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ABSTRACT

The operation of power tranststors in Class C amplifiers at high and

very high frequencies is considered. At the lower end of this fre-

quency ranige, static characteristics are an appropriate basis for the

analysis.

Two analytic methods and one graphical method of analysis are devel-

oped for the nonsaturating case. These methods present the output power,

efficiency, and power gain as functions of the operating conditions. By

plotting these quantities as contours on peak collector current - flow

angle coordinates it is possible to optimize the design.

Operation into saturation is examined and equations developed for

this case. It is shown that significantly better results can be obtained

fýr t11 2z mode of operation.

Vcry high frequency operation is next examined. The various factors

affecting such operation are explained and an approximate analysis devel-

oped based on an analogy to an RC transmission line.

A new method of simulation of a transistor is presented based on the

excess-charge-density two-lump model. It is shown how this method can

be applied to simulate operation in saturation and to account for the

major nonlinearities and two-dimensional effects present in a transistor.

Test results are presented for a single two-lump approximation for a vhf

power transistor operating as a Class C amplifier.

- iii - SEL-62-l57
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I. - 0DUCTION

In the last few years, transistor technology has advanced rapidly

with respect to the design of transistors capable of dissipating more

power and operating at higher frequency. Medium power silicon mesa

devices have been available since 1960 and recently experimental models

of planar and epitaxial transistors with better thermal design and more

sophisticated emitter geometries have been introduced. The availability

of these devices has led to their investigation for use in many hf and

vhf communications applications. It is expected that these transistors

will soon come into widespread -,se. Unfortunately, very little of F

theoretical nature has been written about the operation of high-efficiency,

high-power transistor amplifiers at other than audio and high audio fre-

quencies.

The object of this study has been to find ways of characterizing

transistors for Class C power amplification at high and very high fre-

quencies and to cetablish suitable analysis and design procedures. This

will allow prediction of performance under various opcrating conditions,

as well as optimization of the design. In addition it is hoped that the

investigation will point the way toward further improvements in the

devices themselves.

In Chapter II construction details of hf-vhf power transistors

are presented, tok .ier with a discussion of the advantages and disadvan-

tages of the construction for Class C power amplification.

Chapter III contains developments of three approaches suitable for

analysis of low-frequency nonsaturating Class C amplifiers. The frequency

of operation is considered to be low enough that the various capacitive

and transit time effects ere not significant factors. The internal

operation of the transistor is ignored, and the problem is attacked

strictly on the basis of external currenL-voltage characteristics.

Equations are developed which rel.ate t.be output power, efficiency, and

power gain to the transistor parameters and the operating condition.

Operating charts are developed which show the effect of choice of opera-

ting point on the output power, efficiency, and gain, allowing the designer

to trade one against the other. Test results are given for 0.5-Mc and

- 1 - SEL62-157



3-Nc amplifiers which verify that, for the transistor types tested, the

low-frequency analyses are quite accurate with respect to pover output

and efficiency. The power-gain predictions, although showing the correct

trend, are more sensitive to the frequency of operation.

Chapter IV extends the simpler analytic method developed in Chapter

InI to the case of amplifiers which are driven into the saturavj.on

region. Equations are developed which relate the output pover, efficiency,

and power gain to the operating conditions and transistor parameters.

The equations are necessarily rather complicated and do not lend them-

selves to simple maximization procedures. A numrical procedure is

outlined and an example calculated for a quite practical case, that of

all operating conditions constant except for the ampltude of the drive

signal. The results of the computation are shown to agree well with

test results.

In Chapter V, high-frequency operation is considered. The large

signal high-frequency operation of the transistor is studied, based on

its geometry, and the various effects that are important at high fre-

quencies are discussed with the internal construction in mind. Wile

it is possible to discuss the effects in some detail., the complete solu-

tion of the highly nonlinear, mutidimensional problem presented is so

complicated that its solution is probably not vorthvhile. A nuer of

simplifying assumptions allov a theoretical treatment to be developed

which views the transistor input in a novel way as an open-end RC trans-

mission line. In this way it is possible to obtain approximate predic-

tions for operating in the vhf range. Test results for a 45-Me Class C

amplifier are presented which tend to verify the approach taken. Other

test results are included which illustrate the various important effects

occurring at high frequencies.

Chapter VI presents a new method of analog simulation of a transistor

which was designed to overcome the difficulty of king a reasonably

exact analysis of the internal transistor operation. A previous analog

simulation, made by Beale and Beer [Ref. 11, did not include collector

jumction saturation. The method described in this study is based on an

electrical circuit analog to the Linvill two-lump model (Ref. 2] for a

portion of the base. The analo g between the Linvill two-lump model

and the circuit is shown mthemtically.

SEL-62-157 - 2-



A sbematic of the analogous circuit is presented and test results

shown for a single tvo-lu analog. Because the analog circuitry is

rather extensive, all the analogs necessary to represent transistor

operation at high-frequencY and large-s igal levels could not be con-

structed. Test results are presented for a single two-lum approximtiton

of a 5-11 Class C amlifier.

Finally, In Chapter VII the conclusions of the study are presented,

along with some suggest!.ons of device improvements which my Imrove

vhf power-amplifier performnce.

- 3- I..-62-l17



II. 1F - VHF POWER TANISTORS

A. VHF POWE RAT1ASISTOR CONSRUCTION

Because of the requirement for high-power dissipation, vhf power

transistors are primarily of silicon mesa or planar construction. Thia

allows the collector to be mounted directly on the header and results in

a small thermal resistance between the case and the collector depletion

region where the heat is mainly generated.

In an attempt to reduce the collector saturation resistance to a low

value and saL1ll maintain high collector breakdown voltage, vhf power

transistors are generally made either by the triple-diffusion or epi-

taxial processes. In either case the objective is the same: to obtain

a structure thick enough for easy handling and yet maintain high collec-

tor breakdown voltage, low collector saturation resistance, and low

collector capacitance.

Figure 1 shows cross-section and top views of a typical transistor

MESA P BASE EMITTER

-1,EMITTERCOLTR
At. CONTACT i COLLECTOR

ZP*CONTACTS

La 
COLLECTOR

_____n- COLLECTOR

100 I 100/

TOP VIEW SECTION A-A (NOUKLE SCALE)

FIG. 1. TRIPLE-DIFFUSED TRANSISTOR.

of the triple-diffused type, the 2NI506. The manufacture begins with

a slab of high-resistivity n-type silicon. Into one side, donor impuri-

ties are first diffused to produce the n+ collector region. A first

SEL-62-157 - 4-
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diffusion of acceptor impurities into the other side produces the p-type

base, and a second diffusion of donor impurities through a mask on this

same side produces the emitter. Because the diffusion which produces

the n+ collector is quite deep and because it is first, the n col-

lector is usually made rather wide, typically 40 to 60 microns, and the

width is not too well controlled. The base and emitter diffusion depths

are well controlled and produce a base width of 1.5 to 2.0 microns.

Figure 2 shows a typical doping profile for the 2N1506 transistor

based on optically measured junction depths and electrically measured

depletion-layer capacitances and base sheet resistance.

SIOt - IO19 - low

.iolt -tTT

Oij. gg3

FIG. 2. IMPURITY PROFILE FOR A TRIPLE-DIFFUSED TRANSISTOR.

In the expitaxial process the manufacture begins with a low-resistiv-

ity slab of material. A high-resistivity expitaxial layer is next grown

on the low-resistivity substrate. As before these form the n+ and n

portions of the collector, and base and emitter diffusions are made into

the n layer from the top. In this case the width of the n layer is

much more easily controlled in manufacture and can therefore be made

' smaller. In both processes a certain amount of diffusion occurs at

the n:n+ interface so that the doping does not change abruptly there.

An additional refinement is the surface passivation process where the

- -...- sEL.62-157



surface is protected by a silicon oxide coating after the epitaxial

growth step. The base and emitter diffusions are performed through

windows opened in the coating by photoresist techniques; and since dif-

fusion proceeds laterally as well as vertically, the resulting junction

edges are formed under the oxide coating. This reduces surface recombin-

ation, increasing 0 particularly at low collector currents.

At high frequencies and high current levels the emitter curent

flows into the base mainly at the edge of the emitter. For this reason,

emitter geometries with a large ratio of perimeter to area are common.

The stripe geometry is shown in Fig. 1; while Fig. 3 shows the star

geometry of the of the " 187, and Fig. 4 the interdigitated structure

of the TA2084 and the SNI02 transistors. The interdigitated structure

is seen to ackieve a very high perimeter-to-area ratio.

B. FAVCRABLE AND UNFAVORABLE ASPECTS OF PRESENT VHF POWER RANSISTORS

The vhf power transistors in present use achieve good power dissi-

pation. They have relatively low collector capacitance and high collector

breakdown voltage. Power gain is high at low frequencies and does not

drop to unity until the frequency of operation rises to 150 to 250 Mc.

On the other hand, a number of unfavorable aspects remain. Some of

them are:

1. Power-dissipation ratings available do not yet compare to vacuum
tubes.

2. The frequency is limited at the upper end by the fact that as
the base is made thinner, the resulting high sheet resistivity
does not allow the input signal to penetrate to the interior of
the transistor.

3. The collector-base junction is from two to four times the area of
the emitter-base junction. Most of the portion of the collector
junction which is not opposite the emitter junction serves no useful
purpose. Instead, the capacitance cf that portion provides a feed-
back path to the base which may require neutralization.

4. Electrical connection of the collector to the case complicates
circuit design. To maintain the case temperature as close to
ambient as possible, the transistor should be mounted directly on
a metal chassis whi.h acts as a heat sink and ground reference.
If this is done, both emitter and base circuits must be isolated
from ground. A second approach is to place a beryllium oxide wafer
between the transistor case and the metal chassis. BeO has

SzL-62-157 - 6-



FIG. 3. STAR TRANSISTOR GEOMETRY.

EMITTER CENTACT

UKl CONTACT

100 TOP V IENW0,

Iwis ~ m COLLECTOR ATA

FIG. 4. INTERDIGITATED TRANSISTOR GEOMETRY.
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thermal conductivity midway between aluminum and copper but is an
excellent insulator. This allows the emitter to be connected to
the chassis but does add several picofarads of additional output
capacitance. It is suggested for future designs that the semi-
conductor wafer be mounted on a BeO wafer inside the case and that
the emitter be connected to the case internally. This would reduce
the degenerative emitter lead inductance to a mininma, while the
collector-to-ground capacitance added in this manner would be much
less than if the entire case were insulatcd.

5. Because the high-resistivity portion of the collector does not
occur entirely within the collector depletion region, the advan-
tages of a low-resistivity substrate in producing low saturation
resistance are presently not being realized fully. Collector
current emerges from the depletion region in a very dense distri-
bution under the emitter edge. As the current flows toward the
n+ region, it spreads out and produces less voltage drop. Since
the major portion of the voltage drop occurs in the initial spread-
ing phase, it would be valuable to make the n layer quite thin and
with a very high resistivity so that even at quite low collector
voltage the collector current would emerge into the low-resistivity
substrate.

Although present vhf transistors are quite advanced devices, it is

expected that both the upper frequency and power capability will be

further improved in the next few years and that their usage in hf and

vhf transmitters will increase.

szL-62-157 - 8-



III. LOW ThEWWY NONS3ATUATING CLASS C AMLFIM S

A. IMlODUCTION

Class C amplifiers are used primarily to achieve high output power

at high efficiency. The power gain is often an important consideration

also. Az cmitter-baee bias conditions are changed to obtain higher

efficiency, the power gain generally decreases. Therefore, analysis

and design procedures which clearly show the effect of variation of

operating conditions are valuable. In this chapter, three methods of

analysis will be developed which are suitable for low-frequency, non-

saturating Class C amplifiers. Limitations on the operating conditions

are defined by the transistor current, voltage, and power ratings. The

effect of these limitations is also conveniently shown.

Transistorized Class C amplifiers operate basically in the same way

as vacuum-tube Class C amplifiers. Figure 5 shows a simplified circuit

VC. .

VIA

IC 
t

*• 0 .0 t

FIG. S. BASIC CLASS C OPERATION.
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diagram and waveforms illustrating typical operation. The tuned circuits

used in both the input and output have high enough Q so that the col-

lector and base voltages may be considered sinusoidal. A loaded Q of

10 or greater is coron although in some cases it may unavoidably be as

low as 5. This report will be limited to consideration of those cases

where the transistor voltages may be approximated by sinusoids.

The co.Llector and base currents flow primarily in response to the

base voltage, and flow in pulses of less than 180 deg width at the time

the base voltage is positive. The collector-current pulses excite the

load circuit which, if tuned to the frequency of the drive, responds with

a nearly sinusoidal voltage 180 deg out of phase with the input. Because

the collector current flows at a time when vC is small and VL is

large, the energy delivered to the load circuit is large while the energy

dissipated by the transistor is small. In these respects the principles

of operation of transistor amplifiers are the same as for vacuum-tube

amplifiers. Many differences will be seen in Chapter V where high-fre-

quency operation is considered. Some differences which are important

at low frequencies are:

1. Transistors are low-voltage high-current devices. Typical vhf
power transistors have a maximum peak collector-current rating of
0.5 to 5 amp and a maximim collector-voltage rating of 60 to 150
v. The reverse-biased emitter-base breudown voltage may be 5 to
10 v.

2. In a transistor amplifier, input current flows during the entire
time of output-current flow; whereas in a vacuum-tube amplifier,
grid current flows only when the grid is driven positive.

3. A zero-biased silicon transistor (V B = 0) operated from a

low-impedance source results naturally in Class C operation. This
is so because significant collector current does not flow until
the emitter-base junction has been forward biased by 0.6 to 0.7 v.

4. The device temperature is an important factor in the current-
voltage characteristics in the case of a transistor. To take
account of this factor the static transistor characteristics may
be taken by pulse measurement in a high ambient temperature environ-
ment. In this way the device temperature can be set near that
expected in operation and tha amount of heating caused by the
measurement made negligible. A pulse width of a few microseconds
is usually sufficient to establish steady-state conditions and is
much shorter than the thermal time constant of the transistor.

SEL-62-157 - 10 -



In this chapter the frequency of operation will be considered to be

low enough that the various capacitive and transit time effects are not

significant factors. This is an appropriate assumption for many vhf power

transistors in the frequency range up to a few megacycles, and it allows

a development which most clearly illustrates the effects of choice of

operating condition on power output, power gain, and efficiency.

Also, the transistor is assumed to operate only in the cutoff and

active regions. Neglecting the possibility of operation into collector

saturation greatly simplifies the analysis. It is found that nonsatura-

ting low-frequency amplifiers, because of low saturation resistance,

have high efficiency and high output power and are therefore of interest.

The results obtained also form a boundary for the saturating case and

point out the trends for operation in saturation.

The analytical approach which will be used in this chapter will be

to ignore the internal workings of the transistor and to attack the

problem strictly on the basis of external current-voltage characteris-

tics. The problem then becomes one of how to work with these nonlinear,

large-signal characteristics either graphically or analytically. The

graphical method given is a direct carry-over from Class C vacuum-tube

design. The two analytic methods approximate the characteristics with

simple functions which may be handled mathematically. The second and

more exact approximation in particular appears to be a new treatment.

