
https://researchportal.bath.ac.uk/en/studentTheses/cb889019-5641-4f1b-9557-6b507d1c6ab7


APPLICATION OF CARTESIAN FEEDBACK 

TO HF SSB RADIO TRANSMITTERS 

Submitted by Andrew N. Brown 

for the degree of Ph. D. 

of the University of Bath 

1988 

COPYRIGHT 

Attention is drawn to the fact that copyright of this thesis 

rests with its author. This copy of the thesis has been supplied on 
condition that anyone who consults it is understood to recognize 
that its copyright rests with its author and that no quotation from 
the thesis and no information derived from it may be published 
without the prior written consent of the author. 

This thesis may be made available for consultation within the 
University Library and may be photocopied or lent to other libraries 
for the purposes of consultation. 



ACKNOWLEDGEMENTS 

The author gratefully acknowledges the support of the Science 

and Engineering Research Council and Plessey Electronic Systems 

Research Limited who together provided a CASE award for the funding 

of the research. Particular thanks are due to Mr. V. Petrovic of 

the School of Electrical and Electronic Engineering in the 

University of Bath, the author's supervisor during this research 

project, for the many helpful discussions and encouragement which 

have contributed towards the completion of this project. 

Thanks are extended to Mrs. Hazel Gott, who skilfully typed the 

script. 

1 



SUMMARY 

Radio transmitters intended for use with amplitude modulation, 

including single sideband, require a linear amplifier to raise the 

level of the modulated signal to the power necessary for 

transmission. Herein lies a problem; that of obtaining an output 

signal with good spectral purity whilst simultaneously achieving a 

reasonable power conversion efficiency. Conventional SSB 

transmitter designs operate their power amplifiers in class AB and 

rarely achieve third order intermodulation products better than 36dB 

below peak envelope power on a standard two tone test, and the 

conversion efficiency is often below 30%. 

This thesis describes a novel technique of applying negative 

feedback to radio transmitters. The technique uses a feedback of 

the cartesian coordinates of the RF signal, hence the term 

Cartesian-Loop Transmitter. A transmitter configuration suitable 

for covering the HF band (1.6 to 30MHz) has been developed and 

implemented. The application of feedback in cartesian coordinates 

requires accurate quadrature components of the carrier and baseband 

signals. Various methods of generating these quadrature components 

are presented and a particularly versatile approach adopted in the 

design of the HF transmitter. 

A large amount of negative feedback is applied in the 

Cartesian-Loop Transmitter without compromising its stability. As a 

result, distortion is greatly reduced, with improvements of 

typically 35dB in the level of third order intermodulation products 

for the HF transmitter. Conversion efficiency can also be improved 

by operating power amplifiers closer to the class B condition, any 
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increased distortion being reduced by the large amount of negative 

feedback available. 

The Cartesian-Loop Transmitter allows full advantage to be 

gained from the highly bandwidth efficient SSB signal, until 

recently unrealizable due to the poor spectral purity of 

conventional linear radio transmitters. 
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SYMBOLS AND ABBREVIATIONS 

AC alternating current 

ALC automatic level control 

AM amplitude modulation 

ATU antenna tuning unit 

BJT bipolar junction transistor 

dB decibel 

dBm decibels relative to 1mW 

DC direct current 

DSB double sideband 

EER envelope elimination and restoration 

EPROM erasible programmable read only memory 

FET field effect transistor 

HF high frequency 

Hz hertz - unit of frequency 

IF intermediate frequency 

ISB independent sideband 

lsb least significant bit 

msb most significant bit 

MOS metal oxide semiconductor 

PEP peak envelope power 

RF radio frequency 

ROM read only memory 

SNR signal to noise ratio 

SSB single sideband 

VHF very high frequency 

VMOS vertical metal oxide semiconductor 

VSWR voltage standing wave ratio 

^I watt 
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CHAPTER 1 

LINEAR HF RADIO TRANSMITTERS 

1.1 Introduction 

In amplitude modulation (AM) systems, including single sideband 

(SSB), the amplitude of the RF carrier signal is made to vary 

proportionally to the amplitude of the modulating signal and at a 

rate equal to the frequency of the modulating signal . 

