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ABSTRACT

It has been found that hybrid-pi or high-frequency T are in-
adequate high-frequency models for certain transistor types even
though the models are supplemented by reasonable extrinsic elements.
The hybrid-pi can be modified to model these transistors by replac-
ing the rﬂCﬂ circuit by an RC ladder. Using a computer optimiza-
tion program an optimal, N-lump model is generated. For the
2N918 transistor a two-lump model extends the frequency range of
the hybrid-pi model to fT/ 2, Typical circuit examples show most
of the improvement in model performance can be obtained with a

two-lump model.
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1, Introduction

Analysis and synthesis ot circuits contalning bipolar tran-
sistors require suitable device models. For this purpose, the most
popular high-frequency, incremental models are the hybrid-pi and
the high-frequency T (Ref. 1, 2). Under the usual high-frequency
assumptions these two models are equivalent as indicated in Fig. 1.
The popularity of these models stems from their simplicity and the
relatively good correspondence between elements of the models and
the basic physical processes in the device. In particular, the ca-
pacities Ce and C,, each have two components: a barrier, or
depletion layer, capacitance and a base charge, or diffusion, ca-
pacitance, In modeling the dynamics of the charge stored in the
base by a single lumped capacitance, one neglects the distributed
nature of the base charge. The excess phase factor expezu—r:;) multi-
plying the controlled source in each model is an attempt to include
the first-order effects of the distributed nature of the base change.

It also should be noted that these are models of the intrinsic devices;
header capacities and lead inductances must be added to describe most
packaged devices accurately.

For the circuit designer, determination of the model parame-
ters for a particular transistor type can be a significant problem.

Device manufacturers usually do not provide enough data to allow



Fig. 1. Popular high-frequency, incremental models of a bipolar
transistor; (@) high-frequency T and (b) high-frequency
hybrid-pi and the parameter interrelations
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calculation of all the parameters of the models in Fig. 1. The values
for T C u and n are particularly hard to find unless rather com-
plete high-frequency data, such as a set of short-circuit admittance
parameters, are providéd. A perusal of manufacturer's data sheets
reveals that extensive high-frequency data are available for a very
limited number of devices. In 1966, Sidney Chao reported on the
y-parameters of a collection of twenty transistor types produced by
seven different manufacturers. That report seems to include most
of the generally available data as of that date (Ref. 3).

In connection with wideband amplifier and oscillator studies,
the writers had occasion to measure the short circuit admittance
parameters of a small, planar, high-frequency transistor, the 2N918
(Appendix A). Analysis of this measured data revealed that using the
circuits of Fig. 1, it was not possible to model this transistor satis-
factorily over a frequency range greater than 0 to 0.1 fT , even
though extrinsic elements were added. The observed differences
between the hybrid-pi model predictions and the measured data are
most easily observed in plots of the short-circuit admittance loci, as
indicated in the second section of this paper. These differences
suggest that it is the "'single-lump' representation of the distributed
base charge which largely is responsible for the model's failure. In

Section 3, two- and three-lump approximations to the distributed



base charge are added to the basic hybrid-pi, and a computer opti-
mization program is used to select the parameters of this extended
model. Finally, in Secfion 4 the responses of some typical circuits
using the hybrid-pi and the extended hybrid-pi are compared, It is
our conclusion that it is worthwhile to extend the hybrid-pi to a
"two-lump'' approximation, which requires the addition of one R
and one C to the model. This extended model fits the 2N918
measured y-parameter data to within 10 percent up to about fT/ 2,
and can produce significant changes in the predicted response of
typical circuits. The model can be extended further, but this does

not seem to be worthwhile for the 2N918.



2. Admittance Loci

The short circuit admittance parameters of 2N918 transistors
were measured over the frequency range 1 to 900 MHz for collector-
emitter voltages from 1 to 8 V and collector currents from 0.5 to 8
mA. Some of the lowest frequency measurements were made with a
Hewlett-Packard Vector voltmeter, but the bulk of the data was taken
with a General Radio Transfer- Function and Immittance Bridge (50-
900 Mhz range) and with a Boonton RX meter (10-200 MHz). In
general there is good correspondence between the RX-meter and GR
Bridge data over their common frequency range (50- 200 MHz). These
data are also qualitatively in good agreement with typical data pub-
lished by manufacturers of this transistor type (Ref. 4). The inade-
quacy of the simple hybrid-pi model for this transistor is most easily
seen if one examines the Vie and y fo admittance loci with frequency
as a parameter. Figure 2 plots these loci using the data in the
appendix for VCE =4V and Ic = 0.5, 2.0and 8.0 mA. It will be
noted that the frequency at which bie(w) reaches a maximum is
much higher than the frequency at which b fe(a)) is 2 minimum for
each quiescent current. This is in conflict with the predictions of
the usual hybrid-pi model.

The short circuit input and forward transfer admittances of
the hybrid-pi model in Fig. 1(b) are

5



bie in
mmhos
0 t ! ] % !
5 10 15 " 20 25
. in mmhos
bge in Jie
mmhos 20 40 60 80 100
0] % 1 . % i
T in mmhos
2.0 ma
200

| =8ma

o
50 MHz

Fig. 2. Measured short circuit admittance loci for a 2N918
at Vc . 4V



1 + srﬂCT

yie=r +r +srr C (1)
X T xaT

and
_ns
W
o
Be -sr C
yfe ST +r 4 srﬂruC ()
X T X7 T
where
A
CT = C”+ Cu

Both of these admittances have the same pole at the transverse cut-

off frequency

r +1
2 o @

b rxrnCT

W

For s =jw, this pole dominates the frequency dependence of the sus-

ceptances

and



g rxrw2 CTw cos(%g) + (r_+ rﬂ) [wr"C#+B sin(—g%)]
= bfe(w) = ﬁ (5)

The value of wy is normally an order of magnitude smaller than
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can be replaced by the first term in their respective power series.

When this is done, Eq. 5 reduces to
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which has the same frequency dependence as bie(w) .
Equations (4) and (6) show that the hybrid-pi model predicts
that the magnitude of bie and bfe will both reach a maximum at the

same frequency, w Further examination of Eqs. 1 and 2 shows

b *
that as long as the excess phase exponential is approximated by the
first two terms in its series, both admittance loci are semicircles.
Returning to the measured loci for the 2N918 it is evident that one

can infer very different values for Wy depending upon whether one

uses the input or the transfer admittance locus. The frequencies of

the various susceptance maximum are tabulated as follows:



Frequency of Susceptance
maxima Frequ.ency
5 b ratio
ie fe
Ic = 0.5 mA >900 MHz 500 MHz >1.8
IC = 2.0 mA 750 MHz 150 MHz 5
Ic = 8,0 mA 500 MHz 50 10

Since Fig. 1 and Egs. 1 and 2 are for the intrinsic transistor, one
is led naturally to ask if the observed differences between the model
predictions and the measured data can be explained by extrinsic
elements. It is our conclusion that this is not the case. The prin-
cipal extrinsic elements are the bulk resistances, the lead induc-
tances, and the interlead capacities.

Taken alone, the interlead capacities simply add linear suscep-
tance terms to Eqs. 4 and 6. These can lead to susceptance maximum
at differing frequencies, but nothing like the observed frequency
ratios can be explained with reasonable capacity values. For ex-
ample, subtracting the linear susceptance of 2 pF from the yie
data at 8 mA only shifts the bie maximum frequency to about 450
MHz. Lead inductances can also cause some changes in the frequency
of the susceptance maxima, but they tend to move the input suscep-

tances down toward negative values at higher frequencies. There is
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little evidence of this in the 2N918 data for the collector current
and frequency ranges investigated.

The 2N918 is mounted in a standard TO-18 package. Measure-
ments on such a packagé with the transistor disconnected give inter-
lead capacities of the order of 0.6 pF between each pair of leads.
Figure 3 replots the yie(]'w) locus for Ic = 2.0 mA, and shows the
result of subtracting linear susceptances corresponding to 0.6, 1.2
and 1. 8 pF.

It will be noted that even for the 1. 8 pF case, which reduces
the magnitude of the susceptance maximum by a factor of 2. 2, the
frequency of the maximum has only been reduced about 100 MHz to
650 MHz which is still 4. 3 times the frequéncy of the transfer sus-
ceptance maximum.

