined, considering several new aspects of computer cal-

culations.
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A Theoretical Study of the High-Frequency Performance

of a SchottkY-Barrier Field-Effect Transistor Fabricated

on a High-ResistivitY Substrate

GARY D. ALLEY, MEMBER, IEEE, AND HARRY E. TALLEY, SENIOR MEMBER, IEEE

Abstract—The short-circuit admittance parameters for a sificon

Schottky-barrier field-effect transistor (SBFET) fabricated on a

high-resistivity substrate are calculated from first principles ignoring

the effects of minority carriers. The calculations show the maximum

frequency of oscillation for a device with a l-pm gate to be 17.9 GHz,

neglecting the parasitic associated with the contact metallizations,

and 14.7 GHz when the parasitic are included.
In order to describe the dynamic behavior of the device, the static

properties must first be obtained. The simultaneous solution of

Poisson’s equation and the continuity equation, both in two dimen-

sions, gives the static charge and potential distribution in the device.

The effects of a field-dependent mobility are included in the con-

tiriuity equation. Using the results of static two-dimensional solu-

tions, a one-dimensional device model is developed that permits the

dynamic device behavior to be described by a one-dimensional

linear ordinary differential equation. By solving this equation under
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Thk work is based on a paper presented at the 1972 IEEE Inter-
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appropriate boundary conditions, the device y parameters are found

as functions of frequency. Calculated results are shown to be in good
agreement with published experimental data.

I. INTRODUCTION

THE DEMONSTRATED high-frequency capabilities

of field-effect transistors [1] indicate that they will

have important applications in microwave systems.

In this paper we present a method for calculating the y

parameters as a function of frequency for a silicon

Schottky-barrier field-effect transistor (SBFET) [2].

The results of these calculations are valid up to and beyond

the maximum frequency of oscillation for a given device,

so that the method may be used to optimize the high-

frequency response of an SBFET. The theoretical cal-

culations presented are compared with experimental data
published in the literature and are shown to be in good

agreement.

In order to obtain the desired y parameters, we first

solve simultaneously the continuity equation and Poisson’s

equation, both in two dimensions, in order to find the


