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ABSTRACT
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by Ronald Sherwood Broom

FIELD TRIAL ANALYSIS

HF communications systems in operation at the present time are dependent 
upon the frequency prediction method to establish operational parameters.

This field trial analysis provides results in support of a much improved 
method of determining operational conditions by real-time channel estimation.

Interrogation of the HF (3-30 MHz) spectrum can be carried out in 

several ways. The structure of the ionosphere may be examined by ionospheric 

sounding but such a macroscopic analysis does not disclose the prevailing 

conditions for individual channels. A microscopic analysis will show the 
quality of an individual channel in terms of propagation, noise and inter­

ference conditions and can be achieved by equipment under development in this 

research. This equipment has been subjected to a number of field trials and 

results show encouraging correspondence between the system theory and its 

practical behaviour.
The quality of individual channels is examined by transmitting low-power 

pilot tones alongside the main data signals, and measurement of their phase 
perturbation is translated as a pilot tone error rate. A relationship between 

this pilot tone error rate and the data signal error rate, also measured by 

the system,is then used as the basis of the decision making process for 
frequency management of the link. During a field trial using a United Kingdom/ 

Gibraltar link a digital read out of pilot tone phase errors and data signal 

errors was used to assess the quality of the channels under interrogation and 

acquire analysis data.



In operation the system functions as a diagnostic probe of channel 

quality and can be developed to operate in a hybrid (man/machine) or automatic 

mode.

Both the theory and the field trials equipment are discussed prior to 

presentation of the field trial analysis results. These results indicate 

that progress to date now justifies long term trials under operational 

conditions to research into aspects not yet investigated.
The cost/benefit to the user will depend on the category of user, but 

the 'add-on' peripheral equipment will represent only a small fraction of 

the cost of a complete HF communications system.
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1. INTRCDUCrim
Interrogation of the HP (3 - 30 MHz) spectrum can be carried out in 

several ways. A macroscopic analysis is represented by true ionospheric 

sounding which examines the structure of the ionosphere but does not 
disclose the prevailing conditions for individual channels. A microscopic 

analysis will show the quality of an individual channel in terms of 

propagation, noise and interference conditions.
The macroscopic analysis provides information, via the observed 

layer structure, on the MUF and multipath situation. By comparison, a 

microscopic analysis will give real-time data on the quality of a channel 

idiich can be applied as a tool for accurate channel estimation.

The macroscopic technique is exercised by the well established 

oblique-incidence pulse sounding method (1)(2), and the two ionograms of 

Figures 1.1 and 1.2 clearly illustrate the expansive aspect of true 

sounding. Figure 1.1 shows how MUF, multipath etc. can be verified, and 
also shows that the vertical traces, depicting noise as a function of time, 

aggravate a resolution too crude to ascertain the quality of a given 

channel. Figure 1.2, which was obtained with a reduced brilliance setting, 

gives an excellent picture of the layer structure but nothing else.

There are two methods of microscopic analysis:

(a) Channel Estimation from an Analysis of Normal Traffic or 

Test Data Sequences on Assigned Frequencies (3).
(b) Monitoring the Amplitude and Phase Perturbations of Pilot 

Tones on Assigned Frequencies (4).

It is method (b) above which is the concern of this thesis and the 

work described is one contribution to the research effort of a Group 

led by Dr. J.A. Betts, investigating real-time channel estimation of 

HF circuits for data transmission. Tlie system under development operates 

as a diagnostic probe for channel quality and, as such, first requires a



lONOGRAMS BY OBLIQUE-INCIDENCE PULSE SOUNDING

Figure 1.1

lonogram for 1530 5 October 1971 

Normal control settings

Figure 1.2

lonogram for 2014 6 October 1971 

Control settings to emphasize layer structure presentation.



modulator with pilot tones included in the baseband signal generated.

Design of this modulator was the Author's initial assignment. Analysis of 

results from field trials testing the system was the second assignment 

and the outcome of both teisks is presented in Chapter 3 and Chester 4.

The work of the Group began in late 1967 (1) and the first part of 

the research programme is covered in detail in references (1)(2)(5)(6)(7). 