B. ANALIMSIS OF A SIMPLE IARGE-SIGNAL TRANSISTOR MODEL

Figure 6 shows the dc collector characteristics and the emitter-base

characteristics for a typical vhf power transistor. The emitter-base

characteristics are nearly independent of the collector voltage as long

as the collector voltage is large enough not to be in the saturation

region. The dashed line shown in Fig.-6a indicates the approximate

beginning of saturation.

The approximations to be madc in this model are indicated in Fig. 7.

The input is approximated by a biased ideal diode and a linear resistance.

The values of VTh and Ri are determined by the range of operation

one wishes to consider. In the example snown, the range of expected

peak collector current is 0.1 to 0.8 amp and the corresponding base

- ll - sEL-62-157
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FIG. 6. TYPICAL CHARACTERISTICS, COMMON EMITTER.
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FIG. 7. APPROXIMATE CHARACTERISTICS, COMMON EMITTER.
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current range of greatest interest is 4 to 40 ma. VTh and R were
obtained by inspection of the best fit of i up to 40 ma. The collector

current is approximated by a constant (1) times the base current. In

this model 0 is a function of I and is determined along the
ICmax

dashed saturation line shown in Fig. 6a. Figure 7 also shows f vs

Ic,max determined in the same way.

When this model is used in the circuit of Fig. 5, the base and

collector currents are sections of sine waves as follows:

= m (cos wt - cos ai r)
B - cosc r

iC CLa [cos at - cos u,7 (2)1c=i- cos cit

for -r < t < r and 1 B= 0 = ic during the rest of the cycle. r i7

defined as half the time of current flow.

The input ac power is

Pn, ac V. cu,- Jt Lt dt (3)

It will be convenient to have the final rcult in terms of

the peak collector current, and Wir, the half angle of current flow.

To relate Vi to Ic'max note that tl~c pcak base current occurs at

t = 0 when

V1 - (vBB t Vh)
1Bmax R.

1:~

The currents become zero at t = +T when

V icos =vB+VTh

Combining these and noting that IC max = IB,,ax gives

- 13 - SEL-62-157



Ri

V (l = •(i- cos ar) ICmax (1)

Substituting (i) and (4) in (3) and performing the integration gives

RiIC.max 2 [o+L sin 2 w r cosw rsina] (
7 1( - Cos asT) 27

Next consider the output circuit. The input dc power is
3t/w

id 2 VccIcdt (6)Pin, dc =3 t-
-4/)

Substituting (2) and integrating gives

=Vcc9 [sin a)r - ar cos ] (7)Pin, dc '= A( - Cos a•')

The power delivered to the load is

PL-2 ~ vicdt (8)

Noting that

vL = (Vcc - Vc,min) cos ,at (9)

and substituting (2) and (9) and integrating gives

EC max(VCC - Vmix or + sin 2-o c r sin ar) (10)
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I

The collector efficiency is

_ PL V V n 2 + i - co, c* sin wT
E ( ni)
cPinde VCC sin lCr - air coo f

The power gain is

A P Lc- c2min)(l - cos ar)SP.
Pin,ac IC,max Ri

Fqu~tiOn(: (iO), (ii), and (12) are the results of the analysis. They

* row Iow output power, efficiency, and power gain are related to the

.,I. rating conditions for any operating condition out of saturation. A

Further rcztriction is natural and illuminating, however. It is obvious

"fc'rm (iL) that for maximum efficiency VC should be as small as

io. i . T.•t limit in this direction for this analysis is the collector
*-ttur-I ion vltage. Suppose, then, that Vc~Lin = RSIC . The

11un~ ~ ~ ~ C~tge .,imax
KqJ.atioF. Li. n tecoome

PL = Icm(Vc RsI YK(wr)
Ima CC S C'max 1

E (VCC - RSICma) m (or): cc (3

f 2(VccRSIcma) (1 - cos IU)

C,max i

where

UTr c in 2 -o s
KI "inT) 2- + - COS CUT sin CUT

n(i - cos wr)

K2(w) sin - o
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With subsidiary design equations,

2
1 (Vcc - %IC. max)

PL

R i

V (i - cos ar) IC ,ax (13a)

R i
V 1B - COB cos w ai COB cosr - TI

The set of Eqs. (13) and (13a) shows the result of operating with

a certain VCC, with bias and drive such as to give a certain wr and

ICYM&X and with a load resistance such as to cause the collector volt-

age to drop just to saturation at the extreme of the cycle. Often VCC

is specified to the designer. If it is not, it should be made as large

as possible within the breakdown voltage capability of the transistor

as this maximizes PL' EC' and G. The design then becomes a question of

choosing or and I . It is convenient to plot ,L' E0 , and G on
IC, nax *IVE

I max - wr coordinates. Table 1 gives values of Kl(ar), w(ar), KjJK 2

and (1 - cos cr) which make the construction of the plot easy.

TABLE 1. VALUES OF FLOW-ANGLE CONSTANTS

"F KI K2  I/K 2  I -cooeff
(dog)

90 0.250 0.318 0.787 1.000

so .236 .286 .825 0.827

70 .217 .253 .Is9 .658

60 .195 .218 .894 .500

so .170 .182 .928 .3S7

40 .139 .148 .933 .234

30 105 .112 1 .937 .134

Figure 8 is an example of a plot using the data of Figs. 6 and 7

for the 211506 (VCC = 40 v), with VTh 0.8, I - 7% , R, - I4, and 1
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FIG. 8. OPERATING CHART FOR THE 2NI506 TRANSISTOR, FIRST ANALYSIS

(VC 40 V).
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as given in Fig. 7. It takes about 2 hr to construct such a plot. Once

it is available, however, it shows a wide range of possible operation.

Suppose a 2-w output were desired. Figure 8 shows that a maximum effi-

ciency of 87 percent is possible but that the power gain will be 6 db less

than when operating Class B with 76 percent efficiency. In general,

Fig. 8 shows that a given output power can be obtained at higher effi-

ciency by operating with larger peak current and smaller angle of flow,

but that in so doing the power gain is less.

C. A GRAPHICAL ANALYIS

The model analyzed in the preceding section is simple enough that

the derivation and use of the applicable design equations is straight-

forward. As is obvious by comparison of Figs. 6 and 7, however, the

approximation of the transistor characteristics is not very accurate.

In this and the following section, more accurate methods are developed.

A graphical analysis which has long been used for vacuum-tube Class

C amplifiers makes use of the fact that the plate and grid voltages are

both sinusoidal and 180 deg out of phase. When the tube characteristics

are taken and plotted on plate voltage - grid voltage coordinates, the

operating path becomes a straight line. This method is directly appli-

cable to transistor Class C amplifiers. Figure 9 is a set of collector

and base characteristics for the 2NI506 plotted on collector voltage -

base voltage coordinates. The operating lUne for assumed bias, drive,

and lcad conditions is shown. A point on this line relates instantaneous

values of base voltage, collector voltage, base current, and collector

current. For any assumed biar point and maximum operating point, the

waveforms of all currents and voltages are determined by the motion of

the instantaneous operating point along the operating line. The voltages

may be constructed sinusoidally about the bias voltages, and the currents

constructed by projecting from the instantaneous operating point to the

voltage waveform and thence to the current value. A typical projection

for a collector current of 0.4 amp is shown.

Once all of the currents and voltages have been obtained, the value

of P in,at can be obtained by integrating, Pin, ac = fiTVi cos wtdt.
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FIG. 9. CONSTANT CURRENT CHARACTERISTICS FOR THE 2N1506 TRANSISTOR.

Likewise Pindc = Vccficdt and PL = fvLiCdt can be obtained by

graphical integration. Efficiency and power gain can be obtained from

these powers. This procedure is simplified by the use of the graphical

performance computor shown in Fig. 10 [Ref. 3). This computer is

essentially a way of approximately obtaining the zero frequency (Ix),

fundamental frequency (I,), and harmonic (12, 13) components of the

current pulses. When these are known,
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Pin,dc 'C DC VCC

bias =BDC VB
(14)

1
in, ac 2 '•B Vi

PL 2 'C- (Vc - VC,min)

Note that Pblas represents power delivered to the bias battery when

VBB is positive (usual Class C bias). The portion of the input power

actually delivered to the base is

PiB = Pin,ac Pbias (15)

The computer of Fig. 10 is reproduced on transparent plastic and is

1=•( + b + c + d + e + f

C 1 (a + 1.93b + 1.73c + 1.41d + e 4 0.52f) S

1 1-2(16)
1S 1 (a + 1.73b + c - e - 1.73f)

13 T2 1 (a + 1.41b - 1.41d - 2e - 1.41f)

6VIK LINES

FIG. 10. PERFORMANCE COMPUTER [Ref. 3].
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used in the following way. On a se&; of constant current transistor

characteristics draw an operating line from the assumed dc bias point

to the assumed maximum operating point. Lay the computer over the char-

acteristics with the guide lines parallel to the operating line. Keeping

these parallel, adjust the computer until the dc bias point falls on

OG and the maximum operating point falls on OA. Read the currents where

the lines OA, OB, etc., intersect the operating line. These values are

a, b, etc., which may be used in Eqs. (16) in Fig. 10 to obtain the

various components of current. The use of Eqs. (14) then completes the

analysis.

The advantages of this method are:

1. The actual characteristics are used and for this reason the results
are more accurate.

2. The method applies also to operation into saturation if the fre-
quency is sufficiently low. (For reasons to be seen later, satura-
tion lowers the frequency limit for which static methods are
applicable.)

The disadvantages of this method are:

1. The use of a finite number of points to Fourier analyze the current
pulses is an approximation.

2. The method analyzes only one situation. In order to optimize,
or even to design for a specific condition such as a given output
power, one must analyze one set of end-points, then analyze another
and see if the operation is more satisfactory. This is rather
time consuming and not very informative.

D. A MCRE ACCURATE ANALYTIC METHOD

1. Development of the Model

The method presented in See. B had the drawback that the model

only approximated the transistor in a crude way. It would be desirable

to have a model which was more accurate but which still was simple enough

to be handled analytically in an exact way. To achieve these ends let

us consider first the output circuit.

The constant current characteristics for the 2N1506 are given

in Fig. 1l. Over a large portion of the range these characteristics

are practically straight lines. Where they begin to curve appreciably

- 21 - sEL-62-157
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FIG. 11. CONSTANT CURRENT CHARACTERISTICS.

the transistor is in the saturation region. Since we are not considering

operation in saturation here, let us approximate the actual characteris-

tics by straight lines (shown dashed in Fig. 11). Then for any iC,

vB is a linear function of VC,

v. = A + B vc (17)

where A and B are functions of iC. Evidently A is the value of

vB when vC = 0, i.e., the intercepts of the constant iC lines with

the vertical axis. Also, since A is a function of iC only,

6V
B z7 (18)

C

That is, B is the slope of the constant iC lines. If simple functions

can be found for A and B in terms of ic, then a simple relationship

can be established between ic, vB, and vC.
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Figure 12 is a plot of A vs i Evidently A is well approxi-

mated by a linear function of ic.

9 .6Si.e t

0 0.1 0.4 0.6 0.6 1.0

1C (80)

FIG. 12. APPROXIMIATION FOR A.

A=VTh ic (19)A = ~h +gmo

where VTh is the value of A when iC = 0 for the best straight-line

fit to the plotted points and l/gmo is the slope of that line. VTh

is the threshold base voltage, i.e., that voltage above which collector

current flows; and g. is the zero collector-voltage transconductance,

i.e.,

g.0 C (20)

Figure 13 is a plot of B vs i . This has been apnroximated

by a linear function

B = 71 (21)

A power approximation would evidently be much better; however, this

term has a minor effect on i0 and the linear equation will be used

because of the difficulty of handling a power approximation in later

work.
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FIG. 13. APPROXIMATION FOR B.

Substituting (19) and (21) in (17) and solving for iC gives

the final result

I vB -V Th (22)C -I + 7vC

At this point two questions may come to mind:

1. Does this procedure lead to as satisfying an approximation for
other vhf transistors?

2. After the many approximations made here, how well does Eq. (22)
represent the collector-current pulse for various vC and vB
conditions?

Without presenting the complete procedure, let us refer to Fig.

14 which shows A and B for an MK487 (star) transistor, and Fig. 15

which shows A and B for the TA2084. Evidently the procedure works

generally well for approximating A and generally poorly for approxi-

mating B.

Regarding the second question, Fig. 16 shows comparative collector-

current waveforms for the three methods of analysis under the same collect-

or- and base-voltage conditions. The graphical method gives the exact

result. It is apparent that the use of Eq. (22) gives significantly

better results than the first analytic method, and in fact gives results

that are quite close to the exact waveform. Similar results were ob-

tained when applying thi.; test to the other transistors.
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FIG. 15. APPROXIMATIONS FOR THE TA2084 TRANSISTOR.
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FIG. 16. COLLECTOH-CURRENT WAVEFORMS FOR THE 2N1506 TRANSISTOR.

After a number of trials it was discovered that a surprisingly

accurate approximation for the input circuit could be obtained over the

range of base currents of interest (1 to 100 ma) by

B= Gi(vB VTh) , v> V

(23)
oB = 0, vB <v

Figure 17 is a plot of vs vB - V on logarithmic scales for the

three types of transistor studied. It is evident that this approximation

is excellent over the entire range of appropriate base currents for all

three transistor types.

The complete model is shown schematically in a Class C amplifier

circuit in Fig. 18.
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2. Analysis of a Class C Amlifier Using the Model

The same assumptions as before are now made concerning the

voltages. That is, since we are considering low-frequency, nonsaturating

operation with high Q tuned circuits in both input and output, the base

and collector voltages are sinusoidal and 180 deg out of phase.

From Eq. (3) the input ac power is

X/Co

Pinac =V cos ait idt
-4/w

In this case the base current is

B = Gi (Vi cos Wt - VBB - VTh) , < t < (24)

Using also

VB + V÷ (25)cos a, = V
Vi

Eq. (3) now becomes (1 + )
GiV

Pin,ac - , K3 (ar, a,) (26)

where CW

K3 ((w, ad) j cos at[cos 3t - cos ]Cr d(at) (27)

This can be integrated in terms of simple functions for a i an integer.

However, it appears from Fig. 17 that ai will rarely be an integer.

Equation (27) can be evaluated numerically, of course, for any ai"

This has been done by a computer and the results are plotted in Fig. 19.

For any transistor whose constants, VTh, G1, and a 1  are known, the

use of Eqs. (25) and (26) and Fig. 19 will yield the input ac power.