Conventionally, the message is first modulated onto a fixed 

frequency carrier at a lower power level, typically OdBm, to 

minimize distortion. This signal then undergoes one or more stages 

of frequency translation to achieve the desired output frequency. 

In order to transmit the information over any appreciable 

distance the modulated signal must be amplified in a power 

amplifier. For such signals the amplification process must be 

linear in order to preserve the modulation at the transmitter 

output. Any non-linearity in the amplification process will cause 

additional frequency components, known as harmonic distortion and 

intermodulation products, to be generated. These additional 

(unwanted) components will degrade the message quality and more 

important from a communications system viewpoint, they can cause 

interference to other users. Harmonic distortion does not pose a 

great problem since it is remote from the wanted output signal 

frequency and can therefore be reduced to acceptable levels by 

suitable filtering. However, intermodulation products fall too 

close to the wanted signal to be removed by filters and can 

therefore cause interference to users in adjacent channels. For 

high power equipment the amplification process is subject to the 
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further constraint that it must be reasonably efficient in 

converting the primary power if running costs and heat dissipation 

requirements are not to be prohibitive. 

Propagation of signals in the HF band is by means of 

reflections from and refraction within the ionosphere and can 

produce long range communications for relatively low transmitter 

power. The long range that can be achieved with relatively low 

transmitter power has made the HF band very popular causing problems 

of spectrum congestion. Furthermore, the propagation 

characteristics of the medium mean that signals from distant sources 

can also cause interference. To minimize the possibilities for 

mutual interference transmitter powers should be kept to the 

absolute minimum required to establish satisfactory communications. 

The high possibility for interference combined with the variability 

of the propagation medium results in channels very often being 

unusable (1-3). Therefore, HF transmitters require frequency 

agility and are usually designed to cover the whole HF band, from 

l. 6MHz to 30MHz. At the very least an HF communications path needs 

a day and a night frequency to cope with day and night (diurnal) 

variations of the usable range of frequencies. It is usual for say 

half a dozen frequencies to be assigned and military equipment is 

required to cover the whole HF band in 100Hz steps. 

The requirements for HF transmitters can be summarized as those 

of efficient linear amplification and the need for a certain amount 

of frequency agility. 
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1.2 Linear Amplifiers 

The term linear amplifier, or system, is used to describe a 

system in which the output is directly proportional to the input. 

For a truly linear system this relationship will apply for any 

signal level or frequency. 

The design of linear amplifiers involves the consideration of a 

number of points and generally some compromise must be made between 

them. Amplifiers are given different classifications depending upon 

the extent of the input waveform cycle for which the device current 

flows. Class A amplifiers are biased in the centre of the linear 

region of the active device characteristic so that current flows for 

the full cycle. Linearity is generally good since the best use is 

made of the linear region of the transfer characteristic. Current 

f lows through the device even when there is no external signal 

applied, efficiency is therefore poor. 

If current f lows for half of the input waveform cycle the 

amplifier is referred to as operating in class B. This type of 

amplification is less linear than class A due primarily to the non- 

linearity of the device transfer characteristic in the turn-on 

region. However, the efficiency is improved and has a maximum 

theoretical value of 78.5% as opposed to 50% for class A operation, 

as can be seen from Appendix G. It should be emphasized that these 

are maximum theoretical efficiencies, actual values would be 

somewhat lower in practice, of the order of 20% to 30% for class A 

and 50% to 60% for class B. 

Class A stages are used for low level signals where linearity 

is important but efficiency is of little or no concern due to the 

low power levels involved. However, as the power level increases 
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the low efficiency of class A operation presents problems of heat 

dissipation. This adds to the complexity and cost of the equipment 

since the difference between input power and RF output power must be 

lost as heat (4). Poor efficiency also has a greater drain on power 

supplies for a given RF output. This is an important consideration 

even for relatively low power equipment if the power is supplied 

from batteries and can add considerably to the running costs for 

high power broadcast equipment. In a mobile environment equipment 

must often be carried. Higher efficienccy has two advantages here 

in that reduced dissipation requires smaller and therefore lighter 

heatsinking and also the size and therefore weight of the batteries 

can be reduced. 