Progress through this stage, and developments stemming from it^ gave a 

more precise orientation of the work objectives and brought about the 

transition from preparatory study of ionospheric sounding techniques to 

concentration upon the needs for channel interrogation. Discussion of 

ionospheric sounding (1)(2)(7) was a requisite feature of the early programme 

2is the vehicle of 'sounding' is inherent in channel investigation by pilot 

tone phase analysis. However, previous paragraphs have now draivn a distinctior 

between true ionospheric sounding and the Croup vieiqx)int, focussed on the 

transmission of pilot tones as a means of providing for rapid and accurate 

channel estimation by HP communications users through a method of processing 

the phase perturbations of low power pilot tones on assigned frequencies.

In a manner explained in Chapters 2 and 3 these phase variations are 

interpreted as error rates which will indicate the real-time quality of a 

channel. Simultaneously additional pilot tones can keep the quality of 

standby channels under surveillance and complete the concept of frequency 

management by providing the operator with fast-access information for all 

the frequencies of the system's operational plan. Pilot tones monitoring 

the channel in use are normally transmitted alongside the main data.

Sufficient work has been done to foresee the implementation of a 

relatively cheap automated system of frequency maiiagement for HP systems, 

with an open loop arrangement that retains the human operator in a 

supervisory role. A completely automated system which would close the loop 

and exclude the human operator is a viable proposition, but this would



4.

greatly increase the cost of the system and the immediate aim is to 
acl^ieve economic frequency management giving a significant performance 

improvement over the existing technique of frequency prediction for hF 

systeos.
As the important item in the quality of an individual data channel 

involves the error rate relationship to signal-to-noise power ratio and 

interference level,the macroscopic nature of oblique-incidence pulse 

sounding does not measure up to the needs of channel interrogation for 

frequency management. Oblique-incidence pulse sounding was, however, 
used for a feasibility study on automatic frequency management (the 'CURTS' 

study; Reference (8) ) and a brief reiteration of the outcome is very 

relevant at this point since it endorses the Group research policy in the 

method of channel interrogation. The following conclusions from the 

CURTS study make this clear:
(a) The number of communication circuits available increases 

with frequency mai:agement.
(b) Frequency management revealed the availability of a range 

of operating frequencies higher than those provided by 

frequency prediction methods.

(c) Outages due to interference were significantly more frequent 

(five times as many) than those due to propagation conditions.

The results have been summarised (Betts,(3), p. 110) by pointing out 

that the CURTS feasibility study proved conclusively that the problem on 

HF is one of interference and not of propagation and that the requirement 

is for a continuous estimate of signal to noise ratio where the noise 

includes interference. The implementation of this concept is referred to 

later, but before leaving pulse sounding in the context of frequency 

management the objection to the high cost of the CURTS system must be 

recorded.
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Another category of channel estimation arises from analysis of 
normal traffic or transmission of special test sequences and is covered by 

two possible methods.
(a) error, rate check of a known data sequence.

(b) a measure of the rate of cycling of an AjRQ system.

This category classifies into the microscopic process of examining 

a single channel and the probable order of preference for the two methods 

would place cycling of anARQ system first, use of a known data sequence 

second. The relative merits of the two methods are well known and 

comparison with the next category of channel estimation outlined below will 

suffice to emphaisize its advantages compared with these methods.

This thesis presents real-time channel estimation using the phase 

perturbation characteristic of the pilot tones (6). An indication of the 

method was given on page 3 and is covered in detail elsewhere (4)(6) and 

(7), all that remains for these comments is to repeat its advantages as 
follows:-

(a^ employment of low power pilot tones in a method having 
diagnostic capability.

(b) simultaneous estimation of the data channel in use and the 

suitable standby channels.

(c) the availability of low-cost, modular 'add-on* units which 

can easily convert existing standard HF equipments to control 
by frequency management.

Examination of the state of a single channel(s) with simple modulation 

techniques provides microscopic information enabling the benefits of 

frequency management to be realised giving a significant improvement in 

performance over systems controlled by frequency prediction. By 

contrast with the macroscopic process of pulse sounding used in the CURTS 

study it also offers an enormous economic advantage.
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The research has thus taken a path through the work described in (1)