The other interesting feature of these loci is their shape.
Rather than being semicircles, as the hybrid-pi would predict, they
look moré like two semicircles joined by a tangent line., This obser-
vation naturally led to the consideration of the extension of the hybrid-

pito a two- or N-lump model.
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3. Multilump Models

In the hybrid-pi model the dynamics of the minority charge
diffusing across the base region of the transistor are modeled by the
parallel rﬁC7r circuit. The element C,, also includes a component
representing the barrier capacitance across the emitter-base space
charge region, but for the usual emitter currents this term is domi-
nated by the "diffusion’’ capacity. Physically, we know the diffusing
charge is distributed across the base region, but both the hybrid-pi
and the high-frequency T equivalent circuits treat this charge as
though it were lumped at a single point. A distributed RC circuit
could model the distributed charge exactly, but it would be awkward
to use in circuit calculations. As an alternative it is natural to con-
sider replacing the one-lump approximation to the distributed charge
by a multilump approximation as shown in Fig. 4.

It is easily seen that introducing these RC ladder networks can
give rise to differences between the driving-point and the transfer
susceptance of the kind observed in the 2N918 measurements. The
driving-point admittance has alternating simple zeros and poles along
the negative real axis of the s-plane; whereas, if the voltage con-
trolling the gm~generator is taken from the end of the line, the trans-
fer admittance is an all-pole function. By taking the gm-generator

control voltage at other points along the line one can introduce a

12
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further degree of flexibility into the zeros of the transfer function.

Initially Bode plots of the Vie and Ve data were used to
select the poles and zeros for a two-section ladder of the form shown
in Fig. 4(b). With plots of the log magnitude and angle versus log
frequency it is not difficult to make reasonable estimates of suitable
asymptote break frequencies. Having the poles and zeros, it is a
straightforward matter to synthesize the RC ladder. After several
examples had been done "by hand, "' a digital computer program that
selects the component values to minimize a suitable error measure
was written, *

The error function selected is

| \p
c data c_model] )

ERR = ) W ie ~ Yie

B ! Ic data |

no. of . |

freq. 1€
Icydata_ cymodel p

W fe fe (1)

2 lc data I
yfe

where W1 and W2 are weight constants, and P is a positive integer

specified by the user. The quantities

*Appendix B gives the FORTRAN IV listing of this program.
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o
>

and

c A
Yie = Ve ¥ SCBC ()

are the short-circuit input and forward transfer admittances of the
intrinsic transistor, i.e., corrected for the interlead capacities
CBE and CB C* The transfer and input admittances of the ladder
network are evaluated efficiently by a simple cumulent algorithm
(Ref. 5). The derivatives are estimated by incrementing element
values in the simplest fashion.

A flow chart of the optimization program is given in Fig. 5.
The program subtracts the admittances of the interlead capacities
to obtain Cyi e and cyf e of the intrinsic transistor. A Fletcher-
Powell nﬁnimization routine is then used to minimize Eq. 7. The
minimization routine is one given by Calahan (Ref. 6). A similar
routine is available as a part of the IBM Scientific Subroutine Pro-
grams package (Ref. 7). When the minimization routine cannot
reduce the error more than a specified percentage, the program
adds the interlead capacities to the optimized model y-parameters

and prints out the y-parameters and errors as a function of frequency

as well as the "optimized' model values.
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The complete N-lump transistor model is shown in Fig, 6(a).

Our program optimizes Rl’ CZ’ cee, LB to match the measured

Vie and Yie data. The program could be extended to optimize

simultaneously on all four y-parameters, but initial experience has
suggested that this is often unnecessary because the output and re-
verse admittances are relatively independent of the stored-base

charge.
When the collector-emitter terminals of the model are shorted,

C CE is removed from the circuit, C“ is in parallel with CZ’ and

CBC is in parallel with CBE as shown in Fig., 6(b). The optimiza-

tion program takes account of the specified CBC and CBE’ but the

Cy

sistor are used to select CCE and C“; at high frequencies

it calculates includes C . The y _ and y data for the tran-
I oe re

Vee —SCBC (10)

and

At low frequencies



18

Cac
I
I
a[A
o0—1+——TIO NN AN\~ 0
+ G.v

\l
711
(@]
(02)
m
(@]
N
\l
71
(@]
N
_z__)
N:u
2
+
i <
O
O 3
(@]
m y
N

i i i G v
~T~ T~ T~ m
-->V| . c C2 Con B <*>
- B|E+ BC 2N+ -
c; 1\
I J
c
Yie ’l (b)

Fig. 6. (a) N-lump extension of hybrid-pi model plus extrinsic
capacitances; (b) reduced model for y._ and y
. ie fe
calculations

Cc yf

\J
e |



19

3 2N+ 1
y —> =-s {C_.+C (12)
re BC uR1+R3+.. +RZN {
and
g R. R
m 19
Yoo > S {Cop*CpctC,llt R, 7Ry 7. +R5] (13)
In principle, having found the ladder element values Rl’ CZ’
ceey R2N+1 and Gm, Eqs. 10 and 11 can be used to determine
CBC’ CCE’ and Cu. As a practical matter, real data may not be

precise enough at low frequencies to show a significant low frequency
asymptote shift.

As an illustration, consider the 2N918 at IC = 2 mA,
VCE = 4V ., The y-parameter measured for one unit are tabulated
in the appendix. The input and transfer-admittance loci for this
transistor already have been presented in Fig. 2. The Yoe and
Yie parameters, which are predominantly susceptive, are plotted
in Fig. 7. Log-log coordinates are used so that the asymptotic
susceptances are straight lines with a slope of +1. Looking at the
data one cannot discern a significant difference between the low- and
high-frequency susceptance asymptotes. The -bre data can be fitted
very well by a single line corresponding to a capacity of 0.68 pF,

and the boe data are well matched by a 1.63 pF capacity. On the

basis of these data we can conclude for this transistor that CIJ is
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less than 0,068 pF (10 percent of the measured bre), and for cir-
cuit design purposes it can be neglected.

For the conductance data, gre was found to be too small for
reliable measurement with the setup used. The measurement of 8oe
is also difficult for this small transistor, and a number of additional
measurements were made in an attempt to improve the data. Partic-
ularly at the lower frequencies, data spreads of up to +30 percent are
evident. Above 500 MHz, however, the data becomes reasonably
smooth, and 8, Seems to approach an asymptotic slope of +2. At
low frequencies, the data "appear'' to approach a constant value be-
tween 0. 15 and 0.2 millimhos.

The susceptance data are well-modeled by the circuit of
Fig. 6(@), by making CBC 0.68 pF and CCE 0.95 pF. Adding a
shunt resistor across C CE with a value of 6000 ohms matches the
low-frequency value of 8o’ The square-law frequency asymptote

suggests a fixed resistance in series with the output capacity. For

series RC circuit

_ _JjwC
Yseries RC 1+jwRC (14)

which reduces to

w2C2R+jw C (15)

124
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as long as szzCz <<1L

In Fig, T, goe at 900 MHz is 1. 04 millimhos so that the
series resistance should contribute 1.04 - 0. 167 = 0. 873 millimhos.
Taking C as 1,63 pF one finds the needed series resistance is
10, 4 ohms.

Figure 8(a) gives the one-, two-, and three-lump models op-
timized by the computer program to match the Vie and Vte data
given in the appendix for the 2N918 at 4 V and 2 mA. Before carry-
ing out the optimization the measured data (real and imaginary parts
of the four y's) were plotted and ""smoothed' by eye. The data fed
into the optimization program were read from these smoothed curves
at 15 frequencies spread relatively uniformly on a logarithmic fre-
quency scale from 2 to 450 MHZ.* With the weighting factors all taken
as unity the mean square errors for these three models are 0. 793,

0. 107, and 0,0435. The improvement achieved by going from a one-
to a two-lump model is significant; for circuit design purposes the
additional improvement possible with three or more lumps seems
less worthwhile for this transistor,

The models in Fig. 8(a) are for the input and forward charac-
teristics only. Adding on CBC’ CCE’ CBE’ and the output resistance
to any of these circuits gives a complete model. This is illustrated in

Fig. 8(b) for the two-lump case.