Having recognized the need for power efficiency as well as 

linearity and that improving one adversely affects the other it is 

clear that a compromise must be reached. The degree of linearity 

required must be carefully considered and if this cannot be achieved 

with class B amplification it can be improved by using a small 

standing current in the device to overcome the non-linearity of the 

turn-on region. This class of operation has collector current 

flowing for more than 180 degrees of the input cycle but for less 

than the full cycle, that is, it lies between class A and B 

operation and is hence known as class AB operation. As would be 

expected both linearity and efficiency lie between the Class A and B 

values. 

When designing a linear amplifier the extent of the device 

transfer characteristic linear region is of prime importance. One 

cause of distortion is the tendency for current gain to decrease as 

the device current increases. It is therefore desirable to operate 
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with a high supply voltage so that the device current, for a given 

output power, is reduced. The current gain of transistors also 

decreases with increasing frequency and the cut-off frequency 

decreases with voltage and current increase. It is necessary, 

therefore, to choose a device with a cut-off frequency well above 

the highest frequency of interest if the reduction of voltage and 

current excursions are not to increase distortion appreciably. 

For bipolar junction transistors (BJTs) the choice and 

maintenance of the correct bias point is an important consideration. 

For a given device the correct bias point changes with temperature 

and operating power level. For a fixed bias voltage the bias 

current will increase with temperature and cause the collector 

standing current to increase. This increases the device dissipation 

and further raises the junction temperature. Thermal runaway can 

result and the device may be destroyed by secondary breakdown. 

A simple means of overcoming this problem is to use a resistor 

between the emitter and ground to stabilize the bias point. 

However, there is a problem in that the negative feedback provided 

to stabilize the bias point also acts to reduce the signal gain, 

which is at a premium in high frequency circuits. The emitter 

resistor may be decoupled for low power circuits to overcome the 

reduced gain, but where high powers are concerned the restricted 

output voltage swing causes an unacceptable reduction of the 

available output power and efficiency. 

The emitter resistor technique is used in some RF power 

transistors in the form of internal ballast resistors, Figure 1.1. 

The emitter is divided into a number of physically separate sites 

and a resistance added in series with each. These are then 
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connected to form a single emitter as appears on the device package. 

A rise in the temperature of one of the emitter junctions will 

increase its current, which will increase the voltage drop across 

the emitter resistor and reduce the current from that particular 

emitter site, thus preventing thermal runaway. The effect on signal 

gain is small due to the low value of the combined parallel emitter 

ballast resistors. 

An alternative method of bias compensation for BJTs is to use a 

forward biased diode to track the change in base-emitter voltage 

with temperature. This method is favoured for high power circuits 

where output power, stage gain and efficiency must not be 

sacrificed. The diode must be mounted in close thermal contact with 

the transistor in question in order to keep the junctions at the 

same temperature. This requires the diode to be mounted on the 

transistor heat sink or better still to be fabricated within the RF 

transistor package (5). A typical circuit for this bias arrangement 

is shown in Figure 1.2 (6). The diode tracks the change in cut-in 

voltage of the RF transistor and the bias voltage alters 

accordingly, with the standing current being fixed by the variable 

resistor. 

The matching of the input and output of the device is important 

to ensure maximum power transfer and linearity. A perfect match 

cannot be obtained at all power levels since input and output 

impedances vary with power level to some degree (7). This variation 

is a further cause of distortion. The output match tends to be more 

important than the input match since power levels are greater. The 

correct output resistance, R0, for a transistor is given by 
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R= 
(V 

cc _ 
ysat) 2 

02 
PO 

where Vcc is the supply voltage, 

V 
sat 

is the device saturation voltage and 

Pý is the output power. 

1.1 

The choice of supply voltage must be made carefully in order to 

achieve a value of R0 which will be reasonably easy to match to a 50 

ohm load. The higher the value of RD the easier it is to match into 

50 ohms and it is therefore likely to produce a better match and 

hence lower distortion. Furthermore, a higher supply voltage leads 

to a lower collector current which further enhances linearity since 

the large change in current gain at high collector currents is not 

encountered. 

