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ABSTRACT  

This investigation is concerned with transistorised power 

amplifiers and frequency multipliers operating at high frequencies 

with maximisied power outputs. An important feature of the work is 

the derivation of circuit models from which performance characteristics 

are found. Nonlinear circuit behavior, essential for power amplific-

ation and freqUency multiplication, is found in the charge storage 

properties of the input and output junctions of the transistor. 

The input nonlinearity is employed, characterised, and analysed 

for purposes of power amplification and frequency multiplication.' The 

analysis facilitates a comparison of the multiplier and amplifier 

accounting for transistor limitations. Amplifiers and multipliers, 

using the input nonlinearity are practicable, the multiplier showing 

a loss in power gain compared with an amplifier at a given output 

frequency. 

Multiplier circuits utilising the output nonlinearity, have shown 

excellent performances and demonstrated the,inadequacy of previous 

theoretical treatments. A new theory for the multiplication mechanism 

developed here, assists in the successful understanding of the trans-

Astor multiplier and provides an analysis for diode (step recovery) 

frequency multipliers. Multiplication at the transistor output can 

increase the maximum frequency of usefulness by a factor of two or 

more. Output powers of 2.5 watts (0.80 GHz) and 1.2 watts (1.20 GHz) 

have been obtained by doubling and tripling, respectively. 

Multiplication using the nonlinear output is superior to the 

nonlinear input particularly at the transistor upper frequency limit. 
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CHAPTER ONE  

INTRODUCTION  

1.1 	Object of Investigation  

This thesis is concerned with the theory, design and 

experimental investigation of high frequency transistor frequency 

multipliers. A comprehensive study of transistorised frequency 

multipliers has, hitherto, been absent. The investigation is 

extended to include transistor power amplifiers. The extension is 

relevant to the treatment of transistors employing output frequency 

multiplication, which involves power amplification as part of the 

total mechanism. In addition the comparison of frequency multiplier 

and power amplifier performances is facilitated. 

The aim of this study is to establish theoretically sound 

methods for the design of amplifiers and frequency multipliers, which 

are both accurate and simple. The various possible modes of frequency 

multiplication are investigated theoretically and their relative merits 

are assessed. The .emphasis is on circuit analysis, the transistor 

being represented by the simplest adequate model. 

1.2 	Historical Background 

1..2.1 	Power amplifiers and frequency multipliers 

The functions of power amplification and frequency multiplication 

are almost as old as the first significant active electronic device. 

Class C amplifiers in valve form first made an appearance in 1923
1
; 

the valve frequency multiplier was developed a few years later2' 3. 
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These two valve circuits have been associated ever since.. The 

association of these circuits has stemmed from the similarity of 

operation and application in communication and broadcast transmitters. 

Usually a crystal controlled oscillator produced a low frequency 

that was increased in a chain of valve frequency multipliers. The 

chain drove a power amplifier which was likely to be the output stage 

of the transmitter. This configuration allowed the oscillator to 

operate at low frequencies (and hence attain good frequency stabil-

ities) and also reduce the likelihood of transmitter oscillation. In 

the chain the frequency multipliers were operated, and the power 

amplifiers were most likely operated,in the "Class C mode". The 

"Class C mode" of operation depends upon a nonlinearity in the valve 

transfer characteristic. The drive on the input of the valve is 

adjusted and biased so that the anode current flow takes the form of 

pulses occuring at the input frequency rate. The voltage on the anode 

is sinusoidal and tuned so that the anode voltage is a minimum during 

the short interval of the high anode current. This mode of operation 

minimises the anode power dissipation allowing a high conversion 

efficiency of direct power to radio frequency power. 

The operation of the valve multiplier is very similar to the 

power amplifier. The anode current pulses have a considerable 

harmonic content and a•  tuned circuit is chosen so that one of these 

current harmonics energise the load. Thus the nonlinear transfer 

characteristic that is used to increase the power conversion effic- 

17 



iency of the power amplifier also provides the harmonic generation 

necessary in the frequency multiplier. The mechanisms used in 

frequency multiplication and power amplification in the valve are 

so similar that most of the design equations are the same and 

certainly the same design approach is used. The Class C method of 

harmonic generation formed the most important basis for frequency 

multiplication for a long time. Multipliers using rectifying diodes 

and nonlinear inductive elements were known bUt did not gain 

widespread acceptance. 

1.2.2 	The transistor 

The junction transistor
4  , first developed in 1951, was capable 

of a gain up to about fifteen megacycles and an audio frequency power 

output of about twenty milliwatts. The frenetic research and devel-

opment into semiconductors has raised the power and frequency capa-

bility of the transistor by several orders of magnitude, The power-

frequency capability progressed with each of the following transistor 

types: point-contact transistor, grown-junction transistor, alloy-

junction power transistor, diffused-junction transistor, silicon 

planar transistor. Today most of the high frequency power transis-

tors are of a double-diffused, epitaxial, multi-emitter, silicon 

planar structure. Shown in Fig. 1.1 are state-of-art transistor 

power and frequency output capabilities5° 6. These output capabil-

ities have promoted an intense interest in transistor power 

18 
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amplifiers and frequency multipliers for use in solid state radio 

frequency sources in a manner very similar to the valve amplifiers 

and multipliers used in early transmitters. 

1.2.3 	The transistor power amplifier and frequency multiplier 

The similarity (real and imagined) of the transistor to the valve 

made it intuitively obvious that the transistor would operate (as a.  

power amplifier or frequency multiplier) in the same circuit as a valve. 

The transistor did work as an amplifier and as a multiplier and'it was 

assumed that the analysis was the same7' 8, 9. The charge storage 

characteristics of the base were neglected10, thus inadvertently 

limiting accurate application of the analysis to frequencies less than 

f6. Recently the base charge storage effect was recognised and 

accounted for, in a transistorised Class C amplifier11 12  

Another practical method of harmOnic generation in the transistor 

became known
13 
 recently. In this new method the transistor operates 

as'an amplifier and fundamental power is prevented from leaving the 

transistor. The fundamental power operates on the nonlinear ,  capacitance 

of the collector and it is efficiently convetted into a harmonic 

power
14 1

5. This method extends the upper frequency of usefulness of 

the transistor by a factor of two or three. Other methods of tran-

sistor frequency multiplication exist but do not perform better than 

the above mentioned methods16. 



21 

1.3 	Application for Transistor Power Amplifiers and Frequency  
Multipliers  

The newly acquired frequency and power performance of the 

transistor has caused energetic studies and development of solid state 

radio frequency power sources. The transistor is often employed in 

these sources for frequency multiplication and power amplification 

stages in the way the valve was (and is) used in broadcast transmitters. 

The transistor converts the direct power into rf power which may be 

increased in frequency in a varactor (or a multiple varactor) frequency 

multiplier. These power sources may find application in both the 

transmitting and receiving sections of transponders, light radar, 

telecommunication and telemetry systems. Transistors are useful in 

the above applications, not because of their superior frequency and 

power output performance (compared with travelling-wave tubes, 

klystrons and magnetrons), but because of their superior electrical 

reliability, mechanical ruggedness size and weight, and power conversion 

efficiency. These other characteristics ensure the utilisation of the 

transistor in many demanding environments even where its power and 

frequency output capabilities are marginal for the application concerned. 

Some semiconductor devices, other than the bipolar junction 

transistor, have shown a great deal of promise for similar applications. 

Devices such as the avalanche transit time diodes, Gunn effect diodes, 

and tunnel diodes are most useful for frequencies higher than those 

easily met by the transistor. Varactor diodes and step recovery diodes 
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are best thought of as adjuvants to the transistor rather than 

as substitutes. The two diodes cannot convert direct power into radio 

frequency power but can change the rf power into a more useful frequency 

with low loss. The diodes effectively extend the useful frequency 

range of the transistor. 

The junction transistor is the best solid state device for 

conversion of direct power into a significant quantity of radio 

frequency power (viz. more than 0.1 watts) in the frequency range of 

1.0 MHz to 1.0 GHz. The indications are that the junction transistor 

will occupy this position fora long time to come. 

1.4 	Goals and Approach to Analysis of Transistor Amplifiers  
and Frequency Multipliers  

The circuit of a transistor amplifier or frequency multiplier 

may be modified at will without affecting a given analysis providing 

that the assumed input and output operating conditions are maintained. 

Transistors employed in push-pull or parallel configurations can be 

treated in terms of a "single transistor analysis". The analyses 

developed in this theiis deal specifically with transistors operated 

in the common emitter mode. However, much of the following theory 

applies to common base operation as well. 



	

1.4.1 	Nonlinear input power amplification 

The transistor is normally employed for power amplification in 

a method very analogous to the way the valve is used. A sinusoidal 

voltage is applied to the transistor input with bias. A sinusoidal 

voltage of the input frequency is maintained at the transistor output. 

The output tuned circuit and the load is energised by collector current 

pulses. This method (frequently called Class C operation, irrespective 

of. collector conduction angle) of operating the transistor as a power 

amplifier is the most universal and is the most versatile. Other 

methods17  of transistor power amplification are known but will not be 

considered here. 

	

1.4.2 	Transistor frequency multiplication capability 

For successful frequency multiplication the transistor must 

contain some nonlinear characteristic. The transistor contains a 

number of the necessary nonlinearities. It contains two diode sections 

(the emitter-base diode and the collector-base diode) and each of these 

diodes contains a nonlinear resistance (with discontinuities from 

reverse bias to forward bias and from low reverse bias to reverse bias 

into avalanche breakdown) and a nonlinear capacitance (the nonlinear 

capacitance (the nonlinear capacitance results from the nonlinear 

depletion layer capacitance and also nonlinear minority carrier charge 

storage). Normally either the nonlinear capacitance or the nonlinear 

resistance predominates depending upon the frequency of operation. 

These nonlinearities are the predominant ones, and provide plenty of 
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scope for frequency multiplication. Other nonlinearities, less 

pronounced, are also found in the transistor. For example, the high 

frequency current gain is dependent upon the collector operating 

conditions. See Fig. 1.2. 

Typical variation of FT  (and hence high frequency common emitter 

current gain) as a function of collector operating conditions. 

The transistor is a silicon planar type 2N2401'1. 

1.4.3 	Nonlinear input frequency multiplication 

It has been found that the input nonlinearity (base-emitter 

nonlinear resistance or nonlinear capacitance depending on operating 

frequency) can be used effectively for frequency multiplication. Two 

24 
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different analyses are required for the nonlinear resistance mode 

and for the nonlinear charge storage mode. The nonlinear resistance 

mode is in control at frequencies lower than 	and the nonlinear 

charge storage mode is in control at frequencies above; the two modes 

merge at approximately fp. Many authors9 10  have assumed that the 

nonlinear resistance mode is applicable at all operating frequencies. 

Frequency multiplication, using the input nonlinearity, is very similar 

to power amplification, and for this reason the two will be analysed 

together. Analyses9 are presented by other authors which deal with 

amplifier and multipliers with operating frequencies of less than f . 

For the purposes of this study (i.e. maximum power, high frequency) a 

transistor operated at frequencies of less than fp  is not being fully 

utilised. For these two reasons a full analysis of this frequency 

range will not be made. Instead a rudimentary graphical analysis is 

presented in Chapter Two. 

For operating frequencies higher than 1'0  a comprehensive analysis 

is carried out in terms of the nonlinear input charge storage. The 

analysis is presented in Chapter Two and provides the first analysis, 

of any kind, of high frequency nonlinear input transistorised frequency 

multipliers operating.in the nonlinear input mode. A charge storage 

analysis is also developed for the high frequency power amplifier; 

while this analysis is not the first of its kind, it is believed that 

it is superior to previous approaches. Nonlinear input amplification 

or multiplication, using the transistor, shall henceforth be referred 

to by NIAM. 



Chapter Three deals with the effect of depletion layer 

capacitance on the operation of the power amplifier and frequency 

multiplier. In this way the limitation of ,fm  (of the transistor) 

is introduced and the analysis is applicable up to the maximum frequency 

of usefulness of the transistor. Finally, a complete design procedure 

is presented for this kind of power amplifier and frequency multiplier. 

1.4.4 	Nonlinear output frequency multiplication 

The transistor has been operated very sucdessfUlly13 140  15 

using the capacitive nonlinearity of the collector diode (in the output 

circuit). The transistor input circuit is constructed and behaves in 

a way similar to a conventional amplifier but at the output, the 

fundamental power is prevented from leaving the transistor. The 

fundamental power is converted into a harmonic power, by the output 

nonlinear capacitance, which is dissipated in the load via tuned circuits. 

Multiplying factors of up to four are attainable with practical power 

conversion efficiencies. Frequency multiplication using the transis-

tor output nonlinearly will be called NOM (nonlinear output 

multiplication). 

It has, hitherto, been assumed that the nonlinear capacitance 

of'the collector diode depends on the depletion layer charge storage 

only. Measurements and calculations in this study indicate, however, 

that the effect of the nonlinear depletion layer capacitance is 

insufficient to be responsible for the level of harmonic output power 

actually obtained. Observations of the collector voltage waveforms 
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indicate that the collector voltage "bottoms" for a large part of 

the fundamental cycle. These two occurrences suggest strongly that 

minority carrier charge storage takes place in the collector-base 

diode. For this reason, an analysis is made of frequency multiplying 

circuit utilising aminority carrier nonlinear charge storage device. 

This analysis is presented in Chapter Four and is used, together with 

another recent work
18 
 in the later treatment of the high frequency 

transistor NOM. The analysis of Chapter Four is also important because 

of its application to frequency Multipliers employing step recovery 

diodes. 

In Chapter Five nonlinear output transistor frequency multipliers 

are constructed and the performance is measured, The minority carrier 

charge storage multiplication theory is supported by measurements. The 

'Operation of the overall stage is treated and then an outline of design 

and construction methods is presented. 

1.5 	Originality  

Except where reference is made to the work of others, the 

research and the conclusions reported in this thesis are original as 

far as the author is aware. 

27 



CHAPTER TWO  

POWER AMPLIFICATION AND FREQUENCY MULTIPLICATION  

USING THE, TRANSISTOR NONLINEAR INPUT  

2.1 	Assumed Circuit Configuration  

The operation of the historically developed valve frequency 

multiplier and power amplifier depends upon one nonlinear character-

istic; namely the dependance of anode current on grid voltage in a 

common cathode circuit. If a sine wave of voltage is applied to the 

grid of the valve, with proper biasing, a distorted sine wave of 

current is obtained at the anode. Power may then be extracted, at a 

fundamental or harmonic frequency. Analysis of this method of power 

amplification or frequency multiplication is facilitated by assuming 

that the grid and anode voltages consist of sine waves at the input and 

output frequencies, respectively. The above mode of circuit operation 

is very frequently assumed to be applicable to transistor power 

amplifiers and frequency multipliers. The fundamental voltage 

(filtering ensures that only the fundamental is present) is applied 

to the transistor input (assumed for the moment to be operating in 

the common emitter configuration) along with a biasing voltage or 

current. The biasing is set so that both the base and the collector 

of the transistor conduct for a fractional part of the fundamental cycle. 

The base-emitter nonlinear diode characteristic is thus utilised. The 

circuit can operate with an infinite number of variations of input 
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voltage waveshapes and output voltage waveshapes. However it is 

assumed that the input and output voltage waveforms are sinusoidal, 

purely in the interests of analytic convenience. The circuit is then 

constructed with a view to meeting the above assumptions but experience 

shows that actual input and output waveshapes may deviate appreciably 

(from the sinusoidal input and output voltage assumptions) without 

affecting the performance of the circuit significantly. A simple 

example of a circuit that will meet the above assumptions is shown 

in Fig. 2.1. 

Figure 2.1 

Amplifying and multiplying circuit designed to meet assumptions 

- of sinousoidal voltages on input and output. Biasing omitted. 

Although transistor circuits may in practice take a completely 

different configuration, analysis, based on the above circuit, will 



be applicable to any circuit that maintains sinusoidal voltages on 

the input and the output. For example, multipliers and amplifiers 

using a number of transistors (i.e. push-pull, push-push or parallel 

circuits) may be treated with the following analysis providing the 

sinusoidal voltage assumptions are met. The following analysis is 

based on the common emitter configuration because this is the most 

widely employed and may be used over a broad range of frequencies. 

Much of the above investigation and analysis is applicable to the 

common base configuration. The extent of the possible application will 

be indicated. 

2.2 	General Relationships of Output Voltage, Current and Power  
in Power Amplifiers and Frequency Multipliers  

The assumption that a sinusoidal voltage is maintained at the 

transistor output permits the development of some general relationships 

that partially describe the performance of the transistorised power 

amplifier and frequency multiplier. The output voltage and a hypo-

thetical current of the transistor are illustrated in Fig. 2.2. 

The transistor produces current pulses at a repetition rate equal 

to, the fundamental frequency. The output tuned circuit filters the 

desired and available harmonic current and transfers harmonic power 

to the load. The direct input power to the transistor and load is, 
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= V 	I Pindc 	CC' CO 	 2.1  

where VCC is the supply voltage and 'Co  is the direct current drawn 

by the transistor. If the output tuned circuit is adjusted to 

resonance, the output power is, 

PoC 	0.5 . VCn' 'On 
	 2.2 

where V
Cn and ICn are the peak nth harmonic voltage and current of 

the collector respectively. The power conversion efficiency of the 

transistor may be calculated from the above two expressions. 

ICn VCn  
I/CP - 2 Ico VCC 

This power conversion efficiency may be separated into two parts, 

one a current conversion efficiency, and the other a voltage conversion 

efficiency. Explanation of the separation will follow. 
Icn 	

2.4 
2  Co/  

= !rat. 	 2.5 
VCC 

where 

V014 4' VCC 	VCsat 
	 2.6 

The voltage efficiency of Eqn. 2.5 can, for most transistors, 

be made to exceed .80. The exact value of it depends very much on 

the transistor in use. The maximum voltage efficiency may be determined 

very quickly if the appropriate transistor collector characteristics 

are available and the peak collector current is known. Normally 

the voltage efficiency will vary between .70 and 1.00 and depends 
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and 
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largely on the transistor in use. The maximum voltage efficiency 

must be determined or estimated for each application by the designer. 

The current conversion efficiency of Eqn. 2.4 has a broad range 

of possible values. For an amplifier it can vary from 0.50 to 1.00. 

For a multiplier it can vary between zero and 1.00. It is shown 

experimentally that the current efficiency is a definite function 

(albeit a complicated one) of transistor conduction angle. At the same 

time, current efficiency is essentially indepeddant of the type of or 

individual transistor employed in the circuit. Since current efficiency 

can not be easily evaluated and ip very important, it will receive a 

comprehensive study. 

2.3 	Low Frequency Graphical Analysis  

NIAM operation of the transistor at low frequencies is similar 

to frequency multipliers and power amplifiers using the valve. The 

To 81  9, 1.9 
similarity is widely recognised 	but has received excessive .  

attention. It is frequently assumed, incorrectly, to exist at high 

frequencies. Because design methods are already available (being 

converted from valve methods 7' 8 and also developed specifically for 

transisto rs10, 20) only a rudimentary graphical method will be 

presented here. 

The transistor characteristic at low frequencies (less than f0/2) 

may be specified' quite simply. At low frequencies, the transistor 

terminal currents are single valued functions of the terminal 



voltages, permitting the transistor action to be defined graphically 

on a current versus voltage basis. An example will be given dealing 

with a common emitter doubler. The same approach will deal with power 

amplifiers through to times-six frequency multipliers. The analysis 

may be applied to a common base circuit with the proper choice of 

transistor characteristics. As with valve circuits, the analysis of 

this circuit is best initiated by examining the effect of the applied 

sinusoidal voltage on the input. The input voltage with biasing, is 

set ea as to produce a particular peak collector current and a certain 

conduction angle, High factors of frequency multiplication or high 

current efficiencies (nCI) in amplifiers require small conduction angles. 

The input characteristic of the transistor, employed as a doubler, is 

shown in Fig. 2.3. After the shape of the input current pulse is 

determined the fundamental component of the input current may be deter-

mined using a graphical Fourier analysis. Equations for determining 

harmonic components of a symmetrical (about a particular time axis) 

waveform are given in Appendix 1. The fundamental current to the input 

of the transistor may be calculated, permitting the power input to the 

transistor to be evaluated. Since the, transistor input behaves like a 

nonlinear resistance, the input currentii$ in phase with the input 

voltage. This is true for the input and output currents and voltages 

of the transistor at low frequencies (viz. all phase angles are zero). 

The input operating characteristics such as, biasing voltage on input and 



Input Voltage 

\S) 	to 	1- 	01 

Input Current iB  

Milliamps 

Figure 2.3. 
35 

Low frequency operation of a 
transistor (type BFY88) 
employing the nonlinear input 
for frequency doubling'. A 
sine wave of voltage is applied 
to the , base of the transistor 
(in common emitter configuration) 
to produce a pulse of base 
current.. 



input impedance, may now be determined. From the peak base current 

we may find the peak collector current using the appropriate plot of 

collector characteristics (see Fig. 2.4). Once the peak collector 

current is determined, the minimum collector voltage may be found 

(see Eqn. 2.6). The peak harmonic collector voltage may be evaluated 

after the minimum collector voltage is known and the supply voltage 

VCC is set. The harmonic voltage must be sketched in, permitting the 

collector current to be determined as shown in Fig. 2.4. The collector 

current pulse may then be determined as a function of base current, 

collector voltage and time. The appropriate harmonic and the direct 

components of current of the collector current pulse may be determined 

graphically by the method outlined in Appendix 1. The evaluation of 

ICO and  ICn permits the calculation of the harmonic output power, the 

direct power input to the collector, the collector efficiency, the 

transistor power dissipation and the load resistance. Equations 2.1 

;through to 2.5 may be used to advantage in these calculations. 

The important parameters of a low frequency power amplifier may 

thus be determined. 

2.4 	Assumed High Frequency Current Waveforms  

It is intended here to first find the harmonic current generating 

characteristics of the intrinsic base at high frequencies when the 

assumed sinusoidal voltages are applied. The high frequency conditions 
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I 	and direct current comp- 
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outlined in Appendix 1. 
The collector current 
efficiency here is 0.35. 
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exist if the input frequency is greater than 3f0. Stray effects may 

be very important but the intrinsic base is essentially the active 

portion of the transistor providing the power gain and the conversion 

of direct power into rf power. The effects of the strays are best 

assessed after the basic multiplication and energy conversion processes 

are understood. The depletion layer capacitances of the transistor 

obscure the operation of the base without necessarily degrading the 

frequency multiplying or amplifying performance. For observation of 

the current waveforms in actual transistors, a method of balancing out 

the depletion layer capacitance currents is developed. Two balanced 

transistors are used, one under normal conditions and the other always 

reversed biased. In this way the capacitive current flow in the inactive 

transistor may be subtracted electrically from the current flow in the 

active transistor. Thus the measurement circuits show only the current 

flow into the intrinsic base of active transistor. This circuit is 

shown in Fig. 2.5. 

Measurement of currents of the intrinsic base behaviour of a 
transistor NIAM. The depletion layer capacitance currents of 
T2 

cancel those of T1
, the transistor being examined. 
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Insight into the multiplying operation of the intrinsic base may be 

gained most quickly by a study of the relations between the input 

voltage and current waveforms as presented in Fig. 2.6. The collector 

current is proportional to the integral of the base current. From the 

charge control relatiops21 we may write, 

1 jpB  dt 	 2.7 .7  

This equation follows from the more usual charge control relations 

under'the present high frequency conditions, where minority carrier 

recombination is negligible. The clue to the operation of the whole 

circuit is the behaviour of the base current. The base current is a 

scaled replica of the input voltage, for a large part of the active 

cycle (i.e. where -a <wt < a/2). A detailed knowledge of the input 

impedance characteristic of the transistor can be obtained from the 

voltage-current relationship measured at the base terminal and plotted 

in Fig. 2.7. Input voltage is plotted on the vertical axis,current on 

the horizontal. Numbers 1 to 4 are marked in Fig. 2.7 to indicate 

various regions of operation. Small allowances must be made for the 

incompletely balanced-out depletion layer capacitance currents. The 

region between numbers 1 and 2 is very similar to that found at very 

low frequencies in a diode and will be called the exponential region; 

charge being stored in the base. The region between numbers 2 and 3 

is called the "linear charge-discharge"region. The slope of this line is 
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The relationship of input current and voltage of a transistor 
(type 0042) NAM at 2.0 MHz. input. The measurement was obtained 
using a dual channel sampling oscilloscope (HP 185B with a 187B 
plugin unit). One channel measured iB  and the other vc. This 
plot was then obtained using an x-y recorder. The measured circuit 
is shown in Figure 2.5. 
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controlled by the extrinsic base resistance of the transistor. 