* Thatis, 2, 3, 4, 5, 7, 10, 15, 20, 45, ..., 450.
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The nature of the model approximations is seen by examining
the individual terms in Eq. 7. One hundred times these errors are
plotted versus frequency in Fig. 9. For the one-lump (hybrid-pi)
approximation, the y,, error is less than 10 percent up to 95 MHz,
but the Yo €TTOT exceeds 10 percent above 28 MHz. The large
difference in these two frequencies is in keeping with our observations
in Section 1 of the inadequacy of the simple hybrid-pi for this tran-
sistor. With the two-lump model, the Yie €rror is less than 10
percent up to 440 MHz, and the Ve €TTOT reaches 10 percent at
325 MHz. The addition of just two elements allows a 3:1 improve-
ment in the useable frequency range for the model and gives a much
more balanced error. The addition of two more elements to make
a three-lump approximation gives a further improvement particularly
in Ve above 50 MHz. Now the error magnitude never exceeds 7
percent over the full frequency range of 2 to 450 MHz.

The solid lines in Fig. 7 are calculated for the two-lump

model of Fig. 8(b). The errors in boe’ b and goe 2T€ less

re’
than 10 percent out to 900 MHz. The calculated g e is larger than
our measurements indicated. (Our best estimate is that 8re is

about -0. 2 millimhos at 900 MHz.) For most circuit calculations

this discrepency will not be significant since Ve is dominated by
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bre‘ If the refinement is desired, one can reduce the magnitude of

8re by splitting CBC into two portions, one as shown, and a second

r
directly between the base and collector external terminals as indicated
by the dotted lines in Fig. 8(b).

The Vie and Yie admittance loci are plotted in Fig. 10 for
the two-lump model of Fig. 8(b). The circled points are the input

data for the computer optimization program.
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4, Typical Circuit Applications

The utility of one transistor model over another depends on
the proposed application of the model. Since all models considered
here are identical at low frequencies, we would expect that in low-
pass circuits the differences in performance would be less than in
bandpass circuits, particularly as the center frequencies exceed
fT/ 10 (about 90 MHz for the 2N918 example).

Two simple transistor amplifier circuits are shown in Fig.

11, an emitter-follower and a simple, single-tuned amplifier, The
emitter-follower with a 1000 ohm resistive source and a parallel

RC load of 100 ohms and 30 pF is a low-pass circuit with a -3dB
bandwidth of the order of 100 MHz. In the second circuit the output
inductors transform the 50-ohm load to match Yoe at 225 MHz, and
the input simply cancels the input susceptance at the same frequency.
The overall frequency response is essentially that of the output single-
tuned circuit.

Both of the circuits in Fig., 11 were analyzed using a linear
circuit analysis program that calculated the poles and zeros of the
specified input-output pairs as well as frequency and time responses.
Table I summarizes the calculated poles and zeros, the frequency re-
sponse, and the step response characteristics of the emitter-follower
circuit. The step responses are plotted in Fig. 12, There are clear

28
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Calculated Transistor Model Used [ Fig. 8(a)]
Characteristics hybrid-pi 2-lump 3-lump
Poles (Gigarad) -109. 3 -98. 41 -99, 15

- 14.07 -1.7874j17.02 -51.56
-.33194j. 3994 -.30784j. 4334 -1, 231112, 36
-2,603 -. 30634j. 4225
-2, 305
Zeros (Gigarad) | -6.928+j32. 89 -11.03+j28. 48 -51.59
-8.533 -23.09 9. 854422, 05
-1, 276+j4. 608 -18.05
-2, 265xj4. 011
Voltage Gain -2.187 dB -2.179 dB -2,162 dB
Bandwidth (- 3dB) 90 MHz 95.5 MHz 93.5 MHz
Gain Peak -2.067 dB at -1,813 dB -1, 836 dB
31.6 MHz at 42, 2 MHz at 42. 2 MHz
Rise Time in
. 3. 54 3.58
ns (10-90%) 3.78
Delay Time 2,64 2. 80 2. 80
Overshoot 7.5% 10. 4% 10. 2%
Table I. Model comparison in emitter follower circuit
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Calculated emitter follower step responses using
1-, 2-, and 3-lump 2N918 models
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differences between the responses calculated with the hybrid-pi

and those calculated using either the two- or three-lump model; the
larger models predict more overshoot and delay and shorter rise-
times. These differences are all small, and those between the two-
and three-lump models are certainly negligible in this circuit.

Table II summarizes calculated performance of the tuned
amplifier. As in the emitter-follower example, there is a significant
change when the hybrid-pi is replaced by the two- or three-lump
model but the difference between the performance with the last two
is much smaller. The three, calculated frequency response curves
are given in Fig. 13. In this example, the small difference between
the two- and three-lump models is attributable in part to the circuit
design, which makes the relatively unchanging output admittance the
most important frequency determining element. In some bandpass
designs we have observed significant differences between the predic-

tions of the two larger models.
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Calculated Transistor Model Used [ Fig. 8(a)]
Characteristic hybrid-pi 2-lump 3-lump
Poles (gigarad) -68.5 -35,3 -51,0

-3. 27 -10.9 -5.11
-1, 14 -0, 933 -0.830
-0.0116 -0.0116 -0.0116
-.0792zj1. 23 -.09814j1. 23 -0. 9784j1. 24
-3.44+j4. 93 - 2. 36xj4. 80
-42,5
Zeros (gigarad) -10.6 -0. 993410, 3 -51.6
9.41 6.19 -1.951j8. 39
0. -7.62 6. 21
0. 0. -5,02
0. 0.
0.
Maximum T.P.G. 20.0dB 17.8 dB 17.4 dB
Center Frequency|] 195 MHz 195 MHz 197 MHz
Bandwidth (-3dB)| 25.5 MHz 31.6 MHz 31 MHz

Table IL

Model comparison in tuned amplifier
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Fig. 13. Calculated frequency response of 200 MHz
amplifier using 1-, 2-, and 3-lump 2N918 models



5. Conclusions

At the outset it was pointed out that the hybrid-pi circuit plus
extrinsic elements cannot accurately model certain small transistors
over wide frequency ranges. The suitability of the hybrid-pi model
for a given transistor is established easily with the Vie and Ve
admittance loci. The hybrid model can be expected to be satisfactory
if the susceptance maxima of these two admittances occur at about the
same frequency. We have examined the admittance data compiled by
Sidney C. Chao for 16 transistor types (Ref. 3). For 14 of these we
plotted Chao's data and observed or estimated the frequency of the
susceptance maxima. * Table III summarizes the results of these ob-
servations. If the ratio of the frequencies at which the susceptance
maxima occurs is 1.5 or less, it seems probable that a one-lump or
hybrid-pi model will be satisfactory. When the ratio exceeds 1.5, it
is expected that a multilump model will be required to match the tran-
sistor characteristics closely over a wide frequency range. On this
basis, five of the transistors listed in Table III would require a multi-
lump model: the 2N918, 2N2219, 2N2708, 2N2929, and 2N3663. It is
not obvious to the writers, from published information, what makes
these five types electrically so different from the other members of

the table.

The two transistors omitted were both experimental units.
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Frequency of suscep-

Transistor VCEQg;esgftntIzminnt mA tance I\I;Ilgzzcima in F r:glliincy
Yie Yte

2N918 4 2.0 750 150 5.0
2N2219 20 20.0 150 <50 >3.0
2N2415 6 2.0 300 300 Lo
2N2708 15 2.0 600 50 12,0
2N 2857 6 1.5 500 300 1.7
2N 2865 10 4.0 400 300 1.3
2N2929 -10 -10.0 100 40 2.5
2N3282| -10 - 3.0 300 200 1.5
2N3553 28 25.0 29 33 0. 88
2N3570 10 5.0 400 400 1.0
2N 3662 10 5.0 450 120 3.7
ZN3688 10 4,0 150 100 1.5
2N3783| -10 -3.0 200 200 1.0
2N 3866 15 10.0 130 150 0. 87

Table III. Frequencies of susceptance maxima for typical transistors

From the circuit designer's viewpoint, the why of the need for a

distributed, stored-charge model is less important than the fact that

such a model may be needed if certain transistor types are to be em-

ployed. If the transistor manufacturer furnishes typical data that

establishes the y-parameters as a function of frequency, it is a simple

matter to determine whether a multilump model should be considered.
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If not, the measurement of Vie and Yo VEISUS frequency at a single
quiescent point should be sufficient to establish the frequency ratio of
Table III. Finally, if one wishes to play probabilities, our investiga-
tion of Chao's data suggests that there is at least a 60 percent proba-

bility that the simple hybrid-pi will be adequate.