(7) to emerge with a particular version of real-time channel estimation as 

a means of frequency managemenc (4). It is the Group’s interpretation of 

this latter objective that must now be stated more directly. The frequency 
management envisaged will come out of a practical system capable of repeated 
accurate assessment of the quality of a channel, and which uses a sampling 

period optimum for the decision making involved in selecting operating 

frequencies for HF communications. The analysis of Chapter 4 deals with 

this basic question - What period is required for an accurate estimation 

of channel quality? Previous work indicated a sampling period in the range 

of 200 to 1000 seconds so the analysis offered included summation of the FSK 

bit errors and the pilot tone phase errors over periods of 200, 300, 500 
and 1000 seconds for reasons explained in Chapter 4. If the results of the 

analysis are significant for a practical system, then the decisions as to 

which frequency to use and time to change frequency will be based on 

measurement of a maximum allowable error rate for t]:e current data transmission 

Earlier research and field trials have shown the feasibility of establishing 

such a criterion and the decision making process wi.ll be a function of the 

effects of noise and interference on the clianncl being estimated.

Hence the interpretation of 'frequency management' takes account of:-

(a) the reed-time state of usable frequencies in the HF band

(b) the most significant cause of channel degradation in the 

HF band - interference.

(c) a method which indicates advantageous change of working 

frequency with earlier warning of the need to change than could 

be applied by a human operator.

Eventually the project will relieve the operator of decisions on 
viien to change frequency and develop towards adaptive techniques by 

means of variation of information rate (e.g. from low speed parallel
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operation to 2.4 k bits/s in series operation) or change of modulation 

to suit prevailing propagation conditions. However, adaptive control 

as exemplified by adaptive reception techniques previously established, 

is not the concern of the present investigation because such systems fail 

to be realistic as cost-effective equipments, especially when their 

operational dependence on frequency prediction is taken into consideration.

It is apposite to note at this point that so far in the development

of HF communications efforts to improve system efficiency have concentrated 

upon coding techniques. Relevant publications on the various methods have

been widely referenced, but of such methods it is possible to list the

ARQ system (9) as the leading method of practical significance. This 

technique, however, operates at high power and, of course, is subject to 

the limitations of frequency prediction in its operational management.

By comparison, the present approach is exploring new methods of improving 

HF communications systems performance.

All the preliminary theoretical analyses of the signal processing 

requirements for the system to yield frequency management information were 

carried out by Betts (1) (6) (7) and Ellington (1) (2) (6). This was 

followed by development of a laboratory simulation of the initial concept 

of the system (1) (7)to evaluate the method with a closed loop. In this 

simulation,transmission path of the practical case was replaced by an 

Ionospheric Simulator (10) which subjected the baseband input signals to 

the various degrees and types of fading and noise of the kind encountered 

in practical transmissions. Results obtained from these closed loop tests 

gave encouraging correspondence between the results of the theoretical 

treatment and the behaviour of the practical system model, enabling 

proposals for field trials to be formulated (7).
The first of these field trials met with mixed success, largely due to 

over ambitious intentions to examine the effects of a number of modulation



methods simultaneously. For this field trial which used a United Kingdom/ 

Gibraltar link only 4 pilot tones were used alongside a single data channel

of wideband FSK forming one composite SSB signal. Results from this field 

trial, discussed and analysed in Chapter 4, will be found to extend the 

principle, already outlined, of using the phase perturbation characteristics 

of pilot tones for channel estimation, to the use of a relationship between 

these phase perturbations and the error rate of the data signal transmitted. 
Chapter 2 explains this elaboration and the way that a linear relationship 

between the FSK/pdlot tone errors is used as a measure of channel estimation. 
It will be shown that the results given in Chapter 4 confirm this error rate 

relationship as being more closely linear, irrespective of time of day or 

frequency, than would have been expected from a theoretical standpoint. 

However, these results refer to a 4 day period in mid-winter and further 

trials are required to verify the existence, or otherwise, of a general 

condition. Data transmitted during the trial was received in Gibraltar 

and recorded on magnetic tape for the convenience of off-line processing.

The modulator unit whose development is described in Chapter 3 is the 

fourth generation of such units, a sequence which began with two designs 
for multiple modulation facilities and ISB/SSB operation. Information on 

the previous types of modulator unit used in the Group project is contained 

in reference (4) which also explains (p.l) the various research requirements 

which have dictated the modulator specifications. Chapter 3 is concerned 

with a comparatively simple specification detailed on page:31.
Updating of the pilot tone phase analyser/demodulation unit (see also 

(4)) has been carried out by Betts. A description of the version used to 
analyse the tapes obtained from the United Kingdbm/Gibraltar field trial 

is available in (4), but as WBFSK was the only type of data signal 

analysed from this trial all significant information on this unit is now 

contained in Chapters^ and 3.