Before beginring the development of the equations for the output

circuits, it will be convenient to express the collector current pulse

in a form which is more informative and which is more easily handled
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FIG. 19. VALUES OF K3

in the integrals. In the Class C circuit the base and. collector voltages

are

VB = V. cos ct -VB (28)

I. \ \BB.

,CC (Vc0  v, ) Cos Wt (29)
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ihen these are substituted in Bq. (22) the collector current becoms

ic"vi con 03t- vBB - v• (30)
+ 7 Cv0C - (vCC - Vc,.mi) cos W]

vs. v+
cos at - V

S-Vi V 1  (31)

S+ 'VC - 7(VC - Vc,.) cos at

coB wt - cos mr (32)

Sn + 7V_÷ - 7(vO - vc,.,.) cos w

Setting t - 0 in the last equation gives the maximim current

1 - cos or (33)IC ,m I= V, 1 +7Cmn(3
g•)+ 7Vc, 3 in

which we solve for V and insert in Eq. (32). After some more alge-

braic manipulation this is finally vritten as

ICi1- D coSDmr"- coo wt1
T" , D COB D - coB V i (34)

vhere

7 "+ VCC

D- 2 (35)
Vcc - Vc,min

In this form the dc component of collector current is found by integration

tobe
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lcoC
tan-r for~o f >1

_ (1- Cos )r)

(36)

[ Dr tanhl DoC3--1 o o yrsnwjiM - Coos ca) C-" • •\•oos a -

The fumdamental component of current is

!I C w(- t 1 - D (( 1 -) (O) d(m) (37)

x f(1 ics a (1s• -Cos Co W

Ic o
IC = K(mr, D)

2 1 - )os i n a, + (D - cos or) wr

D(D - Cos ay) - 2 1si 2

tan D for D > 1

--sin ai + (D - cos ow) ow

D(D - coo ow) tanh Iv sin 03)] for D2 <1
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Became the functions K and K5  are so complicated, it is
convenient to solve them by a computer for the expected range of wr

and D. This has been done for values of D based on 7, Sos VOW and

_VC, in typical of a wide range of transistors and operating conditions.

The results are given in Fig. 20 along with the ratio N/I5 which will
also be useful.

The final results of the analysis are contained in the folloving

expressions for output power, efficiency, and power gain:

PLV- ½ (vmd vC - 12 (VCC - Vc,min)K5 IC',_ (39)

PT L 1 €(VC"VC 5  (ao)
-T .. ) 2 ( ")indc cc

G a PL (VCC -VC~min) r- (l4Oi) (41l)
Pin,ac

2GiL(I 0 ,m,) K 3 \( 1 o-coo, /

Note that to obtain Eq. (i1), Eqs. (26) and (33) have been com-
bined to eliminate Vi so that the final results are given as functions

of output operating conditions. Equations (39) - (41) are applicable

to any transistor whose parameters al, Gil VTh, 9o, and 7 are known.

They give the result of operating with a certain VCC and with drive

and bias conditions such as to result in a certain _•msxl VCmin and

wr as long as the transistor does not saturate. Once again an important

special case is that in which the transistor just saturates at the extreme

of the cycle. In this case V• . i = "S I• . and the complete set of

equations [analgous to (13) and. (13a) for the simple model] is:
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L (VCC - EsIC,..x) 1 '~

i (VCC - IcinMx) (2

G M(voo- %IC.,.) K5 1 -. coo or (0ai)

2GK 3 (,u i 1 +,, .

where K3  in given in Fi. 19; K4, Y5, and, K, are given in Fig. 20;

and
1VCC + A

- R=IC,max

With subsidiary design equations,

R L 2 ( %O " •% ,.=L ) 2
S2 -PL

1

Vi " ,max 960 1 - cos at (42a)

VEB -V, coB w - vTh

Once sgain Vcc will either be specified to the designer or

should be chosen as large as possible within breakdovn limitations.

In order to choose •,Max and at it is again convenient to plot

are plotted by using

LPl 
(43)
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where K5 and D are calculated for various Iax and the correspond-

ing ar are found from Fig. 20. Constant efficiency curves are plotted

by using

where K/ corresponding to a certain cr is found from Fig. 20.

Here it is necessary to guess in advance which D curve to use and

then check to see that the value of obtained from Eq. (44) gives

that value of D. Usually, however, RSCmax << VCC so that the value

of D is relatively independent of I,'."

Constant power-gsin curves are plotted by using

!2(l - cos )(1ai) 2Gi( ICM ), i ( + (la, ) (14 5)

= G - AoC gA (45)
K 3  ,SI~BC,mx

Here one first plots the left-hand side vs at for the known ai and

D corresponding to a median value of •,max using Figs. 19 and 20 for

K3 and K5 . Then for various I,max one evaluates the right-hand side and

uses the plot of the left-hand side to obtain the corresponding value of or.

The operating plot for the 2A1506 transistor has been constructed

and is shown in Fig. 21. The values of the transistor parameters used were

ai = 2.27 7 = -o. 64 amp-1

Gi = 0.1 U /(v)2.2 % = 7 ohms

Vi, = 0.67 v VCC = 40 v

8mo = 1.15 mhos

When Fig. 21 is compared with Fig. 8, the operating chart for

the same conditions but using the simpler model, there is seen to be

general agreement. The second method gives more accurate results but
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the first method evidently also gives a good approximation. This

concludes the development of the analytic and design techniques for

low-frequency, nonsaturating Class C amplifiers.

E. LDUTATIONS ON OPERATING CONDITIONS

There are a number of factors which limit the choice of operating

condition. The first of these is collector supply voltage. Generally
the maxlmum collector voltage specified by the manufacturer is BVCEo)

i *i.e., the open-base emitter-collector avalanche multiplication voltage.
However, for Class C amplification the emitter-base junction is back

biased when the collector voltage swings above the supply voltage. More-

over, the tuned circuit in the base provides practically a short circuit

for direct current. Therefore, the appropriate limiting collector volt-

age is BVCEs, the shorted-base collector-emitter breakdown voltage.

Since the collector voltage may swing to twice the supply voltage, the

maximum supply voltage is

v1VCC,max =-2 BVC2 s (46)

Once VCC has been chosen, the other limitations are conveniently

shown on the operating chart constructed for the chosen VCC. The peak

collector current is simply a straight horizontal line at the top. The

transistor dissipation limit can be drawn since load power and efficiency

grids are on the chart. The power one selects for maximum allowable

dissipation depends on the manufacturer's ratings, the maximum ambient

temperature, and the adequacy of the heat sinking. If Pd max is the

maximum dissipated power one selects, then

Pdmax Ec(47)

Pd,max + PL

describes the locus for allowable dissipation.

The final limitation is the reverse emitter-base breakdown voltage.

By eliminating Vi from the last two equations in qet (42a) one has
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N3. + • -) ((l - coo ar) (148)

Cos Mr + Ic%( mIC maý 48

If VB6 is set at its largest value, this equation describes a locus

of mr and _Y max corresponding to reverse emitter-base breakdown.

In order to choose the maxi-m value of V,,, one mist estimate the

maximum expected forward swing of the base from the emitter-base char-

acteristics. Then one chooses VBB so that the maximum swing In the

othe.- direction does not cause breakdown.

Figure 22 illustrates typical limitations on an operating chart for

PEAK COUNT LINITATI = I mp
I..

0.7

0.8

0.$ lDIBIPATI"I
LINIT I

0.9

0.1 E r -

FIG. 22. LIMITS OF OPERATION FOR THE 2NI506

TRANSISTOR (CC =43 V).
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the 2I1506 transistor. Only that part of the chart necessary for deter-

mingi the dissipation limit line is included to reduce the confusion

slightly.

To check the results of these analyses, the test circuit shown in

Fig. 23 was constructed. The output tank circuit was made to be replace-

able and a number of tank circuits were built, each with a different

FIG. 22. t.no-FREQUENCY TEST CIRCUIT.

load resistance but with a Q of about 15. One set was tuned to 0.5

Mc as it was expected that this frequency would be low enough so that

the low-frequency analysis would apply exactly. The tuned circuit in

the base was made to have a loaded Q of about 15 when the maximum

expected input power was being called for. Input ac power was measured

by measuring the current, voltage, and phase from the signal generator

using a dual-trace oscilloscope and subtracting the power knovn to be

dissipated in the unloaded input circuit at the measured voltage. The

output ac power was obtained by measuring the collector voltage with an

oscilloscope and cumputing with the known load resistance. Input de

power was measured using dc metering on the collector supply.

For each of several load circuits V was adjusted for several

different angles of current flow, and the drive voltage was set each time

to result in collector saturation at the peak of the cycle. The

- 39 - SiL-62-157



collector-current waveform was observed across a small sampling resistor.

This allowed the operator to set the drive voltage for saturation by

observing when the collector current began to flatten at the peak. The

peak collector current and the angle of current flow were also measured

in this way.

The results of these measurements are given in Table 2 along with

the values which would be predicted by entering the operating chart

(Fig. 21) at the measured current and flow angle.

TABLE 2. MEASUREMENTS OF THE 0.5-MC AMPLIFIER FOR THE
2N1506 TRANSISTOR WITH VCC 4 0 v

Operating Condition Load Power PL Efficiency EC Power Gain G

(w) ((percent) (db)
IC,max &T Predicted Measured Predicted Measured Predicted Measured

(ma) (deg)

135 I 75 1.25 1.22 82 80 45 30

255 80 2.3 1.93 78 77 41 34

260 36 1.3 1.2 92 93 35 29

370 51 2.4 1.9 86 82 34 29

520 29 2.0 1.6 88 i 78 27 23

520 56 3.6 2.7 82 68 32 29

740 L 34 3.3 2.8 85 73 25 23

Typical waveforms from this test are rhown in Fig. 24. Note that

the collector-current flow occurs only when the base voltage is above

a certain value. The reason that the collector current is not constant

and zero during the interpulse period is that collector-base junction

charging current flows then.

In general the results of these measurements are in good agreement

with the predictions. The outstanding deviation appears in the power

gain where the measured gains are lower by 2 to 15 db than the predictions.

These are due partly to measurement difficulty but primarily to the fact

that frequency effects in the input ac power are present even at this

low frequency. The output power and efficiency are also somewhat less

than predicted. The primary reason for this is that the collector
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FIG. 24. WAVEFORMS FROM THE 0.5-Mc AMPLIFIER
(VCC = 40 v, RL 3150).

saturation resistance is affected by frequency and even at 0.5 Mc is

larger than its dc value. If the operating plot had been constructed

using a value of saturation resistance appropriate to 0.5 Mc the agree-

ment would have been closer. These effects will be discussed in greater

detail in Chapter V.

Table 2 shows that the efficiency at higher current levels is less

than predicted. This is because the saturation point really does not

follow a linear relation between the peak collector current and the

minimum collector voltage.

The same tests using the same measurement methods were also performed

at 3 Mc. The circuit of Fig. 23 was again used with replaceable collector

tuned circuits and a base circuit tuned to 3 Mc. The results are tabulated

in Table 3 and are generally the same as those noticed at 0.5 Mc. The

difference between predicted and measured power gain is even more sig-

nificant here due to the neglected frequency-dependent ac input power.

An operating chart was prepared for the W87 transistor using

R= .10 which was appropriate for this transistor at this frequency.

Measurements were made in the same 3-Mc amplifier with the results

zhown in Table 4.
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TABLE 3. MEASUREMENTS OF THE 3-MC AMPLIFIER FOR
Till 2N1506 TRANSISTOR W1TH VCC m40

Operating Condition Load Power PL Efficieecy 19C Power GaiL G

(%!) (pe:cent) (db)

ICuax 4:T Predicted Measured Predicted Measured Predicted Measured
(me) (des)

125 90 1.3 1.01 76 76

160 78 1.5 1.48 s0 71 43 28

160 64 1.3 0.96 I5 83

180 51 1.2 1.14 89 86 -

190 64 1.6 1.46 84 73 -

195 48 1.3 1.00 89 33

220 51 1.5 1.43 s8 75 39 25

290 42 1.6 1.39 90 77 35 21

330 77 3.0 2ý07 77 68 39 27

340 70 2.9 2.14 81 71 33 27

340 35 1.7 1.31 91 76 32 19

370 57 2.7 2.12 84 72 35 25

420 47 2.6 2.16 86 71 32 23

500 85 4.6 3.6 73 60 35 26

620 69 4.8 4.08 77 68 31 23

660 65 4.8 4.23 77 70 30 21

TABLE 4. MEASUREMENTS OF THE 3-MC AMPLIFIER FOR
THE MM487 TRANSISTOR WITH VCC 0 4 0 V

Operating Condition Load Power PL Efficiency EC

(w) (percent)

ICuSax W Predicted Measured Predicted Measured

(us) (deg)

27 90 2.8 2.5 70 70

31 80 2.9 2.7 74 76

34 74 3.0 2.9 75 82

This concludes the discussion of the low-frequency nonsaturating

amplifier. The methods developed are evidently satisfactory for use at
frequencies low compared to f, although the prediction of power gain

is generally too large.
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IV. LOW-FREQUENCY SATURATING CLASS C AMPLIFIERS

A. INTRODUCTION

Saturating Class C amplifiers are of particular interest becuase

the collector efficiency can be greater than the collector efficiency

of the nonsaturating amplifier. Consequently, for the same power dissi-

pated in the transistor, a much larger output power can be obtained.

However, when the transistor is driven into saturation, the base input

current rises considerably and more drive power is required. The power

gain is therefore less for this type of operation. At low frequencies

the gain can still be on the order of 15-20 db so that a relatively

small amount of drive power may be sufficient.

The model to be used in the analysis developed in this chapter is

an extension of the first model used in Chapter III and is indicated

along with its characteristics in Fig. 25. Out of saturation the collec-

tor current is assume., as before, to be a constant (P) times the base

current, where the value of 0 depends on the maximum collector current

during the pulse and has been determined along the saturation line (see

Figs. 6 and 7). The transistor input is represented by a series resistor

and a biased ideal diode before the saturation region is entered.

In saturation, the collector current is assumed to be a linear

function of the collector voltage and the slope of the saturation line

is assumed to be l/RS. The base current is assumed to be linearly

related to the base voltage with a slope l/R!.

The model, therefore, is the same as the first one used in Chapter

III except for the change to a smaller base input resistance during

saturation. Figure 26 is a plot of base current vs base voltage for

various constant collector voltages. These data are the basis for the

two-slope model-chosen for the input. The input current-voltage rela-

tionship follows one law when the collector voltage is sufficiently high

(unsaturated), and another when the collector voltage is low (saturated).

In many respects this model is not very close to the actual transis-

tor. At high current ]evels particularly, the collector current is

greatly dependent on collector voltage; in saturation the collector

current is actually dependent on base current as well as en collector
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FIG. 26. EMITTER-BASE CHARACTERISTICS SHOWING THE EFFECT OF SATURATION.

voltage; and 0 is not constant throughout the unsaturated portion of

the pulse. In these and other instances the model falls short. Never-

theless, it will be found that even this model, when analyzed, gives

results that are quite complicated, so much so that it is desirable to

use numerical maximizing procedures. This model does give results which

are reasonably accurate for operation in saturation and it was chosen

for this reason.

B. ANALYBJB OF THE MODEL

The assumption again is made that the collector and base voltages

are both sinusoidal and 180 deg out of phase. Figure 27 shows a typical

path of operation and the collector-current pulse for operation into

saturation. The pulse is two sinusoidal sections. In the active region

the collector current is 0 times the base current which is a sinusoidal

section because the base voltage is sinusoidal and applied to a linear

- 45 - sEL-62-157



IC sxC

VCC -Vt.,WGft W a" r)

'V. (Vcc "- VC.01)(l " C t)

TIME.• IM

I ,, COLLECTO VOLTEMC

FIG. 27. APPROXIMATE COLLECTOR CHARACTERISTICS AND WAVEFORMS.

resistance. In the saturation region the collector current is a sinu-

soidal section because it is linearly related to the collector voltage

which is sinusoidal.