A two-lump extension of the hybrid-pi model does not repre-
sent a great increase in circuit complexity, particularly when compu-
ter analysis programs are used. This is particularly true since in
the frequency ranges where these effects are noticeable, some of the
extrinsic transistor parameters are almost certain to be important.
The multilump models can match the transistor characteristics over
the complete frequency range 0 to about fT' When only a limited
frequency interval is of interest, a simple hybrid-pi model can be
optimized for a particular frequency range, such as 0.4 fT to
0.5f,,, even though a multilump model might be required for the

T
full range, 0 to 0.5f . Inthis connection, it should be noted that

T
an approximate ''excess phase'' can be added easily to the usual hybrid-
pi model by paralleling the gm-generator with a second current genera-

tor flowing from emitter to collector and controlled by the current in

the Cn capacity (Ref. 8).



1.

REFERENCES

R. L. Pritchard, Electrical Characteristics of Transistors,
McGraw-Hill, 1967, Chapters 5 and 6; contains a very com-
plete bibliography.

P. E. Gray, et al., Physical Electronics and Circuit Models
of Transistors, SEEC, Vol. 2, John Wiley & Sons, 1969,
Chapter 8.

Sidney C. Chao, Application of Computers to RF Circuit
Design, Final Report on Contract DA28-043 AMC-01347(E),
ECOM-01347-F, June 1966.

Fairchild Semiconductor Transistor and Diode Data Catalog
1970, pp. 2-66.

J. L. Herrero and G. Willoner, Synthesis of Filters,
Prentice-Hall, 1966, Chapter 1.

D. A. Calahan, Computer-aided Network Design, Preliminary
Edition, McGraw-Hill, 1968, pp. 289-293.

IBM System/ 360 Scientific Subroutine Package, FMFP and
FMCG, H20-0205-2, pp. 202- 208.

Semiconductor Circuits, Engineering Summer Conference
Course 7007, University of Michigan, Ann Arbor, June 1-5,
1970, Chapter 12,

38



APPENDIX A

90 2
& (p) >4 (9)
18T6Ng J07 sasjoweaed £ paanseow Jo sjoid ‘HI ‘Srd

P)
(ZHIN) £ouanbaag
0001 005 00t 0s (1] §
T p. e ¥ ﬂ\ ° -~
o
T
=1
[ AJuwr .
Bleg ISP X ®
elegq Y Oe ]
vugz= 1
Ap =39
90, R
C))
(zHN) Aouanbaayg
ooow/ o_om owa 0s o_a m
T i T 1 1
)R J9PW ]
-3[CA J0329A dH e
vieq 199 Xdv |
ele@d ‘Y 'Do
vaz= 9 |
Ay =39,
Oh.h -

01

(4§

1) f

o1

02

(113

oy

9Jd

(soqwiur) aoue)IWpPY

(soywur) doueRIWpPY

£(a@) °'% (v

(@)
(ZHIN) Lousnbaig

0007 008 001 0 Sc
| |

1

4

€

®IEQ 98plIg "YU "D o |4

vwz = I ¢

Ay =39 .

whh 9

(®)
{(ZHN) Aouanbaxg
0001 008 00T 0% or ¢

T T _ T 5 3 0

S

a1
[ 4] o1
eleq 1919 XY v St
4] oy ejeq ‘U 'De
. O 02
vug= “1
Ap = WU> ¥4
w;

o

(soquiur) aduejwpy

(soyuwr) adue) WPy

39



40

o'rif+ w1 Jegil+zz focif+zgg |8 1tl+gz jogrf+o02|getf+g1|gal~p 1| parl+zgt 006
g'Ll+g80joe6fl+z1 [zgotf+9'1]p8l+g1 [PBI+01 pgf+01]|¥v8f+80]|vp8l+rgo0 00l
8cf+90 |99 f+80|z2l+01|z9f(+80 z9f+go0|zgofl+po0floof+po0fosl+po 00S
pzl+20]oet+zoloct+zo|loci+zo|oet+zo|9o2l+z0|l9zl+20]|]9Ci+20 002 20
soqurijiw ut ~ & (q)

z1f+z2o0]vit+rzolorl+zoflecil+zojert+zofzrl+zgojerl+zgolzri+zgo 001
80! g0l 80 f gof 80f 80 f gof 80! oL
9°0f 9°0f g0f 9°0f 9°0f 9°0f 90! 90! 05
vwz=01 | vwgzg=01 | vwg=01 | vwg=9I1 | vwp=9 | vug=01 | ywr-I | ywmg =21 (ZHIN)

A8=30A] Az=30A] AT=30A] Ap=FDOA| Ap=FDA[ Ap=FOA Ap=FOA| Ap=TOA | Louonbosy
seetf+ 98| pprf+e1g| Lov1l+1°3g L2 l+662| L8 l+pgg prerl+ g 61l 9-cif +8°c1) 0°91f + 921 006
8'ctf+ 921 9 vl + 8%t 9°s1f+~ 9-¢1| o-v1l+ 0°cz| p-arl + 2 81 o'vil+ 81| 2'¥1l+9-01| 8 g1l +p'8 00L
gotf+zg-L|9otf+pg|zggrf+g8g | gotl+o9rf p-10l+2 11 o'11f+8°L| zorf+8g| 86 0+%p% 00S
gsf+veleol~op|oofl+gp|[o8l+8L|vol+ps|o9ol+eejogglesgz| o f+o¢ 002
pef+o0z|scf+s2c|ovli+pe|8of+06|pplrpe|ocliege|aeli+vi|ozli+go 00t soqwr ur % (z)
gzf+y1fegel+or|egef+o1|pvyl+or|oclf+o2focl+or|pzl+or|2zli+yo0 oL
gzfl+p1|ozl+p1|9gl+p1itvel+rpeg|O0ecl+02]geglegr|ori+oo0] 91l+90 0g
vwg = J1 vwg =1 vwg =01 | vwg=23] vwy=01 | ywg=91 | ywr=01 | yuwg =9 (ZHIN)

A8=FOA] Az=30A A1=F0p| Ap=FTOA| Ap=90A} Ap=3OA[ Ap=FOA[ Ap=TOA] Kousnboay




41

98p1ag oouryTWW] pPUE UOT}OUNJ J3jSuel], “H O U0
paansesaw J0)SISUBI} §IGNZ © JO Sidjoweted aouepiwipe INOIID }I0YS

‘Al 919®eL

gefl-20|9vf-01-{8gl-81-|]8el-%0-[8cf-vo0-jOopl-%0|OBI-%0-|OF[-p0O 008
vefl- g'¢cl-2o0f|ppl-v0f{zel-20|2el-go0jgel-go-Jegel-g0|2¢cl-20- 00L
g1 f- yefl- z2efl- 0z f{- oz !- 0'zfl- o'gfl- 0z f- 005
90 f- 80 f- otrf- 9°0f- 9°0f- 9°0f- 90 f- g80f- 002 o1
soyuu uy £ (p)

pol- vol- vyol- $0f- vofl- pof- ypofl- yof- 00t
2ofl- zofl- zof- 2ol- zofl- zofl- 2of- zofl- oL

0 0 0 0 0 0 0 0 08
ywg = ywgz = 1 vwg =J1 ywg = O vywp = Of vwg=J[ vwi=0J[ |vwg =Ir (ZHIN)

A8 =30, A2 =307 Al =30A Ap =304A Ap =3d0A Ap =304 Ap =304 Ap = T304 | Louanbaag
v61f - 27¢-| p-12l - p9-| v-zel - 0-8-] 0°12l - 0-81 % el - v-21 02l -0¢c-pp1l-20-|] potl - %0 0068
o-0zf-80-]9°18f-20] v-2al-v1 | p-eaf-9-11892f - $°%-| 9-03( - ppil-81)o01f-81 00L
918l -v9 jogel-9c | 1eel-%g | 698f-g°1-]e0ef-9°¢ |022f-09 [0°91f-9°c |8 0tf-9% 008
z¢2f-20z{8°92f-9°02] 9-°22[- 002 z'6pf - 262 |2 Lef - 0°%2| 2920 - 9-02| 0-91f - 0°91| 8'8 £ - 0'11 002 o3
. soyurimt uy £ (3)
sgel - prse| 862l - v-gg| zcel -zpe] 9-25f - p-05 [8°2pf - 2°cp| 1920 - 9-9¢f vg1l - 252} ¥'9 [ -9°s1 001
9°vef -9°¢v| peaf - v vy 081 - b 9°99f - 8-0L | bbbl - 2°19] 8°%2f - 9°cp| 8- 01l - 0°62] 8°% [ - p-LI oL
v0gf-0'15) 802l - 8'ge| 9- 18l - 02| 0°29f - 0°'¢c6 |8 0¥ - 8°¢cL| p-02f - 0°2S| .8 [-2"1g] 8¢ [- %81 0s
ywg = J[ vwg - Jp yug = Jf vwg = Jf vwp = JI vwg = J[ vwi=0J] | vwg =2I1 (ZHW)
A8 =307 AZ =d0A AT =304 Ab =304 APy =30 Ab =307 A¥p =30\ A¥p =30A | fouanbaag