Proper device selection with the correct choice and careful 

maintenance of bias point together with appropriate matching for 

power amplifiers operating in class AB generally result in third 

order intermodulation products little better than a level of -30dB 

relative to the tone on a two-tone test (7). Equation 1.1 also 

demonstrates that for a given value of R0 the output power will vary 

as the square of the supply voltage. For this reason RF power 

amplifiers employ voltage regulators to ensure a constant supply 

voltage. These regulators further reduce efficiency from the 

already low value of the class AB amplifier, resulting in very poor 

overall DC to RF conversion efficiency. 

1.3 Considerations for HF Linear Transmitters 

Whilst linearity and efficiency are important considerations 
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these are not the only points to consider when designing 

transmitters for HF communications. 

The output power of the transmitter is an obvious 

consideration. This will tend to be greater for longer distances, 

but is also affected by other factors such as terrain, vegetation, 

propagation mode and frequency. The lower frequencies in the band, 

1.6MHz to 6MHz, are best for ground wave propagation, with 

communication distances of several hundred kilometres being possible 

over the sea in this mode. However, in densely forested or urban 

areas ground wave propagation may be restricted to a few kilometres. 

For long range communications ionospheric reflection and refraction 

are used. Here the best frequencies fall between 4MHz and 30MHz. 

The properties of the ionosphere change greatly from day to 

night and over the eleven year sun spot cycle (8). At the very 

least an HF communications path needs a day and a night frequency. 

It is usual for half a dozen frequencies to be assigned. HF 

transmitters must therefore be designed to operate on a number of 

frequencies. Military equipment is required to cover the whole HF 

band in 100Hz steps necessitating the use of frequency synthesizers. 

The transmitter output power should be kept to the minimum required 

to establish satisfactory communications. Excessive transmitter 

power is not only wasteful of initial capital expenditure on 

equipment but is also more likely to cause interference in adjacent 

channels, further congesting what is already the world's busiest 

part of the spectrum. By keeping transmitter power low the 

frequency re-use distance can be reduced thereby easing spectrum 

congestion and it also reduces the scope for unwanted eavesdroppers. 

Transistors can be used as the active device for power levels 
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up to the region of about 1kW, but above this level impedance 

matching difficulties and the need for high current power supplies 

limit their use. The low output impedance of transistors makes them 

well suited for broadband amplifiers. For powers much above the 1kW 

level valves remain as the active device. Due to their high output 

impedance they employ narrow band matching networks. For wideband 

coverage these matching networks require automatic retuning when a 

frequency change occurs (9). Valves can be used in a distributed 

manner, with the input and output circuits forming transmission 

lines, in order to increase the bandwidth (10-12). It is wideband 

transistor amplifiers that will be considered here since this type 

is more common and is also used as the driver stages for higher 

power valve circuits. 

To achieve impedance matching over the four octaves of the HF 

band, wideband transformers are employed. These are invariably of 

the transmission line variety (13), but wideband autotransformers 

may be used if transformation ratios other than integer squared 

values are required (14,15). Whatever the type of transformer used 

they will be constructed on some form of ferrite core. The core 

material has a high permeability at the low frequency end of the 

band to ensure good coupling between the primary and secondary in 

this region. As frequency increases the permeability of the core 

material reduces and the coupling mechanism becomes dominated by the 

closeness of the windings which will often be twisted together as 

bifilar, trifilar, etc. windings. The number of turns should be 

kept low to reduce losses and prevent high frequency resonance 

effects, but not so low as to reduce the coupling. In high power 

circuits core losses cause a rise of the core temperature, so 
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cooling may need to be provided. The transformers must be designed 

so that the flux density is not allowed to saturate the core since a 

saturated core is a non-linear element which will add to the 

distortion of the amplifier. Transformers must generally be rated 

at several times the power at which they are expected to operate. 