The region from numbers 3 to 4 is called the "residual charge removal" 

region. The "residual charge" typiCally amounts to about one half of 

the maximum stored charge. Many transistors have been examined and the 

first two regions namely the "exponential" and the "linear charge. 

discharge" region are very consistent. However, the shape and the 

duration of the last region is very changeable. In diffusion transistors 

(where impurity doping is essentially constant across the base) the shape 

of the "residual charge removal" region has been found to vary considerably 

even among transistors of the same type number. In planar, double 

diffused transistors (with both retarding and aiding fields in the base) 

the "residual charge removal" region is found to vary considerably both 

in shape and duration with a changing conduction angle; the other two 

regions maintaining their shape. It has been found experimentally 

that a planar transistor may exhibit a step recovery characteristic for 

small conduction angles and exhibit an exponential_recovery (with a 

relatively long time constant) for large conduction angles. 

In Fig. 2.8 the three terminal currents of two diffusion 

transistors of the same type have been noted in detail. The charge 

control relationship between the base current and collector current, 

described in Eqn. 2.7, may be verified in these figures. The variation 

in the time delay of the collectOr current pulse, the emitter current 

recovery, and the shape of the base "residual charge removal" may be 

seen to be significant. 
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Transistor currents of NIAM operation. Note the differences ih.  
the base currents and in the emitter currents. The differences 
are attributed to different electric fields in the base: 



The charge removal problem here is very similar to the charge 

removal problem in diodes at high frequencies. The charge recovery 

characteristics are dependant upon operating voltages and currents 

as well as the electrical and physical construction of the diode or • 

transistor. Analysis of diodes is only partially successful and yet 

these are much simpler to analyse than transistors. Due to the 

impossibility of accurate analysis, simplifying assumptions must be 

made. 

Since charge control relations apply at our operating,frequencies, 

we need only assume a certain current waveshape for either the base or 

collector and the other is implied. The method adopted here assumes 

a certain base current and then the collector current is determined 

using the charge control relations. We see that if the transistor is 

forward biased by the sine wave of voltage on the base, the base current 

has a waveshape virtually identical to the voltage waveshape. Thus 

for about one half of the complete cycle the input current is a 

truncated sine wave. The other half of the input current pulse is 

extremely variable and one particular current waveshape will not 

accurately describe all the possibilities. It is advantageous in the 

following analysis to have a symmetrical waveform. For these reasons 

it is felt best to assume that the second part of the current pulse has 

the same shape but opposite sign to the first part of the current pulse. 

The assumed base current waveshape may be seen in Fig. 2.9. 
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Figure 2.9 
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The base current may be defined algebraically, as follows, 

IB 	IBmax 
(cos(tot + a/2) - cos a/2) 

1 - cos a/2  

when -a < ist <.0 • 
and 
iB  = - IBIntu. c  (79s(wt - a/2) - cos 9/2)  

1 - cos a/2' 

when 0 < uft < a  

otherwise iB 0 

This waveshape will be called the partial sinusoid model. 

Two other workers11  '12  on transistorised class C amplifiers 

have made approximations to the transistor current waveforms. 

2.8 
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Slatter
12 

developed an approach much the same as above but assumed 

a step-recovery characteristic for the base current as shown in 

Fig. 2.10. 

Figure 2.10 
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Base current exhibiting a step-recovery characteristic. Ther' is 
no net charge input to the transistor, and i31 is related to a on 
this basis. 

Such a characteristic is accurate for some planar transistors operated 

at small conduction angles. It is, however, inaccurate for the majority 

of transistors. This approach also has the disadvantage that the 

harmonic components of the input current waveform contain an associated 

phase angle. 

In the partial sinusoid model the phase angle of any harmonic 

current is zero due to the symmetry of the waveform. Scott
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Figure 2.11 
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Assumed collector current pulse share referred to as the "auartic 
model". 

earlier analysis of a transistor class C amplifier assumed a 

"quartic" output current waveform, shown in Fig.• 2.11. 

We shall see later that calculated collector efficiencies from this 

model are good but not as accurate as ''those produced by the "partial 

sinusoid model". Other workers have considered idealised collector 

currents with truncated sine waves or rectangular pulses. These models 

have only convenience to recommend them for they bear little resem-

blance to the actual waveforms found in transistor NIAM. The last 

models will receive no further consideration. 

2.5 	Collector Current Efficiency  

To determine the collector current efficiency we need only 



IBmax sin(wt+a/2) - wt cosa/2  + sina/2  -Vcosa/2  

Wtf 
	1 - cosa/2  

determine ICn  and 'Co  and by using Eqn. 2.4 the required efficiency 

can be determined. It may be shown, using Eqn. 2.7, that 

/Bn ICn 	nwmf 	 2.9 

Thus, in order to determine Icn, we may do a Fourier analysis on the 

input base current. That is 

o 

Bn 	
IBmax 	cosNot + 4/2) - cos a/2  

	

w 	1 - cos -a/2 	
sin(nwt)dwit 

•  

a 
_ IBm  

	

rr 	 1 - cos a/2  
ax 

0 411 

 cos(mt - a/2) -cos a/2  sin(nwt)dwt 

IBmax 	cos(na+a/2) - cos a/2 	cos(na-a/2) - cos a/2  
w(1-cosa/2) L 	n+ 1 	n 1 

2cosa/2  ( - cos na'.-/-1 
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It is now possible to determine Icn. Next,Ic41 must be evaluated. 

Using Eqn. 2.7 zud part of Eqn. 2.8 we may write, 

	

Li.  , IBmax 	coe(mt + a/2) - cos a/2  dwt C 	wt. 	1 - cos a/2  
. o 

[ 
IBmax. 	Sin(wt+a12) - wt cosaj2) 

rat 

	

= 707. 	1 - cosa/2. 	o 
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in the interval of -a <wt < 0 

Due to the symmetry of the collector current waveshape we may say that 



( wt,)  iej -tot) 
2.11 

49 

/Max 	sin(-wt+a/2) + wtcosa/2  + sina/2  -a cosa/2  
C 	wtf 	1 - cosa/2  

in the interval of 0 < tot < a 

Otherwise is = 0 

To find the collector direct current, it is only necessary to 

average the collector current. Therefore, 
0 

I = 2IBmax 
(sin(Wt+a/) - wt cosa/2  + sina/2-acosa/2)dwt CO 	2ww-if 	

_a  

1210l 
	
o 

IBmax -cos(wt+a/2) -k 2 ,cosa/2  + wtsina/2  - totacos  
riatf 	1 - cbsa/2   

_a 

IC  /Bmax 
wtoT 

/ 	1 
acosa/2  -ja2  /2/cosa/2  

- 	1 - cOSa/2  
2.12 

The collector current efficiency may be,determined through the 

manipulation of Eqns. 2.9, 2.10 and 2.12,, 

cos(na+a/2 ) 	cosa/2  cos(na-a/2) - cosa/2  2cosa/2, (1-cos na) 
n + 1 	n ..1 

2n(asina/2  - a2  cosa/2) 
2 

This efficiency is plotted as a function of n and 2a in Fig. 2.12. 

A comparison may be made with efficiency calculations, obtained by 

Scott*, which are plotted in Fig. 2.13. In Fig. 2.14, the efficiencies 

are plotted for the partial sinusoidal model and compared with measured 

*The calculations are extrapolations on Scott's amplifier analysis for 
application to frequency multipliers. 

nCI  = 
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Figure 2.14 
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current efficiencies on two kinds of transistors. Agreement between 

the calculated and measured values is well within the accuracy of the 

instruments used. The "partial sinusoid" model is in closer agree-

ment with the measured results than the "quartic" model. The circuit 

used for the measurements is shown in Fig. 2.5. The circuit measures 

the harmonic output without feedback and hence permits the measure-

ment of the collector current efficiency. Thus the collector current 

efficiency has been calculated using Eqn. 2.5. This equation may be 

used to evaluate the ability of . a transistor to convert direct power 

into radio frequency power. 

A careful examination of Fig.. 2.12 shows that the efficiency of 

any harmonic may be found with na and one equation. That is if 

nCI1 = fl(a) 
	

then nan  = fi(na), with an accuracy of about 0.1%. 

This is useful since we now require only one equation or graph to 

, determine the current efficiency of any particular harmonic. If a 

multiplier is to have a practical collector conversion efficiency 

na must be less than 360°. The single graph is shown in Fig. 2.15. 

The foregoing analysis may be applied to an amplifier or a 

frequency multiplier in the common base configuration without any 

modification. 

2.6 	Input Power Requirements  

In a power amplifier or a frequency multiplier the input power 

requirement is of prime interest. High efficiency amplifying or 

53 
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IB1 = 	 panp   x 	(:—cos3a/2  + cosa/2  
w(1-cosa/2) 	2 

-a sins/2i 	2.16 
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frequency multiplying can only be attained at the expense of increased 

input power. The transistor input voltage and current waveforms are 

already idealised and calculation of the input power is thus facilita-

ted. The input power requirement is calculated by multiplying the 

input voltage with the fundamental input current and the appropriate 

phase angle. This is somewhat different from assuming that all of the 

input power is dissipated in the base resistance, as previous 

analyses11012 have done. 

PBin 
= -IB1 

VB1 "18(9° a/2)  

From Figs. 2.6 and 2.9 it may be seen that, 

VBl = IBmax rbb  
.1.- cosa/2  

Using Eqn. 2.9, with some manipulation, it may be shown that, 

2.114 

2.15 

The input power of the multiplier or amplifier may now be 

calculated through the manipulation of Eqns. 2.1141  2.15 and 2.16. 

-I2Bmax 	rbb (-cos3a/2  + cosa/2  
P
Bin 

= , 	, X 	X 	-a sina/2) sins/2 2.17 
(1-cosa/2)' 27T 	2 

The input power of Eqn. 2.17 is more usefully expressed in normalised 

form; using Eqn. 2.17 and 2.9 we obtain; 

12 Bn rbb 
(cos(na4a/2)-cosa/2  cos(na-0/2)-cosm/2  42cosa/2  ci 

n+1 n-1 
	(1-cosn 2 

2.18 

P B in 

(-cos3a/2  + cosa/2  -a sins/21 sins/2 
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This expression is plotted in Fig. 2.16 as a function of conduction 

angle (2u) and of n. It may be noted that there is a very definite 

conduction angle at which the normalised input power may be minimised 

for each harmonic. The optimum conduction angle is approximately 

360°/n. This value is obtained from examination of Fig. 2.16, and 

corresponds to a realistic collector efficiency of .50 for each harmonic. 

Fig. 2.16 permits the comparison of power amplifiers and multipliers 

that have the same output frequency. By maintaining a constant output 

frequency, identical output conditions and a constant current gain at 

the• frequency of interest are maintained. The loss in gain, to obtain 

frequency multiplication for any practical conduction angle may be 

found in Fig. 2.16. The minimum loss in gain (with respect to that 

of a class A amplifier) is found to be a factor of(3.0n - 2.0). The 

input power must be increased by this amount, when the input frequency 

is decreased by a factor of n, to obtain the same output current magni-

tude. The output current determines the power output when the other 

output parameters (such as Vcc  and RL) are fixed. In a multiplier, 

the conduction angle may be decreased, frOm above, to improve the 

collector efficiency with an attendant decrease in gain. It is normally 

bad design to make the conduction angle larger, than that just 

recommended, since both the power gain and collector efficiency are 

degraded by doing so. 

The curves of Fig. 2.16 have been verified by measuring the 

input power to a transistor. Figs. 2.17, 2.18 and 2.19 verify 
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voltmeter To a selective 

Figure 2.20 

Direction-
al couple:  -C 

CT2 

CT1 
Input Power_ 

6o 

A setup for measuring the input power to a transistor amplifier 

or multiplier. This method avoids losses in the input tuned 

circuit. The selective voltmeter indicates the forward and 

reverse power flow in the directional coupler and also the 

harmonic current flow in the base and collector. The collector 

is earthed -to avoid capacitive feedback. 

diagram of the measurement ret-up. The input power to the transistor 

is measured with a directional coupler. This method eliminates the 

input tuned circuit losses which become significant over a large 

part of the range of conduction angle. 

2.7 	Maximum Harmonic Current Flow  

Frequently transistors have a very low emitter-base breakdown 

potential. It is a serious limitation on transistor power amplifiers 

and frequency multipliers where large reverse bias voltages are 

necessary to obtain high efficiencies by small conduction angles. The 



input voltage may be found using Eqn. 2.8.and adding the threshold 

conduction voltage (VBcon) of the transistor. input. Thus, 

(Cos(ut+a/2) - cos a/2) 
1 - cosa/2 	

+ V
Bcon 	2.19 

BmaX rbb  

The maximum reverse voltage of vB  is obtained when wt = it - a/2. 

1 - cosa/2  BV 
LB 
 - V= IBmax rbb X (- 

Boon 	2 	1 - cosa/2  

Note that BVEB  and VBcon are always of.opposite sign and hence are 

normally added. Manipulation of the above equation and Eqn. 2.13 makes 

it possible to obtain, 

IBn(BVEr VBcon)  -0.57(1 + cosa/2)  
rbb 	raos(na+a/2) 	Cosa/2: 	Cos(na-14/2) -cosh/2  

n 	1 .7 	. n - 1 

+ 2cosa/2  (1-cos 

The equation is plotted in Fig. 2.21 as a function of n and of conduction 

angle. Measurements have verified Fig. 2.21 to a high degree of 

accuracy, although they are not shown. If the emitter reverse voltage 

limitation is very serious, it may be desirable to choose a conduction 

angle that provides the maximum possible harmonic current. For an 

amplifier the best angle is 360° and for any harmonic the best conduction 

angle is 5120/n. This conduction angle is substantially greater than 

the conduction.angle that results in best gain and results in a 

collector current efficiency of only 0.21. The limitation itself 

is best avoided either by choosing a transistor with a large reverse 

61 
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breakdown voltage or by using a low multiplication factor. It is 

evident from Fig. 2.21 that the input reverse breakdown limitation is 

most -  Serious. for the higher harmonics. 

2.8 	Peak Input and Output Currents  

In order that a transistor power amplifier or frequency multi-

plier may be designed it is necessary to determine the peak collector 

and peak base currents. The peak collector current may be determined 

by evaluating Eqn. 2.11 when ut = O. 

We have, 

Icmax  - IBmax  (2 sins/2 -a cos a/2) 	2.21 
"Tftl-cosa/2) 

Icmax  is most useful if it is normalised to the direct collector current. 

Hence, using Eqn. 2.12 we have, 

Iftax 	2sina/2 -a coca/2  

CO 	w(asina/2  - a2/2cosa/2) 

This equation is displayed in Fig. 2.22. 

Now to determine the relationship between the peak base current 

and the collector current, Eqn. 2.12 must be examined. 

2.22 

IRmar  

ICOw7f 
(1-cos /2) 2.23 

asina/2  a4/2  cosy/2 

This relationship is also presented in Fig. 2.22. 

It is useful to determine the biasing voltage necessary to 

obtain a certain desired conduction angle by finding the voltage at 

which the transistor is turned on. Substituting at = 90-a/2  into 
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VBO = IBmax rbb
Cosa  

( 21) 
1-cosa/2' 

+ V
Boon 2.214 

The input tuned circuit can be designed most effectively after the 

input impedance of the transistor is determined from the input power 

and the input voltage (Eqn. 2.15). 

V
Bl 

= /Bmax rbb 

- Real Y. = 2P Bin 
in 

V2Bl 

2.9 	Concluding Comments  

In the foregoing chapter theory has been developed, neglecting 

the effect of depletion layer capacitance currents. Such an 

approximation for frequencies much lower thanrT and the above theory 

could be used for many applications at frequencies greater than f8  

but much lower than]FT• 

The effects of the depletion layer capacitances are treated in 

the next chapter allowing the theory to be applied up to frequencies 

of about fmax'  A design example will be given in the next chapter to 

illustrate a design method. The above thepry will be incorporated 

into this method. 

1-cosy/2 

2,25 
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CHAPTER THREE  

Effects of Transistor Strays on Nonlinear Input Operation  

of Multipliers and Amplifiers and Design Methods  

3.1 	Complete Equivalent Circuit and Simplifications  

The basic frequency multiplying and power amplifying character-

istics of the intrinsic transistor (in common emitter configuration 

with sinusoidally applied input and output voltages) has been analysed 

in Chapter Two. In that analysis the extrinsic base resistance (rbb) 

was taken into account in conjunction with the intrinsic base. This 

was most expedient because the limitations caused by rbb  are of a very 

fundamental nature. 

In Chapter Two it was found that current flow in the two depletion 

layer capacitances of the transistor were sometimes quite appreciable. 

The chief effect of these, if they are small, is only to obscure the 

intrinsic base behaviour.. However, if these currents are large, there 

is a degradation of the multiplier or amplifier performance. 

In this chapter the most significant extrinsic electrical character-

istics of the transistor are investigated, the serious ones are determined 

and their effects are analysed. Some strays cause the transistor cur-

rent and voltage waveforms to deviate from the theoretical ones without 

degrading the performance while others degrade the performance, as well. 

The latter strays will receive the most attention since the performance 
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of the resultant transistor circuit is of most interest. 

All transistors are electrically distributed devices but can be 

approximated, with respect to electrical performance, by a network of 

lumped elements. It is useful to examine a comprehensive equivalent 

circuit before one is chosen for analysis here. The equivalent circuit 

shown in Figure 3.1 is much more involved than is necessary for most 

Figure 3.1 

An equivalent circuit 

5 watts at 400 MHz as 

A.P. Anderson22. The 

156 separate emitters 

structure, permitting 

of a 2N3375. ThiS transistor will produce 

an amplifier. The Circuit was derived by 

transistor is of a planar Construction with. 

diffused into a common base and collector 

high frequency, high power operation. 

applications. Normally, strays such as depletion layer capacitances 

and lead inductances become important in a planar transistor operating 

at a high frequency and high power. Many of the "strays" depicted in 

Figure 3.1 will become insignificant if, for example, a low frequency 



Figure 3.2 

CCB2 
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alloy transistor is examined. 

In almost all transistors the base resistance is distributed with 

capacitive loading from the emitter and collector depletion layers. For 

a practical circuit it is very difficult to carry out an analysis if the 

extrinsic base resistance is represented by more than one lump. In '  

transistor data sheets one is fortunate to obtain an equivalent resistance 

value for a single lump representation (let alone more than one). 

Further lumping:would complicate the analysis and increase difficulty in 

practical application. The equivalent circuit of Figure 3.1 is simpli-

fied by reducing the base resistance to a single lump. An input diode 

indicates23  charge storage in the intrinsic base. We then obtain the 

circuit shown in Figure 3.2. The charge storage characteristic of the 

Simplified equivalent circuit of a transistor. The charge storage 

characteristics of the intrinsic base (Dbe)  is defined in Chapter 

Two. 

intrinsic base (DBE) is assumed to behave according to the "partial 

sinusoid" idealisation made in Chapter Two. The equivalent circuit 



69 

is still quite involved but further reduction is possible. The two 

capacitances C
BE2 and C

BC2 are completely accessible, electrically. 

We are dealing with narrow-band amplifiers and multipliers and there-

fore the two capacitances may be "tuned out" by external inductances at 

the fundamental or harmonic frequencies of interest. The external in-

ductances required for this neutralisation in practice, cause some loss 

but for analytical purposes the loss is neglected. The effect of the 

other two depletion layer capacitances, CBE1  and CEcl, must be con-

sidered separately if a tractable analysis is to result. The simpli-
fying assumption, that the effects of the two capacitances are additive, 

is made. 

3.2 	Effect of Input Depletion Layer Capacitance  

In evaluating the effect of the input depletion layer capacitance 

CBE1' the amplifier and multiplier operating assumptions, of sinusoidal 

input and output voltages and the partial sinusoid recovery of the base, 

are maintained. The effect of the depletion layer capacitance is 

treated as a small deviation from the previous theory. The circuit of 

Figure 3.3 forms the basis of the analysis. 

The input capacitance CBE1  is nonlinear but for simplicity in 

analysis it is assumed linear and in the analysis some further approx-

imations are adopted. First, it is assumed that the effect of the 

capacitance is small, and the degradation of performance in regard to 

the power input reauirement is calculated on this basis; the capacit-

ance is then allowed to become large with the realisation that the analysis 



Assumed transistor 

bb 

Load 

14re l is  arbitrary 
1 

—J 

Input Power 
	B 
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Figure 3.3 

Assumed equivalent circuit to evaluate effect of input depletion 

layer capacitance. 

is approximate for this latter situation, The analysis is approached 

by calculating the voltage (v B  in Figure 3.3) excursions across the 

capacitance and then deducing the current flow through the capacitance 

CBEI as a result of the voltage excursions. The power dissipation in 

the base resistance due to this current flow is then calculated. This 

method neglects the modification of the voltage (v B) due to the 

capacitance (CBE].) current flow through the base resistance. This 

is likely to be justifiable . as long as '0.1 > rblowCBE16. It is assumed 

that the extrinsic base current (iD
) and the input voltage (vB) are 

not modified by this capacitance current flow and these last two 

assumptions are in fact, verified to be well founded. 

The input voltages that develop and cause the voltage variation 

on the input capacitance CBE1 are shown in Figure 3.4. 



vA  = B rbb + v" IB (3.1) 
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where vB 	d vIB are illustrated in Figures 3.3 and 3.4. 	ID  is 

vIB 

The- voltage drop across the extrinsic base resistance is subtracted 

from the'input voltage to obtain the intrinsic base voltage. 

the base charging current as defined by the "partial sinusoid" assumption 

of Chapter Two. We may find the fundamental input voltage (without the 

direct voltage term) from Eqn. 2.19. 

(cos(wt + a/2) - cos 0/2)  vB = r I bb Dmax 	1 - cos a/2 



vIB 
re 	 [cos(ut + a/2) + cos(wt - 0/2) - 2 cos a/g 

1.- cos a/2 max 

3.3) 
in the interval of 0 < wt < a 
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From Figure 3.4, we may see that, 

vI
II
B = 

in the interval of -a < wt < 0 
(3.2) 

Now we must find v"IB  in the interval of 0 < wt < a 

From Eqn. 2.8 

-cos(wt - a/2) + cos a/2). 
Bmax 	1 - cos af2 

Substituting this equation and vB  into Eqn. 3.1 we write, 

Now in the interval of -a > wt and wt > a the base current is 

essentially zero (the current in the depletion layer capacitance is 

assumed to be negligibly small for this) and therefore, 

vu IB 
(3.4) 

-a > wt wt > a 
• 

The voltage swing (v7B) across the input depletion layer capacitance 

implies that a current flows into this capacitance. This current flows 

through the extrinsic base resistance (rbb) causing a power loss which 

must be calculated. The additional current that flows into this capac- 



=CBE1 dt 

d v" IB 

itance will be called .11 1B and 

d v" CIB BE1 
dt 
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since CBE1 is assumed to be linear. 

Now i" is specified over three different time intervals as 

	

designated by a subscript notation (i.e. 
iB"li 	and  i"3 ' ) 	For the i132 	B 

interval -a , < wt < 0 we find that i" B1 = 0 by differentiating Eqn. 3.2. 

For the interval 0 < wt < a we find i"
B2  by differentiating Eqn. 3.3, 

sin(wt + a/2) - w sin(wt - a/2)  1B2 = CBE1rIB 	1 - cos a/2 max 

And for the interval of wt < -a and wt > a we find 1 •11 
3 by 

differentiating Eqn. 3.4 (or Eqn. 2.19),.  

• sin(wt + a/2)I  183 = CBElrbbIB
max 	1 - cos a/2 ' 

Thus, the input base-emitter depletion layer capacitive current 

flow has been calculated and we are now in a position to calculate the 

additional input power requirement due to the flow of this current through 

the base resistance (r). The additional power input requirement to 

the transistor (PBinDeg) due to the input capacitance CBE1 may now 

be calculated in the following way. 



x 
r
bb 
2w 
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PBinDeg = rbb x 1"2  

Now since i" is not a continuously sinusoidal current we must determine 

.ft  the root mean square value of the input currents i 	1 	and i" Bl B2 	B3 

P 	- (
w C 	r 	Tick xl _ BE1 bb -ma  P 

BinDeg 	1 - cos a/2 	' 

i o 

5in2 

t 
+ a/P) + 2 sin(wt + a/2)sin(wt - a/2) + sin2(wt a/23 dwt 

sin2(wt + a/2)dwt + fa  sin2(wt + a/2)dwt} 
a 	rn 

 

(3.5) 

 

w C 	r In 
P 	BE1 bb '-max1

1... 	+ wt cos a2 	rbb 	 ('cwt sin(2wt + a)  
BinDeg 	1 - cos a/2 ' 	2n 	2 	4 

sin 2wt 
2 

wt sin(2wt - a] 	.4.  wt 	sin(2wt + a)

o
-.1 

	

2 	4 a 

[--1632 
sin(2wt + a):1 

4 

P 	= (wC r BinDeg 	BE1 b 

IBmax 	2 rbb 	sin 2a} + a cos a - 17:77;71717 2n 	2 

The power PBinDeg  is most useful if it is specified in terms of PBin 

from Chapter Two. A degradation factor may be evaluated using the 

following equation as a basis. 