42

98prag uorjounyg -I9JSuBI ‘Y °H UO

peansesw J03ISISUBI) GIENZ B JO UTBS JUSIIND JINDIIO JIOYS ‘A o[qel

09°0f-29°0-[656°0[-29°0-]95°0 [-29°0-{pL°0 [- LLO-|loL0[-8L0-]19°0 (- L9°0-{SP 0 [-1c"0-|ge'0( o0F-0- 006
?..o {-gLo-|LL0l-pL0-{¢9°0[-6L0-|86°0 [-08°0-{¥6°0 [-18°0-|8L0 [ - 2L 0O-|85°0 (-85 0-{8g°0 [ -¢p-0- 00L
81 [-060-|62°T [-68°0-|¢z'T [-060-[05°'T [-660-|g¢"1[-960-|ec'1[-88'0-/80°T [-¢L0-|28°0!-¢5-0- 009
or'v -6 1-|sT % [ - 06 1-|c8'¢ [-gp-1-f09% [-05 T-foL'% [-09°1-|92°% [ - % 1-|S¥'c [ - X1 1-|9p°2 [ - 8L°0- 002
0.6 {-060-{06°8 [ -08-0-|0v"8 [ - 06-0-|01-01f - 0¢-T-|o% 01l - 02 1-[0g°6 [ - 06°0-|0z L0l ~ 09 0-|ST°G [ - OF-O- oot
02 "%1f - 0%"0 {00°¢1l - 0% "0 |{0g°21f - 020 [08°STIl - 02°0 {02 %1l - 0v"0 [0F €1l - 05°0 {02 01l - 05°0 |S2°L [ - 0E°0 oL

08-91f - 09°¢ {0961l - 02°¢ |08 %1l - 082 [00°61f - 02'¢ |02 61f - 09°¢ {09°91f - 09°¢ {05 "€If - 0OT"¢ [OF"6 [ - 022 09

Ve oaby | YREIab, | VREIEb, | VarIah, | VAYIabs | YREIEh, | Vhriaha | VRS ITh, | ot




43

1L 1S9, J03SISURIT, B PUk J9)oW XY YjIMm
paanseaw §IGNZ ® JO saajowieied aduBIWPE JINOJIIO JI0YS °‘IA 919el

vug =91 ‘Ap=T0) je ¥4 pojemoreo pue ‘WL %% (q)

gc-6gl-oL1z| eg-1el- 1162 vv'2 [ +60°0 002
gr-62f -vp0op ] P92l - ecg¥] 1€ 1 [ +21°0 001
69°22f - 68°16 | L6°61f- 26°26) 990 [+90°0 0g
gLgil-91°15 ] %211 - 00°86| €g°0 [ + 10°0 14
ge'c [-83°8¢ | pL'p [-92°65) p1°0 [+ 10°0 o1
(soqurwx) (soyurur) (soyurur) (ZHIN)
E1 Y qig 304 Kousnbaag
SOYWIT[IW Ut o (e)
oe'gf+90°g} 98°f+1g°¢c | epol+09°e| 2ZLl+68°L | €8°9f+ 09'% | 9Ll +gg'e | qU'cl+ 8572 | LL ¥l + LL'T 002
er-ef+2L1| 19°¢f+00'2 | goel+o01-2] TI°$L+25'%p | 2o'ef+p6°C | 62°¢l+96°1 | L6°20+¢€2°1 | €9°2f+%9°0 001
68°1f+66°0| 91-2f+o0z'1 | Leel+¢ge-1| L8°2f+68°¢ |os2gf+10°2 | 90gl+zgr'1|gLil+%9°0| 19 1f+¢€€°0 0s -
p0°1f+ 29°0| o1°1+08°0 ] pg 1f+ 280 16 1L +¢6g°2 |ep-1f+2p 1 { T 1l +¢8°0{ 16°0f+6%°0 | TLOL+92°0 14
¥roof +65°0] 050l +0L0 | gs-ofl +pL0| 06°0f+¢1°2 | p9°0f +61°T | Lb-Of +29°0) 680l +¢p°0 | og-of +$2°0 o1
gzof+85°0| 920l +99°0| 20l +89°0] 6500 +96°1T | 9g-0of+g1°1 | gz0of +$9°0 | 02 0f + 0%°0 | 91°0f + 22°0 S
60°0f + 25°0| or-of +c9-0 | o1-0f +89°0| or-0f +68°1 | gr-of + 111 | s0"of +29°0 | Loof +8g°0 | pO"Of + 120 2
vwgz = Jf vuwg = O ywg = O1 v g = J1 vy = Op vwg = 91 <Eﬁn0. vurg =9 (ZHIN)
Ag =IO AZ =30, AT =304 Ap =904 Ap =904 Ap =IO Ab = mw> Ap = mw> Kouanbaig




APPENDIX B

260%(1)0IY4%HGRTC8T 9= AYP+ (T )2N1ID4=(1)2NLDH

(24043901 (110 A»SBTEBZ I AYL- (T YINLIDS=( T} INLDA

UG3d4N*1=1 011 0OC

(#°344=T2AMHC

X6 % BA=TTIAMHG XOT/% *83=0EDHY X014 %°8 34=3QMH%* X014 //) LV IO
TZAMC TTAM® 0824360 (GS149) 31 1uM

. (G°D13%) IVWEOS

TZAMETTAMD8D4 380 (29146)GV3y

((C°0TdG)/21)1VYWNEOS

(DIYANCT=FL (M )ZNLDZE(P)TINIDASIM)IDI YY) 4CTudN (€£46)avay

V1iv3d 3ISNSdS3¥ 0341530 Cv3Id

{0°0T49) Lywutid

(IN*T=C*(Pr)VV) (T4G)OVIN

E=xx01 A6 037v3S JONLINOYW ST MAOMLIN

6=%x01 A¥ CITVIS AININOIAF ST HIMLIN

87 ST (T+#NIVVY ‘WS ST (N)YV  “(NIVYV***(T)VV SINIVA LNIWITII aviy

T+N=1N
€ —-N=NN
T-N=uN
(21} iVadDd
dEHINVAG SN (2¢G)0vIY
dIUWNAN HOINVYES ONTTITOHLINCD Sed01l7d3NTO INTUHNT dH L=HINY YD
AIASTIVY ST NCI®3IL11d42-40%4T HDIHM (1 33MNd=d
T + SINIWITE ¥3ITAIVT 40 d3GWON=N*N-=SINIWITII 40 ¥ICWAN avid

0=%311

D=dnWne

HONV Y3 “d d¥393iINI

(22194(22103044(02) YV NOISNIWIQ
~N>.~4>.\~Q.o.Q.uuﬁow\ﬁumvm.lma.qnxau XIVdWD D
JU0°00CIRDZ/(CZIVE/LIDST40 D I/AVES *(IZICNLIDS410ZITNLYIS XI Tar D)

TR0 HOLSTISNY ML ddNT JML 3dAL 4IZGYY 3IHL w04
ASNOASIM IVALIV SHL ONV 4SNOdSId a3vIS3Ia 341 M2aM1de [ZA ONY T1A

0Ll

&N QW

(S RS RS

.