The collector current is:

1. For -7 < t < -7' and T' < t < 't [see Eq. (2)]

It

= max [cos at - cos a1 (49)iC= 1 - Cos air

Noticing in Fig. 27 that triangles ®-0-G and (D-0-0
are similar, we obtain:
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C9 - coso r
SCO , cowr. - coo(

When x is elimnated frm Eqs. (49) and (5o), the current

becomes

I C,"- (coo a* - cos wr) (51)

IC =cos, wra - cos or

2. For - < t <t'

ic - VC(52)

Substituting for the saturation resistance

S- - (Vcc - VC,,.idcoor' (53)

and for the collector voltage

vC - - (VCC - VC,mi) co wt (512

yields

Vcc - ,VCC c V cos atVi a (55)1" • "o,,, ma - {ývcc - Vc,.• mi)co, cur-

Having the collector current and load voltage, the load power is

obtained by integration of icyL.
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V• Vcc - (Vcc- Vc.m•dcosat

P~ LVc -v 2fcoCsmax (VCCVC,flmin) cos (t dt
VCC (VC - C,min csm O

+ f co• (cos a* - coo car (V CC - v c) os wt dt}
f coo wrl - coB CT CC Cmin
7'

(56)

Performing the integration gives

(VCc - V•,i ) i J CC (vcc - VCmin 2 4At'

PL = I sin•: -- (VC - Vc,.) Co +,

at- "wt + s " cos sin(sin - si sin
Cos - - Cos (ay (57)

For later work let this be called l¢Vcmin, 'cnax' 0, 7')"

When at' = 0 this reduces to the formula for the nonsaturating

case Eq. (10).

The dc power from the collector supply is obtained by integration

of iCVCC.

P -2 VCC~fi{o a Vc - (VC - VC1 id) cos at dt
in,dc m- f V Itmax VCC- (VCC - VCmin) Cos CMy'

+. D Tc•' (cos at - cos ar) (58)
'7'

Performing this integration gives

c , /Vccat' - (vC - Vc, ) sin m t'
nde = , Vcc_ - VOC - Vcm.n cos M,'

sin-aca - sin at' - cos a tr'
Cos or, - coB at (59)
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When air' w 0 this also reduces to the corresponding formula for the

nonsaturating case, Eq. (7).
The collector efficiency is PL/Pin,dc or the ratio of Eqs. (57) and

(C9).

The base current is:

1. For -T < t <-T' and 7' < t < T

Vicos at- V R- Vh Vi

'BVi Co a R VBB -Vh.V (cos alt_ cos air) (60)

2. For -r' < t < 71

Vi Vi
= ' (cos awl - cos air) + V' (cos wt - cos air') (61)

The ac power from the source is obtained by integration of iBVi

cos at.

in, ac = (Cos ai - cos •)

V]
+ i (cos at - cos aw' )J Vi cos wt dt

ii

t + (cos wt - cos air) Vi cos 0t dt} (62)
i )

Performing the integration gives

VisVi no r + ar' sin 2ar sin 2aT'
iin•a = -- jL[(cos r' - Cos d)si ' +f 2Pin, ac " -- 2 2

- cos ar(sin air - sin wAr')]

vl s• in 2a,'i, ,]+ Ri + 2 - cos or' sin f (63)

When aw' is set to zero this reduces to the nonsaturating case, Eq. (5).

The power gain is PL/Pi or the ratio of Eqs. (57) and (63).

S- 19- sEL-62-157



Several additional equations are needed. The equation relating flow

angle (cw) to the base bias voltage (VBB), the threshold voltage (VTh)

and the drive voltage is

SCOS v1 V(64)

The equation relat load power (PL) to load resistance RL, collector

supply voltage (VCC), and minimum collector voltage (Vc,min) is

( V C _ C mi ) (65 )(vL -- 0 ,~ (6R)

The relation between saturation resistance (RS), collector supply

voltage (Vcc), maximum collector current (IC max), minimum collector

voltage (Vc,min), and half angle of saturation (ar') was shown in

Eq. (53).
A final equation relates the maximum collector current (IC a), the

half angle of current (or), the half angle of saturation (r'S, current

gain (a), input resistance (Ri), and input voltage (Vi). 6,max is the

maximum current which would flow at the tixe of minirmum collector voltage

if saturation had not occurred.

Vi - vB- vTh vi
c~,m•x = 13,max= - R ( cos o) (6)

Equation (50) relates IC max and I6,max. Using this with Eq. (66)

gives

Cos or,-Cos (I (67)

In order to analyze the results of operating with a given set of

circuit conditions, Eqs. (53), (57), (59), (63), (64), (65), and (67)
are needed. A given set of conditions will mean specifying Vi, Ri,

, V V, VC, EL, and R. The problem then is to determine what
set of Ic, max, P (which is a function of Iiax car, ar', and VC,min
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results. Using that set, Pa Pin,dc' and P and consequently

power gain and efficiency, may be calculated.

The following procedure may be followed for determining the set of

3ý,max' etc., which rcsults from a given set of circuit conditions.

1. Determine cff from

-1VM+ V~h(4WTo7. = COSO Vi (64)

2. Plot a curve of or' vs Ic1maxfrom

or' = cos I •+ Vi (67)

using the known function of Ic'max for 1 and the value of ofr

from step 1.

3. Plot a curve of VC 1, vs Icmax from

VCC cos Ofr' - VCC + RSICmax

=Cmin - cos a(r'

4. Using sets of air', IC,max, and VC0 min from steps 2 and 3 and

the value of ar from 1, determine by successive tries which set

fulfills

(VCC - Vcamin) 2 ?

PL = RL f fl(VCJ.,min, Ic,max, Or, WTI)

(57), (65)

The set that results in equality is the correct set and may then be used

to calculate the various powv-rs, efficiency, and power gain.

C. TEST RESULTS

It is evident that trying to determine an "optimum" set of operating

conditions for a given set of transistor parameters is a trying task.

One thing which can be investigated numerically is the variation of

output power, power gain, and efficiency for various drive voltages (Vi)
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with all other conditions corstant. Not only is this informative but

it corresponds to a most practical case for experimental confirmation

and for actual use.

Since in this mode of operation we are most interested in efficiency

and high power, it is reasonable to select a set of conditions which

are consistent with that aim. The following conditions were chosen:

VCC = 4 0 v Ri = 14 ohms

VB =2.5 v R =3ohms

RL = 152 ohms R S = 12 ohms

VTh = 0.8 v

The bias voltages are near the maximum allowable for the 2N1506 transis-

tor, RL = 152 ohms will result in high power with the chosen Vcc, and

the other parameters are typical of the 2N1506. R = 12 is typical of

the saturation resistance at 0.5 Mc, the frequency at which the tests

were made. (Variation of RS with frequency will be discussed in

another chapter.) The calculation procedure outlined in Sec. B was fol-

lowed for a number of input voltages (Vi) which range upward from that

value which just causes saturation. The results are given in Table 5.

TABLE 5. PREDICTED RESULTS OF VARIOUS DEGREES OF SATURATION

V1  Wr &fl' IC'Max lCa.in PL EC G

(v) (deg) (deg) (amp) (Tv) (w) (M) (db)

3.98 34.0 0 0.82 9.83 3.18 77 21.3

4.2 38.2 23 .77 6.6 3.67 80.6 17.3

4.4 41.4 27.5 .79 5.7 3.87 83.5 15.6

4.6 44.2 30.5 .83 I 5.2 3.98 78.2 14.6

4.8 46.6 32.4 .87 5.0 4.03 71.3 13.2

The measured results of a 211506 transistor operated under these same

conditions are given in Table 6 and may be compared to those of Table 5.

Waveforms from the test for various drive voltage amplitudes are shown

in Fig. 28. Vi was not recorded but was calculated usingi B VVTh)

Vi= cos ar
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TABLE 6. MEASURED RESULTS OF VARIOUS DEGREES OF SATURATION

V1i r Cr IC'meCx VC,.Min PL EC G
(v) (des) (deg) (wap) (v) (W) (M) (db)

4.08 36 0 0.75 10.6 2.8 73 25

4.51 43 19 .70 7.0 3.9 82 23

4.84 47 22 .70 2.6 4.6 90 22

5.03 49 26 .73 1.8 4.8 as 20

from the values of or measured in the photographs of Fig. 28.

The calculated and measured results show reasonable agreement con-

sidering the approximations made and the accuracy of measurement. The

theoretical approach indicates a maximum efficiency of about 84 percent

occurring when aw' Z 26 deg with P L: 3.8 w and G Z 16 db. The
measurements indicate a maxim= efficiency of about 90 percent occurring

when cr' = 23 deg with PL =Z 4.6 w and G =•22 db.

The largest source of error is probably the assumption that the col-

lector current is independent of base current in saturation. This
assumption results in a deeper dip of collector current than actuxally
occurs. For instance, Fig. 28c shows a collector current dip of 15
percent of IPax, whereas the data of Table 5 for V= i 4.8 v would

indicate a dip of 50 percent. This error in the current occurs when
the load voltage is maximum, thus resulting in too low predicted output

power and efficiency.
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V. HIGH-FREQUENCY OPERATION

A. INf ODLETION

In the previous chapters we were able to obtain reasonably exact

expressions for the operation of Class C amplifiers at low frequencies.

Unfortunately, at high frequencies even a reasonably exact analysis is

so complicated that it is not worthwhile. It is possible, however, to

discuss in some detail the various effects that are important and thus

gain an intuitive understanding of the course of proper design. It is

also possible to make some rather crude assumptions and so obtain some

analytic results which further aid in design. In addition a new method

of analog simulation of a transistor is presented which takes into

account the two-dimensional character of the transistor, the major non-

linearities, the capacitive and frequency cutoff effects, and which also

includes simulation of the forward-biased collector junction.

In Chapters III and IV the analysis was based strictly on the transis-

tor current-voltage characteristics. Here it is necessary to examine

the internal workings of the transistor and to be particularly concerned

with the geometry. The simplest geometry to consider is the long-stripe

geometry shown in Fig. 1. It is assumed that the length is enough that

currents flow only in cross-sectional planes. Because the geometry is

symmetrical, no currents flow across the plane of symmetry. Figure 29

ExIT"IER

BA CONTACT CONTACT EMITTER-BASE DEPLETION LAYER

2,.ýEMITTER-BASE .JUNCT ION
2...COLLECTOR-SASE JUNCTION

COLLECTOR-BASE
"IBE all DEPLET ION LAYER

n CO-@LLEC•TOR EXTERNAL -_ - -- INTERNAL

n+ COLLECTOR
NO CU912%I FLOW N

ACAS TNE CENTERLI

CONTACT
20 j

FIG. 29. CROSS SECTION OF HALF OF THE 2N1506 TRANSISTOR HAVING LONG

SYMMETRICAL STRIPE GEOMETRY.
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is a cross section of half of the 2N1506 transistor. In order to show

some detail in the emitter and base regions, the vertical scale of the

drawing was changed at the collector-base junction. In the rest of

thiL report the vertical scale will bc similarly variable in order to

show the essential features in question.

The effects which are important for large-signal high-frequency

operation are connected with the following:

1. Base Resistance. Because of the narrow base width, the base sheet
resistivity is rather high in that part of the base lying under the
emitter. The sheet resistance is typically 1,000 to 3,000 ohms.
In the rest of the base the sheet resistance is much less because
of the greater width and the higher doping at the surface resulting
from the diffusion process. Even so, this portion of the base
also contributes a significant resistance. The term "external"
will apply to that portion of the transistor not under the emitter.
The term "internal" will apply to that portion of the transistor
under the emitter.

2. Capacitance. Depletion layer capacitances are present at emitter-
base and collector-base junctions. The emitter capacitance is
quite large, typically 50 to 400 pf. The collector capacitance
is typically 4 to 20 pf. The edge of the collector depletion
region is shown in Fig. 29 for a collector voltage of 40 v.

3. Collector Bulk Resistivity. The n collector is a region of
relatively high resistivity. Carriers must flow across this
region from the edge of the collector depletion region to the
n+ collector and the resulting ohmic drop causes the major part
of the saturation voltage.

Figure 30 is an equivalent circuit model for drive signals small

enough that significant emission does not occur. The model also applies

during the off portion of the cycle for larger drive voltages and it

is convenient for visualizing many of the effects to be discussed. R]M

is the resistance between the base contact and a point in the base under

the emitter edge; RBI is the total resistance between the center of

the base and that same point (see Fig. 29). Likewise, CCE is the
"external" portion of the collector depletion capacitance and CCI is

the "internal" portion. RC is meant to symbolize the distributed re-

sistance of the n collector. Although a finite number of elements

are shown in the drawing, CE and CCI are both distributed, capacitances.
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FIG. 30. EQUIVALENT CIRCUIT FOR THE GEOMETRY OF FIG. 29. Peak
emitter junction voltage less than V11.

B. IDPRTAM EFFECTS OCCURRING AT HIGH FREQUIENCIE

1. Current Crowding

This effect was first discussed in detail by Fletcher [Refs. 4
and 51] for the dc case. He showed that base current flowing laterally

through the base resistance produces a voltage drop which reduce6 the

forvard bias voltage applied to the emitter-base junction. Because the

reduction is greatest for that part of the emitter farthest from the

edge, the emitter current density is greatest at the emitter edge.

Mead [Ref. 6] has analyzed the dc effect, including certain results in

saturation, for alloy junction transistors where he was able to neglect

collector resistivity.

Even at fairly moderate current levels the emitter current den-

sity at the edge can be 100 times that at the center of the emitter.

This dc current crowding is present in the static characteristics used

in Chapter III and is fully taken into account there.

In Class C high-frequency operation, further effects cause

emitter current crowding. Consider the transistor to be operating in
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the grounded emitter configuration with a signal veltage applied to the

base. Suppose this voltage is not quite enough to cause significant

emission. Then the voltage appears to be applied to an open-end RC

transmission line where the series resistance is the internal base re-

sistance and the shunt capacitance is the sum of the emitter depletion

capacitance, CE, and CCI. This line acts something like a low pass

filter causing the amplitude of the signal voltage to decrease toward

the center of the emitter. If the applied voltage is increased, further

crowding effects occur when emission starts. Charge storage occurs in

the base region, which has the effect of another shunt capacitance in

the RC line. Finally, base current flows laterally causing a bias effect

as described in the dc case.

2. Transistor Saturation

This occurs when the voltage "applied" to any part of the col-

lector junction falls to zero. In low-level operation where the emitter

current density is nearly uniform, the current emerges from the collector

depletion layer and flows through the high-resistivity collector region

nearly uniformly (there is some spreading into the "external" region).

This results in only a very small lateral voltage gradient in RC and

since the lateral voltage drop in the base is also not very much, the

effect as the collector voltage is decreased is that the entire collector

Junction saturates at the same time. Further increase in the base drive

does not significantly affect the collector current.

When the current levels are high or the frequency is high, emitter

crowding occurs so that the current emerging from the collector depletion

region is no longer uniform. The current is quite dense under the emitter

edge and therefore causes a large voltage gradient there. As the current

flows across the high-resistivity region it spreads out so that the

gradient is smaller and more uniform at the n:n+ boundary. This is

indicated in Fig. 31 where lines of current have been drawn for typical

current crowding in an n collector region. The main effects are (a)

the maximum voltage drop across RC occurs under the emitter edge and

(b) the maximum voltage across RC per unit total current is much larger.