BinDeg + P Bin 
-PDeg 	PBin 

(3.6) 
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Substituting in 
PBinDeg  from above and Eqn. 2.18 into Eqn. 3.6, 

we have, 

2 	2 	2n + 2a cos a - sin 2a  
PDeg es 1 + w* BE1rbhcos 30/2 - cos a/2 + 2a sin a/2)sin a/2) 

(3.7) 

This equation is somewhat unweildy but has been determined for a range 

of values of (wCBEirbb)2  and of Conduction angle (2a). These values 

are displayed graphically in Figure 3.5. It will be noted that this 

input power degradation is most serious for the smaller conduction 

angles. The effect, thus, discriminates against the efficient gener-

ation of the higher harmonics where small conduction angles are essential. 

The exact verification of the theory of input power degradation 

is difficult. The effect is a modification of an approximated tran-

sistor behaviour and the original idealisation and analysis must be 

accurate. Also, the degradation only becomes marked if the conduction 

angles are small and small conduction angles are difficult to measure 

accurately. The method used to measure degradation proceeds as follows. 

A directional coupler (as illustrated in Figure 2.20) in an amplifier 

circuit is usedtomeasure the forward, and reflected power at the transistor 

input. The difference between these two quantities is a measure of the 

power delivered to the transistor input. The conduction angle is varied 

so that a series of input powers are obtained. These conform approx-

imately to Figure 2.16 after the input power is normalised with respect 

to fundamental output current and with the choice of an approximate 
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"adjusted" value of extrinsic base resistance (rbb  is adjusted so that 

the normalised value of the input power is unity when the conduction 

angle is 3600). The measured and normalised input power is then 

divided by the calculated "strayless" input power requirement. In this 

way a measured degradation factor is obtained. This measurement and 

normalisation was done with a transistor, type AG4200 (similar to a 

2N1613) at two different frequencies, 5.0 MHz and 10.0 MHz. The 

measured degradation factors for the power input are shown in Figure 3.6. 
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These measurements are fairly consistent with the theory and indicate 

that the rbb 0BE1 product for this particular transistor is about 

3.18 x 10-9  sec. The product of the measured rbb and total.input 

depletion layer capacitance (c BE1 	CBE2) is 562 x 10-9 sec. Thus 

for our purposes 6o% of the total base-emitter depletion layer capacit- 
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ance appears to be buried underneath the extrinsic base resistance rbb. 

Under most circumstances it is not feasible to measure the ratio of 

CBE1/(CBE1 + CBE2) and this can only be estimated. It will normally 

be larger than 30% and less than 80% for a planar transistor. For 

alloy transistors these percentages will probably range from 50% to 90%. 

The effect of input power degradation due to the emitter-base 

depletion layer capacitance can be serious. However, since the rele-

vant transistor characteristics are not included in manufacture's data 

sheets and are difficult to measure, the application of the foregoing 

theory is likely to be approximate. 

3.3 	Analysis of Effect of Collector Depletion Layer Capacitance  

In the transistor the maximum frequency of usefulness ( fmax)  
is limited by the joint effect of rbb  and the collector-base deplet-

ion layer capacitance. This maximum frequency is determined approxi-

mately by the following equation24 

FT = 	%; 
1 max 	871. rbb 

CBE1 
(3.8) 

The feedback capacitance, in conjunction with the transistor forward 

current gain characteristic, causes a low output resistance (50-500 n) 

to appear across the collector-emitter leads. See Reference 25. A 

constant output resistance R0  is predicted, but in practice the 

measured resistance falls With increasing frequency. The falling 
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resistance is caused by the series collector resistance roc. This 

resistance has least effect at the low frequencies, and therefore the 

low frequency value of Ro  will be used in calculations. The feedback 

capacitance limits the maximum frequency of usefulness of the transistor 

in a very fundamental way, and therefore must be accounted for in the 

analysis of high frequency amplifiers or frequency multipliers. The 

circuit shown in Figure 3.7 uses the transistor idealisation of Figure 

3.2 in modified form. 

Assumed transistor equivalent circuit and embedding circuit for 

finding the effect of the transistor feedback capacitance. 

In the following analysis, for simplicity, it is necessary to 

assume that: the current gain of the transistor does not have an excess 

phase shift term, the feedback capacitance (Cm) is linear, the base-

emitter depletion layer capacitance is small and the input diode (DBE) 

recovers according to the "partial sinusoid model" developed in Chapter 



Two. The operation of the amplifier with ftedback is best understood 

by examining the current and voltage waveforms, throughout the trans-

istor, illustrated in Figure 3.8. The input voltage v is unchanged 

by feedback and initiates the sequence of events. It is biased so 

that a conduction angle of 2a is established. Assume for the moment 

that the partial sinusoid current (of Chapter Two) flows into the base. 

This sets up the usual collector, current and voltage. The collector 

voltage causes a feedback current (if) in the collector capacitance 

BC1) to flow. A new intrinsic base (iv) 'current results from 

the simple addition of iB  and if  (the sum of these two currents 

causes a new conduction angle of 2a/ to arise). The modified col-

lector current i; may then be determined in terms of the intrinsic 

base current 	 e i/D 	It is worth noting the necessity of the assumptions 

made. We have assumed that the base-emitter input diode (DBE) is 

discharged with the same waveshape that it is charged. This has 

proven to be a realistic assumption and it results in a symmetrical 

collector output current which simplifies the analysis since the col-

lector phase angle of any harmonic current is zero. The assumption 

of a linear feedback capacitance CBC1  is desirable since this is 

usually an adequate approximation and the nonlinearity and the oper-

ating ranges of the collector voltage on the capacitance are extremely 

variable. The assumption that the transistor current gain excess 

phase shift26  term is zero is justified because this is approximately 

true and the complication of the analysis that would result from the 

specification of different values of excess phase shift would.lead to 
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no significant improvement in the accuracy of the analysis. 

3.3.1 	Analysis of transistor performance with capacitive feedback. 

The waveformsassumed for the amplifier and multiplier in Figure 

3.8 may be analysed to determine the input power requirement and the 

collector efficiency of the amplifier or multiplier under a'wide range 

of operating conditions. The analysis begins with an examination of 

the current input to the base-emitter diode (DBE). As indicated in 

Figure 3.8 the current lit)  is the sum of the input current of the 

strayless amplifier and the current (it) through CBC14  That is, 

using Eqn, 2.8 

(cos(wt + a/2) - cos a/2  
iD = zB 

max 	1 - cos a/2 

in the interval of -a' < wt < 0 

d CBC1 vC i = dt 

and from inspection of Figure 3.8 

. 	V
Cn cos nwt + V CC 	(3.9) 

	

if = nwCBC1 VCn sin nwt 
	

(3.10) 

= IB 	
(c os(wt + a/2) . cos a/21  + nwC 	V sin nwt 

	

1 - cos a/2 	J 	BC1 Ca 
max 
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in the interval of -al  < wt < 



/cos(wt . a/2) + cos a/2  + nwC 	V sin nwt 
max 	1 .r  cos a/2 	B01 Cn 

in the interval of 0 < wt < at 

it 

when al < wt and wt < .at 

Equation 2,15 may be substituted into Eqn. 3.11 with the following 

result: 

_IUL (cos(wt . a/2) + cos a/2 + e n sin nwt) rbb 

where 

CBC1rwV  bb 	n  
V B1 

(3.12) 

It is now relevant to determine the new conduction angle 2al caused 

by the effect of the feedback capacitance. It will be noted in Figure 

3.8 that it begins to flow when the sum of iB and if is greater 

than zero. We may find 2as from Eqn. 3.11 when 	leaves the zero 

axis. That is 

V 
0 = 	B1 Cosa' . a/2) + cos 0/2 + e n sin nal] rbb 

-e n sin na/ = cos(a' - a/2) + cos a/2 	(3.13) 

This may be taken as a definition of al. If e is small then at r4 a. 

Having determined the time at which the conduction period begins 
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and arrived at a definition of input current, we may, with the charge 

control relations described in Ecn. 2.7, determine the collector current 

pulse shape. This is 

wt B1 n
1 
	

V 
. 	(cos(wt + a/2) - cos a/2 + c n sin n wt,)dwIt 

wif -at  rbb 

Thus in the interval of -a' < wt < 0 

VB1 1 . 	 wt 
.....x 	sinkuit + a/2) 	wt cos a/2 - c cos nwt 

	

bb 	f 	 J -at 

V 

r w
1  almost + a/2) . wt cos a/2 e cos nwt + Ka + eKb T bb f 

(3.14) 

where 	a 
	+ a/2) - a' cos a/2 

Kb  = cos(-nat) 

Only one half of the collector current pulse shape need be determined 

since the pulse is symmetrical. Having determined the output current 

pulse it is now relevant to determine the harmonic current components. 

It Cn 
V
Bl Ein(wt + a/2) - wt cos a/2 - c cos nwt rvbwtf  

+(Ka + Kbe] cos nwt dwt 

I' = ...... BI . x 2 [I cos((n+l)wt + a/2)  
Cn 2In+1) 

rbb4/Tf 

cos((l-n)wt + a/2)  
2(1-n) 



cos a/2 sin nay 1 - cos nal% 

n2 

nu.) ) 	 wt 	sin 2nwt .cos 4/2 (-1.6  sin nut + 	.c 	+ 7-8-711-7—) 
n  

tic 4.  _K)  sin nwt] ° 
a 	`' n 
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V 

Cn 
=  2 x cos(-nal 

rbbwrf 

a' + a/2) 	cos a/2 
2(n+1) 

coscnal - a' + 0/2) - cos a  
' 2(n-1) 

+ si 	+ V + 
n 2na't 	) Pin a) 

"  vsb  
4n 

The above equation may be abbreviated as follows, 

V 
B].  I = 

en 	rbbbiTf 
x' f1(at In (3.15) 

Substituting Eqn..3.12 into the above equation it may be shown that, 

CBC1 wen = 
f 

x 

New it may be shown that the output resistance (R o) of a neutralised 

transistor at high frequencies (common emitter mode) is approximately 

equal to. Tf/en125. This approximation is useful over the range of 

frequencies from above f s  to near FT in most transistors. For a 

tuned amplifier or multiplier it may be shown that, 



V
Cn 

= IT.  
Cn 

86 

And from Reference 25, we have 

Po 	TfiCBC1 
	 (3.16) 

R
L 

=x fl(at on.c) 

RL 

0.  "f1 an0 
(3.17) 

For design purposes c is a cumbersome specification of matching 

factor to use. However the ratio RL/Ro  is a very useful quantity 

that is usually easily specified by the designer. Therefore RL/R0  

will be specified whenever possible but 	is useful in the manipul-

ation of the above equations arising out of this analysis. 

In the amplifier/multiplier analysis two performance figures are 

of paramount interest. These are collector efficiency and input power 

requirement. The collector efficiency may be determined using Eqn. 2.2. 

1p order that this equation may be used ILI  must be calculated. IBC  

is simply the average value of the collector current; i.e. 

Tt 'CC) 
1.0 

(sin(wt + a/2) - wt cos a/2 - c cos nwt 

Ka + cK
la)dwt 

2 
cos(wt + a/2) 2t cos 0/2 - — sin nwt 

 

VB1 
irrbilwtf  

 

  

   



+ (K
a + ckb)wd -a 

V
Bi 	 2 

= 	- cos a/2 + cos(-0 + a/2) a/ 
Wr VT 	 2 cos  a/2 
bb f 

- c sin— 	na' + (Ka + eKdaj 

or we may wiite 

= 	
131 	x 	f (a/ c n) 

QV 	rbbWTf 	2 

and define 

I/ 	fl  (a/  (a/ n c) en 
n/  = 2I CO CI 	2f2(al n e) 

(3.18) 

(3.19) 

where fl(alinsc) is defined in Eqn. 3.15. 

Thus the modified collector efficiency may be calculated. 

It is now pertinent to calculate the input power requirement of 

the feedback amplifier or multiplier. The input power is found by 

calculating the component of input current in phase with the input 

voltage and multiplying these two quantities together. The input 

voltage, neglecting the direct voltage component, is; 

v = VB1  cos (wt + a/2) 

The fundamental input current, 	inphase with the above voltage, must 

be evaluated. With the feedback model of the transistor amplifier/ 

multiplier the input current is the same as for the complete mismatch 
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0 <.. wt 	01 

Model (of Chapter Two) during the interval of transistor collector 

current cOnduCtian. The input current, outside of this conduction 

ppriod is established by the feedback current 	' ). Thus, 
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when ...a' < wt < 

it

r

131 

(cos(wt + a/2) - cos at) 

cos(wt - la/2) + cos a/2).  

n sin nwt 

Th 

(3.20) 

Note that the sign of if  is changed because the sense of i; and 

i are OPPOsite. A Fourier analysis will be used to determine the 

fundamental current component in phase with the input voltage. 

Blinphase 

VB-1  fo 

rbblr  -a 
(cos(wt + a/2) - cos a 2)cos(ut + a/2)dwt 

• 

(...cos(wt - a/2) + cos a/2)cos(wit + a/2)dwt 

c(sin nwt cos(wt + a/2))dwt 

nwt cos(wt + a/2))&wt roe•F•p4 
T bb a 



V 
1' 

	

Bl 	 sin , sin(2qt'  

	

Blinphase rte 	+ 4 

 

.9.91.24t,  
" 2 
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4/2 r sin(-01  + a/23 sj1.4.1 

 

cos a + sin(a' + a /2) 

  

x cos 2 T cos a/2 sin a/2 - c E-cPs("na%7 ce: aLa 202+1) 

+cos(.nw wa/2)   .coq.na' 	- a/2) + cos(.nw I - a/2)  
2(n-1)' 

..ces(nw 	if 	4 /2) 	nos(nal + a' + a/2)  . 	. 
2(h+1) • 

V151/ 
TA1inphase r4  ;77 f3‘cene) 

(3.21) (3.21) 

The input power is; 

x VB1 m  BI inphase  
Bin 	2 

titc) 
pl. .= V x 	

is 

A1n hb 

hOrmalisihR with respect to 	using Eqn. 3.1.5. 

P'. = B111 

2 r2 (1) Cn bb  

  

(3.22) 
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With Eons. 3.22 and 3.19 it is now possible to calculate the approximate 

effect of capacitive feedback in a transistor amplifier or multiplier 

(in the common emitter configuration). These equations determine the 

collector efficiency and the input power requirement, these two quantities 

being of most interest. The equations involved are long and complicated 

and can only be solved in practice with the aid of a digital computer. 

The computer program used in the solution is shown in Appendix 2 . A 

block diagram illustrates the method in which the equations were evaluated. 

The program is shown written in an International Computer and Tabulator 

Fortran IV. Sample results are also shown in Appendix 2 . The results 

of the computer program show that the amplifier conduction angle is 

modified by feedback but because the conduction angle is treated as an 

independant variable the other characteristics are examined as a function 

of the new modified conduction angle. The results show that the collector 

current efficiency of the transistor is unaltered by feedback. The amp-

lifier or multiplier characteristic that changes most markedly is input 

power requirement; the modified requirements for an amplifier, dolibler„ 

tripler and a quadruples are shown in Figures 3.9, 3.10, 3.11 and 3.12, 

respectively. The input power is shown as a function of modified 

conduction angle and of the "match factor (R o
)". The curves are 

indespensible for calculating input power of an amplifier or multiplier 

operating near the maximum frequency of useful performance for the 

transistor. The specific way in which these curves are best used will 

be illustrated later in this chapter, Measurements have been made to 
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95 

test the accuracy of thecomputed results. The input power, of an 

amplifier and 'a doubler are measured with feedback by a method similar 

to that used in Chapter Two (see Figure 3.13). The measured input 

Power input, of an amplifier or a multiplier.with feedback. The 

input is measured using the directional coupler. The output 

current (i
Cn 
 ) is determined from the collector voltage and the 

load resistance (RL). 

powers are illustrated along with the theoretical input power for an 

amplifier and a. multiplier in Figures 3.14 and 3.15 respectively, and 

show good agreement. 

It is possible to derive the ususal expression of max using 

the theory developed. This will be done for an amplifier using a 

conduction angle of 360°. To obtain the maximum possible gain from 

the transistor it is necessary to conjugate match the output impedance. 

Thus RIB is made equal to Rob  

Ro  x 
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and it may be seen from Figure 3.9 that the input power requirement 

is, 

0 Pt. = 4.0 x r (ii  x --
fl

)" Bin 	bb Cl 	FT 

fmax is defined as being the frequency at which the power gain of 

the transistor is unity. Therefore 

4rbb Ro

F2 

T 
max 

Equation 3.1625  may be rewritten as, 

1 
w
T
C
BC1 

since, 

1 4rbb = 
C
BC1

w
T 	f max 

( 	 FT  f 8v r 	)1  max = 
bb BC1 

This expression is in agreement with the usual algebraic evaluation
24  

of f x'  as is expected since both depend upon the same initial 
assumpt- 

ions about the current gain characteristics of the transistor. 
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3.4 	Practical Circuits  

Good circuit design and layout will ensure that the assumed 

electrical conditions are attained with a minimum number of available 

components. Only experience can indicate the likelihood of good cir-

cuit performance with nonideal components. Amplifier stability is a 

function of the circuit layout and care must be taken to reduce feed-

back paths which can cause oscillation. As the frequency is increased 

and the upper frequency limit of lumped components is approached the 

design becomes more critical. Usually simplicity goes with good 

design. 

The input and output tuned circuits, and particularly the former, 

must be tapped to obtain an impedance level suitable for the transistor. 

The original assumptions require that voltage sine waves exist on both 

the input and output. The simplest circuit that can be used to fulfill 

this requirement is a tapped parallel tuned tank circuit. The reason 

for tapping the circuit is that a tuned circuit of a good Q cannot be 

made with the low impedance required by the transistor. Low impedances 

can only be obtained by tapping down on the inductance or the capacitance 

Or both simultaneously. See Figure 3.16. The circuits have slightly 

different characteristics•which are worth taking note of. 

If it is desirable to bypass all the harmonics the tapped capac-

itance configuration is the best since the higher harmonic frequencies 

are most effectively bypassed by a capacitance. Thus on the input a 

tapped capacitance maintains the most perfect sinusoidal voltage. 



Figure 3.16 
caw  

rfc 

VC.C. 
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Two useful tuned circuits for KAM. The input is a tapped 

capacitance tuned circuit. The output is a tapped inductance 

tuned circuit. 

The tapped capacitance circuit provides a do block and an rf choke 

must be used to supply the transistor bias. The rf choke should be 

operated at a higher frequency than its characteristic "self resonant 

frequency", where it appears capacitive. The circuit should not be 

used at both the input and output because most power transistors will 

tend to oscillate at frequencies slightly lower than the operating 

frequency. The circuit has a high input impedance at low frequencies, 

encouraging this oscillation tendencyiand should therefore only be used 

on either the input or output, and preferably the former. 

The tapped inductance circuit provides a dc path for biasing 

and a bypass condenser must be used to ground one end of the coil. 

This circuit is not as good as the tapped capacitance configuration 

for bypassing the higher frequencies and may even have another parallel 

resonance (low 0) at higher frequencies (> 	This resonance 

may distort the output voltage sine wave slightly. The circuit has 
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a low impedance at low frequencies and will not permit oscillations 

as the tapped capacitance circuit does. The circuit is then the best 

on the output of a multiplying stage where lower frequencies (than the 

output frequency) must be bypassed to ground. 

A combination of this circuit and the previous one may be used 

to couple two stages together. See Figure 3.17. The modified circuit 

Figure 3.17 

The tapped inductance and tapped capacitance tuned circuits are 

combined to become an effective interstage tuned matching circuit. 

works well for power amplifiers and frequency doublers. 

For higher harmonics, the elimination of the fundamental component 

of the waveform becomes more critical if uniform collector current 

pulses (free of subharmonics) are to be maintained at the output of 

the second transistor. (The nonlinear input, with large reverse biases, 

exaggerates the effects of input noise or variation in the amplitude of 

the input rf or direct voltage bias.) A good circuit for the elim-

ination of the fundamental is shown in Figure 3.18. The circuit is 

somewhat involved and is usually necessary only if the second transistor 

(T2) is operating in a highly nonlinear mode (vix. a' < 3w/4). 
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Figure 3.18 

Vcc. 

Frequency multiplying interstage tuned matching circuit 

where the input frequency (to T1) is suppressed. 

The biasing of the transistor input may be done in three dif—

ferent ways. The transistor may have a reverse bias direct voltage 

applied, or a fixed direct current applied to the emitter in the usual 

way. A better method is a self biasing arrangement, which tends to 

maintain a constant conduction angle with a variable rf input. 

The biasing circuit consists of a variable resistance connected between 

the emitter and base of the transistor (via the usual biasing connect. 

ions) with a parallel capacitance to provide a suitable time constant. 

Amplitude modulated signals have been successfully frequency doubled 

using the self biasing arrangement. 

3.5 	Design Approach and Examples  

3.5.1 	Maximising transistor performance. 

In order to obtain the best performance from a transistorised 



power amplifier or a frequency multiplier, the transistor must be 

utilised to its maximum capability. The limitations on this maximum 

capability depend upon the environmental and electrical requirements. 

Normally stress with respect to electrical performance, will fall on 

maximum power output, maximum power gain or an optimum trade of one 

for the other. 

A simple approach to nonlinear input amplification or multiplic-

ation (NIAM) design is to assume that maximum power gain is the 

criterion and treat other situations as a variation of this one. In 

the analysis until now, the nonlinear charge storage element DBE  

has been assumed to be the only nonlinearity in the transistor. In 

Figure 1.2 it is shown that current gain cut off frequency of the 

transistor (FT) is very much a function of collector voltage and 

current. The curves of constant FT, are normally determined on the 

basis of small signal measurements, of which the correlation to large 

signal charge control time constants is undefined. For purposes here, 

it is assumed that the large signal FT  is simply an average of the 

small signal FT. In the interests of obtaining maximum power gain 

from the transistor it is necessary to apply maximum voltage to the 

collector of the transistor, FT  being a monotonically increasing 

function of collector voltage. Some amplifier analyses are based 

exclusively on the principle of operating the transistor over .a 

favourable collector current and voltage range
27 
 

Class C operation of an amplifier is a method of trading power 

gain for collector power conversion efficiency. Maximisation of power 

1 02 
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conversion efficiency must be approached both by maximising the col-

lector voltage and current efficiencies. From Figures 2.1 and 2.5, 

it may be shown that 

V- 
Cn 

PoC 	2R (3.23) 

where V
Cn is limited by Eqn. 2.6. In the amplifier output power 

is essentially set by the direct collector voltage and the load resist-

ance R
L. Since the direct collector voltage is set near the maximum 

allowable (limited by BVcE), the load resistance is the variable that 

determines the power output. 

BVCE ' v
CC 

+ V
Cn 
	(3.24) 

The point of maximum power gain of the transistor, as a multiplier 

or amplifier, occurs when the transistor is biased such that 2nat = 360°. 

The conduction angle may be decreased to increase the power handling 

capability of the transistor. The multiplier differs somewhat from 

the amplifier in that the input nonlinearity is utilised for harmonic 

generation. Normally it is best to use the above specified conduction 

angle even when a low collector voltage efficiency is acceptable. 

This method of operation is good if a low power output, high gain 

multiplier is required since the FT  may be optimised by the use of 

large collector voltages (limited by Eqn. 3.24). If good efficiency 

is required the harmonic collector voltage should be increased up to 
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the point defined by Eon. 2.6. A further increase of efficiency is 

then obtained by a reduction in conduction angle (to less than 360/n). 

Normally the limiting factor in regard to the power handling 

capability of a transistor is the maximum power dissipation in the 

device. Thus if collector efficiency is increased, the possible 

power output is increased. If the power gain of the transistor is 

very high, the maximum power output is, virtually, inversely proportional 

to the collector power losses. That is 

P. 1 

Bin 	oC n CP ("*"'"`• (3.25) 

If the power gain (Poc/PBin) of the transistor NIAM is low the 

conduction angle of maximum power output may be found by decreasing 

the conduction angle (from that of 360°/n) until the %is  is a 

minimum. A plot of power dissipation versus conduction angle is a 

laborious undertaking if all relevant aspects of the NIAM are in-

cluded. The best conduction angle will always be greater than zero 

but less than 360°/n. 