)
2
3

HINE 404 FONIYISLIC WOLITA THL SACHdaL 21 GISNA 39 AYN WVASONd S TH L %)

og
St
be
1 32
2e
1¢
133

62

82
LZ
9
s2
44
£l
e
12
G2
61
g1
L1
31
Gl
%1
el
i1
11

—_aNMmF 00O
-

44



45

dax(TZAUYIAXTZAM) +dx%x ( TTAYYIXTTAM Y +2¥TI=0u3
(/ Iy SHOUAZ IHvNDS NVIW IHLIHLZS//) IVRECS

(0G¢a)3LINM

64 €546 (O3IYAN-T )L

{(2°0T14L) LVWEDd

TZAVEAT S TTAYHIA*TZACTIA(r)DINS (0OT492)31 Tum

DI%xS—-TZA=T2A

(382+382 ) %S+TTA=TTA

641146 (0LT) 41

((PIZNIDAISAYI/(TIZA-(T)IZNLIDIF) SHYI=TZAYN3

((CITNLDFISEYI/ ({TTIA-{M)YINLIDSISEYD=TTAYYES
NIGA(HONVEE-WN* ( T+HINVHEG)IVY INKND X (NIYY=TZA
NIOQ/Z{TI-WN(2)V)ITINWNI=TTA

{WNE*Y) TINKNDI=NIC

{WANIVV=(WN)YV

(INIVV=S+(TIV=(1)V

(THNIVTES=(T+NIV

(MIVY=(AR) V.

CENNETI=M 06 QOd

HGRICBI* 9% (M )IDIY4xAVI=S

D3Y4N*TI=F &6 0C
(/(OHANIHOSXH C EOHWHIHI S XY {DHWAYHO! X Y& {OHWW )HO * X & * (DHWW)IHSZ
EXH S (OHWWIHO XY ¢ (ZHOYHG S XE /4 TZAN dIAHT XY * TTAYHIHO Y E ({ TZAIWIHLT
SXECOITIZAITUHLEXEC (TTAYWIHZSXE* (TTA YILHLEXG*DIUAHY EXE// /7 YLV WEOS
(9¢3)311dM

géLégIrI 4l

*0=4Y3

dWNf %431 1=M1

(T4 °2CAYSHTIVEINSAWNT 66 INCYY SO UNTINIW T1IVD

d01Ls

5T*¢Z¢6T( d3 11 )41

1000200 *=AVS 4V

((s°0T46)//¢ 34y SIN3IWITI T300W IHLHEZ* XCT//7)Lvadod
(INST=04(FIVY)Y (%43)3LTUM

J

6
8s

€9

01

11

0

61

001

r2s
1L
oL
69
89
L9
99
S9
%9

€9

29
19
9
65
89
! 3

95
1)
be
€S
2%
16
06
6%
8¢
LY
9%
oy
a4
€4
Y
| 84
O
6t

Lt



46

3114 40 Qhr

ON3 931
0¢ 01 N9 601
I+3311=¥311 %21
J €01
INNTINOD vl 201l
(G*OTIEXGELGT44XDT)LIVINYOA 00< 101
(CIVVALM)D ((C249) ILIEM 001

AVSYY-(L)IYV=(T)VY 66

INNTINGD 10¢ 86

AVSVYV/ (dd3-Tdu3)=(r)9 31923 L6

10¢ a1 09 96

01-30°1=(r)9 $6

00t OL 09 (T0C*°39°((r)VV)ISAv Ul TODO0 49 (WHI-T 43I )ISHvY) 41 76
dax (M) ZNLIDIA)ISEVD/ LTZA-(N)ZNLIF)SBYIRTZAM) +1 €6
dxx (C(AITNLIDG)SEVI/ZUTTA-(HITINLDIS)ISAV IR TTAM) + T8 I=T443 L1 26
NAA/ (HINVYE-WNS (T+HINVHE)IV) TNWNDx(NIVY=TZA 16
NIA/(T-WN(2IVITAWND=TTA G6

(WN*Y) TNWNI=N3IQA 68

(KN VY= (WN)V g8

(IN)VVS+(T)Y=(1)V L3

(T+1 )wvxS=(T1+1)V 66 98

(1)vv=(I)V S8

ZeNNGTI=T 66 0OC %8

79BTC8Z 9% (N )DIUSxAVE=S €8

O3W4N* I=X LT QU 8

*D=TYA3 18

AYSYY+(LIVYV=(T)VY 08

TOCO* (M )VYV=AVSYY 6L

IN'T=r &1 QaQ L4 8L

SINIICVYYD FHL JLVvIN2TIVD 2 tL

3 9L

HZ 4001402 dWnr )41 74

(L°S1d)1vwd0d 62 YL

¢yl (6Z249)3LTdm el



47

T 311 Gl
4=dAYSH 61 %1

Jl 09 0z el
Ndn LA ¢l

—
it
a.
=
=
-
~—
—

1=A3M 1 01
Q2412 (eHnr) gl 6
INFT OV ONV NOTLINNA 40 NDJILVINDTIYD S3HIND3d I=dwnr 3 8
NOTLIVY3LT 40 HSINIZ ANV LdA91S LV C=dunr 2 L
NCTLIONNd ST J4UINIFIAVED ST (M)943T18VYIUVA ST ()X 3 9
NIW ONIdJ C1 HOWV3IS v HLIM T1TI13MDE-d34313 74 9NISH 3 s
34 NOTLONDS ¥ SIZININIK 3INILNOHONS S THLkswkxD 4
(CZ)IAVSXH(02402)04(0c4 02198 (NZ2¢nZ)vT €
$(CZ24C2)H .ﬂQqua.Aomuomm»amwuw.Auwvw><mw.aowvxuﬂbmvu NOTSNIwWIC 4
CAINTHANSTOWITIVEAYSATVESALING WA $ 5D 843 4N X 9% J)NIw INTLNTEANS 1

MInw- 1SITS
NI wi— Q1 #£324N0S* wWOdd AdDIS

2714 30 CGN4

2 Q1
2 v 1

(N3 €T
I=10ND 1 z1
1141149 (h=1)41 11

IMIN=D 01

7=2070 &

2004 (1) Gx0=D4 3N 8

T+I=1 9 L

*0=2070 9

*1=9 3

n=1 Y

DMAN*J0T04 040028 XA 1) €

2 4

(NAEITINAND NDTLONNS NE VawlD 1



48

4=23

Z4=14

FZ1S d31S IWNOTCCTIINNCE 1IN WANKINIW
S 01 09

Cxe(NINAHATIV) /AVSITIV=AVSHTY
XVWI¢(0E¢y) 01 09

NOTLIvEI Ll 1S¥I4 N2 41 3ZI1S d31S HO¥VIS 3Sv3ud3a
€482482(100000°-4/(24-4))141

sT 01 09

YxINWATIV/4TIV=41V

4IV-AVSHTIV=AVS ATV

Tetwyrtyy (4141

G3ONNDE N339 WNWINIW SVYH

st 01 09

*0=AVS 41V

AVSdIv=4V

9549645 (W3A 4]
CATCTETA NI TN T4S)INWLY TIVD
(DZ4T4024 T~4SeT4ON ' N*H)TAWLYW T1VD
T—-=dhnr

0=CVd9N

*T={r*r)H

TO= (A

N*T=X €1 0Q

N¢T=rf 21 Qg

G486 86 (dWNl ) Al

*0=2ZX

*o=1X

JAVSH4=2d

JAVS4d=14

Z=A3M

I=XVWI

g=1

(F)O=(Ff)3AVSHO

(FIX=(r)3AVYSX

N'T=r %1 0Q

i¢

N4
L1

86

21
€l

He
21

1s
0s
6%
8%
Ly
9y
Sy
a4
144
2%
184
(814
6t
8¢
Lt
9¢
132
be
€e
le

13
62
8¢
Le
X4
14
HZ
14
2c
12
0¢
61
81
LT
91



49

CTOT*TT(H0YdI-(JAVSH/4)S8v AT
ATINYIISINOISNI a3Sv3dd3C@ SvH 4 41 1Ix3
Nan13d

L=A3N

(QHT )L VRWACS

(%24 3)1311dm

T892 4TS (LNIYAN)IFI

92462492 (T~dnWNrid1]

GZ 0L 39 (T000000°°3A°AVS4TV) 41T
(CISHAVSITIVH M IIAVSX=(r)X

N¢I=C 12 0a

dTIV+AVSATIV=AYS4V

Lt 01 09

T=dwnr

. 9€ e ¢LZLL-A3MN)IT

(23 T4 44 ADNCYILTCAYSTIVEZX IXINIWEGI4 TIVD
(4HT) 1viWdDd

(O%¢9)3114M

6e‘BEtOC(INIYAN]IIL

6641t 2(y-ATN) LI

(3¢ Td444AINYILTAAYSHIVEZX TXIAaVNS TV
(OHT) LVWED 3

(0624913 1L1uM

084 9€ 08 (INI¥dAN )]

CEERLE

4=24

Zd=dA3IL

dWI 1=AVSHdV

AVS4TV=CX

X=dn3l

SNOTLIVY¥YILT HDdV3IS N 3INvA * A3ONA0Y NII8 SYH WAWINIW.