Now as the collector voltage is decreased, the voltage applied to the

collector junction becomes zero first under the emitter edge. If the
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FIG. 31. PARTIAL CROSS-SECTIONAL VIEW INDICATING THE
DISTRIBUTION OF CURRENT.

collector voltage is further decreased it is now possible by increasing

the base drive to maintain the same collector current. What has happened

is that the collector junction has become progressively forward biased.

The portion under the emitter edge is more forward biased, while the

division between forward and reverse-biased junction has moved in

towards the center of the transistor. The significantly larger base

current is due to high recombination in the base near the forward-biased

portion of the collector.

The point at which saturation begins has been measured using

the circuit shown in Fig. 32. For zero base bias voltage, a sine-wave

voltage with constant peak amplitude was applied to the base. The

collector was essentially shorted to ground through a small current-

sampling resistor. In order to minimize lead inductance, the circuit

was built in a aR coaxial mount. A sampling oscilloscope was used for

measuring collector current and for monitoring base and collector volt-

ages. As an example, curves of peak collector current vs collector

voltage for various constant base drive voltages are shown in Fig. 32

for dc and 12 Mc. Note that the knee for the low current dc curve is

quite sharp indicating simultaneous forward biasing of the entire col-

lector junction, whereas at higher currents and high frequency the knee

becomes less and less well defined indicating a gradual change from

weverse to forward biasing of the collec-.or junction.
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FIG. 32. DETERMINATION OF COLLECTOR SATURATION AT VARIOUS FREQUENCIES.

If the upper knee of each constant base voltage curve is taken

as the point where collector saturation started, then curves of current

vs voltage at initial saturation can be obtained. These are shown in

Fig. 33 for a number of frequencies up to 18 Mc. (Above 12 Mc the

current-sampling resistor was replaced by a current probe.) Average

values of R. are shown corresponding to the various frequencies. If

one were interested in a certain frequency, an operating chart as developed

in Chapter III could be prepared using the appropriate value of R.

This would give good results for predicting output power and efficiency

as a function of current and flow angle. Another method must be developed

for predicting power gain and for relating collector currents and flow

angles to the bias and drive conditions. As the saturation resistance

become larger, it is more desirable to operate not Just to saturation

but veil into it, as demonstrated before.
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FIG. 33. INITIAL COLLECTOR SATURATION AT VARIOUS
FREQUENCIES.

The fact that the collector current is most dense where it emerges

from the collector depletion region means that the collector resistivity

is most important there. Unfortunately, the doping profiles invariably

go from low resistivity at the collector contact to higher and higher

resistivity as the collector junction is approached. Therefore the

current is most dense where the resistivity is highest. Transistors

made by the exitaxial process attempt to remedy the situation by making

the n collector width very narrow, 4-10 microns, and the resistivity

very high, 100-200 ohm-cm. If the doping profiles were ideal, the col-

lector depletion region could extend all the way across the high-resistiv-

ity portion even for quite small collector voltages. In this case,

however, the space charge limiting effect described by Early [Ref. 7]

may come into play where the depletion-layer bound charge is neutralized

by carriers in transit.

3. Collector-Current Stretching

In low-frequency operation it was possible to assume that current

flow began when the base voltage exceeded a certain threshold, VTh,
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and stopped when the base voltage again fell to that threshold. This

is evident in the waveforms of Fig. 24a.

When the equivalent circuit of Fig. 30 is considered in connection

with high-frequency operation, it is apparent that because of R and

the shunt capacitance of the RC line, the base voltage must rise to

a somewhat larger value before the voltage d the line rises to the

threshold. A much more important effect o•-xrs when the base voltage

is decreasing. During conduction the bound charge in the emitter deple-

tion layer is at a low value and the base is filled with emitted electrons

and the holes necessary to maintuin charge neutrality. Before the emitter

junction voltage can all be returned to the threshold and so stor the

emission, the base lead must remove the charge neutralizing holes in the

base and also holes from the edge of the depletion region. A significant

amount of time is required to do this; in the meantime, the lateral flow

of holes toward the base contact results in a voltage drop in RBE and

RBI which maintains the emission. The net result is that at higher

frequencies it becomes increasingly difficult to cause the small current

flow angles which give high efficiency.

A second source of collector-current stretching is diffusion of

carriers while in transit through the base. That is, if an impulse of

current were emitted into the base, it would have nonzero width as it

came out the collector. Even after the emitter junction is back biased

so that emission stops, the excess electrons remaining in the base must

be collected. Most of them will be retrieved by the now back-biased

emitter, but some will be taken by the collector. The time involved

here is of the order of i/M. and so will not become important until

very high frequencies are reached.

Collector-current stretching is illustrated in Fig. 34 where

collector current and base voltage are shown on a dual-trace oscillo-

scope. The waveforms were taken using a current probe with constant

collector voltage and a peak collector current less than saturation.

The drive was adjusted for the same peak current in each case. It is

evident that the current starts when the voltage is very near the threshold

but does not stop until much later. The actual current flow angles (air)
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FIG. 34. COLLECTOR-CURRENT STRETCHING 2N1506 Transistor at 18 Mc
and VC = a T.

are compared with those which would have resulted if current stopped

at the sawe vB at which f.ow started (rvB ).

Although no waveforms were taken to show the effect, operation,

with part of the collector forward biased results in even more stretch-

ing since there is more stored charge to remove from the base.

Besides reducing the efficiency, the stretched collector current

causes the collector voltage to lag the base voltage by more than 180
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deg because proper tuning of the output circuit causes the minimum col-

lector voltage to occur approximately when the collector current is

maximum. The additional lag of the collector voltage has no particularly

bad effect but it prevents us from assuming that collector and base volt-

ages are exactly out of phase as we did in Chapter III.

l4. Junction Charging Current Losses

Emitter and collector voltages wing over a wide range. The

current required to charge and discharge the junction capacitances flows

in and out of the base lead through LBE and partially through RB.

In doing so, a power loss occurs which increases with frequency. For

a constant vaveform of current and constant total charge transported

per cycle, the power lost in a series resistance is proportional to

the square of the frequency. At low frequencies this is the situation.

The entire emitter junction has the full base voltage across it, while

the entire collector junction has the difference between base and collector

voltage across it. Therefore, a certain total charge flows in and out

the base lead regardless of frequency until a certain critical frequency

is reached. There the distributed RC line begins to cut off and prevent

the applied base voltage from reaching the interior of the line. As

the frequency increases further, the power loss eventually increases at

a rate intermediate between F and 4F. The mjor part of this loss

is supplied by the drive source and constitutes a large part of the

required input ae power. Neglecting this contribution to input power

was one of the main sources of error in power gain noticed in the test

results in Chapter III.

5. Base Charging Current Losses

When the emitter injects electrons into the base, charge neutrality

requires that a nearly equal number of holes flow from the base contact

into the base. Once the collector current has reached a steady state,

no more base charging current is required. When the pulse is to be

terminated, the base hole charge must be withdrawn through the base

contact. To the extent that this base charging current is withdrawn

at a lover voltage than it is inserted, there is power required from the

drive source. Another way of thinking of this is that the charge is
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forced in and out of the base thro:3h the base resistance, thus producing
a power loss.

The junction charging losses described in paragraph 4 depend

on the depletion-layer charge transported which is related to the swing

of the input and output voltages. This charge is relatively independent

of the collector current to which the transistor is driven. For example,

if V = 2.5 v, a base voltage swing of 6.6 v peak to peak produces a

peak collector current of 0.1 amp, while 7.6 v peak to peak produces a

peak collector current of 0.8 amp. For zero bias the comparison is less
striking, of course. There, 1.6 v peak to peak produces 0.1 amp while
2.6 v peak to peak produces 0.8 amp.

The base charging losses, on the other hand, depend primarily
on the peak collector-current level and not the voltage swing because
the base charge required is directly proportional to the collector

current as long as flow is by diffusion only. (It may be shown that
this is true regardless of the degree of crowding.) A certain collector

current requires that a certain base charge be transported through a
certain base resistance so that the power lost depends on the collector

current.

Let us suimarize the sources of input ac power. They are,

a. Base current due to bulk and surface recombination and emitter
inefficiency. This is the source accounted for in Chapter III
and IV and is the only source effective at very low frequency.
According to the data of Chapter III, 500 kc is still not a low
enough frequency for this to be the only effective term in the
transistors tested.

b. Junction charging lsses. These depend on the voltage swings
and increases as FP at low frequencies and as F or 4/T at
higher frequencies.

c. Base charging losses. These depend on the peak collector current
and vary in the same way as junction charging losses with frequency.
The critical frequency separating variation as F2  from variation
as F or 4(F" is much lower than that for the junction charging
losses.

Although vhf power transistors have graded bases, the most important
operation is at current levels where the built-in field is swamped out
by injected carriers resulting in flow by diffusion.
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In the analyses which folloo it will be assumed that source a

is completely negligible and that sources b and c can be separately cal-

culated (each in an approximate way) and added, in spite of the fact

that they arise in the same circuits.

6. Collector Capacitance Feedback

It is apparent from the equivalent circuit of Fig. 30 that the

collector capacitance provides a feedback path. CCE would not actually

cause any voltage to be developed at the input if the source truly had

zero impedance; however this is not usually the case, and therefore

neutralization may be necessary. The position of CCE allows the use

of neutralization by an inductor (and a dc blocking capacitor) placed

from the collector to base. Tuning the inductor to resonate with CCE

at the frequency of operation removes this source of feedback.

The internal part of the collector capacitance, C CI cannot

very well be neutralized since it cannot be reached. Fortunately it

is quite small compared with CE. Nevertheless, some interesting possi-

bilities occur here. Consider operation at quite high frequency, such

that the voltage applied at the base is not reaching the open end of

the RC line at all. Then the collector voltage is divided in the

capacitance divider CCI and C and appears across the emitter at

the open end of the line along with VBB. Depending on the divider

ratio, the amplitude of the collector voltage swing, and the bias, the

possibility exists that the central portion of the emitter could be

turned on by this feedback. If the central emitter were turned on, then,

collector current would occur at the time when the collector voltage was

maximum, thus resulting in removal of power from the load and high dis-

sipation in the transistor.

The transistor geometry determines how the collector capacitance

is divided between CCE and C CI. In the 2N1506 transistor, CCI is

only 26 percent of the total, whereas in the TA2084 and the S102 tran-

sistors it is 50 percent of the total. This splitting of the collector

capacitance may explain why some investigators have found the common

base configuration a more stable one for small-signal work with mesa

and planar transistors. In that configuration CCE merely shunts the

output and does not contribute to feedback.

SEL-62-157 - 66-



I

C. ANALITIC APPROACHES

The equivalent circuit of Fig. 30 is valuable in understanding some

of the effects. However, it would not be reasonable to attempt an exact

analysis using this circuit during the off period, using another circuit

during the on period, and then trying to determine the on and off periods

by matching end-points. This would be further complicated by the fact

that the on and off periods would vary from one point to another in the

base and one would not know the correct phase relation between the base

voltage and collector voltage to start with. The model is probably not

worth exact solution since a number of complicating factors have not

even been considered. (For instance, conductivity modulation of the

base at high local injection densities causes R to be variable.)

This section presents the results of an analysis of a iinear open-

ended RC transmission line having constant elements. We show how the

line constants can be measured and how these results can be used to

estimate how the transistor operates at various frequencies. In particu-

lar, the input power required to charge and discharge the Junction is

calculated in this way. The justification for using a constant element

RC line, besides the fact that a solution can be obtained for that

case, is that the junction charging current does approximate a sine wave

crudely at low frequencies. As the frequency increases, the voltage at

the internal portions of the emitter decreases, resulting in more nearly

sinusoidal current flow.

In Appendix A a differential equation is developed, but not solved,

which takes into account the nonlinear nature of the depletion capaci-

tances and tLe effect of the collector voltage through CCI. Except for

neglecting RC it is a good representation of the model.

In Appendix B an analysis is made of an RC transmission line having

circular geometry und constant elements. This is useful when considering
transistors such as the emitter dot type which have this kind of geometry.

Let us show what the base current waveform is when the frequency is

low and the drive voltage is not quite enough to cause emission. Measure-

ments of the different transistors studied have shown that the emitter

capacitances vary inversely as the voltage to the 0.35 to 0.40 power
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vith a built-in field of about 0.8 v. The form of the capacitance-volt-

age function is therefore

(v + 0.8)0.37 (68)

where A is a constant and V is the reverse voltage applied to the

junction (V - vB). Because CC, + CCE is usually 10 percent of C.

or less, let us assum that the base current is due entirely to

The base current is then

d% d% dv dvB
iB dt - - dVt -. (69)

f B Vi coo t - v, AVimsinwt

B (v1 + 0.8 - Vi cos m)o.37 (70)

This is plotted in Fig. 35 for VB = 2.5 and Vi 3.1, i.e., for

0.8

0.6

S.3

0.2

S4.2

-0.\

40.6

-0.$

FIG. 35. JUNCTION CHARGING CURRENT WAVEFORM
FOR V., = 2.5, Vi = 3.1.
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bias and drive conditions such that the emitter swing approaches signifi-

cant conduction at one extreme and approaches breakdown at the other.

This is the largest swing that can occur and it produces the most non-

linear result. Even so, a sine-wave approximation seems justified.

If the collector voltage were also swinging, a significant part of

the total junction charging current flowing in and out of the base would

be due to collector junction charging because the larger voltage across

the junction compensates for the lower capacitance. The collector

capacitance of all the transistors is more constant than the emitter

capacitance and the junction voltage does not go as far positive (if it

goes positive at all) as does the emitter junction. Therefore the current

would be more nearly a sine wave if the collector voltage swing were

also considered.

1. Analysis of Linear Distributed RC Transmission Line with
Constant Elements

Assume that we have a line of length X as shown in Fig. 36.

9

" I

FIG. 36. RC TRANSMISSION LINE.

It has a total series resistance R and a total capacitance C. Let

the voltage V and current I be as shown. The applied voltage at

x = 0 is VoRe ejt-

The differential equations are

av 1 ( 7 1)

and
ýi C 6V (72)
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When the first equation is differentiated and substituted in

the second, we have the following partial differential equation,

2 C (73)

with boundary condi.tions

v(o, t) - V•Re et (74)

and
&v (x, t) - 0 (75)

Since we are Interested only In a steady-state solution, the initial

conditions are not necessary. Assume a solution of the form

V(x, t) - V1 (x) Re ejC(I±8(x)] (76)

When (57) is substituted in (51) and simplified, we have (dropping the
symbol Re for the time being) the ordinary differential equation

d 2(VJe) BC (.))

M2 =jaw(V eJ (T)

Assuming a solution (VleJe) - epx gives

p 2 = R E (78)

or
p _+(l + J) - _+(1 i J) i (79)

The solution is then

V•s. AexpC+[(l ÷ J)1 ÷ ' ÷ )E (80)
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When the boundary conditions are applied and the results simplified we

have

V~e j V0  L L in nh(81)

CosB cosh I+ a sin 1:sinh

The magnitude of (81) is V1  and the angle of (81) is e.
/cosh 2(~-j-) + cos (--)

0v = v° cosh - + cos 2r (82)

coX os i X -xs X- X - SnXLh2 O X X X-x h X- x
coo - cosh I-o 52- ifk--SlLrl -coshIB+snXsn i - csh. -xL L L L LL L L

(83)

The driving point impedance is found from

z = (84)

where V(O, t) = V ej was an assumption. The current is obtained

from Eq. (71).