3.5.2 	Amplifier design example. 

A transistor, type 2N1506, was chosen, largely because of the 

very extensive data published by the manufacturer, with the objective 

of producing one watt at 100 MHz. The transistor was to be operated 

for maximum gain. Some of the device characteristics are; 

PDia 
	2.0 watts in air, with heat dissipator 



. BV
CF. 

= + 60 volts 

BVEB = 5.0 volts 

V Csat = 1.5 volts (at IC  = 100 ma) 

f s 	= 10 MHz (typical) 

On the basis of Eqn. 3.24 and 2.6, it may be shown that; 

BV 	2V .1,  V CE 	Cn 	Csat 

Therefore let Vcn  = 29.25 volts and Vcc  = 30.75 volts. In 

order to obtain 1.0 watts output it is necessary (from Eqn. 3.23) to 

make RL equal to 1426 ohms. From Eqn. 2.2, it may be shown that, 

2P oC ICl = VCl 

= 68.5 ma. 

The transistor, being operated for maximum gain, is made to conduct 

all of the time. From Figure 2.12 it may be seen that the collector 

current efficiency is MO. Therefore; 

CO 	68.5 ma 	(Eqn. 2.4) 

137 ma 	(Figure 2.22) Cmax 

The collector voltage efficiency is; 
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= 29.25 
30.75 (Eqn. 2.5) 
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95.2% 

Thus the power conversion efficiency of the collector is, 

n
CP = 47.6% 
	

(Eqn. 2.3) 

Now that the operating ranges of the transistor collector have been 

determined, averaged large signal values of FT  and Cpci  may be 

determined. Both FT  and CBci  must be estimated over the current 

and voltage operating ranges applicable to the application. The large 

signal values of FT  and CBC1 are best found by averaging (with 

respect to time) the small signal values for the active period of the 

transistor. The measured value of 11o of the transistor is 350 n 

(at I = 100 ma and VCC 	30 volts). FT for this operating 

point is given to be 250 Mhz, thus implying that Col  is about 1.7 

pfd 	(about 28% of CCB1  + CCB2  ) for this bias level. An average 

value of FT is about 200 MHz and the large signal Cm  is about 

8.0 pfds. Therefore the large'signal value of R is about 101 Q. 

The value of rbb is 15.0 Q (obtained from the manufacturer's data 

sheet). The input power requirement of the transistor may be calculated 

when the "match factor" is ascertained. 

Rh 
 
Ro  4.2 
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Prom Figure 3.9 the input power requirement is found to be, 

t 
'Bin 25 r 	(is 	"11)  

2  
bb (inn

T 

25 x 15 (.0685  x  122 2 
200 

= ,70 watts. 

Thus a gain of 6,6 db is predicted. The calculated performance may 

be compared:with measured performances in Table 3.1. The. two corres—

pond very.closely. 

• TABU' 3.1 
01.11.11411r011.0•01.1.1..... 

Transistorised Power Amplifier 

2N1506 	f = 100 MHz 

Quantity , Calculated Performance Measured Performance 

2N1506 	1 2N1506 71 2. 

. 
P. 
=do 

P
or, 

nCP 

Pl Bin 

Power rain 

2.10 watts 

1.00 watts 

47.6% 

.220 watts 

+ 6.6 	db 

2.06 

1.00 

46.2 

.195 

7.1 

2.06 

1.04 

50.5 

.195 

7.3 
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3.5.3 	Doubler design example. 

The same transistor as used above as an amplifier (type 2N1506) 

was also used as a doubler. Due to the limitation of BV 	the EB 

transistor would not produce 1.0 watt of rf at 100 MHz. The input 

frequency was dropped to 25.0 MHz where the limitation had a reduced 

effect. This example illustrates a shortcoming that is very common 

in present day, power, high frequency planar, transistors, which has 

hitherto not been recognised. 

The method of designing a doubler, or any NIAM, is basically 

the same as the class C amplifier with increased attention given to 

some aspects. The power output of the doubler was limited by the low 

reverse breakdown voltage of the transistor input (BVEB). The effect 

of this limitation is difficult to specify, once it is encountered. 

The approach here was to build a doubler and then predict its input 

power requirement. A sample calculation is given in brackets. The 

measured collector operating powers and voltages are used to estimate 

VCn 11.38 the collector current and voltage efficiencies (n Cy = 
cc V 'Tirer • • 

V 	' 28.0 x .0455 , 15.07; CC CO 

I  Eqns. 2.2 and 2.5 and nci  
TI" 
	38.6%; 

Cv 
Eqns. 2.3, 2.4 and 2.5). 

From the current efficiency, the conduction angle is estimated (2a/ = 2070  

using 'Figure 2.15). Using the collector harmonic voltage and output 
112  C 

	

power the apparent load resistance is estimated (R = 	33215! ; L 2P
n  
cc  

Eqn. 3.23). The collector harmonic current may be evaluated from the 

40.67; Eqn. 2.5 and ncp  0 	
P
oC 
	

.200  



Therefore R. /R
0 
 = .3.2 

• 

lin 7 15 x 15 P.41 x  50,2 
200/  

8.7 ma 
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collector direct current and the collector current•efficiency. 

(ICn 	21C0ICI9  35.1 ma; Eqn. 2.4). The above calculations provide 

saimmgh .information for the evaluation of 7Bin  where FT  and Ro  are 

assumed to be the same as for the amplifier (FT  = 200 MHz and Ro = 1010. 

The degrading effect of the input capacitance must now be accounted 

for. .The total depletion input capacitance is found to be 120 pfd 

(cm 4. cBE2 )1 
 It is assumed that 60%* of the input depletion layer 

capacitance is effectively buried beneath the base resistance (CBE1  = 72 pfd). 

It may then be shown that, 

(14B- rbb)2 = .029 

ror a conduction angle of 207°  it is found that the input power require-

merit is increased by a factor of 1.19 using Figure 3.5. This is an 

estimate of the real degradation factor. 

The limitation caused by the reverse voltage breakdown (BVEB) 

The ratio is assumed to be the same as the transistor (type AG4200) 
examined in Section 3.2. 



Fnin(n'al'RL/Fo)  

1'2- Cn 

PBin  (n a' 0) 

I2 Cn 

e%.• ono. 
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will be examined. The ePfect of feedback is considerable and this 

reduces the output current (and hence the output power) while the input 

voltage (vB) is unchanged. The input voltage, at its negative most 

peak, may cause avalanche breakdown of the base-emitter diode. The 

transistor. will not, necessarily, be damaged but certainly the input 

power requirement will be increased. The input reverse breakdown 

limitation may be evaluated in terms of the collector current. It is 

seen in Figure 3.8 that the input voltage vB  and current in remain 

constant (to a first approximation). The effect of feedback is to 

reduce the intrinsic base current i' and hence the collector current 

IC. The absolute input power is essentially constant, therefore the 

input power normalised to collector current is dependant solely on the 

collector current.. Thus, 

ICnmax may be determined from Figure 2.21. Using the above equation, 

Cnmax may be found. 

PBin(n'at i°)  	I 
ICnmax " Cnmax PBin''  (n at'R /Ro  ) 

(3.26) 

where. PBin9  (n a' RL 
 /R 1 may be evaluated from Figures 3.9 to 3.12. 

For the transistor doubler; 

Cnmax 
.11(BITBB  VBEcon ) FT 	FBin  

rbb 	

x 	(n'at'°)  

X 	- 	PBin 9 9  (n a' L  /Ro  ) 
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Cnmax 
.12(5.5) 200 

x 
4 

(73) 15 50 

= 91.0 ma 

It would seem unlikely that the ICnmax ' 	limitation will be met in 

this example. Measurements indicate that it is not. The measured 

and calculated performances of two other multipliers are listed in 

Table 3.2. The agreement between the calculated input powers and 

measured input powers in Table 3.2 are good. The transistor operating 

under nower level No. 3 (Table 3.2) showed signs of reverse voltage 

breakdown at the input. It will be noted as well that the input 

power requirement here is considerably larger than that predicted, 

indicating that power is lost when the input voltage swings into the 

breakdown region of the transistor input. The predicted value of 

Cnmax was too large by a factor of 1.15 or slightly more. 

3.6 	Conclusions  

The nonlinear input amplifier and multiplier (NIAM) has been 

treated in the last two chapters. Practical verification of the 

theory has been carried out successfully. The chief limitation to 

the successful application of the theory is the inadequate amount of 

information that can be obtained from the manufacturer's data sheets. 

Even the most prolific data sheets do not provide all the desired 

information. 

In a good transistor, for frequency multiplication, collector 
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TABLE 3.2 

Performance of a transistorised frequency doUbler. 
The transistor is a type 2111506. The output 
frequency is 50 MHz. 

Performanoe. Characteristic Operating Condition 
f 

1 2 3 

Measured - 	VCC 28,0 volts 27.7 28.0 . 

“ . 	
ICO 45.5 ma 74.0 55.o 

It 	P .200 watts .429 .600 
'pc 

sr 	liCil 11.38 volts 13.75 21.0 

estirated n cP 15.7% 20.9 39.0 

It 
qcv 4o.6% 49.6 75.o 

it 	
n CI 38.6% 42.1 52.0 

II 	2o1  207°  183 177 

RL/Ro 3.2 2.2 3.6 

n 	I' cn 35.1 ma 62.3 6o.4 

'Theoretical 	I' Onmax 
fl. 	*''deg 

91.0 ma 

.1.19 

86.9 ma 

1.32 

69.0 ma 

1.40 

If 	. pi
Bin 

8.7 mw 16.2 20.5 

'I 	
pBinDeg 

t 10,3 mw 21.4 28.75 

Measured 	PBIinDeg 
16.0 mw 32.0 71.1 

Theoretical 	Power Gain 12,9 db 13.0 13.2 

Measured 	?over Gain 11.0 db 11.3 9.3 
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,over conversion efficiencies can be attained that are equal to 

those of a power amplifier with an attendant loss in power gain. 

The circuit of the multiplier is very similar to the power amplifier. 

Thus this type of multiplier is much simpler, with respect to circuit 

comPlexitY1  than say a transistor amplifier and a varactor multiplier. 

Examples illustrate some of the diverse limitations that some trans—

istor parameters may have on multiplier or amplifier performance. 

Amplitude modulated signals were successfully doubled in 

frequency when a self biasing input arrangement was used. 



CHAPTER FOUR  

CHARGE STORAGE FREQUENCY MULTIPLIERS* 

4.1 	INTRODUCTION  

Since its first introduction in frequency multiplying circuits, 

the varactor diode has dominated the frequency multiplication field, 

particularly in very high frequency operation. However, it has been 

found empirically that diode frequency multipliers employing the minority 

carrier charge storage effect have performance superior to those of 

multipliers operating with the diode in the varactor mode, employing the 

non,linear•depletion layer property28 29 ' 	. The minority carrier charge 

storage effect may be used alone or in conjunction with depletion 

capacitance variation to obtain efficient frequency multiplication. 

Doublers employing both effects can have a power handling capability five 

times greater than predicted by the theory of the conventional yaractor30 . 

While the advantageous performance features of charge storage frequency 

multiplying circuits have been examined practically, analytical treatments 

of circuit operation are not complete for systematic design. In this chap- 

ter the analytical treatment of the circuit leads to an effective 

design method. 

The charge-voltage characteristic of a non-linear charge storage 

element (NLCSE) is shown in idealised form in Fig. 4.1. 

*This chapter has been submitted as a paper as per Reference 49. 
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Figure 4.1 

q 

Idealised characteristic of a minority carrier nonlinear 

charge storage element. 

Usually it is most expedient to consider a two-voltage or a two-charge 

(and hence a two-current) circuit (i.e. with suitable filtering, 

fundamental voltage is applied to the diode and one harmonic voltage is 

taken from the diode and applied to the load; all other voltages across 

the diode'are suppressed.) However Roulston31  has pointed out that 

these circuit assumptions are not possible with the idealised charge 

storage characteristic shown in Fig. 4.1. This characteristic defines 

that the charge q and the voltage v must be zero for some finite part 

Of the fundamental cycle. This requirement can only be met with an 

infinite number of harmonics components of both charge and voltage 

present in the circuit. The zero charge and voltage requirements of the 

NLCSE have been met theoretically by Roulston, who analysed and employed 

“ semituned circuits" (i.e.‘tuned input, untuned output) and by other 

writers who have not employed tuning. However, these circuit config- 
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urations give a very poor power conversion efficiency. Hedde
r
ly
32 

considered a high order multiplier (frequency multiplication factor 

greater than ten) in which the output consisted of a series of damped 

sine waves, thus implying imperfect output filtering. More recently, 

Roulston33 presented an analysis of a double tuned circuit in which the 

presence of a resistance in series with the diode allows two frequencies 

to be postulated; in the limit this resistance may be the self series 

resistance of the diode. Some further consideration will be given to 

this type of circuit configuration. 

The NLCSE characterisation in Fig. 4.1 is useful but very much 

idealised. It is useful instead to consider a more realistic represen-

tation of a charge storage diode, which should exhibit reasonably good 

step-recovery properties. In all diodes there are at least three strays 

in addition to the NLCSE represented in Fig. 4.1. The NLCSE always 

has an associated depletion layer capacitance in parallel, a series 

resistance and a series inductance as shown in Fig. 4.2. 

Figure 4.2 

re 	
L
s NLCSE 

—14.147
D 

 

Representation of a practical diode in terms of a nonlinear 

charge storage element together with the predominant strays. 
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In addition to these, the NLCSE has imperfect charge storage and 

does not exhibit exact step recovery. These last two effects will 

not be accounted for, thereby limiting the following theory to angular 

frequencies that fall roughly between the inverse of the charge storage 

time and the charge recovery time. In commercially available step 

recovery diodes the storage and recovery times may be separated by 

factors of 200 or greater, thus ensuring a broad frequency range over 

which the following analysis will be applicable. 

4.2 	Modes of Operation and Approach to Analysis  

The idealised NLCSE of Fig. 4.1 contains bofh a zero voltage 

segment and a zero charge segment and for successful operation this 

element, must in the multiplying circuit, be presented with a.fundamental 

and an infinite number of harmonics of both charge and voltage. Most 

other workers have met this requirement through the use of incomplete 

filtering. Here it will be met by the introduction of broadband 

idling networks as shown in Fig. 4.3. 

Intuition would suggest that a lossless idling network should 

result in the most efficient multiplying circuit. It is found that 

the analysis of the circuit is potentially very simple if this, idling 

network is a linear capacitance element. The advantage of this choice 

is that the'idling network may be lumped together with the NLCSE, and 

the composite network may be described in a very simple manner. The 

charge-voltage characteristic of the composite network (the NLCSE and 
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Figure 4.3 

1411 	con 1 	1 1 _l_. 
NLCSE 	IDLER 

--1-- 
(a) 

Frequency multiplying circuit where a fundamental current and 

a single harmonic current flow into the nonlinear element and 

idler. Referred to. as "two-current" or'!two-charge" multiplying. 

circuit. 

(b) 

Frequency multiplying circuit where a fundamental voltage and 

a single harmonic voltage are applied to the nonlinear element 

and idler. Referred to ac a two-voltage circuit. 

NLCSE 
	

IDLER 



Figure 4.4 

(a) 

(b) 

Modification of idealised characteristic of MiCSE by addition 

of parallel (a) or series (b) idling capacitances. 
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idling capacitance) may be seen in Fig. 4.4, In Fig. 4.3"a series 

tuned circuit and a parallel tuned circuit are illustrated. These 

circuits will be called, respectively, a two-charge, or two-current 

(fundamental charge or current and one harmonic charge or current 

applied to the NLCSE and idler) circuit and a two-voltage (fundamental 

voltage and one harmonic voltage applied to the NLCSE and idler) circuit. 

The strays (14,, rs  and CD) of the charge storage diode favour the 

two-charge circuit, in practical application, owing to their config-

uration in this circuit (see Fig. 4.5). 

Figure 4.5 

ideal filters.  

Rin 
Lc 	Ls 	 r5  

R n 	 RL 
Rs 	

NLCSE 	CD  
Vs   

Series tuned circuit (two-charge) redrawn with diode strays to 

facilitate circuit analysis. Diode series inductance (Ls) forms 

part of the input and output filters. Series resistance (rs
) may 

bp represented as part of the source and load resistances. 

The depletion layer capacitance (CD) forms an idling capacitance. 
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The series inductance 	appears in series with the input and output 

series tuned circuits, so that it may be "tuned out". The diode series 

resistance rs may be thought of as a resistor in series with the input 

and the load resistances. The depletion layer capacitance C effectively 

becomes the idling capacitance and plays an important role in the 

operation of the multiplier circuit. The depletion layer capacitance 

is assumed constant (with respect to reverse voltage) and this is 

normally valid since its non-linearity is slight compared with the 

NLCSE. 

The diode strays can present serious limitations in the application 

of an analysis of the two-voltage configuration of Fig. 4.3b because 

they cannot be absorbed into the circuit. For example, after recovery 

the diode will not behave as an open circuit but as a capacitance, and 

the series inductance and resistance do not allow the diode to behave 

as a short circuit while it is conducting. A two-voltage analysis 

based on the circuit of Fig. 4.3b thus fails in these respects to 

represent the behaviour of an actual diode in this configuration. 

For these reasons the two-voltage circuit will not be analysed, although 

the theory of the next section is applicable through duality. 

The following discussion and analysis will deal specifically 

with the series tuned (two-charge) multiplier. It should be noted, 

however, that the series tuned and parallel tuned (two-voltage) circuits 

as shown in Fig. 4.3 are duals and therefore the following analysis 

will apply also the two-voltage circuit with the proper interchange 
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of charge and voltage. The number of operating modes of this 

multiplier, even in a relatively simple two-charge circuit, is large. 

In order that an explicit analysis may be made, these modes of 

operation are limited to those few that correspond to operation of 

the multiplier with superior performance. The following analysis is 

similar in approach to the doubler analysis of Scarlett
34

, but is much 

more comprehensive and of greater scope. It gives consideration to: 

any order of multiplication (n), the best relative magnitude of the 

fundamental and harmonic charge for maximum efficiency, a number of 

possible conduction angles for high order multiplication circuits. 

The analysis is completely general with respect to order of multiplication 

and relative harmonic charge magnitudes but is, in fact, restricted to 

particular phase angles (between the fundamental charge and the 

harmonic charge) and particular diode conduction angles. It is felt 

that the restrictions of the conduction angle and phase angle are justi- 

fied by the generality of the analysis with respect to the other 

operating variables, by its simplicity and by the good performance 

prediction afforded. Recently, Steinbrecher
18 

presented an analysis 

for even harmonic frequency multiplication with the conduction angle 

adjusted for maximised efficiency. His approach to analysis is very 

similar to the one developed here: both may be regarded as a devel- 

opment of Scarlett's work. The analysis here is more general in 

that it deals with all harmonics and a wide range of conduction angles 

(if n 3 4). Steinbrecher also analysed the series tuned circuit with 

all idlers (these idlers are effective for one frequency only and 
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every harmonic between the fundamental and the output frequency has 

an idler) for a conduction angle of 50%. This circuit results in a 

superior power handling capability and conversion efficiency with an 

increase in circuit complexity. The modes of operation required here 

for a simple analysis are obtained by choosing the conduction angle of 

the diode and the phase angle of the harmonic so that the diode changes 

state only when the harmonic charge component is crossing the zero axis. 

It is also assumed that the charge on the diode changes sign only twice 

per fundamental cycle. The implications of these assumptions are best 

understood after the preliminary circuit analysis is made. The assumed 

relationships of charge, current and voltage waveforms are illustrated 

in Fig. 4.6 for a tripler. 

4.3 	Circuit Characteristics Calculations  

Subject to the above stated conditions the total charge stored 

in the diode is: 

q = go  + Q1  cos wt + Qn  sin n wt 

where Q is the direct charge and Q1  and Q are the peak values of the 

fundamental and harmonic charges, respectively. n is the multiplication 

factor of the circuit. Q
o 

is adjusted, in relation to Q1 , so that the 

charge of the diode charges sign when 

wt = t mu/n 

where m is an integer and o>m>n. Thus the above charge equation may 

be written with g
o 

specified in the following way: 
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Figure 4.6 

Tripler waveforms to illustrate typical multiplier operation. NLCSE 

changes state only when harmonic charge component passes through 

the zelao axis (see diode voltage and q3). The fundamental and 

harmonic charges are 90 degrees out of phase. 
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q = Q1(cos wt - cos mn/n) 	Qn  sin n wt 	, 4.1 

From this equation the diode current may be determined as: 

i = dq/dt 

i 	= 	-wQ1  sin wt - n wQncos n wt 	4.2 

For the NLCSE idealisation of Fig. 4.4a, the voltage v across the 

diode is: 

v = q/CD for oo 

and v = o for q o 

By Fourier analysis the component of the diode fundamental voltage 

in phase with the diode fundamental current may be found. This is 

the input voltage to the multiplier circuit, in phase with the input 

current (or diode fundamental current); its amplitude V1  is: 

1 f+mnin 
V1 	(Q1(cos wt - cos mn/n) - Qn  sin n wt)(-sin wt)dwt IT% 

-mn/n 

and since I1  = wQ1  and In  = nwQn  from Eqn. 4.1 and 4.2, 
+mn/n 

1{: cos2Wt 	In  sin(n-l)wt sin(n+l)wt1  V 	-- cos 

	

= wwcp 	_ 	coswt) + 
2n (  n 1 	n + 1 	' 

-mn/n 

(sin(mn - mw/n) 	sin(mn + mw/n) ) 
wCp 	nn(n-1) 	nn(n+1) 

nI  Ki 	 4.3 
CCD  

Similarly, the component of diode harmonic voltage in phase with 

harmonic diode current (or output current) is equal to the load voltage; 

its amplitude is: 
+mn/n 

	

Vn  = 1 	
I (I1(cos wt - cos mw/n) - nsin n.wt)(-cos n wt) dwt 

vwCp 
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mwin  = -1 	s  	+ cos 	sin nwt)+ - in(n+l)wt 	sin(n -1)wt 	mn 	-cos2nwt) 
n 	

( 
nwCD 1 2(n+1) 	2(n-1) 	

12( 
n 

-mw/n 

= 	1 
wCp 

(sin(mw + mn/n) 
"T(n + 1) 

sin(mn - mn/n)) 
n(n - 1) 

= I1 
, 1{9 

WU]) 
4.4 

The simplicity of the analysis may now be noted, only two 

equations are required, defining the parameters K1  and K2, and these 

are exceptionally simple. For example, V1  is a function of only In  

(assuming a particular multiplication factor n and a particular con-

duction period m is chosen) and Vn  is a function of only I1. This 

situation is the outcome of the choice that has been made for the phase 

and conduction angle relationships. It is found by evaluation of K1  

and K2  for given values of n and m that the two parameters are, in 

fact, equal. We shall, therefore, write K1  = K2  = KG. 

Now the harmonic output is developed across the purely resistive 

load termination RL, therefore: 

Vn  = 

The input resistance of the multiplier may be determined from the 

above expression and Eqns. 4.3 and 4.4. 

R. = KIK, 	1 
w2cD2 RL 

Rewriting we have: Rin (
KG )2  1 

tdCD • 7 
4.5 
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It will be noted that the multiplier, when operated in the assumed 

mode, has a gyrator like resistance characteristic. Values of KG  are 

listed for different harnionics and different conduction periods in 

Table44. Thus the relationship between the input and output resis-. 

tances of the NLCSE multiplying circuit has been determined. 

Earlier it was decided that for simplicity in analysis, the 

NLCSE would be allowed to enter the forward bias region only once per 

fundamental cycle. This requirement will be met by ensuring that the 

rate of change of the harmonic charge is smaller than that of the 

rate of change of the fundamental charge at the instant the NLCSE changes 

state. 

That is, when: wt = ± nn  
n 

I dqn 	dql  1 

dt 1 

	

dt 

FroM Eqn. 4.1 we have: In Qncos mi I 	IQI sin Lial 

or 	In 

I 
Now since the non-linear capacitance section of the multiplier is 

100 per cent efficient with respect to power conversion, we may set 

a limit on the ratio of the input resistance to the output resistance 

of the multiplier. This will be called the Minimum Resistance Ratio 

(MRR). 