ST 01 29
FIVETHIWSATV=4TV
Z=XVKHI
AVS3Tv=2X
eX=1X

61
3
9c

%2
18
sl

| 94
L
ST

66

8¢

oY
6¢

lLe

9¢
nege
08

L8
98
G3

€8
28
18
08
6L
8L
LL
9L
7
YL
€L
2L
1L
oL
69
89
L9
99
<9
%9
€9
29
19
09

6%

8s
Ls
s
4

€S
2s



o=r 1

$=84 11
2E%8X=S8X 01

NIWX=49X 6

Zx%xIX=SDIX . 8

CxRYX=SVYX 001 L

AN (O0T4IDT40T400T40CELDOTIOL N9 9
T=-TAN=AIN (13 S

CEe12¢12(4)41 4

3 €

(D34V 8¢ TATINSEILT NTAX4OX4YXIQVND 3INILNOYENS l
) 1

avnd- 1LSIs
CvNO~ 014 %3J7¥N0S % WOYd AdOOS

3714 40 ON3

an3 v 901
81 0L 09 so1
T=QVd9IN %01
T-=dwWnr €01
(AP )A=OI*LIVHOIC ) H= (W4 I 8 201
N'T=XY 8 0QC 101
N*T=f 8 0Q 001
(OZ4024024A3TTEN DN N H)TINWLYW TV 66
(OZ4024T4"TEDENSGCTANSO) INWLIYW T1TVD 86
(TET6C24° T44IGETASAN TE) INWLYR 11VD 16
(DZ4OZSTAT4GINSHENCTY20) TN LYW 117D 95
(CZ4TCT4HIAEYENCDISYTEN'*OIS)TINWLIYI 1TV G6
(TP T4TC TSWIGETHO0N T 91S)TINWLYW T1IVD Y6
(CI3AYSO-(r)9=(r)IC l €6
(F)ISHAVSIIV=(F)OIS 26
N*T=F I OC 11 16
TIIMGA=S4T4T13 T4 VIA XI¥IYW H Wand I 06
N¥N L3 69

d=dwnr o1 68



51

3713 JO ON3

aN3 9y

21242 (d3L1-0)41 GH
1+r=r 7y

SGX=SgX e

ax=9x Yy

G4=64 01 1%

SAX=S3X oY

gxX=IX 6¢

g4=24 6 St

21 01 09 l€

SUX =S VX ¢

gX=v X SE

84=vd 8 e

g¢6ts5(gX-aX )41 € €e

12 34 29 4=
CHTAIU=TAIN 143
O=¥3d1l1 81 0t

8T¢1Z2412( )31 61 6l
61ttt (g4-01141 Z2c 8d
4=04 00¢ L2

NYf13Y 92

X =NIWX X4

Cu*xCAX=S0X 68 Y
66¢12%68¢ 43111341 16 1 A
12416415 (AX~-YX )41 26 r44
12406406¢3X-aX)4I 12
(3% (AX-VX)+ddx (UX=IX)+V 4% (IX-GX ) }/aX=0X 0¢
(D3 (SEX-SVYX)+QIX(SUX=SIXI+VI%(SIX-SBX) ) %G*=0X H 61
NdNi13 Y g1

g4=4 L1

f-431l=463l11 91

X =NI WX 14 61
€Z¢C28H5(H=-TAIN) AT Zl 21

TH+TAIN=TAIN | ¥4 el



52

E+TAIN=TAIN 14 el

2z4€2¢¢z(43L1131 00T 21
QA3 N (00E€400Z400TI0L 09 11
C-TAIN=CAI o1

IVAYIINI Omazocm IH1 40 LIWIET ¥31v3d9 3HL ST NIAX ATIVNIOINO

) 6

S3INIVA NOILONNY 38v 94 ONV V4 OGNV SINIOd H3dVv3IS 3¥V dX INV vX 2 8
NIWX 1V NJIIONN3 30 2NTvA 3HL ST 4 ) L

IVAGYILNT TUNIOI YO 3HL 40 HICIM 341 SI T4v “3C6vk SNOI1IVH3LL 40 J 9
YIEWNN JHL ST N *NIW Vv SY G3anN3¥NLIY 3NTVA 3HL SI NIWX J S

HOYV3S IJ2JVNOE13 ¥ A8 4 NOIIONNS ¢ SIZIWINIW 3INILNDYE0S STHLIx#kr%xxD Y

J €

(234 T34 TAINSUILISNIWX*2X * IXINIKETS 3INILNOWENS 4

3 1

NIWgId4- 1SITS
NIwdId=- 01 %x32¥N0S%x WOY¥Yd AdOIS

3114 40 ON3

an3 el
Nunl 34 A
AIG/(PF)D=(rT)) é €T

(DN ACIY+ICCII=(TT)D B 21

ZMOEN = (T-T1) =TT 11
TMDUN(T=X)+F =% o1

WtT=M 1 OC &

- *0=(rr)3 8

(T-1) % €MOUN+ =T L

N¢T1=F 2 00 9

174 1=1 2 0d S

(1)24(T1)8 (1 )V NIISNIWIUQ Y

y J €
(EMOUNSZMOANC TMOSNSATO D 41T RN Y TINRIVI INTINOYUENS 4
J 1

INWLIVKW=- 1S1%
INWLYW=- 04 %3DAFN0Sx WOYd AdOIS



53

006 01 69

TH+HTAIN=TAIM

3=V

NYdnNL 3

6¢6402(d311-r)d1

VX =NIWX

gxX-ZX+1IX=vX

NOTLIONNZ 40 3OTVA ONV INIOd H42dv3S IX3N INIWdIL2C

vi=84

VX=8X
T = A3

a4=24

ax=2x

G én(ad-v4 )41

INIJd HOMVIS TYWINIW INiwu3L3C

T+r=r

4=94

9 01 09

4=y

ET4HT*%T (ATN)I]

NOILINA4 20 3NTIVA GNV INIOd 424v3S 1IX3IN 3INTwWY3L3C
09% 01 09

(ZA+TA}/TAx(1X=ZX ) +TIX =YX

INIDd HDdV3IS ISWId INIW¥3LIC

ZAI=2ZA

TAI=1A

dW3LI=TAIL

TAI+2A1=2A1

ZAT=dW3ll

¥3l1¢1=] € 0G

SHIAWNN 12JVYNIEGI4 ILVI™4OdddY ILYINDIVD
o=r

T+TAIN=TAIN

1=2A1

T=TAl

N L3y

21
00¢

1 74

1<
oC¥+

el
oce

1033

(24

(-3

8%
LYy
9y
SH
KA
£y
(44
1%
0%
6t
8¢
Le
9¢
SE
e
£e
r43
1¢
0E
62
8¢
L
3
sé
A X4
el
2e
1
974
61
81
L1
91
st
»1



314 40 ON3

GN3 89

NdNi3y 19

g4 =4 99

aX=NIWX 11 S9

NYNL3Y »9

V=4 £

VX=NIWX O1 29
TT40T40T(AIN)IL 19
, 0=4d311 c9

NTWX A04 INTVA JLVIUAOdddY NiNl3y 2 66
T+TAIA=TAIN 6 84

1¢ 01 09 ls
aX=NInX 95
TX+VUX-2X=8X 3]
I-=A3% Q0% %9

84=vd €S

gxX=vX 4"

v4=T14d 19

YX=1X 6 0g



DISTRIBUTION LIST

National Security Agency
Ft. George G. Meade,
Maryland 20755

Technical Library

Dir, of Defense Research & Engineering
Rm. 3E-1039, The Pentagon
Washington, D. C. 20301

Defense Intelligence Agency
Attn: DIARD
Washington, D. C. 20301

Director

National Security Agency

Attn: C31

Fort George G. Meade, Maryland 20755

Naval Ships Systems Command

Attn: Code 20526 (Technical Library)
Main Navy Building, Rm. 1528
Washington, D. C. 20325

Naval Ships Systems Command
Attn: Code 6179B

Department of the Navy
Washington, D. C. 20360

Director

U.S. Naval Research Laboratory
Attn: Code 2027

Washington, D. C. 20390

Commanding Officer and Director
U.S. Navy Electronics Laboratory
Attn: Library

San Diego, California 92152

59

No. of
Cogies

20



56

DISTRIBUTION LIST (Cont. )