I(0, t) ;3v (o,t) (85)

After a good deal of algebraic manipulation and use of the hyper-

bolic equivalences

sinh (x + iy) = sinh x Cos y + i cosh x sin y

cosh (x + iy) = cosh x cos y _ i sinh x sinY) (86)

, ~we have

) -coth (1 + a)7
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or

Y -(l1+J) 1ff'tanh (1+3J) (88)

Hyperbolic functions of 45 deg arguments are tabulated in Ref. 8. The

input impedance is plotted in Fig. 37 for reference.

Z-0
UI- E_ - I I"1 1 - -i...

420 C

no,

1W -- - . _ - - -

\*/-70

•- ---. -II

- I II -1 __ '1
0.01 ". I11.

FIG. 37. MAGNITUDE AND PHASE OF THE INPUT IMPEDANCE OF AN OPEN-END
RC TRANSMISSION LINE.

0I

It is informtive to plot (82) vs x for various X/L =

as shown in Fig. 38. The plots represent that portion of the voltage

applied to the line that reaches various parts of the line. Suppose we
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FIG. 38. VOLTAGE VS DISTANCE ALONG AN OPEN-END

RC TRANSMISSION LINE.

consider again the case where the voltage applied to the base does not

cause significant conduction. Then we can use Fig. 38 to visualize

the voltage across the emitter junction with respect to that at the

emitter edge by setting R = RI and C = CE + CCI and calculating

Vý;/ for the frequency we are considering. The resulting distribution

of voltage along the line sets a lower limit on the current crowding.

If the drive were then increased there would be more crowding due to

conduction.

When we consider that V = 1 to 4 v peak and the emission cur-0

rent density will vary asq (V(B)v -
exp L exp ( .V
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then it is apparent that a rather small variation in voltage evident

from Fig. 38 wJ.ll result in very crowded emission. If we arbitrarily

select

chEICE ý+CCI)

as that condition which divides crowded and noncrowded operation for

nonconduction drive, we can obtain a line cutoff frequency

F x 1 -(89)
FL = I(CE + CCI)(

above which only the emitter edge is effective even at the lowest collector

current levels. For the 21_1506 transistor, measurements to be described

later gave RI = 1050. CE = 81 pf at VBB = 2 .5 v, and CCI = 2.77 pf

at VCC = 40 v. From these values

FL = 27.6 W~ (2N11506)

When we try to apply this concept to a transistor such as the

TA2084, it becomes a little difficult to decide what values RBI and

CE should have. This calculation is performed in Appendix C. The

result is

FL = 268 Mc (TA2084)

The input power to the RC line can also be obtained in closed

form from

P = !Re 1(0)7v7

Sxx xixxx
1 OS E sLnh sin - cosh A + j sin I cosh 1 + cos - sinh

M 1 Re [ L L LXL LL
cos f cosh -+ sin 1 sinh

SL L •-

(90)
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After some simplification this becomes

S[I[inh FW-27 cosh F-2 - sin (Co)

0 sinh V- o -2J

where the power has been normalized so that it is a function of

X/L = aC/2.7 The' normalized power is plotted in Fig. 39 along with

0.0

:g : :: - : - - -

I. . go;I :: : i ,

FIG. 39. NORMALIZED INPUT POOER TO AN RC TRANSMISSION

LINE.

the extended asympotes. These are seen to intersect very near FaC/27~ 1

which we had previously selected to define the line cutoff frequency.

The asymptotic forms of (91) are also useful. They are,
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"P-o for I- > 4.o (92)2K 12 r

P -T R (CL)2 for #- < 0.25 (93)

Figure 39 indicates that the error would not be over 25 percent if (92)

were used for t-a C/2T> 1 and if (93) were used for -C-/2 < 1.

Equations (91) - (93) and (87) enable us to obtain an approxima-

tion to the input ac power due to junction charging. The main question

is, "With what transistor parameters do R and C in these equations

correspond?" For frequencies low compared to FL, it is nearly true

that the entire line charges to the same voltage with the same phase

everywhere. In this case the collector capacitance CCI acts just

like a Miller effect capacitance so that the total shunt capacitance

should be

C = CE + ( 1 + VCc " VCmin) C (VO /CI(4

For frequencies high compared with FL, only the first part of the line

is effective in causing emission and here the phase of the line voltage

has not changed much from the applied phase. Again the same value for

total C should be used. These assumptions imply that the collector

voltage is 180 deg out of phase with the base voltage. As has previously

been pointed out, this is not exactly true since the collector voltage

may actually lag by an additional 30 to 50 deg. Because the effect of

CCI is small compared to CE, the additional lag has been ignored here.

The appropriate value for R is R = RI- One possibility for choosing

CE and C would be to take the average value over the swing of junction

voltages which will occur. This choice does not seem to be warranted,

however, so that CE and CCI will be taken as their small-signal

values at the bias points.

With the value of C given by (94), a different line cutoff

frequency results. The designation FL will be retained for the case

of Vc,min and f will be used for the general case.
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fL CE + + VCC " VCcmin)c (95)

As an example, the input ac power due to junction charging has been

calculated for the 2N1506 transistor and is shown in Fig. 40 for VCC-

40 v and for two values of VBB, 0 and 2.5 v. The procedure was to

I~ ~ (Wel I lI
l i l lll f II ]I i

FIG. 40. JUNCTION CH1ARGING LOSSES FOR THlE 2NI506
TRANSISTOR, VC~C 40 V.

assume that at each frequency the d~rive was adjusted so that the peak~

voltage at the line was 1.0 v (cf Fig. 41). This is a median value for

the range of collector currents in which we are interested. The peak

ac voltage at the line input is then VB + 1.0 = V0 . Using IZI from

Fig. 37 the peak input current is

10 = TZ7
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FIG. 41. EQUIVALENT CIRCUIT FOR

JUNCTION CHARGING LOSSES.

The power lost in RBE is

V2
P R1 (97

RBE I EE 2 '1 BE

The power lost in the line is found from Fig. 39 and this is added to

PRBE to give the total input ac power due to Junction charging.

2. Measurement of Line Parameters

Emitter and collector depletion capacitances may conveniently

be measured as functions of applied dc voltage using a small signal

impedance bridge. If the collector lead is left open and measurements

are made between base and emitter leads at a low enough frequency, the

RC line will be effectively short and only CE will be obtained. Simi-

larly one may leave the emitter lead open and measure between base and

collector to obtain C + CCE. The frequency chosen must be low enough

so that the line is purely capacitive. For a 5 percent error in the

capacitance measurement, the frequency should be

f < 2c (98)
"-- 2EBI (CE + CCI7

and
1 (99)f a < (CE + cci}

In the case of the 211506 transistor this requires that f < 10 Mc.
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If the geometry of the transistor is known, CCI and CCE may

be obtained by calculation from the measured sum (CCE + CC,) and from

CCEoo

C 'g A~ (log)
CcE AB AE

where AE = emitter-base junction area and A = collector-base Junction

area. A novel method which does not depend on knowing the geometry uses

CE and CCI. This method has been found useful in cases where CE/CcI

is not too large (150:1 or less). The circuit used is that of Fig. 42.

V ,CcE I , t t StC

CE

FIG. 42. CIRCUIT FOR MEASUREMENT OF CCE AND CuI.

The basis for the measurement is that Col and CE form a capacitive

voltage divider and if the potentiometer is set to the same ratio there

is no voltage across R BE or RBI. The potentiometer is set for

and Q, the voltage and current oscilloscope probes, to be 90 deg out

of phase indicating only capacitive current, i.e., no current through

RBE, the balance condition. CCE is then obtained from measuring Q
and @ and knowing the frequency. This same circuit may then be used

to measure CCE + CCi by turning the potentiometer to the bottom and

reading nV and Q with E disconnected. Next, the potentiometer can

be turned to the top and C disconnected to read @ to give CE in

the same way. For the last two readings the frequency must be low as

given in (98) - (99). For the balance condition, however, the frequency
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is not critical and in fact the higher it is the more sensitive will be

the current reading and the more rapidly will the relative phase of

and @ change as the adjustment is made.

Using this technique to measure C C and CCE for the 211506

transistor at VCE a 10 v, VE = 5 v, gave

C = C .7 Pf, CCE = 13.8 pf

Using bridge measurements of CC and the ratio of areas give

CCI = 4.3 Pf, CCE = 13. 6 pf

Internal and external base resistances may be obtained by

measuring the impedance between base and emitter with the collector

open at a number of frequencies. It is convenient to do this with a

bridge which gives the series resistive and reactive components. If the

frequency range is limited to a region where the reactance of CCE is

large compared to R3, then the unknown seen by the bridge is RBE in

series with an RC trnasmission line as in Fig. 40. At low frequency

the series-resistance component of an open RC line is R/3. (This

can be shown by taking the real part of Eq. (87) and substituting power

series for the various functions involved.) Therefore, the series-resis-

tive component at low frequencies approaches R,, + .R %. As the fre-

quency increaseb, the phase of the line impedance approaches 45 deg and

the magnitude of the line impedance approaches zero, leaving only RE.

If other effects such as lead inductance do not become important, it is

only necessary to carry the measurements to a frequency where a 45-deg

slope has been established for the locus on the impedance plane. Pro-

jection of the 45-deg slope to the real axis gives RE.

An example of this measurement applied to the 21L506 transistor

is given in Fig. 43. EI and R. were determined from these data as

105 and 6 ohms, respectively. Using these values and CE - 137 Pf from

other measurements, the impedance which would be expected from the model

was also plotted. The representation is good up to a frequency of several

times the line cutoff frequency, indicating that the model is probably

acceptable over most of the frequency range. One obvious source of error
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FIG. 43. OPEN COLLECTOR EMITTER-BASE IMPEDANCE FOR THE 2N1506
TRANSISTOR. VBB = 0.

is the lead inductance which may anount to 10" h and if so, would

series resonate with the line at somewhere around 150 Mc.

When this measurement technique was applied t0 the TA20814 Tran-

sistor, a different interpretation was necessary, primarily because the

much larger capacitance resonated with the lead inductance at an even

lower frequency. In this case the impedance actually became inductive
at 120 Mc, before a 1 5-deg slope was established. The real part of the

impedance which is approached at high frequency still represents B

and the real part at low frequency is still RE+ 1/3 RBI so that the

Ssame~ measurement of impedance at various frequencies still gives the

desired information, although it must be handled differently.
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3. Base Charging Current Losses

When the diffusion model of a transistor is considered, the base

charge is related to the collector current by

i (1o0)

where TC is a constant equal to 1/% as long as the transistor is

not saturated. For operation in saturation, TC becomes larger. If

recombination, Junction charging, and emitter inefficiency currents are

neglected in comparison to the charge current flowing in and out of the

base, then

dQS di c

- -= . TC -- C (102)

This indicates the form of the base charging current. In Fig. 44 are

IC

t

S I FIG. 44. TYPICAL COLLECTOR CURRENT
PULSE iC; ITS DERIVATIVE, BASE

I CHARGING CURRENT, iB; AND A PROPOSED
BASE-CHARGING-CURRENT APPROXIMATION iB.

-7 ~07

shown a typical collector current pulse taken at 18 Me; its derivative,

which is iB; and a proposed approximation ij to the base charging

current. The approximation is simply a sine wave beginning and ending

when the collector current does, and having an amplitude such that the
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integral over a half cycle equals TcIc max, i.e., the peak charge stored

in the base. Letting M equal the peak amplitude of ij, M is found

as follows:

XtTcIc,= 'x M sin dt (103)

0

=CC R (Cf) - AL ar) (1014)c xc, A 2-f

IM MTel2 f IC ma (105)

The amplitude is seen to vary directly as the frequency and the peak

collector current, and inversely as the flow angle. At very low frequen-

ries and low current levels this charge is distributed nearly evenly

along the base. However, at large current levels or high frequencies,

current crowding causes it to be concentrated near the edge. This crowd-

ing is much more severe than the Junction charging currents considered

previously. In fact the assumption will be made that the base charging

current flows only through R. when power loss is considered. This

assumption will neglect power lost in IR but it may compensate for the

incorrect procedure of adding powers in RBE due to two components of

current, base charging and Junction charging. Under these assumptions

the energy lost in R. per cycle is
7 2

E = iM f TX2 f 8 ) n2 21 dt (106)

W RM (Tl~ I Cmx 2 7(107)

The power is fE,

P V T C2ST f , ( I ~ C a x 2( 1 8
==.3 ,, ,(loB)

2

As an example, the 2N1506 transistor has RBE = 6a and Tc a 1.06 x lo-9

(fc = 150 Me). If Icmax = 0.5 amp and r - 1 radian, then at various
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frequencies the following base charging power would be required:

1 0.026

10 2.6

100 26o

The base charging power calculated in this way is most accurate

where the assumption of current flow only through R BE is reasonable,

i.e., at the higher frequencies. At 1 Mc, for example, the result may

be significantly low.

In summary, three sources of input ac power have been derived

and calculated for specific examples using the 2R1506 transistor. The

recombination loss is on the order of 0.1 mf to 1 mv and does not vary

with frequency. The Junction and base charging losses are on the order

of 0.05 to 0.5 mv at 1 Me. At 10 Mc the Junction charging power is 5

to 10 mnv while the base charging power is about 3 mv. At 100 Mc the

Junction charging power is 50 to 200 mv and the base charging power is
200 to 300 mv. The dominant source of power loss changes from recombina-

tion at quite low frequency to Junction and base charging at medium and

high frequency.

D. TESTS OF A VHF CIASS C AMPLIFIE

A 21f506 transistor was operated in the 45-Mc amplifier circuit of

Fig. 45. The tests were somewhat limited because of test equipment

capability. The drive power available was about 100 mw, which was not
enough when operating with much reverse base bic.s. A sampling oscillo-

scope was used but nc cummercial current probe was available for this

frequency. A probe was made from a ferrite toroid. Its phase and ampli-

tude response appeared satisfactory based on dual-trace measurements of

the voltage across a known resistance and on the current indicated by

the probe through the resistance. However, it is not known what effect

other properties (shielding, balance, additional inductance introduced

into the circuit, etc) may have had on the measurements.
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FIG. 45. VHF CLASS C( AMPLIFIER.

The circuit was tuned by adjusting the frequency of the sigmal gener-

ator and tuning the input tank. Load power was measured by observing

the collector voltage and knowing the load resistance. The criterion

for optimum tuning was maximum collector efficiency.

Waveforms from the circuit are shown in Fig. 46. Several interesting

facts are apparent.

1. The base current waveform is largely sinusoidal rather than pulse
like, indicating that a large portion of the current is due to
junction charging as anticipated.

2. The base and collector voltages are now out of phase by almost a
full cycle. Three factors appear to cause the additional lag.
Rin series with the RC line causes the voltage at the line
nag V by an additional 15-20 deg at this frequency. The

base tranJit time amounts to another 15-20 deg at this frequency.
These factors together with current stretching account for the lag
of VC with respect to VB.

3. The collector current now contains a large proportion of junction
charging current, so much so that the pulse is somewhat obscured.

4. The collector current pulse does not appear to occur at the col-
lector voltage minimum. No good explanation is available for this.