Rin I 2' = RLIn2 	
4.6 

Therefore 

sin mw/n 



R /R. L in 
1 

sin) 
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MRR 
	1 	 4.7 

sin2(1!) 

From Eqn. 4.7 we can see that RL  must always be greater than or 

(in special Oases) equal to Rin. The MRR values are noted in Table 4.1 

for various conditions. 

4.4 	Diode Losses and Efficiency  

Earlier, the effect of the diode strays and the way in which 

these favoured the two-charge circuit configuration was discussed. 

Accordingly the series resistance will be treated as part of the load 

resistance and the input resistance as illustrated in Fig. 4.5. 

Two new resistances will now be defined. Rin / is the total input 

resistance including the loss element rs  and the non-linear multiplying 

element. RC is the useful load resistance connected to the multi-

plier. That is, 

Rin = in 

RL 	= rs• + RL/ 

The power conversion efficiency of the multiplier may now be determined. 

_ harmonic power output  
fundamental power input 

Rin 
Ri—Trn 	RL 



Thus 	Rin 
	

RL-rs 

Rin +rs 	RL 

1 - rs/RL  = 

17777n 
4.8 

SubstitutingfromEqn.14.5inordertoeliminateRin't  we have 

1 - rs/RL  

1 + r R C421102 s L 

The most efficient load resistance may be found by differentiating 

this expression with respect to RL  and setting this equal to zdro. 

It is found that: 
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= lcLE WCD 	wej 
14.9 

where 

wen - = KG 
rsCD  

This is the load resistance that results in the maximum possible 

power conversion efficiency. There are now two conditions to be met 

by the value of RL. One is determined by the MRR which ensures that 

the analysis is applicable and the other condition is that of Eqn. 

4.9 for maximum power conversion efficiency. At high frequencies the 

equation which determines the value of RL  is Eqn. 4.9. At low 

frequencies Eqn. 4.9 determines the value of Rj if the MRR is equal 

to 1.0. The effect of a nonunity MRR value on efficiency will be 

examined later. 

The maximum efficiency of the mult4iplier configuration may be 

determined by substituting Eqn. 4.9 back into the efficiency expression. 
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Thus the maximum efficiency of the multiplier is then obtained as: 
w2 

= 1 + 2 rpr- - 2w/(401(1 
+ 	) 	

4.10 
cN 	w cN 

A plot of maximum efficiency verses normalised frequency is shown in 

Fig.. 4.7 for MRR values of 1.0 and 3.0. 

Figure 4.7 
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The two efficiency curves are separated for low frequencies but 

merge at about O. 5441c0  it is noteworthy that the differences 

between them is always very small. For most practical purposes, the 

effect on efficiency of a nonunity MRR is almost negligible. 

Approximations to Eqn. 4.10 may be developed for high frequencies 

and low frequencies. At low frequencies the MRR determines the 

maximum efficiency, and the approximation to this region is best 

found by referring to Eqns. 4.5 4.7 arid 4.8. Using these equations 

it may be shown for low frequencies, that: 

nLF = 1 - w (MRR +MRR ) 
wcN 

= 1 - we KLF 
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where we  
1 
rsC 

MRR + MRR 1  
KLF 	KG 	* we 

N 

KG 

KLF  is referred to as a "loss factor"; values are listed in Table 4.1. 

In Fig. 4.8 values of KLF  are compared with loss factors given by 

Penfield and Rafuse35, for varactors operating in the depletion layer 

capacitance mode with the optimum idler circuit configurations. 

To find a high frequency approximation to Eqn. 4.10 it is best 

to rewrite the equation in terms of a power series: 
2 	2 fl 	2 	4 	06 

	

cN 	cN 
nhf = 	

w 	w 	cN 
1 4.  2 	

N  
772"--  - 2 

111 

	

7.-"--̀ 4- 	2w- 

	

z 	8(1)4 	16w6 j  c  

2
eN 14.12 

44)2  
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This efficiency is unaffected by the MRR conditions and is accurate 

if w/wcN  2. In the case of the varactor multiplier (depletion layer 

capacitance mode, with optimum idlers) the efficiency at high 

frequencies is related to frequency by a higher power than the square 

law (excepting the doubler) and this makes comparison with the present 

analysis difficult. Therefore the efficiency will be compared at 

w = we  in Fig. 4.9. The superiority of the charge storage multiplier 

efficiency increased with increased frequency. At lower frequencies 

this superiority diminishes. 

4.5 	Maximum Power Conversion  

In the circuit configuration being considered one of three 

different diode properties may limit the power handling capability 

of the multiplier. These are reverse breakdown voltage, maximum 

power dissipation and peak current flow. In a conventional varactor 

multiplier the reverse breakdown voltage is usually the limiting 

diode parameter. In the circuit considered here (where, as it will 

be shown later, efficiency can be traded for an increased power 

handling capability) the other diode properties, particularly maximum 

power dissipation, may prove to be the limiting factors. 

4.5.1 Reverse breakdown limitation 

At low frequencies, it is usually found that the power limiting 

is caused by the diode reverse breakdown voltage. The following 

analysis will, however, be made sufficiently general to determine the 
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output power also at high frequencies. It will be assumed that 

the multiplier is operated so that maximum efficiency is attained. 

In order that the maximum reverse voltage may be determined we must 

determine the maximum charge. To find the maximum value of q we 

must first find the relative magnitudes of Qn  and Qi  in Eqn. 4.1. 

The maximum efficiency requirements may determine this ratio, which 

may be found through manipulation of Eqns. 4.5,4.6 and 4.9. 

Alternatively the MRR condition of Eqn. 4.7 may define the ratio of 

Qn  to Qi. Defining the corresponding current amplitude ratio as 

rI  = In/I1  = nQn 

Q1 

we obtain 	(02 
rI = - 	(-7— 1)' weN 	w cN 

r, = - MRR 

we select whichever is the smallerlj 

This ratio is substituted into Eqn. 4.1 producing: 

q = Q1(cos wt-cos mrdn - ri/n sin n wt) 

The maximum value of q is found by setting the derivative of q to 

zero. That is: 

o = wQ1(-sin4 - rI  cos nO) 	 4.14 
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4.13 

and %nax = Q1(c°" - 

and since Il/w = Q1  

lmax  
4.15 

(cos0-cos mr/n-(ri/n)sin nO) 

cos min - (ri/n) sin nO) 

BVD 6,) CT)  
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Where BVD is the diode reverse breakdown voltage. The input power 

to the nonlinear charge section of the diode may now be calculated 

(viz. the input fundamental power dissipated in the diode series 

resistance having been discounted). Thus 

p' 	=12max 
i 	

. R
in max 	2 	n 

From,Eqns. 4.5, 4.9 and 4.15 we may write: 

= BVD2WCDKG 
P/in max  

(cos0-cosmn/n..ti/43in n0)2' 

w 2(w 	1)) 

wcN 	w  cN 
)4.16 

This is the power input to the nonlinear chargé storage section of 

the diode and to find the output power we need only to subtract the 

harmonic power loss in the diode; that is, with reference to Fig. 4.5. 

Po = Pain 	PLt • 

= Plin°(1 	s  ) 
RL  

Substituting this into Eqn. 4.9 we have: 

Po 	= FtinE - ww  (- (&) 4' (+). + 1)i  1] 
-cN 	cN 	w  cN 

2 	
14.17 

Further, substituting Eqn. 4.16 into Eqn. 4.17 and simplifying, we 

BVD2.KG2 
	
--271

w
— 
 7

-
N 	

ww 

N   
aw  .-

3  

rs 	2(cos0 - cos m7/n4i/n)sin n(0)2  
- )(147

w
c
2
m 
 
N) 
	

4.18 

where Eqn. 4.13 defines rI  and Eqn. 4.14 defines (0. That is: 

P 	
BVD2  KG2  

. KF0 omax 	rs 

may write 

P 	= omax 



The parameter Kpo  is a somewhat complicated function of previously 

defined parameters. In Fig. 4,10 Kp0  is plotted as a function of 

normalised operating frequency for conditions of maximum efficiency. 

The values for odd and even harmonic numbers occupy two different 

regions, and the extremes of these regions are indicated by solid 

lines. For the case where the conduction angle is chosen so that 

efficiency is not maximum, the maximum power output, curve is best 

found by locating the asymptotes of the curve. Once the asymptotes 

of the KI10  versus w/weN  curve are found a good approximation to the 

real curve may be obtained. These asymptotes will now be defined. 

For w/w. < 0.2 

we may derive from Eqn. 4.18 
w BVp2.KG2 	w /i cN 

omax^. rs 	2 cos+ - cosmwin - MR R-4  sinn02  
n 

2  
B-- n- 2 	Trt 

"G • " PO - 

Values of KtPO  are shown in Table 1. 

For the case where. > 1.0 it may be shown that: 
weN 

BVn2 	KG2  
100•10  

omax 	rs 	8(1 - cos mw/n)2  

Thus the two asymptotes are defined. 

It is useful to compare the low frequency power handling 

capacity found here with that of a varactor with optimised idler 

circuits. This comparison will be facilitated if Eqn. 4,19 is 

rewritt 
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rs 	wcN 
14.19 

4.20 
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= BVD2 . 
omax 	rs 

where we = weN/KG 

K Kt w G PO 

The constant, KGK'PO  is plotted as a function of n and compared with a like 

constant given by Penfield and Rafuse
35 

in Fig. 4.11. 

4.5.2 	Figure of merit 

Step recovery diode multipliers may have, at low frequencies, 

a very high conversion efficiency but a poor power handling capability 

(though considerably better than for varactor multipliers). This 

situation also exists for conventional varactors. However, in the 

case of a step recovery multiplier, there are methods of increasing 

the power handling capability. One method, suggested by Scarlett34  

for a doubler, is to add to the depletion layer capacitance (CD) another 

external fixed capacitance (CEXT).  For example, Eqn. 4.19 may be 

expressed alternatively as 

BVD2 	
K' Pomax = 	- PO KG 	wrs CD rs  

and we see that the output power is directly proportional to the 

magnitude of the idling capacitance CD. Thus„if this capacitance is 

doubled, the low frequency power output of the multiplier is doubled. 

The diode losses are also doubled but this is acceptable if the 

efficiency of the multiplier is high in the first instance.. This 

external capacitance may be increased to the point where the reactance 

approaches the impedence of the series strays of the diode. That is: 

3 I r + j n al f 	1  
ntoCEXT 

Beyond this point the external capacitance would not behave as an 
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idler in the way predicted. The addition of the external capacitance 

provides a means of trading efficiency for a better power handling 

capability. Efficiency calculations, with an added idling capacitance, 

will be pessimistic because some of the current is shunted around the 

series resistance rse.thus reducing the power losses. However, the 

complication of the analysis necessary for an improved accuracy does 

not seem warranted. From Eqn. 4.11 we may see that the diode losses 

are: 

Ld = KLF w  rSCD 

where Ld represents the diode loss. 

Now dividing Pomax by Ld we obtain a figure of merit for the multiplier 

operating at low frequencies (Pomax  being taken from Eqn. 4.19). 

K° K omax 	BVD
2 

PO G 	BVD2 
• Ld 	rs 	KLF 	rs 	KFm  

• BVD2  

 

KG2 
4.21 

 

rs  

 

2(MRRi+ MRR 2)(cos 0- cosmw/n - .HRR 	sin n0)2  

KG2 

2(MRRi + MRRi)(cos0 - cos mw/n - MR, 3 sin n4)2  
n. 

The constant KFm  is a "normalised figure of merit", dependent only 

on the forward conduction angle: it is evaluated in TablelhAror various 

values of . n and m. KFm  is, of course, independent of the magnitude 

of the idling capacitance (CD). 

Another method of increasing the power handling capability for 

high order harmonics is also available. For low frequencies it has 

Thus 

KFM = 
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been found, for high order harmonics, that an increased figure of 

merit (KFM) may be obtained by choosing a conduction angle larger than 

the one used for maximum. efficiency (i.e. 50% of the fundamental cycle). 

In this way the power handling capability of a device may be vastly 

increased and the diode loss will be increased by a much smaller 

factor. Thus by choosing a longer conduction angle (smaller m) the 

overall performance of the multiplier is substantially improved for 

low frequencies. In order to obtain still further increased output 

power, the conduction angle may be increased to the point of maximum 

Km  (conduction angle is maximum o± m = 1) and then a linear capaci-

tance may be added. 

4.5.3 	Limit due to diode power dissipation 

At very high frequencies, where the conversion efficiency of the 

multiplier is low, the power handling capability of the circuit is 

most likely to be limited by maximum power dissipation of the step 

recovery diode. In this situation maximum output power will always be 

obtained if the diode is operated in the most efficient mode. 

Pin max - ▪ PDis  1-n 

Pomax 
- PDir. s•• n 

- n 4.22 

where Ppis  is the maximum permitted power dissipation of the diode. 

Equation 4.21 may be evaluated with the aid of Eqn. 4.11 or 4.12 or 

Fig. 4.7. 

At intermediate frequencies it is difficult to predict which 

diode parameter will prove to be the limiting one. Equations 4.18 



and 4.21 must be evaluated with appropriate constants and diode 

parameters and the lower value of power accepted as the maximum 

output power. 

4.6 	Design Example 

The following example has, been chosen to verify the foregoing 

theory and to illustrate some of the practical possibilities that it 

offers. The multiplier is a tripler (n = 3) with an output frequency 

of 30 MHz designed.to present a 50 ohm input resistance to the source. 

The diode used had minority carrier lifetime and recovery times of 

30 ns. and 300 ps. respectively. The series resistance of this diode 

was approximately 1.0 ohm and the average value of the depletion layer 

capacitance (CD) was 5.0 picofarads. A monitoring current probe 

used to measure the current through the diode and idling capacitance 

caused an apparent additional series resistance-of 1 . Therefore, 

effectively rs2,0 2.00 . Design of the multiplier was carried out 

as follows. For the tripler only one mode of operation is available 
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(n = 3 and m = 1). Calculating w 
cN 

for the diode, using only the diode 

capacitance as the idler, we find 

wcN = 6.89 x 109  rad/sec. 

and it may then be assumed at 10MHz 	= 6.28.x 107) that the low 

frequency relationships apply. 

For 
RI 	= i 	500 n 

R. 	= 4852 	(see Fig. 4.5) in 



Lin R• 

It is likely that the low frequency relations apply even if an idling 

capacitance is added; thus design is on the basis that the value of 

RL  is determined by the MRR given in Table 441: i.e. 

MRR = 1.33 

RL  = 1.33 x 4851 

= 

and RL' = 62c 

We now determine the correct value of the idling capacitance to give 

these operating impedances. From Eqn. 4.5 we have, 

. 	)2 
WC  

KG 

w(RLRin)2  

= 	19.8 pfd 

CEXT = 14.8  pfd 

With the new value of CD, 

wcN 	= 1.74 x 109  rad/sec. 

.0361 wiwal = 

From the data of Fig. 4.7 it is found that n = .94. 

The tuned circuits were constructed according to the usual conflicting 

requirements. Care was taken to ensure that only fundamental and nth 

harmonic currents would flow in the diode and idler. The circuits 

should not dissipate significant amounts of the input and output power. 

The input and output powers should be filtered sufficiently to be free 

of excessive quantities of unwanted harmonics. In many applications 
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some of the above requirements will be relaxed. An adjustable self-

biasing arrangement was applied to the diode through a choke in the 

circuit used. The overall filter efficiency was estimated, from 

measurements, to be 0.57. The calculated overall efficiency (including 

circuit and diode losses) is 0.536. The measured overall efficiency 

was 0.555 supporting the theory. A better method of measuring the 

diode losses alone is by adding a one ohm resistance in series with 

the diode and measuring the decrease in power output. That is if, 

Li rs =  1.on 

it may be, shown theoretically that for this particular multiplier 

APo 0,-• .033 
Po 

The measured 

ao 
p 21 .045 
O 

 

Thus fair agreement was found between the measured diode series 

resistance loss and calculated loss. When the output was terminated in 

66.0 ohms of resistance the input impedance was measured to be 50 - 8a1.. 

Agreement is thus obtained with respect to the input and output impedance 

relationship of the multiplier. The harmonic power output from the 

diode, after allowances were made for losses in the output tuned 

circuit, was 68.0 milliwatts. The theoretical output power may be 

calculated from the observation that the peak reverse voltage on the 

diode was 22.0 volts. Using Fig. 4.10 the calculated power output 

is found to be 43.6 milliwatts, which is in approximate agreement with 

the measurement. 
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4.7 	Discussion and Conclusions  

In the analysis presented, perfect filtering circuits have 

been assumed. For rigorous application of the theory care must be 

taken to obtain a close approximation of the actual to the assumed 

circuit environment. For example, all practical filters cause 

apparent capacitive or inductive paths to ground. If the filters 

are badly chosen, the filter capacitances may exceed the idling 

capacitance of the diode. Thus, for accurate application of the 

theory, the filters shOuld be designed to minimise admittance paths, 

from the high end of the diode to ground, for all harmonics. For 

many applications, circuit simplicity will take priority over a close 

adherance to the theorY. 

Limitations have been placed on the operation of the multiplier 

in order that the performance could be evaluated analytically. In 

spite of these limitations the calculated performance of the simple 

charge storage multiplier considered, is equal to, or superior to the 

theoretical performance of conventional varactors operating in 

optimised (and sometimes complex) circuit environments. The successful 

construction and adjustment of the simple circuit, analysed here, is 

much more feasible than the construction and adjustment of a complex 

circuit involving many idlers. 

The analysis presented has given performance figures that are 

in agreement with figures produced by Steinbrecher
18
; these figures 

are indicated in Table 4.1. Steinbrecher
36 

has also analysed 

minority carrier charge storage multipliers employing tuned idlers 
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at all harmonics of the drive frequency below the output frequency 

and these normally have efficiency and power output performance 

significantly superior to those reported here. The exception occurs 

at very high frequencies (i.e. n w >wc), where the simple circuit is 

likely to have superior conversion efficiencies. In a multiplier, 

w 
the high frequency efficiency falls according to (--- )

-p 
 . The value wc 

of P increases with the number of idlers used. Thus, at high frequencies 

the efficiency of multipliers with idlers falls very rapidly (with 

increasing frequency), whereas the efficiencydf multipliers without idlers 

falls at a square law rate. Hence, at high frequencies the multiplier 

with all idlers will have, at least, a reduced superiority or even 

an inferior performance. With all idlers present, the multiplier 

requires a very complex circuit, particularly for high orders of 

multiplication. Thus, the simple two-charge circuit analysed here is 

likely to be preferably in at least two circumstances: where circuit 

complexity must be avoided, and where the output frequency is very high 

so that nothing is gained by a large number of idlers. 

The circuit characteristics of the multiplier vary considerably 

as the conduction angle (or m) is varied. In this analysis it is found 

that the efficiency is maximum if the conduction period is equal to 

one half of the fundamental period. The efficiency decreases 

symmetrically if the conduction angle is made shorter or longer 

(see how KLF  varies as a function of m in Table4Awith n = 10). 

It is found at low frequencies that the maximum power output of the 

circuit is greatest if the conduction angle is large (i.e. as m-4.0). 
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The figure of merit used indicates a compromise between power 

handling capacity and losses in the diode at low frequencies. Thus 

in Table 4.1 two operating conditions (for n > 3) are considered: 

the point where the best efficiency occurs and the point where the 

best figure of merit occurs. In the multipliers considered, maximum 

power handling capacity and maximum figure of merit occur at the same 

conduction angle. These multipliers are thus very versatile as the 

conduction angle may be varied to provide high efficiency at.high 

frequencies or alternatively high powers at low frequencies. This 

flexibility of operation does not exist in conventional varactors 

where the higher power handling capacity and higher efficiency occur 

at virtually the same operating conditions. The versatility of this 

circuit is further enhanced since the characteristic impedance is 

directly proportional to the idling capacitance, which may be varied. 

The idling capacitance (as well as conduction angle just discussed) 

can be varied to favour either high efficiency or high power operation. 

Thus a given diode operating in the charge storage mode should have a 

broad range ,  of application, compared with a similar varactor. 
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Table 4.1 

n m ~ )!RR '~ KJu ~KJ:o' ~ 
2 lI. .2122 1.0 !I.lt2 ' .296 ,.629 x 10-S. , ~667 X 10' 

3 1 • 689 X 10-' 1.3,,, 2.93 x J.oIo 1.05 .722 x 10 .... .24& X 10' 

4. 1, -L 2.00 , ,7.069 x lCJl 2.93 
01 

.124. x 10' .3001 x 10 1 .879 x 10.s. 
2 .1,.244- x 10· 1.00 l,.. 712 x J.oIo .3Sl,. .1.50 x 10 ' .319 x 10-:1 

1 
_1 

2.894- 1.1,.68 x lOll 6.76 .71S x 10' 5 .1559 X 10. 1 .105 wi. 
2 .2523 x 10 1.106 7.938 x lCJl .708 .179 x 10 .225 'x 10' 

6, 1, .~95 x 10~ 4.00 2. 749 x 10" ' 1.;6 x liJ .i24 .l,.5O x 10"3 
3 .1919 x 10 1.00 1.lQ X lOll .~86 .70l x 10' .6l2' x 10-" 

7 1 .5755 x 101 5.)1 1,..759 X lOll ,2.4.7 x lCJl .11,.2 .299 x 10' 
3 .129) x 10- 1.052 1.54.7 x lr? ' .621,. .807 x 10' .,522' x 10-" 

i 

8 1, .'367 x 10~ 6.828 7.74.7 x 102 4..17 x lCJl .161 ' .208 x 10' 
4 .10ll x 10 1.00 1.979 :It 1011 .407 .412.x 10' .208 x 10-" 

9 1 .2722 X 10' 0.,54.9 1.200 x 10' 6.63 x lC9- .180 .1.50 x 10' 
4. .7837 X 10' 1.031 2.552 x lOll , .588 ' .461 x 10' .131 X 10-4 

1 .19a7 x 10' 10.4.7 1.784. x loa 1.00 x 111 .200 _, ' ' .i12 X 10' 
2 '.37ClO X 10' ,2.894 6.056 x lot .873 x 1<1: .3jO x 10 :t. .Sl,.S X 10-4 

3 .,5203 X 10" 1.528 3.9)1 :It ld'" .2l5 x lCJl .ll2 x 10- .285 X 10-<1 

10 ~ .6116 x 10'"a. 1.106 3.274. x lot ' .833, • .509 x'10' .156 x 10-4 
:;I .64.3l x 10'".2 1.00 ' '3.110 x lot .1,.22 .271 x 10' .872 X 10""11 , 

.6116 X 10" 1.106 3.274. x ld' .258 .150 x 10' .431 x 10-a 
0' 

7 .5202 X 10' i 1.528 3;931 :It lOll .182 .947 x 10-:1 .2J,J. X 10-11 

'8 .3779 x 10' 2.394. ' 6.,0,57 x lO" .145 .5lj.() x 10'" .904- x 10' 
9 , ,.1986 X 10' 10.4-7 1.78,5 x loa .129 .255 x 10' .14.} x 10' 

11 1 .14-95 X 10' 12.60 2.563 x loa 1.146 x 1011 .219 .1354. x 10~4 
5 .5251 X 10' 1.021 ,.809 x lOll .568 .298 x 10' .783 X 10""11 

12 1, .1152 x 10' 14..93 3.578 x 10' 2.07 X 10' ',2}8 , , .G66 x 10-~ 
6 .4452 X 10' 1.00 4.4.92 x loa ~ .432 .193 x 10 ' .42.8 X 10""11 

13 1 .9069 x 10' 17.46 40871 x loa 2.64 X 101 .2,SS .529 x 10-4 

6 .3762 X 10' , 1.015 5.317 x 10'1 .555 .209 x 10', ',.393 X 10""11 

14 ~ .72G5 x 10-a 20.20 6.492 x 10" ' J.61 X lOll .277 .42.7 ,x 10-" 
, ' .3265 x 10' 1.CO 6.1,26 X ,lOll .4l.O .144 x 10' .235 X 10""11 
" 

'15 1 • .591.0 x lO" 0 23.13 6.491 x id' , ,5.02 x lOU .~96 . .34-9 x 10"'4 
7 .2827 X 10' 1.011, 7.076 x lot, .546 . .151,. x 10' .218 x 10-0 

16 1, .4871 x 10' 26.27 ,1.092 x 104 , 6.4-'3 x lC~ .)16 '. .289 x 10-4 

8 ' .2497 X 10' 1.00 8.011 x lot .447 ' .112 x 10' .3:39 x 10-a 

,17 1 , .4062 x 10"'1 29.62 ' 1.,385 x 10" :8~25 x 10· oj3,5 , . , .:!1,.2 X 10-4 

3 .2201 x 10' 1.009 ' • !).086 x lot .540 " .119 X 10' .131 x 10-& 

18 1" .31,.2J x 10' 33.16 . 1.,7JJ 'x 10· 1.0l,. x io" .3,5,5 .205 x 10-~ 
9" .1971 X 10' 1.00 1.Q15 :lC lrf .452 .691 x 10' .878 x 10' , 

19 1 .2911 X 10"'1 36.91. , 2.144 x 10" 1.29 x 103 '0374. .17,5 x 10-4 

:7 .1762 X 10' 1.007 1.135 x lri' ' .53~ " '.943 x 10' .831 X 10' 

20 l' .21,.96 x 10 '"lI 40.86 2.623' x: 10· ' 1.58 x lQ3 ·394 ' .1.50 x 10':"4 
10- .• 1596 X 10' , 1.00, 1.253,X,lrf " .4.56 '. .728 x 10'" .SBl X 10' 

, In these rows, the const,ants Kn' Ku and KG~ have the same 

values as constants determined by steinbrecher35~ 



CHAPTER FIVE  

TRANSISTORISED NONLINEAR OUTPUT FREQUENCY MULTIPLIERS  

5.1 	Introduction  

It has been known for some time that the base collector depletion 

layer capacitance of the transistor could be used effectively for 

parametric applications37. The use of the transistor simultaneously 

as an amplifier and a parametric frequency multiplier
13 
 was first 

described in 1964. Since then transistor NOM operation has gained 

widespread acceptance and now manufacturers often list data of NOM 

performances for uhf power transistors. 