This is due to the high VSWR that will be encountered in the working 

environment. The maximum throughput power allowed is the 

transformer maximum rated power divided by the VSWR produced by the 

mismatch. Often the transformer will be used to transform a 

balanced to an unbalanced line for a coaxial feeder. A problem can 

arise here in that the balanced generator inevitably produces a 

certain amount of unbalanced power which will not be loaded by the 

transformer. An unbalanced resonance can result in the balanced 

feeder giving rise to high voltages and currents. If this resonance 

is not damped serious damage to the transformer may result (16). 

Transformers can readily be designed to give a flat response 

over the entire HF band. Selection of transistors also affects the 

flatness of the gain response, making it necessary to use a device 

which has a cut-off frequency (defined as the unity gain frequency) 

which is very much higher than 30MHz. The gain response cannot be 

made completely flat over the entire band even with level 

compensating techniques. The variation is likely to be largest near 

the band edges. It is common for some form of automatic level 

control (ALC) to be used to keep the output power independent of 

transmitter frequency. The output power would be measured and if 

this departs from the nominal value the derived control signal would 

be used to alter the gain of one of the IF stages. The drive level 

to the power amplifier is thus adjusted so as to restore the nominal 
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output level. An important function of the ALC system is to prevent 

distortion due to peak limiting. A suitable margin of spare power 

capability must be retained in the driver stages to allow for the 

increased signal level needed to compensate for a reduction of power 

amplifier gain. Increased signal level in the driver stages must 

not cause a significant increase in the levels of distortion 

products. 

The block diagram of a typical HF transmitter is shown in 

Figure 1.3. The modulator will operate at a low level, typically 

OdBm, to ensure linearity and at a fixed frequency, often 1.4MHz 

since SSB filters are available at this frequency. It is likely to 

be capable of generating both double and single sideband signals and 

may have the facility of multiplexing SSB channels onto a single 

carrier. For a speech signal peak clipping may be employed to 

increase the ratio of mean to peak power. The modulated signal will 

be translated to a frequency above the band, 35.4MHz in this case, 

by mixing with a local oscillator at a frequency of 34MHz. Some IF 

amplification will follow the bandpass filter before translation 

with a second local oscillator in the range 37.0MHz to 65.4MHz to 

place the signal at any desired frequency in the HF band. 

Amplification of the signal in a linear amplifier raises the signal 

to the required power level. Wideband amplifiers with no tuning 

offer little or no rejection to harmonics of the wanted signal. For 

this reason push-pull configurations are often used to reduce the 

even harmonic content. A bank of switchable filters provides 

attenuation of harmonics and the antenna tuning unit (ATU) ensures a 

good antenna match. The configuration eliminates the need for 

retuning of circuits to reject unwanted mixing products, these are 
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always outside the passbands of the fixed frequency filters for any 

output frequency. The output le ve 1 from the power amp 1 if ier is 

sampled and compared with a reference in the ALC circuits. The 

control signal derived varies the gain of the IF amplifier and 

ensures a constant output power independent of gain variation with 

frequency in the power amplifier. The sampling of the output will 

usually involve a directional coupler to enable evaluation of the 

output mismatch. If the output VSWR becomes too large the ALC 

circuits can be made to reduce the power level in order to avoid 

damage to the high power output stages. 

A frequency synthesizer will be employed to provide the local 

oscil lator signals, all frequencies being derived from a single 

stable reference source (17). The power supply requirements vary 

considerably. The power input may be a raw DC voltage such as a 

vehicle battery or it may be a mains supply. A number of different 

regulated voltages must be derived from the prime power source. In 

addition, a cooling system will be needed for high power equipment. 

To illustrate the foregoing, Figure 1.4 shows an HF amplifier 

which will produce an output power of 10W. The overall gain is 

60dB. The bias for the first stage is derived from a potential 

divider across the power supply and is stabilized by the emitter 

network, which also provides some gain levelling. Bias to the 

second stage is set by the variable resistor and is compensated by 

the silicon diode. The low value emitter resistor provides some 

additional compensation as well as feedback to improve linearity. 

Bias to the final stage is not shown but is of the constant current 

source type with temperature compensation. The base to base RLC 

networks provide a form of gain levelling. The output transformer 
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