Because of an accident to the first 2111506 transistor, the 2m1506

used in this test was a new unit. To calculate the expected performance

it was necessary to make the open-collector, emitter-base impedance

measurements again and to obtain fa from 0 and f measurements.
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These gave values of PE = 6.5fa, RB = 16n, CE = 177 Pf at 0 v, and

fa - 115 MN. Except for R3E these values are considerably different

from those for the first 2X1506, and it appears that the emitter diffusior

did not penetrate as deeply. This difference would give a larger base

width resulting in decreased fa and decreased %I- The larger CE

would result from higher base doping which would exist at the emitter

side of the base.

Measured and predicted performances are given in Table 7. For all

tests, VOC = 30 v, f = 45 MW.

TABLE 7. RESULTS OF 45-MC AMPLIFIER FOR THE 271506 TRANSISTOR

Operatiag Coadition Measured Predicted

v BB RL c. M, 47 vc.,mi n P,. EC Pi,.,, PL %: Pi n.,,
(V) (ohm) (ma) (dog) (v) (W) (S) (mu) (W) (S) (Wu)

0 192 230 $1 7 1.38 70 67 1.26 63 31

-0.4 192 260 73 7 1.38 73 113 1.33 65 53

-0.4 324 190 70 4 1.08 78 105 1.07 75 44

The load power PL was calculated using Eq. (10), and the efficiency

EC was calculated using Eq. (11). Although these are the results of

the simplest analysis it is doubtful if a more detailed analysis is

warranted at this stage. The input ac power was calculated using the

sum of junction charging and base charging power from Eq. (97) and (108)

and Fig. 39. The agreement in load power and efficiency is quite good

considering all things. The predicted ac input power shows the right

trend in approximately the right proportion but is only about half as

large as it should be. This is probably due to neglecting saturation.

For these cases, some part of the collector junction is almost surely

forward biased so that the base charging current was larger than for a

nonsaturated case and penetrated deeper into the base, thus resulting

in more loss.
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VI. ANALOG SIUATION OF A VEF POWER TRAISTCR

A. INRODUCTION

Because the exact solution of the two-dimensional, nonlinear, time-

varying problem by analytic means is not reasonable, an analog which

could give the solution to specific operating conditions was sought.

Beale and Beer [Ref. 1] have performed an analog simulation which took

two-dimensional effects into consideration while simulating operation

at 100 Mc. The equivalent circuit on which their simulation was based

was the hybrid pi. No provisions were made for simulating collector

saturation so that a very important element was neglected. The method

of simulation to be described here is based on the Linvill two-lump

excess charge density model [Ref. 2]. In order to take account of the

lateral variations of current and voltage in the base, a number of two-

lump models can be used. For simplicity, the 2111506 transistor was

chosen to be simulated since its long emitter stripe configuration is

simply represented by the open-ended RC line. Any transistor geometry

which can be reduced to this case at the frequency to be studied can be

represented in this way. At very high frequencies all geometries result

in operation only at the emitter edge so that for the most important area

to be studied, this same approach is suitable. Since the construction

is symmetrical about a ve-ticsl plane through the center of the emitter,

no current flows across this plane, and it can be considered to be the

open end of the line. The length of the open-end transistor is then

twice the emitter length in the actual tranzistor. The length is

assumed long enough so that current flow occurs only in cross-sectional

planes. The base may be broken up into a number of sections as indicated

in the cross-sectional view in Fig. 47a, and each section may be repre-

sented by a two-lump model. The widths of the sections should be chosen

to be narrow under the emitter edge and wider toward the end of the line,

so that each section carries approximately the same current. (An x-y

coordinate system is also defined in Fig. 47a.) Since the 2N1506 is

similar to the transistor simulated by Beale and Beer, the widths sug-

gested in Fig. 47a were based on the distribution of current density

found in their study. Ten sections are shown with widths of 1, 2, 3,
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4, 6, 8, U1, 15, 21, and 29 percent of the emitter width. The following

assumptions were made:

1. The emitter is an equipotential region because of its high doping.

2. Lateral (x) current flow in the base is by drift of majority
carriers. The base sheet resistivity is constant.

3. Flow from emitter to collector is by diffusion only.

4. The base thickness and collector thickness are not functions of
collector voltage and the collector is all the same resistivity.
The n+ collector is an equipotential region.

5. Emitter-collector diffusion current fringing into the external
base is not significant.

6. A constant depletion capacitance is a satisfactory approximation.

7. The emission efficiencies of the junctions are constant.

Based on these assumptions the system shown in Fig. 4Tb will simulate

the transistor. The collector is simulated by a sheet of resistance

paper having the same relative dimensions as the n+ collector cross

section. The circuits which simulate the base sections are connected

to the resistance paper with the same relative geometry as the base

sections being simulated. The base sheet resistance becomes a series of

resistors with values proportional to the section widths to which the

base leads of the base circuits are connected, and the emitter leads

are connected together. CCE and RLE are each lumped in one component.

CCI and C. are lumped in proportion to the section width.

B. SIM•ATION OF THE TWO-LUMP MODEL

The two-lump model shown in Fig. 48 has been used frequently where

both junctions may be either forward or reverse biased since it includes

the effects of storage in the base, recombination and emission efficiency,

and diffusion. In this model, currents are functions of the excess

minority carrier density at the emitter and collector ends of the base.

The excess densities are assumed to follow the low-level law of the

junction

Se npl-xp(t- ) (-)
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FIG. 48. TWO-LUMP EXCESS-CHARGE-DENSITY MODEL.

n' =np2 exp (!V)- (no-)

The base, emitter, and collector currtnts are obtained as though

n and n were voltages and the H'., and S's were conductances and

susceptances, to give

dne dn
B e 1 1-• + (c2l)

dn c

'E= (nc - ne) - 1ne - s - (112)

dn
%= n ) - c - Hn-S 2 - (313)

A circuit which acts in an exactly analogous way is shown in Fig. 49.

Basically it depends on the use of silicon diodes to establish the sawe

exponential relations which occur in the two-lump model. In the two-

lump model, excess charge density is proportional to the voltage according

to Eqs. (109) and (110). In the circuit, the resistors R1 and R2

are chosen small enough at all currents of interest so that the voltage

across the impedance is much smaller than that across the diode.

(Actually, Vimpedance < nkT/q = 0.O45 v. If this is true, the diode

currents follow the usual diode law
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b

Therefore, if a diode is chosen which has the sa value of n as the

transistor, the current is analogous to the excess charge density.

Further, if nplH. = •i', the diode current is exactly the conmbinance
current a i =_e-

The snall sampling resistors R, and R2  provide an input voltage

analogous to the difference of excess carrier densities to a differential

amplifier. The amplifier has high output and input impedance so that it

acts as a voltage input - current output amplifier to form the diffusion

current.

Resistor-capacitor differentiators where R3 >> R1 and R >> R2

3 2 1 ~

provide voltages to amplifiers wit~h high output impedances to form the

storance currents. The voltages 'At the inputs to the storance amplifiers

are approximately

m R1R3 c3  . v4 = R2 c -I-
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as long as the frequency is low compared to 1/(2nR2 C2 ) and 1/(2rRCC4).

Since the current is analogous to the excess charge density, applying

this voltage to a high-impedance amplifier forms a current equal to the

storance current.

The equations for the terminal currents of the circuit are

:'B = 'M+ ES+ iC + iCS = iE + gmeR' 1 3C3 dt mcj,?C di

(3117)

'E =- - i'E -E gm (R2 i• - R 1i) - - gmRlR3C3 dt (118)

iC= i]D - CR - -=E - R2 iR) - i - % 4C4 = (119)

These are seen to be the same as Eqs. (111), (112), and (113) if

'S2 pH

gm R1B =c H (no)

gm RR C4 =2

R =/R H2/H1
and

md Hd/HI'

If these conditions are satisfied, the analogy will be exact. As

usual, however, practical considerations result in some additional compli-

cations. In the first place, one of the objectives of making a simulation

of a vhf power transistur is to enable the simulator to operate at lower

current levels and lower frequencies. Lower current levels allow the

simulator to use components in their low-current, high-linearity, low-

power dissipation range. Lower frequency operation allows the use uf

audio-frequency components, removes interconnecting lead-inductance
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problems, and allows observation of waveforms and other measurements to

be made with simple test equipment.

The use of current scaling, together with the fact that the base is

broken up into some very small sections, means that finding a diode

where I = npH for a current-scaled section is impossible. Diod&

junction areas are just not that small. As an example, the first section

of a 2N1,506 simulation would represent only 1 percent of the base,

whereas a current scaling of 56:1 is desirable for the resistance paper

available and the current capabilities of the active components avail-

able. Therefore, a diode current 1/5600 times that of the base current

of the 2f11506 transistor would be required. This would be (1/5600) x

50 ma at 1.37 v, requiring Is = 0.56 x 102 gamp.

What is desired, however, is not an exact simulation over all ranges

but a close approximation over the normal operating current range (scaled).

This approximation is achieved by adding a small reverse-bias voltage as

indicated in Fig. 50. This is adjusted so that the correct diode current

Ell JMKIFIElR

Vp

I.I

FIG. 50. PARTIAL ANALOG LIRCUIT SHOWING REVERSE BIASING

OF DIODES.

will flow at some point in the normal operating range. The terminal

voltage V is related to the current iE by

u~aex ( -Vbias)[ex IV) -x q~bias) (1)

sEL-62-l57 914



Since significant current flow occurs only when V > Vbias , the second

term in the bracket can be dropped. Likewise the second term in Eq. (120)

can be dropped, and the two equations are the same when

' I,,'st exp qbias (122)

The effective saturation current of the actual diode has thus been much

reduced, yet the exponential relations hold well over the useful range.

An example of this is shown in Fig. 51 where the emitter-base char-

acteristics of three different silicon vhf transistors are plotted. It

+3, CIRCUIT FOR U,--
- CMRACTESISTICS - -

FR2U / / _

CIRCUIT FOR 1NIIiATIORA

/ '-

o,.°---°°"-"-"t,/ , -"

0: 0.01 IASIE-ECTION SIMULATIORN

I I II I6: 0.20 UK-SECTION SINUIAT IO

0.4 0.6 0.6 0.7 0.5 .
WES (V)

FIG. 51. TRANSISTOR~ EMITTER-BASE CHARACTERISTICS
COMPARED TO THE SIMULATION OF CERTAIN BASE SECTIONS.
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is apparent from the slopes at low currents that they all have nearly

the same nkT/q = 0.045 v. The upper portions of each characteristic

bend over because voltage drop in the base resistance is becoming im-

portant. Since base resistance is separately accounted for in the ana-

log, a straight-line continuation of the lower portion is what should

be simulated. This is shown as a dashed line on the 2N1506 curve. Also

shown is the result of biasing an FD200 diode so that it will match a

base section at 10 ma total base current. A current scaling of 56:1 and

the two extreme base sections, 1 and 29 percent, are shown. Excellent

agreement exists over the useful current range.

The bias voltages for the emitter and collector sampling resistors

will generally not be the same . The differential amplifier must there-

fore have enough range in its differential balance control to compen-

sate for this. Other requirements for the differential amplifier are

high output impedance, high input impedance, little dc current in the

input, good stability, and little capacitive loading or coupling.

The storance amplifiers present the usual problem connected with

active differentiation. Because their outputs are returned to their

inputs, there is a tendency toward oscillation. The amplifiers must

continue to differentiate for several octaves past the frequency of

operation because we are dealing with nonlinear operation and the wave-

forms contain many harmonics. At high frequencies the loop gain must

be reduced to unity before the phase lags in the amplifier become 180

deg. This requires some care in amplifier design. In the present case,

two of the amplifier stages were chosen to have break frequencies at the

high-frequency limit of the RC differentiator and an RC single-phase

lead circuit was inserted at a higher frequency to maintain the total

phase lag at less than 180 deg until the loop gain became unity.

C. DESCRIPTION OF CIRCUITS DEVELOPED

Because the circuitry required to simulate a two-lump model turned

out to be rather formidable, no attempt was made to do a complete two-

dimensional simulation. Instead, in order to demonstrate the validity

of the idea, a 201506 transistor was represented by a single two-lump

simulation. The simulated 5-Mc Class C amplifier operating at 10 kc
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is shown in Fig. 52, while schematics of the diffusance and storance

amplifiers are shown in Figs. 53 and 54.

The storance amplifier is a high-gain linear amplifier with low-

frequency response to less than 100 cycles and a high-frequency cutoff

of 100 kc. Its input impedance of 500 ohms represents R3 (Fig. 49)

and is large compared to the recombination current sampling resistance

(RI). Together with the differentiating capacitance (C3), this input

impedance provides differentiation to 100 kc, ten times the operating

frequency. Q, and Q are feedback amplifiers whose gain is determined

primarily by the load and feedback resistors. The output stage is rather

unusual. It obtains a high output impedance by using a PNP and an NPN

transistor collector to collector. The dc operating condition is estab-

lished by adljusting the 25k potentiometer so that the 3 - 4 collector

voltage is half the supply voltage. Variation of supply voltage then

changes the bias condition on 3 and Q4 in exactly the same proportion.

The emitter currents therefore change in the same proportion and the

collector voltages remain baJanced. Measurements have shown that a sup-

ply-voltage variation of + 30 percent can be tolerated. The ac signal

voltage is applied to one transistor, varying its collector current,

while the other transistor maintains constant collector current. The

difference current flows in the load. The output impedance is quite

high because no impedances shunt the collectors of Q3 . and Q4.

The collector storance amplifier is represented in Fig. 54 except

that +90 v is used to power the final stage and 2N698 and 2NI131 tran-

sistors are used to handle the larger voltage swing which occurs at the

collector.

The diffusance amplifier is a high-gain, linear, differential ampli-

fier. The input voltage is amplified by Q8 and Q9. 0 acts as a

large impedance in the joint emitter return of % and Q9 , thus giving

a large rejection to common-mode signals at the input. % and

further amplify the differential-mode signal and supply additional

common-mode rejection. The output stage again makes use of PNP and NPN

transistors collector to collector to provide high output impedance.

The output stage must remain balanced both as to zero output current

for zero input signal and as to collector voltage balance on the output
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transistors regardless of variation of power supply voltages. This is

the function primarily of %. Its emitter current is proportional to

the average emitter current of Q3 and Q4. The bias voltage applied

to Q and 2 is derived from the 5 collector current. Therefore

the Q and 2 collector currents are equal and, once set by the level

control, remain the same as the average 3 and 4 current regardless

of variation of power supply voltages.

For zero differential input voltage the balance control is used to

set the collector voltages of % and 7 equal. This requires the

emitter currents of Q3 and Q4 to be equal. Adjusting the level

control for zero output current then makes the collector currents of

Sand 2 the same as those of 3 and Q4. Application of a dif-

ferential voltage at the input, then, causes the currents of 3 and

to change in opposite directions. Since the currents of Q and

do not change, the difference current flows out through the load and

returns.