5.1.1 	Available output nonlinearities 

A systematic study of the transistor underlines the possibility 

of using the transistor in a NOM mode. The presence of a high quality 

nonlinear depletion layer capacitance is now very widely recognised 

and it is clear that efficient frequency multiplication is possible 

using it. 

In Chapter Two another frequency multiplication mode becomes 

evident. Examination of the operation of the input circuit of the 

NIAM (using Fig. 2.16) shows that if the conduction angle (2a) is 

made small the input current of any harmonic (iBn) is larger than 

the fundamental base current. The action of charge storage in the 

intrinsic base causes this and a high efficiency frequency multi-

plication mechanism is suggested. The mechanism has, in fact, provided 

very good performance in high efficiency, high power frequency 
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multipliers. Devices utilising this principle have a variety of 

names, including NLCSE and step recovery diodes. Step recovery action 

(of current) has already been noticed in the transistor310 46 but it 

has not hitherto been deliberately applied to the transistor operating 

in the NOM mode. 

In addition to the above two nonlinear reactances, the Oollector—

base diode contains two nonlinear resistance transition sections 

(discussed in Section 1.4.2). Frequency multiplication using the 

nonlinear resistance elements is not considered because the power 

' 
conversion efficiency is low

47 48 9 	and other high efficiency 

mechanisms are available. 

5.1.2 	Merits of using an output nonlinearity 

The intrinsic base of the transistor when operated as a 

common emitter amplifier, produces a current gain that falls at 

6db/octave at high frequencies. The intrinsic base may be thought 

of as a low—pass filter with gain. If the frequency multiplication 

is carried out at the transistor input, the desired harmonic current 

suffers attenuation (relative to the fundamental durrent). On the 

other hand, in the NOM the transistor amplifies the fundamental 

power which is converted intostharmonic power at the transistor 

output. The current gain (and hence power gain) of the transistor 

is higher in the NOM (than the NIAM) for a given output frequency. 

Thus the transistor NOM would be expected to give good performance 

on the assumption that the frequency multiplication at the output 

is moderately efficient. 
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5.1.3 	Nonlinear output multiplier: assumptions made in analysis 

Transistor NOM operation has received analytical treatment, by 

other workers14, 22, 38, 39, on the assumption that a normal transistor 

amplifier and a separate varactor are connected together by ideal 

tuned circuits. Similar assumptions are adopted here, and the chief 

deviation from previous work occurs in regard to the mechanism of 

frequency multiplication. 

The above characterisation of the transistor NOM is very much 

idealised. For example, in the actual device a compromise must be 

found between the best input resistance for most efficient frequency 

multiplication and the best load resistance for maximum amplifier 

output. In addition, the amplifying and multiplying sections of the 

transistor are not isolated by ideal filters and current and voltage 

harmonics (generated by the nonlinear output element) are able to 

feed back into the input circuit of the transistor. The feedback is 

likely to modify the operation of NOM but a detailed analysis would be 

impossibly involved. The effect of the feedback is, chiefly, modi-

fication of the power gain of the transistor NOM and reduction of 

stability (possibility of unwanted oscillations). Such feedback 

seems to stem from the common lead inductance, the magnitude of which 

depends very much on the transistor packaging44. Transistor NOM 

circuits are operated in both the common emitter and common base 

configurations, one of which normally has the better stability. The 

configuration that shows the best stability is likely to be different, 

depending on the transistor type. 
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The collector-base varactor of a transistor (or NLCSE, depending 

on the mode of multiplication) is a distributed device (much more so 

than for a conventional varactor or NLCSE). See Fig. 3.1. However, 

for the treatment of analysis the collector-base varactor is represented 

by a single nonlinear capacitance and a single resistance - the usual 

representation for a varactor or a NLCSE diode. 

When setting up a transistor NOM, it is useful to operate the 

circuit first as an amplifier. In this way, an efficient input circuit 

can be arranged and the performance of the transistor as an amplifier 

can be assessed. Normally the transistor is operated so that the 

collector conducts during most of the fUndamental cycle and harmonic 

generation due to nonlinear input effects is small. The performance 

of the amplifier is treated as a function of collector direct current, 

it being the best indication of the power drive at the transistor 

input (applied input power plus feedback power to input). The circuit 

is then modified so that NOM operation is attained. The performance 

of the NOM may be compared with that of the amplifier and it is possible 

to deduce the power conversion efficiency of the output multiplication 

process on the assumption that the performance of the amplifying 

section of the transistor is unchanged. 

5.1.4 	Typical NOM circuits 

In this section transistor NOM circuits, developed by other 

14 	39, 42 • 
workers 8  	will be examined and their principles of operation 

explained. The input circuitry to . a transistor NOM is identical to 

that of an amplifier. The output circuit must be designed bo that the 



fundamental power is prevented from leaving the transistor, being 

instead converted into output harmonic power. The nonlinear collector-

base capacitance is resonated to the necessary idler frequencies 

(including the fundamental) of the NOM, the desired harmonic power 

is filtered off at the collector of the transistor and fed into the 

load resistance via a matching circuit. Two typical NOM circuits 

are shown in Fig. 5.1. The circuit shown in Fig. 5.1(a) operates in 

a fairly obvious way, as noted in the figure, and is most suitable 

for doubling: a filter blocks the fundamental power from leaving 

the transistor and another section filters and matches the second 

harmonic into the load. The circuit of Fig. 5.1(b) is particularly 

adapted for high factors of frequency multiplication (viz. greater 

than two): the series tuned idling circuits can be adjusted indivi-

dually (a minimum of interaction is encountered as each series tuned 

circuit has a large reactance except at the frequency being tuned). 

The two series tuned circuits (C1,  L1 and C2, L2) resonate the 

nonlinear capacitance to the fundamental and second harmonics and 

the desired output frequency (third or fourth harmonic) is filtered 

and matched by C3, L3  and C4. 

The transistors shown in Fig. 5.1 are operated in the common 

base configuration, but the common emitter configuration could be 

used equally well. In the common emitter configuration it is 

necessary, in theory,tohavea  series tuned circuit for each harmonic 

frequency to earth, in order to provide a low impedance path for the 
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Figure 5.1 

Transistor NOM Circuits 

Biasing is omitted. 

(a) 

A doubler circuit39 C1 is adjusted to resonate at, and reject 
the fundamental frequency. L2  is adjusted to resonate the average 

value of collector-base capacitance to the fundamental frequency. 

C3  and C4  are adjusted to filter and match the second harmonic. 

into the load. 

(b) 

A transistor tripler or quadrupler39. C1 is used to resonate 

the fundamental power; 2 is used to resonate the second' 

harmonic power. The output power is filtered and matched by 

the adjustment of C
3 

and C . 



harmonic currents passing through the varactor. However, in 

practice such additional circuitry is not necessary, the reactance 

to earth of the input circuit to each harmonic being tuned out by 

the filters at the transistor output. 

A simplified equivalent circuit of a transistor NOM output 

is shown in Fig. 5.2. The output multiplication section is transformed 

into a circuit similar to that employed in the analysis of varactor 

or NLCSE frequency multipliers. The transformation is quite accurate. 

The performance of varactor multipliers may be predicted from the work• 

of Penfield and Refuse
35 
 . NLCSE multiplier performance is estimated 

from the results of Chapter Four and of.Steinbrecher
18
. 

5.2 	A VHF Amplifier and Doubler  

A VHF doubler using a power transistor was constructed, and the 

performance and operating conditions were examined carefully. A 

Pacific Semiconductor Inc. transistor, type PT530, was used both in 

the Common base and emitter configuration. The performances of the 

two were virtually identical. The common base performance is presented 

here as more data was collected for this configuration. The collector 

of the PT530 is connected internally to the encapsulating can and 

for best heat dissipation the collector must be earthed. Thus the 

amplifying and multiplying circuits are complicated slightly, but the 

theory of operation is unchanged. The transistor is first operated 

as an amplifier for purposes of comparing the amplifier and doubler 

operation. 
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Simplified 
i transistor model E 

1.• 44)2 

(a) 

B 

Figure 5.2 

Simplified equivalent circuit of a transistor nonlinear output 

doubler. The circuit may be transformed into a familiar 

frequency multiplication circuit, as below. 
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(b) 

The transformation is quite accurate since the reactive input 

and output powers are, typically, five times greater than the 

real powers35. 
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5.2.1 	The vhf amplifier and circuit 

Operation of the transistor as an amplifier permitted the 

optimisation of the circuit layout and components. The transistor 

was operated with a zero input voltage bias. In this way, the 

collector conduction angle and hence collector current efficiency 

(ICI),  were essentially constant. The measurement set up and ampli-

fying circuit are shown in Figs. 5.3 and 5.4 respectively. In the 

amplifier it was important to adjust L1  and L2  carefully, to effect 

the best possible neutralisation. The collector voltage was applied 

with the output circuit disconnected and a high power, high impedance 

source connected to the base terminal; L2 was then adjusted for 

maximum base voltage swing and Li  was adjusted for minimum 50 MHz 

power at the input port which was passively terminated by 5052. For 

final adjustment of L1  and L2  the base voltage swing was approximately 

the same as when the amplifier was operating (about 50 volt peak to 

peak,in this case). After the neitralisation was carried out the 

output circuit was reconnected. In operation all variable components 

(except L1  and L2) in the amplifier circuit were adjusted for maximum 

50 MHz power in the load. The output power, and collector power 

conversion efficiency are, shown in Fig. 5.5 as a function of direct 

collector current (ICO  ). The output power is shown as a function of 

input power in Fig. 5.6. The input, collector and output voltage 

waveforms and collector current waveform of the transistor amplifier, 

operating under typical conditions, are shown in Fig. 5.7. The 
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Figure 5.3 

VHF measurement set up. 
Signal 
Generator 

DC Power 
Supply 28v 
I limited 

Power 
Amplifier  

Direct-
ional.  
Coupler 

RF 
Voltmeter 

Amplifier 
or 

Multiplier 
Circuit 

50 ohm 
Load 

Figure 5.4 

VHF amplifier circuit. The input frequency is 50 MHZ. All 

capacitances are marked in picofarads. All inductances have coil 

diameters of inch except L1  and L2  which have diameters of 4 

inch. 
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Direct collector current in amperes 

Output characteristics of the transistor amplifier operating at 

50 )g[2.. 

Figure 5.6 
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Input power in watts 

Power gain characteristics of the transistor amplifier operating 

at 50 MHz. 
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+5.  

'8 

_5 

Typical voltage and current waveforms of a vhf transistor amplifier 
operating at 50 }Eciz. The amplifier is used in the common bases  
grounded collector mode. Measurements are made treating the base 
as zero potential. 
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amplifier waveforms are very similar to. those predicted in 

Chapters Two and Three, the collector sine voltage has good purity 

and the collector current showing the effect of capacitive current 

flow - particularly at one period by a reverse collector current. 

The performance of the amplifier is not treated theoretically as the 

theory of Charters Two and Three has already been verified. The 

investigation develops a standard here to compare doubler performance 

with. Successful operation of the amplifier - judged by circuit 

stability and by the achievement of the manufaCturerls electrical 

specifications for the particular transistor - facilitates the doubler 

construction. 

5.2.2 	The vhf doubler circuit and performance 

The input section of the doubler circuit was identical to the 

amplifier. The output section was modified so that the fundamental 

power was unable to leave the transistor and second harmonic power 

was extracted from the transistor and matched into the load. The 

circuit that resulted in the best multiplier performance is shown 

in Fig. 5.8. The measurement set-up was the same as shown in Fig. 5.3. 

The tuning elements of the doubler (shown in Fig. 5.8) were adjusted 

for maximum second harmonic power output. The output power and the 

collector power conversion (multiplication) efficiency are shown in 

Fig. 5.9 as a function of direct collector current (leo). The harmonic 

output power is shown in Fig. 5.10 as a function of input power. 
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2  ljr  
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iC  
A vhf doubling circuit. The input circuitry is adjusted for 

best amplifier performance. The output circuitry is adjusted 

for maximum power output at 100 MHz. 

0 	VO 	10 	.30 	•40 
Direct collector current in amps. 

Output characteristics of a vhf transistor nonlinear output 

doubler. The output frequency is 100 MHz. 
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3.0 

/0 	'24 
	.30 	.46 

Input power in watts 

Power gain characteristics of the vhf doubler with an output 

frequency of 100 MHz. 

The input power to the doubler may be compared with that of the 

amplifier and it is found that the output power for a given input 

is very nearly the same in spite of frequency multiplication losses. 

The similarity is attributed to a positive feedback in the doubler. 

Voltage and current waveforms typical of the doubler are displayed 

in Fig. 5.11. Characteristic of the doubler is the occurence of 

fundamental and second harmonic voltage on the collector with strong 

bottoming of the collector voltage. The collector current is 

composed, primarily, of the second harmonic. 
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5.2.3 	Analysis of the vhf doubler performance 

The operation of the doubler will be examined by investigating 

the power conversion efficiency, power handling capacity and waveforms 

of the multiplying element. The overall collector conversion efficiency 

of the doubler is significantly lower than the amplifier conversion 

efficiency (i.e. approximately 1/2). It is useful to evaluate the 

multiplication efficiency as outlined in Section 5.1.3. The collector 

multiplication efficiency is estimated by dividing the multiplier 

collector power conversion efficiency by the amplifier power conversion 

efficiency. The results of the division are shown in Fig. 5.12. The 

maximum power conversion efficiency of doubling using the collector 

nonlinear capacitance, is 0.465. 

It is now necessary to examine the collector-base capacitance 

in order to calculate its frequency multiplying performance. The 

measured capacitance versus reverse voltage is shown in Fig. 5.13. 

The resistance in series with the collector-base capacitance (rs), 

for a range of voltages,was measured and found to be 3.0 t 0.5g. 

With the above information, multiplication power conversion efficiency 

may be calculated for both the varactor model and the NLCSE model 

using Reference 35 and Chapter Four respectively. 

For the varactor model we  = 19.6 x 109  rad/sec. 

1 

s min 

From Penfield and Rafuse
35 the maximum efficiency of a doubler with 

an input frequency of 50.0 MHz is 

n = .74. 
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where we  = and C .min  = 17 pfds from Fig. 5.13. 



Figure 5.12 

.30 • 

100 

80 

bo 	(,) 
CS 

4o 0 0 
3o 

20 

cH 
0 

C.) 

30 

 
•ri 

0 
• Ec) 
(.0 
• 1-1 
O -a 
• 0 
• o 
o 

;-1 	'20 

gai 

0 
a) • 	'10 

Pi 

<4 

Direct collector current 

Apparent .power conversion efficiency of frequency doubling at 

the transistor collector. The output frequency is 100 MHz. 

Hill4W 1  "1111 
I I I I I ill 

I 
• • U  0 

itilii,!; 
isurO 

, 

1 1! 17-1‘;11' 
,,4 ,1 n t i 1 

1 i 11 I 
1 i i 	i -i-t-I-{t -ri-r+i-rt-tt +1--ri 4 1,' 11, 	 I I i 	{ 	 1 it,  ct*t-tr -I- 	 0 v tir rt i 

' 	 -4 	i 	-r 1 lrihri 	 itll H ' irril rii r I I 	4 +Lk ' H 	 ; T r irk.41.. 	 
.  - 	. 	--i   	--  ;2. .- ' ...:- '7-- ;•.-.-.-::-.it--t-Iii I, K{ =--4 rf..4.3 lit.. 4 .1-.--k... 

313, - 	 - --t-f'  --3',... 11.  . -- — --- --... ---,„ v,4ttT_T_  'r li  
__I-,-- ----r..  

; 	r . ; ' • r I , __,__, Al  	1 4 I 	; 	1 --; 	1- r  --114+, ss . 
, 1[1, --t 	11,14,  

- 	 , 1-;1 " . -ri =,...... ail 	 — t 	,r  -E,- - ,.,_ -, = 	 
INN - ,.. . • - '-.•  E9 .. - t 1 

-1,- 
C'.  

"" Ilar 

."."•res"A=Mu"grase
.  --.......... n  . 0  arm 4F, 

it 
..MIIIBEIMEMMINEMINEMEM f f IF"  

f, I . m  sisummosousummuni  Mi Ig  u  i, , ti 
1111101111111111111111MUI OM 

mu  
ZS INNI11111111111111M11111111111111111111181121 1111=1111rall I 1 

MININIIIIIMMIIIIIIII 11111111 111111 WI IIMINM1111■11111.1111UUMU MN USW 
1111MEMINMINIIESSEMMII In IM I somemilimannuu min min// ill 

IIIMMIMIMMUMMUM UK M IMIBMINUMBIUMMUMMI 
MIUMIIIMUSUM11 11 I U I MIIMMMMUIMUMMI IMIIIIIIMI 
11111111111111111111111111 III1 In M 111111111111111111.1111111111111 11111111111111111111M11 r ; ; 1 ; 

--:1- s-0-1 -t-1 -1-1 -PG .0 11-ti4r --5 ro : i V s 0  1 	' •70+1-t+7  	t .1 (..) S(') Ittt--t- 1-04) 
_r______„4--._-__  

---=.....4.1....:. 'a ' 	'''' D. ..=2:"."7: rn  .,-.`.... r....,........... 

10 
.0 

Measured collector-base depletion layer capacitance of the 

transistor (type PT530) used for doubling, as a function of 

voltage. 
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For the NLCSE model w
e is calculated using an average value of 

capacitance (see Section 4.6; C = 40 pfd from Fig. 5.13) 

we  = 8.35 x 109  radisec. 

and for a doubler with an input frequency of 50 MHz 

w/w  = 0.177 
Cn 

From Fig. 4.7 

n = .70 

Thus, both models (varactor and NLCSE) predict a greater efficiency 

than is actually obtained. The varactor model is 60% high and the 

NLCSE model is 51% high. The reduced efficiency in the practical 

circuit can be attributed to circuit losses. 

The maximum output power of the collector-base nonlinear 

capacitance will be calculated for both the varactor and the NLCSE 

multiplier. To calculate the maximum output power of the varactors  

the cutoff frequency we  must be evaluated using rs  and the minimum 

capacitances  the minimum capacitance being dependent upon maximum 

reverse voltage as shown in Fig. 5.13. The ratio of the input frequency 

and the cutoff frequency may be found. The maximum reverse voltage 

is used in the evaluation of the "normalised power" VCmax 	 (Pnorm)  

of the varactor, giving 
2 

VCmax 
Pnorm 	rs 

The maximum output power of the varactor may be calculated using 

graphs by Penfield and Rafuse
35. The calculated maximum output power 



i8 shown in Fig. 5.14 as a function of voltage (VCmax)  for com-

parison with the measured output power. It should be noted that the 

maximum output power calculated is likely to be too high, as it is 
+ Y 

assumed that y = 0.5 (where CCB = CCBmin BVcB 
	

). 

Examination of Fig. 5.13 shows that y is approximately equal to 0.42. 

According to Leonard45  the maximum power handling of such a varactor 

is likely to be 30% less than a similar abrupt junction varactor 

(y = 0.5). The maximum output power according to Leonard is also 

shown in Fig. 5.14. 

The maximum power handling capacity of the output nonlinear 

charge storage element employed as a frequency doubler is also shown 

in Fig. 5.14. The maximum power output is calculated from the theory 

developed in Chapter Four. The theory assumes, incorrectly for this 

example, that the diode conducts for 50% of the' fundamental cycle 

period. Shorter conduction periods result in less power being converted 

than that predicted by the theory. From Fig. 4.10 

BV 
D2 . KG 	PO 2  Pomax • rs  

Where Kpo  may be determined from Fig. 4.10, and in this particular 

case is equal to 0.042. Thus here 

Pomax = BVD
2 

x 0.21222  x 0.042 

maximum output power calculations just made. It is concluded that 

for small harmonic output powers (less than 0.4 watts), of the tran-

sistor NOM, frequency multiplication is by the varactor mechanism, 
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In Fig. 5.14 the measured power output is compared with the 
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Figure 5.14 

Maximum reverse collector voltage 

Measured output power of a doubler (output at 100 MHz) as a 

function of peak reverse collector voltage indicated by 

circles. Theoretical maximum output power of a NLCSE multiplier 

model (Chapter Four) indicated by squares and varactor multi-

plier model (Penfield and Rafuse35) indicated by triangles. 
• 

_Maximum output power predicted from Leonard's analysis 
45  shown 

by dottdd line. 



while for powers larger than 0.4 watts the frequency conversion 

'process is largely due to minority carrier charge storage (NLCSE) 

action. The reason for these conclusions is that the maximum power 

converted is a factor of three larger than that predicted by the 

varactor assumption and is about one half that predicted by the NLCSE 

assumption. The only way to account for the varactor model discrepancy 

is to assume "over-driving" - i.e. predominance of minority carrier 

charge storage effects. The discrepancy, in the measurements as 

compared with the performance predicted on the basis of the NLCSE 

assumption, may be accounted for by losses in the output circuit 

( a hypothesis supported by the discrepancy in the measured and 

calculated efficiencies) and also by the fact that the conduction 

period of the NLCSE (bottoming of the collector voltage) is shorter 

than that assumed by the NLCSE multiplier theory. This last conclusion 

is supported by the behaviour of vC  in Fig. 5.11, which is bottomed 

for 30% of the fundamental cycle. 

5.3 	Transistor UHF Amplifier and Multipliers  

A uhf transistor of proven amplifier and multiplier performance 

became available for experimentation. The transistor - of a silicon 

planar, double diffused, epitaxial, multi-emitter structure - is a 

type 2N3375. This transistor is very frequently: used as a uhf 

transistor NOM and is representative-pf uhf power transistors. The 

basic operating frequency adopted, 400 111z, is near the, maximum 

frequency of usefulness (fmax) of the transistor as an amplifier. 
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5.3.1 	Circuit techniques 

Circuits, to date, have been largely composed of lumped 

elements, with some use of distributed circuit techniques 
	15 39,43 
 

The frequencies of operation are near the upper frequency limit for 

circuits of lumped components. It was decided that distributed 

circuit techniques would be used as much as possible because they 

are more easily used, particularly as operating frequencies increase, 

filtering using them is usually better, losses can be evaluated more 

easily. 

Distributed circuit techniques are used here for filtering the 

various harmonics and for matching power into and out of the transis-

tor. Other authors have used distributed circuit techniques but only 

to the extent of double and triple stub matching systems. 

A transistorised doubler was constructed using a "helical line 

resonator"
43 

 , designed to pass power at the frequency of 800.0 GHz only. 

The "helical line resonator" consists of a resonant quarter wavelength 

stub coiled into a cylindrical cavity for small physical dimensions. 

The resonator worked well and the construction of a more elaborate 

filter, using four helical line resonator elements, was undertaken. 

The filter took the form of a multiplexer with the input and the four 

outputs feeding into 50l coax transmission lines. The output ports 

were tuned to 0.400, 0.800, 1.200 and 1.600 GHz. Thus the funda-

mental through to the fourth harmonic are each separated into a port. 