Commander

U. S. Naval Ordnance Laboratory

Attn: Technical Library

White Oak, Silver Spring, Maryland 20910

Dir. Marine Corps Landing Force Dev Ctr
Attn: C-E Division

Marine Corps Schools

Quantico, Virginia 22134

Commandant of the Marine Corps (Code AO2F)
Headquarters, U.S. Marine Corps
Washington, D. C. 20380

Rome Air Development Center (EMTLD)
Attn: Documents Library
Griffiss Air Force Base, New York 13440

U.S. Army Security Agency Test & Evaluation Center
Fort Huachuca, Arizona 85613
Code TAOVT

Electronic Systems Division (TRI)
L. G. Hanscom Field
Bedford, Massachusetts 01730

U. S. Air Force Security Service
Attn: TSG, VICE Attn: ESD
San Antonio, Texas 78241

ADTC (ADBRIL-2)
Eglin Air Force Base, Florida 32542

Headquarters, AFSC
Attn: SCTSE
Bolling AFB, D. C. 20332

Air University Library (3T)
Maxwell Air Force Base, Alabama 36112

HQ, USAF Tactical Air Recon Ctr (TAC)
Department of the Air Force
Shaw Air Force Base, South Carolina 29152

No. of
Copies




57

DISTRIBUTION LIST (Cont. )

Chief of Research and Development
Department of the Army
Washington, D. C. 20315

Commanding General

U.S. Army Materiel Command
Attn: R&D Directorate
Washington, D. C. 20315

Redstone Scientific Information Center
Attn: Chief, Document Section

U.S. Army Missile Command
Redstone Arsenal, Alabama 35809

Headquarters

U.S. Army Weapons Command
Attn: AMSWE-RER

Rock Island, Illinois 61201

Commanding Officer

U.S. Foreign Science & Tech Ctr
Attn: AMXST-RD-R, Munitions Bldg
Washington, D. C. 20315

Director, National Security Agency
Attn: N-2, Mr. Sherwood
Fort George G. Meade, Maryland 20755

Commanding Officer

Aberdeen Proving Ground

Attn: Technical Library, Bldg. 313
Aberdeen Proving Ground, Maryland 21005

Headquarters

U.S. Army Materiel Command
Attn: AMCMA-RM/ 3
Washington, D. C. 20315

Commanding General

U.S. Army Combat Developments Command
Attn: CDCMR-E

Fort Belvoir, Virginia 22060

No. of
Copies




58
DISTRIBUTION LIST (Cont. )

No. of
Copies

Commanding Officer 3
U.S. Army Combat Developments Command

Communications- Electronics Agency

Fort Monmouth, New Jersey 07703

Commander 1
U.S. Army Research Office (DURHAM)

Box CM-DUKE Station

Durham, North Carolina 27706

Commanding Officer 1
U.S. Army Sec Agcy Combat Dev ACTV

Arlington Hall Station

Arlington, Virginia 22212

U.S. Army Security Agency 1
Attn: DCSR&R

Arlington Hall Station

Arlington, Virginia 22212

U.S. Army Security Agcy Processing Ctr 1
Attn: TAVAPC-R&D

Vint Hill Farms Station

Warrenton, Virginia 22186

Technical Support Directorate 1
Attn: Technical Library

Bldg 3330, Edgewood Arsenal

Maryland 21010

U.S. Army Research & Dev Command 2
Branch Library, Bldg 5695

Nuclear Effects Laboratory

Edgewood Arsenal, Maryland 21010

Harry Diamond Laboratories 1
Attn: Library

Connecticut Avenue and Van Ness Street

Washington, D. C. 20438

Commandant 1
U.S. Army Air Defense School
Attn: C&S Dept. MSL SCI DIV

Fort Bliss, Texas 779916



59

DISTRIBUTION LIST (Cont. )

No. of
Cogies

Commanding General 1
U.S. Army Electronic Proving Ground

Attn: Technical Information Center

Fort Huachuca, Arizona 85613

Asst, Secretary of the Army (R&D) 1
Department of the Army

Attn: Deputy Asst. for Army (R&D)

Washington, D, C. 20315

Commanding Officer 1
U.S. Army Limited War Lapboratory
Aberdeen Proving Ground, Md. 21005

CH, Special Techniques Division 1
Unconventional Warfare Department

U.S. Army Special Warfare School

Fort Bragg, North Carolina 28307

USAECOM Liaison Office 1
U.S. Army Electronic Proving Ground
Fort Huachuca, Arizona 85613

Office, AC of S for Intelligence 1
Department of the Army

Attn: ACSI-DSRS

Washington, D. C. 20310

Chief, Mountain View Office 1
EW Lab USAECOM

Attn: AMSEL-WL-RU

P. O. Box 205

Mountain View, California 94042

Chief, Intelligence Materiel Dev Office 1
Electronic Warfare Lab, USAECOM
Fort Holabird, Maryland 21219

Chief 1
Missile Electronic Warfare Tech Area

EW Lab, USA Electronics Command

White Sands Missile Range, N. M. 88002



60

DISTRIBUTION LIST (Cont. )

No. of
Copies

Headquarters 1
U.S. Army Combat Developments Command

Attn: CDCLN-EL |

Fort Belvoir, Virginia 22060

USAECOM Liaison Officer 1
MIT, Bldg. 26, Rm. 131

77 Massachusetts Avenue

Cambridge, Mass. 02139

Commanding General
U.S. Army Electronics Command
Fort Monmouth, New Jersey 07703
Attn:
AMSEL-EW
AMSEL-PP
AMSEL-IO-T
AMSEL-GG-DD
AMSEL-RD-LNJ
AMSEL-XL-D
AMSEL-NL-D
AMSEL-VED
AMSEL-KL-D
AMSEL-HL-CT-D
AMSEL-BL-D
AMSEL-WL-S
AMSEL-WL-S (office of record)
AMSEL-SC

Rt e O bt QO bt b bt ek ek ek ek ek ek

[u—y

Dr. T. W. Butler, Jr., Director
Cooley Electronics Laboratory
The University of Michigan

Ann Arbor, Michigan 48105

Cooley Electronics Laboratory 16
The University of Michigan
Ann Arbor, Michigan 48105



Security Classification

DOCUMENT CONTROL DATA-R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

'- ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION
Cooley Electronics Laboratory Unclassified
University of Michigan 26, GROUP

ichigan 48105

3. REPORT TITLE

High- Frequency Transistor Modeling for Circuit Design

4. DESCRIPTIVE NOTES (Type of report and,inclusive dates)

Technical Report No. 205 May 1971

5. AUTHOR(S) (First name, middie initial, last name)

A. B. Macnee and R. J. Talsky

6. REPORT DATE 78, TOTAL NO. OF PAGES 7b. NO. OF REFS

May 1971 72 8
8a, CONTRACT OR GRANT NO. 9a. OCRIGINATOR'S REPORT NUMBERI(S)
DAABQ7-68-C-0138 TR205

b, PROJECT NO.

1 HO 21101 A04 01 02

c. 8b. OTHER REPORT NO(S) (Any other numbers that may be assigned
this report)
1 - ECOM-0138-19-T 014820-19-T

10. DISTRIBUTION STATEMENT

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U. S. Army Electronics Command

Fort Monmouth, New Jersey 07703
Attn: AMSEL-WIL-S

13. ABSTRACT

It has been found that hybrid-pi or high-frequency T are inadequate
high-frequency models for certain transistor types even though the models
are supplemented by reasonable extrinsic elements. The hybrid-pi can be
modified to model these transistors by replacing the r; C, circuit by an
RC ladder. Using a computer optimization program an optimal, N-lump
model is generated. For the 2N918 transistor a two-lump model extends the
frequency range of the hybrid-pi model to fT/ 2 . Typical circuit examples
show most of the improvement in model performance can be obtained with a
two-lump model.

DD o™ 1473 (PAGE 1)

S/N 0101-807-6811 Security Classification

A-31408



Security Classification

14. LINK A LINK B LINK C
KEY WORDS
ROLE wT ROLE wT ROLE wT
High-frequency transistor modeling
Hybrid-pi models
> High-frequency T
Computer optimization program
?#
i
;
,
|
g
?1
L
FORM
D 1 NOV 651473 (BACK)
S/N 0101-807-6821 Security Classification A-31409







(A

3 9015 03465 7745