D. TEST RESULTS

The simulated Class C amplifier of Fig. 52 operates at 10 kc and

simulates operation at 5 Mc. The 1.5k value of r' corresponds to a
b

30-ohm base resistance and the 250-ohm vlaue of R corresponds to a

saturation resistance of 5 ohms. The values of Cc = 100 pf and

CE = 1200 pf correspond to CC = 10 pf and CE = 120 pf. The diode

biases were adjusted to simulate the 2N1506 emitter-base current-voltage

characteristic with 50:1 current reduction. The diffusance amplifier

gain was set to give P = 30 and, finally, the storance amplifier gains

were set so that at 10 kc under forward bias small-signal conditions,

ES = 'ER and ics = iCR. This simulates forward and reverse f. = 5 Mc.

All of these values are typical of the 2N1506 transistor. The frequency

of 5 Mc was chosen as about the highest frequency at which the lateral

variations in the base are not too severe and at which a single two-

lump model might approximate the actual transistor.
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Waveforms from the simulated Class C amplifier are presented in

Fig. 55 and may be compared with the waveforms of Fig. 56 which are for

CONDI T IONS
VCC - 23 vCOLLECTOR CURRENT - 2. v

(2.3 ICDC m 0.2 me

RL - 62k

PL - 3.2 aw
COLLECTOR VOLTAGE Pin .dc " 4.6 mw

(10 v/cm) EC - 7=

BASE VOLTAGE
(2 v/cm)

BASE CURRENT

(0.33 ma/cm)

FIG. 55. WAVEFORMS OF A SINGLE TWO-LUMP ANALOG FOB A 2N1S06 CLASS C
AMPLIFIER OPERATING AT A SIMULATED 5 Mc Drive into saturation.

an actual 3-Mc amplifier using the 2M1506 transistor. Except for the

fact that the drive in the simulated amplifier has been adjusted to

cause saturation, the conditions and the results are quite similar. The

base-current waveforms are similar, each showing a basic ac charging

current with a superimposed pulse when the transistor conducts. The

collector current for the simulated amplifier shows the dip which is

characteristic of saturation and indicates that the analog Is operating

for the moment with the collector junction forward biased. The increased

base current in saturation is also evident as a small spike on the base-

current waveform.
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Figure 57 presents waveforms from the same simulated 5-Mc amplifier

but with the bias voltage decreased to demonstrate operation deep into

saturation. In fact, in this case +he collector current actually becomes

negative during the dip.

Because the analog also has potentially great usefulness in studying

switching operation, a set of waveforms shoving such operation is presented

in Fig. 58. The tuned load was replaced by a 5.6K resistive load, the

base bias voltage set to zero, and the base driven by a voltage source

pulse generator. Figure 58a shows the case of unsaturated operation.

The turn-on transient is rather slow and the turn-off transient-begins

exactly when the base voltage returns to zero. The reverse base current

during turn-off indicates charge being removed from the base. Figure

58b shows the case of saturated operation. A base voltage pulse three

times the size of the first case turns the transistor on too rapidly to

be recorded with tha sweep speed used. When the voltage is returned to

zero a storage delay is evident in the collector voltage waveform. Again,

reverse base current is noted during turn-off. In recording such tran-

sients, the time scaling of 500:1 used in the analog allows the study of

very fast transients with low-frequency response equipment.
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VII. CONCLIAION

A. SUW4ARY

The operation of power transistors as Class C amplifiers at hf and

vhf has been considered from three standpoints:

First, operation at the low-frequency end of the range was studied

and both analytic and graphical analyses and design procedures were

derived based on approximations to dc collector and base characteristics.

These procedures were shown to be reasonably accurate at low frequencies.

Second, operation at intermediate and high frequencies was considered.

It was found that emitter current crowding has a great effect on opera-

tion. One effect, the apparent increase of transistor saturation

resistance, results in operation well into saturation as a common type

of high-frequency Class C operation. The decrease of power gain with

higher operating frequency was shown to be due primarily to the charging

and discharging of the emitter-base and collector-base depletion layers

and the base itself through part or all of the base resistance. The

RC transmission line formed by the base sheet resistance and the shunt

depletion-layer capacitances and base storage capacitance was also shown

to limit the narrowness of collector current pulse. This is the primary

reason that efficiency decreases at higher frequencies.

Finally, an analog was presented which simulates the two-lump excess-

charge-density transistor model. Results of construction and test of a

single two-lump approximation of the 2N1506 transistor were presented.

The results indicate that if a multiple two-lump model were constru.-ted

it could have much usefulness in the study of both Class C operation and

switching operation.

B. SUGGESTIOIN FOR FURTHER STUDY AND DEVELOPMENT

Some suggestions for possible device improvement are:

1. Mounting of the semiconductor wafer on a thin block of beryllium
oxide and internal connection of the emitter contact to the case.
This would reduce the emitter lead inductance, allow the case to
be mounted directly to the heat sink, and still provide a low
thermal resistance path.
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2. Mounting as shown in Fig. 59. The proposal is to mount the wafer
upside down from the present way. This would reduce the length
of the thermal path from 100-150 microns to 2-5 microns because
the heat is mainly generated in the collector depletion region
near the top of the present arrangement. Mounting on a BeO can
bottom would give low thermal resistance. The arrangement could
also give very low emitter lead inductance and would t.mplify
mounting and shielding problems. The transistor could be mounted
directly in a heat sinking wall. The base and collector leads
coming out opposite sides would give minimum stray coupling between
input and output.

TOP OF CAN
Sf COLLECTOR CONTACT

COLLECTOR-BASE ICOLLECTOR LEAD M TTER

CAN JUNCTION EM/ E CAN

CAN - 0

B.C FORMINGB

EMITTER CONTACT

FIG. 59. SUGGESTED MOUNTING ARRANGEMENT.

3. The use of high-resistivity epitaxial layers of such dimensions
and doping that the collector depletion region extends across the
high-resistivity portion even for very small collector voltages.

4. Continued use of geometries with a ratio of emitter edge to area
as high as possible and external base resistance RBE as low as
possible so that collector current stretching can be held to a
minim•m maintaining high efficiency and high power gain to high
frequencies.

A further area of suggested study is the construction of a complete

two-dimensional analog and its use to study the effect of varying the

parameters and geometry of a transistor on its large-signal, high-frequency

operation.
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APPENDIX A. THE COMPLETE DIFFERENTIAL EQUATION FOR
EMITTER-BASE JUNCTION VOLTAGE

The following is a development of a differential equation which is

valid in the internal base region under the following assumptions (see

Fig. 60):

1. Base conductivity is constant.

2. Minority carrier distribution across the base is linear, i.e.,
the injected carrier density is enough to overcome any built-in
field due to the doping gradient.

3. Majority carrier base current flows as the result of base and
junction charging, bulk recombination, and injection inefficiency.
Recombination current is proportional to the base charge density.
Injection inefficiency currents rre proportional to the charge
density at the edges of the base.

4. The emitter is equipotential.

5. Charge storage in the emitter and collector is not important com-
pared to that in the base.

The transistor is assumed to be operating in the grounded emitter

configuration with VB (x) and Vc(x) the voltages at various points in

the base and in the collector at the edge of the junction. Let Q(x)

be the charge stored per unit length in the base. Then

N e (qV B + N exp q(VB - VC)l
Q = qLW p X NW 2  p (A.l)

where W is the base width and L is the effective length of the

emitter.

The recombination current is given by
N

I rec = klQ (A.2)

The total current injected by the base into the emitter and collector

is

qV 2(VB " VC)1 (A.3)
I N2  exp (I-B) + kN 2 exp ( AkT
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EIunrM UK ~ COUECTOR

apt

a. Minority carrier density at some cross section
(e.g., at a - a'I)

VS(s) I a JEICTION WAACITANCEI

a,

x UASE STSSUK
0

b. Open-end transmission line, including forward-biased effects

FIG. 60. TRANSISTOR MODEL FOR THE COMPLETE DIFFERENTIAL EQUATION.
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The differential equations of the line are

•v• • • x 2v•
SB 

- or 6 = a 2 (A.4)

and
6Q C E 6V Cig B C) (6B 6)

M rec inj T t - X Zt -g (.5

When the substitutions are made, the complete differential equation

becomes:

62rq p2  [q(VB - VC) 1-i- !) +NN exp[N(p p exp

-2~ exp ( 1 p 1

X(Vc VB + 0.8)037

This equation is so complex that no attempt has been made to solve it.

It is presented here for reference, only.
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APPENDIX B. CIRCULAR RC TRANSMISSION LINE

If the emitter is circular rather than a long -arrow stripe, the

following analysis is applicable. Let x represent the distance from the

center of an emitter of radius X as shown in Fig. 61. Let the base

Ax V0 *kA RESISTIVE EASE DISK

I/ COTACT RING

0ASE-EMITTER CAPAC I TANCE

TOP VIEW CROSS SECTION

FIG. 61. CIRCULAR EMITTER GEOMETRY.

sheet resistivity be P' ohms (per square), and the total shunt capaci-

tance be C. Because of symmetry, currents flow radially only. Let I

be the total current flowing radially inward at a distance x and let

V be the voltage there. The differential equations are

A I (B.1)

or aI IV)

and
•I •v 2x

U 21V 2x(B-3)
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Combining these gives the following partial differential equation for the

voltage.

ia 1v p'cav
2V + (B.4)7x2 1 M TE
ax

Consider only the steady-state solution to a sine wave of voltage Voet

applied at x = X. Assume V V1 (x)e e(x)eJwt and substitute in•6

(B.4). After simplification this yields the ordinary differential

equation

d2 (Vle je) 1 e) PIC- + - J0 •- (Vle"e) = 0 (B.5)
dx2 x d~x - ,dx2

This form of Bessels equation Iias ,-olutions which are conveniently written

az the following,

V 1 ee = A (ber 1 + j bei) + B (ker 2 + kei (B.6)

where

L = /gl (B.7)

and ber, bei, ker, and kei are tabulated Bessel functions. Applying

the boundary conditions

d(VleJ x=0 O(B.8)

and

V e 0 (B.9)

results in ber 1 + J bei (
,je L L e (.0VleJ = VO e

e 0 ber + bei X
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The magnitude of Eq. (3.10) is V1 .

k1= ~ b e r 1 )2 + ( b 
e i x )2( 

3 u

/(ber )2+ (bei L)2

The relative voltage magnitude vs distance from the edge is plotted

in Fig. 62 for various values of X/L V= CP'/. Apparently the llie

1.0

0.9

0.8

0.7

0. -

- 0.1

0.3

0.2

0.I

0 0.1 0.2 0.3 0.,6 0.1 0.6 0.7 0.0 0.9 1.0

It

FIG. 62. VOLTAGE VS DISTANCE FROM THE RIM OF
A RADIAL RC TRANSMISSION LINE.

cutoff frequency for this case should come from X/L = 7/ = 2,

so that

4 (B.12)
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The input admittance is

2gX cV

Y = XX P xo (B.13)

b-er' X + J bei' -
Y. - 2 /-.'r -- L (B.14)pber 2 + J bei X

The normalized admittance is plotted ia F16. 63. .t hIgh frequencies

the admittance approaches

Y = (l + j) (B.15)

Since only the edge is effective at high frequency, this can be expressed

as admittance per length of emitter edge.

2%X ( (B.16)

In other words, given a certain sheet resistivity and capacitance per

unit area, the high-frequency admittance is directly proportional to the

length of edge and varies as the square root of frequency. This same

formula is obtained from any emitter geometry as long as the emitter-edge

radius of curvature is everywhere much larger than L.

The input power to the circular emitter is

P =1 Re I(O) V-0 (B.17)

ber X) ber' Q() + bei (2) bei' (x)
=[ber ] [bei()]2 (B.18)

The normalized power is plotted in Fig. 64.

The effective series resistance at low frequency is found as follows.

Here the shunt current density is constant.
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L 7

FIG. 63. NORMALIZED INPUT ADMITTANCE OF A CIRCULAR
HC TRANSMISSION LINE. 2 ir;TwC/p

0.7

SUIEI-IEIISATACE
0.6 AfMUNITIOi

To.566

or I

0.2

0.1

00 J I I I I5
0 I 1

FIG. 64. NORMALIZED INPUT POWER (Z- FOR A CIRCULAR
RC TRANSMISSION LINE. (V2 i7wC/p7)
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j M 3tfC0 f V02(B. 19)

The radial current is therefore

I = X2 0 (B.20)

The radial resistance of a segment dx is

R = P' 2x (B.21)

The total power is therefore

21 X2 =( 7 (B. 22)

0 0

The total power is also

P= (C2% 2 R (B.23)

so that equating the last equations and solving for R, the effective

series resistance gives

R p (B.24)

It is interesting to see how much error in computing power results from

assuming that the total current is merely thhe arnn ied voLtvage "J'.ided

by the total shunt reactance and that t a pov._2r is I2R. When the power

is normalized in the same way and plotted in Fig. 64, the error is shown

to be

23 when " = 1.7

7.5% when / '-= 1.4 (B.25)
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APPENDIX C. APPLICATION Or LISAM RC LUN THEMY TO
flTRDIGITATED ENITTLR-BASE COMMEY

When other than the linear or circular geometry is encountered it is

possible to approximate the actual geometry by combinations of linear or

circular lines. For example, the TA2084 and SWI02 transistors have the

structure shown in Fig. 4. An approximation to this structure is a

parallel combination of two linear emitters as shown in Fig. 65. Here

T P .E
.0Cf h I I T

-.075 CONTACT •EN

SECTION I SECTION 2

FIG. 65. APPROXIMATE RC LINE GEOMETRY AND LOUW-FREQUENCY E#ý.I!VALENT
CIRCUIT FOR INTERDIGITATED TRANSISTOR.

the short wide element represents the finger -,,t in the center and laid

out flat. The line length is one-half the er-Itter finger width and the

line width is the total finger edge. The long narrow element represents

the emitter lead contact area. Its length is the depth of the contact

area and its width is the total exposed edge at the throats of the fingers

ind the sides of the contact area.

Let R1  and R2 be the resistances of the two sections, and

and A2  be their areas. Let P' be the base sheet resistivity which

is the same for both sections, and CE be the total shunt capacitance.

Then from the dimoisions given,
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R P" 0.015 P1 (C.0)0.075 = 37

R2 _P 0.0025 P'

1.3 = (5.2)

The low-frequency equivalent circuit is also shown in Fig. 65. If

the power in the two-branch circuit is equated to that in the single-

branch circuit, we obtain

REq = _• A A2. +Y Ai2(C3

When the values are substituted, this gives

P' = 130 EQ (c.4)

Measurements on the TA2084 transistor gave CE = 400 pf and an input

series resistance of 19Q at low frequency, decreasing to 3Y4 at high

frequency. Therefore R, = 1&6 and

P'TA2084 = 200., RI = 416Q, R 2 = (C5)

The line cutoff frequency for section 1 is

Ll =A lC=A = 7.4 mc (C.6)

The equivalent circuit can be given in three frequency regions as shown

in Fig. 66. The low-frequency circuit applies up to about half the first

cutoff frequency. The complete two-emitter circuit then applies up to

about four times the first cutoff frequency. Past this point there is

very little voltage reaching the rear part of section 1 so the assumption

is made that its length is the same as section 2 and the two sections are

combined. The cutoff frequency of this line is

FL. 268 Mc (C.7)
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loci1 v v 297 Pf •n 3.780

< ý ic 3 Mc < f < 20 Me f > 20 Mc

FIG. 66. EQUIVALENT CIRCUITS FOR INTERDIGITATED EMITTER GEOMETRY OF THE

TA2084 TRANSISTOR.
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