Matching was done by using a line stretcher and a single, paralleled, 

variable length, shorting stub. Details of the multiplexer are 

given in Appendix a, 



The helical line resonator multiplexer was used on the output 

'of the transistor, the common port of the multiplexer being 

connected to the collector. The transistor operated as an amplifier 

or a multiplier depending on which output port the matching circuit 

and load were connected to. The shorting stubs and line stretcher 

were General Radio components. 

Input filtering to the transistor was not necessary. An efficient 

matching system is needed at the input of the transistor, but it was 

found that the GR 5O coax transmission line components were not 

suitable for this purpose. Efficient matching was achieved by adding 

a small variable capacitance in parallel with the transistor input. 

The low input impedance (too low for efficient matching by GR coax 

components) of the transistor was increasedloy the ,effect of additional 

series inductance (a variable capacitance stray) and the ,variable 

capacitance (the equivalent circuit of the input circuit and 

transistor base lead inductance being equivalent to a series m-derived 

low-pass filter50, this filter being capable of matching a low 

impedance - here the transistor rbb - to a higher impedance - here 

a 5052 coax transmission line). The added variable capacitance is 

necessary
42 

for all of the overlay transistors made to date
42
. 

Alternatively, the low input impedance might be matched efficiently 

by the use of a transmission line transformer. In addition to the 

capacitance, a line stretcher and a short circuit stub was provided 

for purposes of input matching. The multiplexer constructed here 

was quite efficient but it is felt that with further work it would 

173 



be superior to the best lumped element circuits and filters in 

the uhf range. 

The overall measurement net-up is shown in Fig. 5.15, and the 

connection of the transistor is shown in Fig. 5.16. The exact way 

in which the helical line resonator multiplexer was used is shown 

in Appendix 3. Initially the transistor was employed in the common 

emitter configuration, for all functions, this being the most stable 

for the particular transistor used
2 
 . For other transistors the 

common base configuration may be the most stable. It is sometimes 

recommended that the emitter lead inductance of the 2N3375 be tuned 

out (common emitter configuration) for operation as an amplifier; 

however, emitter tuning was not used here, as it complicates ampli-

fier adjustment and would make multiplier adjustment very complicated. 

The 2N3375 was used in the common emitter configuration as an 

amplifier through to a quadrupler with good stability (but with 

decreasing stability as the multiplying factor increases). Perform-

ance data was collected for the four different multiplying ractora. 

The transistor was then used in the common base configuration 

to permit more accurate measurements on the collector voltage swing 

even though stable operation was difficult to obtain in the ampli-

fier and the doubler. The collector voltage swing was measured so 

that the maximum output power of the collector-base depletion layer 

capacitance could be evaluated accurately. 

5.3.2 	The common emitter amplifier 

The amplifying circuit was obtained by connecting the output 
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Figure 5.15 

(a) 

Block diagram of essential equipment for measurements on uhf 

anolifier and HOM multipliers. All connections are 50.A. coaxial 

transmission lines except to oscilloscope and power supply. 

(b) 

PhoLograph of measurement setun with sanTling occilloscore removed. 



Input 50.A.systemit. edia. 2N337 

(b) 

Figure 5.16 , 

(a) 

The circuit of the transistor uhf amplifier/multiplier module. 

The two input capacitances are tuned for maximum collector 

current. The biasing chokes, on the input and output, are made 

small to prevent low frequency oscillations. 

Output 50_A system 

Photograph of the transistor uhf amplifier/multiplier module. 
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Figure 5:.17 • 

• 5.0 

0 
C) 	/00 	200 

Direct collector 

0 
300 	406  

current in ma 

matching circuit and the load to the fundamental port (0.400 GHz) 

of the multiplexer. The measurement set-up and the circuit are shown 

in Figs. 5.15 and 5.16. Measured input and output powers and 

collector power conversion efficiency, are shown as a function of 

direct collector current in Fig. 5.17. 

Performance of a 2N3375 amplifying at 400 MHz. 
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The different operating conditions were obtained by using different 

input power levels and tuning for maximum output power for each 

situation. One of the unexpected results was that the tuning of 

the second harmonic shorting stub (0.800 Gllz) was very important. 

Incorrect tuning of the stub could reduce the power output of the 

amplifier by as much as 40%. Tuning of the third and fourth harmonic 

stubs had a slight but not significant effect on the output power. 

Typical amplifier voltage waveforms are shown in Fig. 5.18. 

The high purity of the output power was due to the filtering effect 

of the multiplexer. Examination•of the base voltage vB  indicates 

that the base was forward.biased for about 2780, corresponding to a 

collector current efficiency (ncI) of about 0.67., The collector 

voltage efficiency (ncv) was about unity. Thus the theoretical 

collector power conversion efficiency is about 0.67. The measured 

conversion efficiency of the transistor was 0.646, whinh is in good 

agreement with the theoretical value. Examination of the collector 

voltage vc  of Fig. 5.18 shows why the second harmonic tuning was 

important. The collector voltage tended to bottom,• or swing into 

forward conduction, but correct tuning of the second harmonic limited 

the extent of the bottoming. It is even possible that some second 

harmonic power was being converted into fundamental power through the 

beneficial usage of the collector-base charge storage diode. 

5.3.3 	The common emitter doubler 

The transistor circuit for doubling is obtained by connecting 
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0 
r4 

voltage on 
input system 

Base voltage 
4 
(1.1 

t 

Output voltage into a 50-n6-system 

Collector voltage 

Voltage waveforms of a uhf amplifier. A 2N3375 is used in the common 

emitter configuration with an operating frequency. of 400 MI6 



a variable length shorting stub to the fundamental port and a 

matching circuit and load resistance to the second harmonic port. 

The variable length shorting stubs remain at the third and fourth 

harmonic ports. The shorting stubs and matching system on the output 

were adjusted for maximum output at 0.800 GHz. The input tuning 

was essentially the same as for the amplifier. The adjustment of 

the fundamental shorting stub was very critical for best output power 

and improper adjustment of the third harmonic stub reduced the power 

output by as much as 50%; The input and output power and overall 

collector efficiency are shown in Fig. 5.19 as a function of 

collector current. 

Figure 5.19 
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Performance of . a transistor NOM doubler with an output frequency of 

800 MHz. The transistor is a type 2N3375  used in the common emitter 

configuration. 



The input s  bases  collector and output voltage waveforms of 

the doubler circuit are shown in Fig. 5.20. The output power at 

0.800 GHz is free (to a high degree) of other harmonic power. 

The large voltage swing at the collector should be noted. The 

maximum reverse swing of vc was +96 volts,, end the maximum forward 

swing was -22 volts. Normally a large voltage forward bias swing 

would correspond to a very large injection of carriers across the 

collector-base junctions  except that the base voltage seems to 

swing to -20 volts at the same time. The exact voltage across the 

collector-base junction is difficult to evaluate from Fig. 5.20s  

as the phase relationships have not been maintained between the 

voltages. The collector voltage of the common base configuration is 

examined later to determine the power handling capacity of the 

collector-base varactor: the varactor is likely to have the same 

power handling capability whether used in the common base or emitter 

configuration. 

The collector power conversion efficiency of the doubler is 

divided by the amplifier collector power conversion efficiency 

(from Section 5.3.2.) so that an estimate may be made of the multi-

plication efficiency. It is assumed that the transistor amplifies 

with the same collector efficiency in the NOM mode as in the ampli-

fying mode (outlined in Section 5.1.3). The apparent power conversion 

efficiency of the doubling action is shownin Fig. 5.21 for various 

collector currents. The maximum doubling efficiency is 0.90 and the 

average doubling efficiency is about 0.67. The high values of 
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Figure 5.20 
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Voltage waveforms of a uhf nonlinear output doubler. A 2N3375  is 

used in the common emitter configuration with an input frequency of 

400 MHz, 

0 

4 



1,6 0  
Figure 5.21 

1§5 

200 	360,  
Direct collector current,:in milliamps 

Apparent doubling efficiency of the transistor output, obtained -

by dividing the doubler power output by the amplifier power 

output. 

Figure 5.22 
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Measured collector-base capacitance of the transistor (type 

2N3375) used for doubling 400 MHz. 
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multiplication efficiency at low collector currents are suspect, 

however, and it seems likely that the amplifying section of the 

doubler has a higher efficiency than the amplifier circuit because 

the collector voltage efficiency (ncv) is consistently high (the 

amplifier with low power outputs has a low efficiency because the 

collector voltage efficiency ncv  is low, the collector current 

efficiency being approximately constant). The doubler requires 

large collector voltage swings in order to multiply power using 

the nonlinear capacitance, and hence a high collector voltage 

efficiency is attained. 

The series resistance of the collector-base depletion layer 

capacitance was measured and found to be 2.0 t 0s3n. The measured 

depletion layer capacitance CcB  is plotted as a function of collector-

base voltage in Fig. 5.22. The minimum capacitance of the junction 

is about 3.4 pfds. The angular cutoff frequency of the collector-

base varactor is 147 x 109  rad/sec. The doubling efficiency of the 

varactor with an input of 0.400 GHz (win = 0.0171) should be 

0.73, according to Penfield and Rafuse35, which is in good agreement 

with the average measured efficiency. 

The prediction of efficiency using the NLCSE multiplication 

assumption is initiated by finding the average capacitince value. 

The value is about 9.0 pfds. The angular cutoff frequency of the 

model, using this capacitance, is 8a.3 ,Jc.109  rad/sec. ., so that, 

win  
wc x .2122 

= 0.134. 
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Figure 5.23 
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Using Fig. 4.7 the calculated doubling efficiency is found to be 

0.66, which is also in good agreement with average measured efficiency. 

A number of different transistors (type 2N3375, manufactured 

by Motorola, Ferranti and R.C.A.) were tried out in the doubling 

circuit. The output power of each transistor is plotted Fig. 5.23 

as a function of the direct collector current. 
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Output power at 800 MHz of 

different transistors (type 

2N3375) used as NOM doublers, 

manufactured by Ferranti 

(circles), Motorola (squares) 

and RCA (triangle). 

The input power in all cases is 1.0 watts. The performance of the 

different transistors is quite uniform and in many cases the tuning 

conditions were almost identical. 

5.3.4 	The common emitter tripler 

The transistor tripling circuit was obtained by connecting 

the matching circuit and load to the third harmonic port. Variable 

length shorting stubs were connected to the other three output ports. 

For maximum output at 1.200 GHz the tuning of the fundamental and 

second harmonic shorting stubs was very critical. Incorrect tuning 

of the fourth harmonic stub reduced the power output by as much as 50%. 



Table 5.24 

Input and output powers and the collector power conversion 

efficiency are plotted as a.  function of collector current in Fig. 5.24. 
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Performance of a 
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with an output'.  

frequency of 1.2 GHt. 

The output power has been corrected to account for losses in the 

multiplexer. Thus only the transistor losses should be evident n 

the power conversion efficiency evaluations. 

The voltage waveforms of the tripler are shown in Fig. 5.25. 

large voltage swing on the collector will be noted (viz. +95 to 

-28 volts). It should be explained, however, that the sampling 

oscilloscope (a Hewlett Packard 185B with a 187B plug-in, dual 

channel vertical amplifier) used to obtain the voltage waveforms 

had an estimated bandwidth of 1.2 GHz so that the waveforms shown 

are approximate. The base-emitter voltage deviates a great deal 

from the 0.400 GHz sine wave assumed in the case of the amplifier. 

The 
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Voltage waveforms of a uhf nonlinear output tripler. A 2N3375 is -'- 
used in the common emitter configuration with an input frequency of 

400 MHz. 
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The theoretical maximum output power of the collector-base 

varactor is not calculated because of the uncertainty of the voltage. 

swing across the varactor terminals. The apparent measured effic-

iency of the varactor is plotted in Fig. 5.26. 

The highest multiplication efficiency is 0.34 and the average 

efficiency is about 0.30. The theoretical power conversion effic-

iency of the collector conversion efficiency of the collector-base 

varactor is 0.58, from Penfield and Rafuse35  (win/ = 0.0171 from 

Section 5.4.3). 

The theoretical power conversion efficiency, assuming NLCSE 

multiplication, is 0.43 from Fig. 4.7 (win/wb = 0.0285 and win/ 

= 0.413). The derivation of Fig. 4.7 is based on the assumption 

that.no  discrete frequency idlers exist, but idlers do actually exist 



in the circuit. Steinbrecher
18 

treats such a situation and using 

his analysis the theoretical efficiency is found to be 0.592. The 

calculation carried out on the basis of an idlerless charge storage 

multiplier is the closest to the measured value. Steinbrecher's 

calculation assumes that the NLCSE is operated with the conduction 

angle chosen so as to maximise multiplier efficiency whereas in 

'the present case the transistor collector voltage is, in fact, 

botttmed for a much shorter period. Thus it may well be expected 

that both NLCSE multiplier calculations will be optimistic for the 

present application. 

5.3.5 	The common emitter quadrupler 

quadrupler operation of the common emitter circuit was 

effected by connecting the matching system and load to the fourth 

harmonic port of the multiplexer. Again the 2N3375 was used. 

Measurements were made at only one setting as the quadrupler tended 

to be unstable. The output power, at 1.600 GHz, was 0.40 watts 

with an overall collector conversion efficiency of 0.08. The 

separate varactor efficiency was about 0.15. 

The input, base collector and output voltage waveforms are 

shown in Fig. 5.27. The waveforms are again approximate owing to 

the limited bandwidth (1.2 GHz) of the sampling oscilloscope used. 

The output power purity (at 1.6 GHz) was probably better than that 

indicated by Fig. 5.27 as the oscilloscope was inadequate for this 

frequency range, the limited bandwidth of-the scope attenuatted the 

output frequency with respect to the lower frequencies and the 
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scope had appreciable stray pickup - chiefly at 0.4 and 0.8 GHz. 

The voltage waveforms are not completley repetitive in Fig. 

5.27, as they should be, owing to the failure of the oscilloscope 

synchronisation to the incoming voltage. 

The calculated varactor efficiency is 0.36 according to 

Penfield and Rafuse
35
. The calculated efficiency using the theory 

derived in Chapter Four is 0.28 or 0.18 depending on whether the 

NLCSE conduction angle is assumed.to'be 50% or 25% respectively. 

18 
From the.NLCSE multiplier theory developed by Steinbrecher the 

separate multiplier efficiency should be 0.495. Thus the collector 

multiplying efficiency is appreciably less than all theoretical 

calculations except that derived on the basis of an idlerless NLCSE 

multiplier assumption - an inaccurate description of the circuit used 

which, in fact, contained idlers. 

5.3.6 	The common base doubler 

The common base circuit is examined 80 that more information 

may be obtained about the mechanism of multiplication. The common 

base configuration, using the 2N3375, was generally less stable than 

. 
the common emitter configuration

42. 
The doubler tends to maintain 

a constant output power irrespective' of the input power level. The 

common baSe configuration does permit a more exact examination of 

the collector-base voltage swing (than the common emitter configuration).  

The exact collector voltage waveform is very difficult to measure at 

high frequencies. The sampling oscilloscope used had a bandwidth of 

about 1.2 GHz,.whereas exact measurements would require an oscillo- 
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scope with a bandwidth of about 2.0 GHz. In addition, measurements 

at the transistor chip were impossible to obtain and the voltage 

drop across both the collector and base lead inductances was 

considerable. The effect of lead inductances could be observed, by 

moving the oscilloscope prob6 along the collector lead towards the 

outlet and the voltage was found to vary considerably. Thus 

observations of collector voltage waveforms are approximate. 

The common base NOM doubler circuit was identical to the common 

emitter configuration except that the base terminal was earthed 

instead of the emitter. The earthing was effected by soldering the 

base terminal directly to the metal encapsulating can. The can was 

bolted to the common earthing plate of the circuit. Some perform-

ance figures for the common base doubler are shown in Table 5.1. 

Table 5.1 

Performances of a common base NOM doubler using a 2N3375.  

Input Power 
0.400 GHz 	• 

Output Power 
0.800 GHz 

Direct. Collector , 
.Current 
VCC = 28.0 volts 

Peak 
Collector 
Voltage 

2.06 watts 3.11 watts 298 milliamps 96 volts 

0:99 . 	3.02 282 96. 

0.90.  2.82 272 98 
_ 

0.855 2.85 282 95 

0.594 2..67  255 94 

0.165 2.44 . 	295 i 	94 



The maximum output power of the collector-base varactor doubler 

is calculated according to Penfield and Rafuse35. The calculation 

is similar to that for the varactor model in Section 5.2.3, viz. 

BVD2  Pomax 
 
x F(win/wc) rs 

where the function F(win/wc) is determined from a graph given in 

Reference 35. From Section 5.3.3 we have w i
wc
n 	

0.0171 and the 

value of F(win/wc) for the doubler is 4.5 x. 10-4. The above Pcmax  

is derived for an abrupt junction varactor (Y . = .  0.50) but examination 

of the capacitance versus voltage curve (Fig. 5.22) shows that the 

negative slope is 0.450 (viz. y = 0.45) and thus the power handling 

capability of this particular varactor (in a doubling circuit), is less 
45 

than the abrupt junction varactor 	The ratio, of output power (fox 

low frequencies) of the above varactor to, the abrupt junction varactor 

is 0.0220/0.0285 = 	As derived by Leonard". The maximum 

power output that would be expected from the collector-base varactor 

is thus, 

POMaX 
eor, 

= 	
Ir 
mg a- x 4.5 x 10-4  x 

.022 
2.0 

 
.0285 

The calculated maximum output power so derived is shown in Table 5.2 

and compared with the measured output powers. 

Also shown in Table 5.2 are calculated maximum multipliedoutput 

powers for a NLCSE doubler. The maximum power is calculated from 

Fig. 4.10. The normalised input frequency for the charge storage 

multiplier model is w/weN  = 0.134 (calculated in Section 5.3.3). 
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Table 5.2 

Maximum calculated output powers of a transistor NOM (a 2N3375 

doubling to 0.800 GHz.) compared with the measured output power. 

Viz. Po measured P omax 
Varactor Model 

P omax 
NLCSE Model 

96.0 volts 3.11 watts 1.60 watts '7.21 watts 

96 3.02 1.60 7.21 
98 2.82 1.67 7.41 
95 2.85 1.57 6.96 
94 2.67 1.54 6.82 
94 2.44 1.54 6.82 

It is found from Fig. 4.10 that 

= T 
‘,2  

max Pomax 	x .21222 x .034 
2.0 

The appropriate values of Pomax  calculated on this basis are also 

listed in Table 5.2. 

It is evident from the Table that the collector—base varactor 

action is insufficient to account for the observed power conversion; 

on the other hand the NLCSE multiplier action is capable of a greater 

power conversion than observed in practice. In fact, it seems likely 

that of the useful multiplied output power, part is the result of 

conversion obtained by varactor multiplication action and part by a NLCSE 
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multiplication action: in the present case, roughly half the out-

put power is due to the action of each multiplication mechanism. 

The power handling capability of the NLCSE doubler is a function of 

the conduction angle. The conduction period is assumed to be 50% of 

the fundamental period but observations indicate that the real 

conduction period is appreciably less and hence the power handling 

capability is less. The tripler and quadrupler are not examined in 

the common base configuration, due to their inherent instability. 

It has been demonstrated that the varactor doubler is not capable of 

handling the transistor amplifier output power, and it is well known 

that the tripler and quadrupler configurations of a varactor multi-

plier are incapable of handling as much power as a varactor doubler. 

5.4 	Output Power of the Transistor NOM  

In the earlier sections of this chapter it has been shown that 

the transistor NOM often uses the minority carrier charge storage 

characteristics of the collector-base diode, for frequency multi-

plication. In order that the NOM action may be understood, it is 

important to know whether a varactor or NLCSE mechanism predominates. 

If the power input to the nonlinear element is small, a varactor 

multiplication mechanism is most likely, while if the power is large 

the multiplication is likely to occur through a NLCSE mechanism. 

It is useful to find an expression deScribing the maximum power that 

the varactor will convert into a harmonic, with the NLCSE mechanism 

coming into play if more power is applied to the, nonlinear output 

element. The maximum power that a varactor will convert depends 
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chiefly upon the input frequency, the magnitude of the nonlinear 

capacitance, and the maximum reverse voltage. The maximum reverse 

voltage depends upon the biasing voltage 	applied to the 

transistor, and not directly on the transistor breakdown voltage. 

Normally a separate varactor multiplying circuit uses a self-biasing 

arrangement, since for efficient operation a varactor should almost 

bottom. In the transistor NOM the multiplication cannot be optimised 

in such a way. 

An algebraic expression will be found to describe the maximum 

input power to the collector-base varactor. Low frequency conditions 

will be assumed in order to simplify the analysis. The analysis is 

based on the varactor doubler, as this is employed most frequently , 

and is representative of higher order multipliers. For maximum output 

power from a doubling varactor the ratio of biasing voltage to peak 

reverse voltage

(V

DO 	should be 0.344 from Penfield and Rafuse
35
, 

BVB  + 

Rewriting the equation to suit the transistor NOM, 
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(vcc - vcsat )  = .344 u 	- V 	) max Csat 5.1 

At low frequencies the maximum output power of a varactor doubler 

as derived by Penfield and Rafuse is, 

P. 	= .0285 x BVD2  x  win inmax 	.......... 
rs 	wc. 

or 

Pin max = .0285 x BVD2  x CCBmin -in 5.2 

The application of Eqn. 5.2 to the transistor must be carried out 

with some caution. The breakdown voltage of the transistor is very 

difficult to specify at high frequencies. The peak reverse collector 



voltage depends chiefly upon the biasing voltage as described 

in Eqn. 5.1. The value of Ccanin  depends upon the peak reverse 

voltage of the varactor or transistor collector. In addition, it is 

assumed that the base-collector junction is abrupt rather than graded 

(with respect to impurity doping). A graded junction would have, 

for example, a power handling capability of less than half that.indi-

cated by the above equation. The equation can, however, be corrected 

by using the analysis of Leonard45. The maximum input power to the 

collector-base varactor may be evaluated in terms of the direct 

collector voltage V. Substituting Eqn. 5.1 into 5.2, we obtain, 

PoCmax 	0.241(Vcc - 1/CC - VCsat) x t) 	5.3 - V 	)2x C0B( 	0.344 	1 

where PoCmax is the maximum power output of the transistor as an 

amplifier (equal to the maximum input power to the varactor), and 

CCB(v) is the collector-base capacitance as a function of voltage. 

VCsat is the saturation voltage of the collector and should include 

inductive effects in the base lead. If the output power from the 

transistor (as an amplifier) is significantly greater than that 

given by Eqn. 5.3, then it is likely that multiplication is occuring 

through the action of the NLCSE. 

The maximum power handling capability of the collector-base 

nonlinear capacitance as a NLCSE may be found in a way similar to 

the varactor. It is assumed that the conduction angle is 50%. The 

ratio of direct voltage to peak reverse voltage is 0.245. (Reference 

18) This factor may be combined with the equation in Fig. 4.11 to 

obtain (similar to the way Eqn; 5.3 is deEved), 
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pomax = 1.043x(V .  
CC 	.- - Vp

at
)
2 
 )( C x W

1 

and C is an average value of the depletion layer capacitance which 

is normally two or three times greater than C CBmin. Hence the'diLCSE 

doubler is able to handle about ten times as much power as the 

varactor doubler for the same biasing voltage (Vc0). 

If the input power decreases from that given by Eqn. 5.14 the 

conduction angle (or bottoming period) will be less than 50% and 

the peak reverse voltage will be less than (ACC VCsat  

,2450 

If the input power is increased the conduction angle will increase 

as well as the peak reverse voltage. 

5.5 	Discussion of the Transistor NOM  

Transistor nonlinear output frequency multipliers have been 

constructed and analysed. It is evident that multiplication often 

occurs through a minority carrier charge storage mechanism in the 

collector-base junction. This conclusion is at variance with 

assumptions by other workers. The multiplication efficiency in the 

transistor output was accurately calculated using the results of 

Penfield and Rafuse35  and also by the results of Chapter Four. 

It is clear that the output multiplication is often a combination 

of varactor action and minority carrier charge storage action. The 

theory of minority carrier charge storage frequency multiplication 

of Chapter Four is inadequate to treat the transistor NOM properly 

even though it is the best available. The derivation of a complete 

theory treating a NLCSE multiplier would, by itself, be a significant 
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problem. A theory, to be complete, would have to allow for the 

following: the nonlinear depletion layer capacitance and the minority 

carrier charge storage, different possible discrete frequency idlers, 

a wide range of conduction angles (period over which the nonlinear 

element is bottomed), and the possibility of imperfect charge recovery. 

It is likely to be sometime before such an analysis is developed and 

presented in the scientific literature. 

Although the available theory is not complete for treatment 

of the multiplication mechanism, good estimates of NOM performance 

can be made using varactor theory and the NLCSE theory developed in 

Chapter Four. The amplifying section of the transistor NOM conforms 

moderately well to the theory developed in Chapter Two. The effects 

of feedback have not been analysed, these depending greatly on the 

circuit construction and tuning of the input and output circuits. 

Neutralisation can be carried out but difficulty is likely to be 

experienced in the uhf range, for example, neutralisation might be 

successful at the operating frequency only to cause oscillations at 

another frequency. In addition circuit complexity is increased.' 

The occurence of NLCSE frequency multiplication modifies the 

emphasis on the limiting transistor characteristics. A large 

collector-base depletion layer capacitance is not as essential as 

originally thought,
22 

and the charge recovery characteristics of 

the collector-base diode become important. The operation of the 

transistor as an amplifier with the collector voltage bottomed 

becomes important. 
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The multiplexer, composed of helical line resonating elements, 

proved to be very effective with the transistor NOM. The multi—

plexer was, however, bulky and heavy, and would for general usage 

need to be constructed differently. It is felt, however, that the 

principle of tuning each harmonic individually is a good one, 

and a different means could be found to carry this out, providing 

physical compactness and light weight. The multiplexer was useful 

as a measurement device because the losses at each harmonic, for any 

shorting stub setting, could be accurately determined and recorded. 

Thus it is possible to make accurate estimates of the circuit losses 

of the transistor NOM. Such estimates would be difficult with 

conventional lumped circuits. 

Frequency multiplication at the transistor output approximately 

doubles the maximum frequency of usefulness of the transistor. The 

amplifying section of the transistor (of the uhf NOM) had a power 

gain of about three or four (at 0.400 GHz), and nonlinear output 

multiplication increases the output frequency by a factor of two or 

three with a fairly modest loss. The performance of the transistor 

NOM is very similar to that of a transistor amplifier and a separate 

varactor; however, circuit complexity is reduced and the need for 

a separate varactor diode is eliminated. The transistor NOM is not 

capable of amplifying amplitude modulated signals, whereas a well 

design amplifier followed by a step recovery diode frequency 

multiplier can process amplitude modulated signals. 
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CHAPTER SIX  

CONCLUSIONS  

The feasibility of using the transistor as a vhf and uhf energy 

source has been demonstrated in the foregoing chapters. The transistor 

not only amplifies but also generates harmonics efficiently permitting 

frequency multiplication well into the uhf range. From the studies 

carried out here it is evident that a uhf energy source, deriving 

frequency stability from a low frequency crystal, can operate effectively 

using only transistors as both the active and nonlinear harmonic 

generating elements. The circuitry of a uhf energy source is likely 

to be simplest if transistors are used as the frequency multiplying 

elements. 

A comprehensive study has been made of the two most useful 

frequency multiplication modes, one utilising an input nonlinearity, 

the other an output nonlinearity. The first, nonlinear input 

frequency multiplication, is examined carefully in order to provide a 

basic understanding of the multiplication mechanism. The operation 

of the multiplier is then analysed and performance characteristics 

are derived. The similarity between nonlinear input amplification 

and multiplication is exploited so as to extend the potential 

application of the derived results and also permit a comparison between 

amplifier and multiplier performance. In addition amplifier 

studies assist in the analysis of the nonlinear output multiplier. 
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In Chapter Two it is found that the power gain and collector 

effiency performance lost through frequency multiplication (compared 

with an amplifier of the same output frequency) is not severe provided 

that the transistor is suited to the application. The theory and 

analysis of the "intrinsic base" is supplemented by the work of Chapter 

Three in order to take into account the effect of the depletion layer 

capacitances, these elements being the most likely to degrade the 

transistor performance in both the amplifying and multiplying functions. 

It is found that the limiting transistor characteristics are the same 

for good frequency multiplication and good class C amplification, both 

circuits requiring a good high frequency, large signal class A amplifier 

performance (transistor collector conducting at all times) plus some 

additional characteristics. The typical large signal class A 

amplifier requirements are: a high average maximum frequency of 

oscillation max (over the full collector current and voltage range), 

a small ratio of collector saturation voltage to collector breakdown 

voltage, a large collector power dissipation and a large product of 

maximum useable collector current and maximum collector voltage. A 

good transistor for high efficiency class C amplification or frequency 

multiplication should have in addition to the above characteristics: 

a large quotient or emitter-bane breakdown voltage and extrinsic base 

resistance, and a small product of extrinsic base resistance and 

emitter-base depletion layer capacitance (rbbCBEl). The latter 

requirements are of increasing importance as the collector conduction 
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angle of the transistor is'reduced. In many high-frequency power 

transistor presently available, the reverse breakdown voltage of the 

emitter-base junction is too low to permit efficient nonlinear input 

multiplication. Thus before a particular transistor, proven in high 

frequency class A power amplification, can be considered for use in 

class C applications, the reverse breakdown voltage of the input and 

the 
CBElrbb product must be checked to ensure suitability for the 

application. 

Much of the analysis of the NIAM has depended upon assumptions 

that have not in practice been accurately met. The assumptions serve 

the purpose of simplifying the analytic approach and also reducing the 

required amount of data concerning the transistor characteristics and 

equivalent circuit. However the assumptions do not affect seriously 

the accuracy of the analysis. The chief limitation to an accurate 

analysis is the limited amount of information available about any 

particular transistor. The published manufacturer's data sheets seldom 

provide all desired information required here, and often some information 

must be inferred, as in Section 3.5. It is undesirable to have to 

make measurements on an individual transistor before its performance 

in ark amplifying or multiplying circuit can bo prtactea. The aoourate 

application of the theory of Chapters Two and Three depends upon 

estimated linearised values for the nonlinear actions of the transistor, 

such as feedback capacitance, extrinsic base resistance and high frequency 

current gain. 
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Further work on the NIAM would be most productive if it were 

aimed at using the results of Chapters Two and Three, taking into 

account all of the diverse characteristics and limitations of the 

transistor, with the object of finding the optimum operating conditions 

of an amplifier or multiplier for a particular criterion (i,e. maximum 

power gain, maximum power output, maximum ratio of output power to 

direct input power). 

Chapter Four is devoted to the study of nonlinear,  .charge storage 

elements that have two capacitive states (an infinite capacitance state 

and a finite, constant capacitance state) employed as a frequency multiplier. 

Preliminary measurements with the transistor output nonlinearity used for 

frequency multiplication, indicated that the nonlinear depletion layer 

capacitance was generally not capable of converting all the fundamental power 

that was applied to it. Varactor multipliers operating with more input 

power than they are theoretically capable of handling are said to be 

overdriven and power conversion then takes place largely through the 

action of minority carrier charge storage (occuring at the same time 

in the same device), none of which are sufficiently extensive and 

general enough to be applied to the transistor NOM. The analysis 

presented in Chapter Four is probably the most general (among those 

without discrete frequency idlers) available. It will deal with any 

multiplication factor and gives a good indication of the effect of 

conduction angle variation. The input and output resistances are 

adjusted for optimum efficiency. The results of the analysis are 

presentable in very compact form (i.e. two graphs, Figures 4.7 and 4.10 
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and Table 4.1 will deal with any harmonic). Also, information on a 

particular harmonic, if design information is not given, may easily 

be calculated. 

The analysis of Chapter Four, although originally derived to 

analyse the transistor NOM, should find considerable application to 

step recovery diode frequency multipliers. The analysis is based on 

an idealised multiplying circuit of this form. 

A complete analysis of the overdriven varactor is a formidable 

problem. For present purposes consideration of a variable conduction 

angle for the diode is desirable, as in the NOM the power input to 

the varactor is usually the maximum that the transistor will deliver 

and not optimised for mulitplication. Idling circuits should be 

considered. The performance of the NLCSE should be specified as a 

function of frequency, the diode losses due to series resistance and 

imperfect charge recovery being accounted for. 

Chapter Five reports on vhf and uhf amplifiers and nonlinear 

output multipliers that have been constructed and analysed. Examination 

of the output waveforms and output powers shows quite conclusively that 

minority carrier charge storage action comes into effect in such 

multipliers. The performance of a transistor NOM is comparable with 

that of a transistor amplifier and a separate varactor multiplier. 

This mode of operation can double or triple the maximum frequency of 

usefulness 
(fmax) 

 of the transistor. * For example, the uhf transistor 

tripler studied heiconverted a fundamental power of 1.0 watts at 
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0.400 GHz into about 1.0 watts at 1.200 GHz. Thus the transistor 

provided a unity power gain as well as tripling to an output frequency 

of 1.2 GHz. The overall operation of the transistor NOM conforms 

moderately well to expectations, based on comparison with a transistor 

amplifier and a separate varactor multiplier. Some expected deviations 

from the above are found; for example, output multiplication increases 

feedback in the transistor, so increasing the possibility of instabi-

lity, while maximum collector voltages are increased (the collector 

voltage assumes a shape that is a compromise for best amplification and 

for best multiplication). In the transistor NOM, the bias voltage 

on the multiplying diode is determined by the collector supply voltage 

VCC and not by a self biasing arrangement; the amplifying and multi-

plying sections are not connected by ideal filters. 

The conclusion that frequency multiplication occurs partially 

via a minority carrier charge storage mechanism modifies the requirements 

upon the transistor characteristics for efficient nonlinear output 

multiplication. For example, a transistor should have good amplifi-

cation characteristics, even where the collector is saturated for a 

large percentage of the time, and the transistor collector-base 

junction should have a good charge recovery characteristics. A large 

collector-base capacitance with a good nonlinearity (i. 	1/2) is 

not of the paramount importance previously thought; in fact, a small 

capacitance with a small nonlinearity would permit good conversion 

efficiencies. 
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The measurements, carried out here on the voltage waveforms of 

the uhf transistor multiplier could be improved to permit a more exact 

examination of the operation. The transistor lead inductances 

obscured the transistor multiplication action considerably. Better 

measurements could be obtained by removing the transistor from its 

encapsulating can and mounting it directly onto a suitable transmission 

strip line, so permitting measurements at the transistor contacts. Or 

alternatively separate leads could be brought out of the transistor 

encapsulation which would be used purely as measurement probes, the 

lead inductances not being so important as measurement current flow 

could be small. 

The transistor NOM uses fewer components than a transistor 

amplifier and varactor multiplier; it is, however, incapable of 

multiplying amplitude modulated signals. 

The transistor, varactor, and step recovery diode have exhibited 

improved performances with device developments, permitting increased 

use as solid state microwave energy sources. The improvement is 

likely to continue for a number of years. 

The varactor and step recovery diode are of interest, here 

because of the way they extend the usefulness of the transistor to 

higher frequencies. The multiplication efficiency of a step recovery 

diode may be much higher than the collector power conversion efficiency 

of a transistor tlat a chain of such frequency multipliers - following 

a transistor amplifier - will result in a low overall conversion 
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efficiency (output rf power to total direct input power). In order 

to enjoy the best overall conversion efficiency in a rf energy source 

either a transistor amplifier or a nonlinear input multiplier should be 

placed as close to the output as transistor performance will permit. 

A rf energy source (using an amplifying transistor at the output) has 

an overall efficiency equal to or better than a similar source using 

devices such as the klystron. On the other hand, a rf energy source 

using transistor amplifiers followed by a chain of varactor or step 

recovery diodes - to obtain high frequency multiplication factors - is 

likely to have power conversion efficiencies inferior to the klystron 

energy source. 
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APPENDIX 1  

Graphical Fourier Analysis of Symmetrical Waveforms* 

Figure A1.1 

r. = f(x) and, 

f(x) 
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- Y0 + 2Y4  2Y2  -  Y6  
6 

+ 2Y -Y -Y Y -Y 
1 	.2 	4 	5 

6 

 

YO 	Y2 4. 1.733(Y5 	Y1 ) --Y4 - Y6
.  

A - 
5 	6 

YO  + 2Y2  + 2Y4 Y
6 

2Y - 2Y3  - 2Y5  

12 

* Taken from Reference 51 in modified form. 
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APPENDIX 2  

Computer Program for the Solution of Transistor Amplifier  

and Multiplier Equations.  

The computer program is written in International Computer 

and Tabulator Fortran IV to solve the equations developed in 

Chapter Three describing the performance of transistor ampli-

fiers and multipliers with feedback. Shown here is the flow 

chart, the program and sample output. The sample output shows 
• 

the performance of a doubler. A range of mismatch Conduction 

angles are chosen (2a ) and performance is found and displayed, 

in blocks of four numbers, i.e., 

modified conduction angle 
calculated value of RT/R 
modified collector efficiency 
modified power input 

The results of the amplifier through to a quadrupler were plott-

ed in Figures 3.9 to 3.12 in terms of modified conduction angle 

and the calculated value of Rt/Ro. 

Flow Diagram 

Read data input 

values of /R R-1.1 o 

Set harmonic n 

to values of 1 to 6 

Set values of 

conduction angle 

) 



Subroutine Srang 

Determine modified 

conduction angle 

(24') using 

Eqn. 3.13 

Subroutine Srmis 
40- Calculate f1 oe ( 	ne) 

from Eqn. 3.15 

A 

Subroutine Angmis  

Set value of E. 

Calculate 121/110  using 

Eqn. 3.17. If RL/R0  

larger than selected 

value make e smaller 
and if RL/R0  smaller 

make e larger and 
repeat calculation. 

If L/Ro has correct 

value go to master 

section. 

Calculate modified 

collector efficiency 

using Eqn. 3.19 

Calculate input power 

requirement using 

Eqn. 3.22 

Print 

Modified conduction angle (21101) 

Calculated value of RL/1/0  

Modified collector efficiency 

Modified input power 
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Select values of 

RI/R0 

Calculate f2(0(,e, n) 
using Eqn. 3.18 



. Computer Program . . 
.R H JOHNSTON 	EEAE1004 . 
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LkST(LP) 
SEND TO (MT) 
PROGRAM (PROG FDKAMPMOO) 
INPUT 1=CRO 
OUTPUT 21(MONITOR)=LPO 
TRACE 
END 

MASTER FOY, AMP 
DIMENSION ARSFM(10)/ARCA(10)JARFM(.10)/AREFF(10)/ARPIN(1.0) 
COMMON ,4 A /AM rNH r 	FM rS.FM 
PEAD(1/3)(ARSFM(Y)/(=1,6 ) 

3 FORMAT( 6(E6.2)) 
DO 1 NH=1/6 
WRITE (2,7) NH 

7 FORMAT (1H1/I9) 
DO '2 TANG 
AA = 2.0 
IF (NH .E0. 1) AA = 1.0 
AA = AA* .314159-* TANG/NH 
DO 4 JMIS=1/6 
SFM=ARSFM(JMIS) 
CALI_ 'ANGMIS - 
AROA(JMIS)=CA*Wk.59 
ARFM(JMIS)= AM/FM 
0d1 = C-00S(AA/2) 	COS(7CA+AA/2):4. CA**2/2*COS(AA/2).. 
1..AN/NH*SIN(NH*CA) 	CA*(...SIN(P.CA+AA/2) 	CA*COS(AA/2) 
2+AM*COS(-.NH*CA)))/3.14159 
AREFF(JMIS) = FM*.5/DC/ 
PI = 3.i4159 	 . 
PIN = SIN(AA)/4.0'4. SIN(2*CA-AA)/4.0 	CA/2.0-COS(AA/2) 
toe(sIN(AA/2)—SIN(—cA+4A/2))-SIN(2.0cA)04.0 	CA/2*COS(AA)._. 
2+SIN(CA+AA/2)*COS(A4/2)—COSIAA/2*SIN(AA/2)—NH*AM*((-COS 
3(—NH*CA-CA+AA/2) 	COS(—NH*PI-P11-AA/2))/(2.0*(NH+1))44+COS 
4(i-NH*ctl+CA+AA/2)-c0S(NH+Pl+pI+AA/2))/(2.01,(NH+1))) 
IF (NH .EO. I ) GO TO 6 
PINX = (--COS(NH*CA+CA'-.AA/2) 	COS(-NH*PI +PT.AA/2))/(2.0* 
1(NH-1)) + (...COS(NN*PI ,-.P1...AA/2) 	COS(NH*CA-CA-AA/2))/(2.0*(NH-1)) 
GO TO g 

6 PINX = (PI-CA)*SIN(AA/2) 
9 PINX = PINX*NH*AM 
PIN = PIN — PINX 
PIN = PIN/NH**2 
ARPIN(JMIS) = IDIN/(pi*pii**) 

4 CONTINUE 

.AA="4"14.59 
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1WRITE(2/5) AA 

5 FORMAT(1H0fE9.3) 
WRITE(2/6) (ARCA(I)r1=1,6 ) 
WRITF(2r6) (ARF(I)rI=1,6 ) 
WRITE (2,6) (AREFF(I),I=1,6 ) 
'ARITE(2r6) (ARP-M(1)/1=1,6 ), 

6 FORMAT (1H r 8(E11.3)) 
2 coNTiNur 
1 CONTINUE 
STOP 
END 
SUBROUTINE ANGMIS 
COMMON AA'AM,NHrOA/FM,SFM 
AM = 2,0 
UAM = 2,0*AM 

35 UAM = ,5*UAM 
IF (UAM .LT. .0000001) GO TO 38 
CALL SRANG 
CAL SRS IS 
IF (FM .LT. 0.0) GO TO 36 
IF (ABS(1..AM/(FM*SFM)) .LT, .,005) GO . TO 38 • 
IF (SFM - AM/FM) 36,38,37 

36 AM = AM-UAM 
GO TO 35 

-37 AM = AMI.UAM 
GO TO 35 

38 RETURN 
pNO. 
SUBROUTINE SRANG 
COMMON AArAM,NH,CA,FMoSFM 
CA. = -2*AA-,0001 
OANG =-2*.AA 

13 DANG=.5*DANG 
IF (DANG.GT.'"0,0002) GO TO 11., - 
IF (COS(CA+AA/2)COS(AA/2)+AM*NH*S/N(NH*CA)) 10/11,12 

10 	CA= CA--GANG 
GO,T0 13 

12 CA7.1CA+DANG 
GO TO 13 

11. CAn-CA 
RETURN 
.ENO  
SUPROUTINE SRMIS 
REAL MIS1 
COMMON AArAM,NH,CA,FM,SFM 
IF (NH .GY. 1) GO TO 21. 

20 MIS1=SIN(AA/2)*CA/2 
GO TO 22 

21 MIS1=-(COS(NH*CA-CA 	+AA/2)7COS(AA/2))/(2*(1qH-r1)) 
22 FM=2/3.142*HCOS(AA/2-CA*(NH+1))-COS(AA/2))/(2*(NH+1))+MISI.(COS(A_ 

1A/2))*(-CA/NH*SIN(NH*CA)+1.0/NH**21NCOS(NH*CA)/ NH**2)-AM*(CA/2 
24SIN(2*NH*CA)/(4.°*NH))+SIN(NH*cA)/NH4(..SIN(-CA+AA/2)-,CA*COS(AA/2),2  
3+AM*COS(.-NH*CA))) 
RETURN 
END 

FINISH 
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Appendix 3  

The Harmonic Multiplexer. 

The four output port multiplexer used in the operation of 

the.uhf transistor nonlinear output multiplier is based on helical 

11.ne resonating elements43. The helical line resonator is a 

variation on a resonating quarter wavelength transmission line 

stub. The resonant element is gaining widespread usage in the 

ihf and uhf ranges. A sketch of a single element is shown in 

Figure A3.1. The element consists of a conductor coiled into a 

cylindrical cavity, one end of the conductor is earthed the 

other is left floating. In this way small physical dimensions 

are achieved. 

Figure A3.1 

d°  b 

Sketch of a "helical line resonating" element. 
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Initially a single resonating element was constructed and 

used with the transistor for doubling for purposes of filtering 

the second harmonic power and transferring it into the load. 

The power was coupled into the cavity by a'loop located near 

the earthed end of the helix (providing a magnetic coupling) and 

the power was extracted from the helix via a probe located near 

the floating end of the helix ( capacitive coupling. output). 

The single resonator worked well and it was decided to construct 

a more elaborate filtering arrangement using the helical resonator. 

It was decided to make the filter with four output ports 

.tuned to the fundamental through to the fourth harmonic, that is 

a port tuned to each of the frequencies; 0.40 GHz, 0.80 GHz, 

1.20-GHz and 1.60 GHz, 	suggested arrangement43  for such a 

multiplexer uses an input coaxial transmission line of 50-41.

which is short circuited at one end. The helical resonators 

are capacitively coupled to the transmission line one quarter 

wavelength (or a multiple thereof) from the short. In this case 

the 50.11. transmission line consists of a round copper conductor 

placed centrally into a slot with a:square cross section. This 

slot intersects thecylindrical cavities.of the resonating 

elements permitting the capacitive coupling between the trans-

mission line and the resonating elements. Thus power is inserted 

into the cavities using capacitive coupling and power is extracted' 

from the cavities using magnetic coupling loops. Figure A3.2 



1200 
input 
port 

transmission 
line 

400_ 

"4 
1600 
"-- Z7t8 o 

resonating 
cavities 

0" 	I iii 

1600 MHz .800MHz 

Output ports 

koo naz 1200MHz 
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shows the approximate construction of the multiplexer. The 

multiplexer was made from a brass block and the loops and helices 

were placed and adjusted (to pass the correct frequencies with 

low loss) and then the complete unit was silver plated. Tuning 

screws were placed to modify the resonant frequency of each cavity. 

The axis of the screws were placed on the axis of each helix. 

Shown in Figure A3.3 is a photograph of the multiplexer with the 

top plate (containing the tuning screws) removed. The output 

frequencies of each port may be noted. The top of each helix may 

be seen, to be in close proximity to the center conductor of the 

Figure A3.2 

Top view of harmonic multiplexer with top plate (containing tuning 

screws) removed. The input and output ports are 50.4. systems. 

The tops of the helices are capacitively coupled to the trans- 

mission line and the output ports are magnetically coupled (by 

a loop marked in black) to each helix. 
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Figure A3.3 

A photograph of the multiplexer with the top plate removed. 

tach output port may be seen (output frequencies indicated), and 

the center conductor of the transmission line may be seen in 

close proximity to the top of each helix. 

Figure A3.4 

A photograph of the multiplexer in use. The transistor 

collector feeds into the common port. Variable length short 

circuited stubs are connected to the fundamental, third and fourth 

harmonic ports. The matching circuit and load are connected to 

the second harmonic port. 



219 

of the transmission line. In Figure A3.4 typical useage of the 

multiplexer is shown. In this particular setup the usefUl power 

output occurs at the second harmonic (800 MHz), the transistor 

being connected to the common port of the multiplexer. Funda-

mental power is rejected by the output filter because a variable 

length shorting stub is.connected to the fundamental port.: The 

fundamental power returns to the transistor in an optimum phase 

(the fundamental short circuit stub is adjusted for this) and 

is converted into a harmonic by the nonlinear effect of the 

transistor output. Most of the.power will be converted into the 

second harmonic which is matched into a 5041- coaxial attenuator 

via a line stretcher and a parallel variable length shorting stub. 

An attenuator and a thermistor power meter measure the output 

power from the filter.' The third and fourth harmonic stubs 

are also adjusted to maximise second harmonic power output. The 

performance characteristics of the harmonic multiplexer have been 

measured. The insertion loss of the multiplexer from the 

common port to each of the output ports has been measured, 50-11-

systems been used on both the input and output. The performance 

is shown in Figure A3.5 as a function of frequency. The spurious 

response of the fundamental port to 1.17 GHz should be noted, this 

being typical of transmission line resonating elements. Also 

the isolation of 20db should be noted. Parasitic feed-through 

occuring by magnetic coupling of the slot (of the transmission 

line) to the magnetic coupling loop of the output port. The third 
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Insertion loss of each port of the multiplexer 
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harmonic port had better isolation as modifications were made to 

this one and eventually the output port was capacitively coupled 

to the helix. 

Another performance of the multiplexer,. of interest, is the 

power lost into the common port when a short circuit is connected 

to the output port. This is measured for the fundamental to the 

third harmonic port and the measurements are shown in Figure A3.6. 

The loss is a function of the distance between the output port and 

the shOrt circuit. The last two graph's may be used to estimate 

the circuit loss caused by the multiplexer. 



Third harmonic port (1200 MHz) 
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Figure A3.6 

Fundamental port (400 MHz) 

G 	14 le 22 26 30 34 3e 42 

Stub setting in cm. 

Second harmonic port (800 MHz) 

Stub setting in cm 

Reflection losses in three of the multiplexer ports, at each center 

frequency, when the output is terminated•in a short circuit. The 

losses are a function of the distance between the short and the 

multiplexer. Lengths shown are direct GR shorting stub readings. 
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