2. AN OUTLINE OF THE SYSTEM
Research into methods of achieving optimum.channel selection for data 

transmission over HF communication systems has been extensive. Considerable 

literature exists and the most relevant publications have been included 

in the Reference lists of (1)(6)(7)(11)(12). The work has assessed the 

effects of propagation, noise and Interference on different types of 

transmission, covered the measurement of channel parameters and error rates 

and produced a number of systems which alleviate the effects of propagation 

and interference on digital transmissions by using coding and sounding- 
assisted techniques. The system of interest here, as described in the 

introduction, has developed along a new path and aims to select high 

quality channels by the microscopic examination of the one in use and of 

standby channels. A Ibrief explanation of how the system works is therefore 

required to serve as a preamble for the following chapters.

Assessment of the prevailing propagation, noise and interference 

conditions is inherent in the system technique of measuring error rates of 

pilot tones and data channels suitably associated within the baseband 

signal. Subject to the choice of system parameters, as discussed later, 

validation of the system is being carried out by relating these two error 

rate measurements in a manner to be described and using the relationship 

as the basis of the decision making process for frequency management.

Before proceeding with further detail of the system an explanation of 

the meaning of 'error rates of pilot tones and data channels' is necessary.

2.1 Pilot Tone Errors

For the pilot tones, the 'Introduction' mentioned concentration upon 
their phase perturbation characteristic as a main aspect of this channel 

estimation method, and it is the phase perturbations of the received pilot 

tones that are interpreted directly as 'errors'. Hence, in the system, an 

error for a pilot tone refers to the phase shift occuring between the
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incoming pilot tone and a locally generated reference. To establish the 

presence or otherwise of pilot tone errors continuous sampling of this 

phase differential is maintained. In operation the time difference between 
the zero crossing of a received pilot tone and a locally generated reference 

marker is stored as a digital count to give a measure of the instantaneous 

phase difference 8 with respect to the reference marker. This measurement 

of instantaneous phase is repeated at intervals of seconds, designated 

the sampling interval for pilot tone analysis, each count being subtracted 

from the previous count to indicate the phase change between measurement 
times. If 8,^ exceeds a preset threshold value 8^^, digital phase change 

counters pass an * error* pulse to a visual display and a printer.
For the work in question may be 10 or 20 ms and logic circuitry has

been provided to examine threshold values of 8_^ = ^/2 , /4 and /8.

Immediately before the measurement of instantaneous phase the pilot 

tones are separated from the information signals by narrow bandwidth 

(10 Hz) band-pass filters whose shape factor is another parameter of the 

system. The effect of changing the system parameters L , 8^^ and the 

shape factor is included in the subsequent discussion on the shape of the 

curves yielded by the theoretical study of this method of channel estimation.

2.2 FSK Errors

This is the straightforward process of detecting reception of a false 

signal element, and in this system it is achieved as follows. Measurement 
of digital error rate requires a test signal which resembles the kind of 

digital signal that a system handles in normal usage, hence, for the field 

trials, the FSK data channel was keyed by a pseudo-random pulse generator 
since its random pattern of 'I's* and '0«s' meets this requirement by

(a) closely approximating the need for equal probabilities of 

1 and O occuring, and
(b) the sequences also have long runs of I's and O's.

%
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The circuit arrangement used provided a maximal length pseudo—random

pulse train output before repetition of the pattern which, in this case, 

contained 255 bits.
The laboratory demodulator/pilot tone analyser vtiich simulates the 

final reception techniques of a future practical system, uses a pseudo- 

random pulse generator of identical characteristics to establish data 

synchronisation and effect error detection. This latter function is carried 

out by an 'error comparator' arrangement which, using digital circuitry, feeds 

the demodulated WBFSK data and the pseudo-random pulse generator output 
to an exclusive —OR gate. With effective data synchronisation, this gate 

will give an output only when the pseudo-random pulse generator signal 

is different from that of the incoming data signal. Thus the exclusive-OR 

gate functions as an error detector. The output of error pulses is processed 

to the visual display and the printer facility.

2.3 A Precis of System Operation
Having described the system interpretation of an error In the 

transmissions and how such errors are measured it will be appropriate to 

present an introductory explanation of how the system works.

2.3.1 Preamble on the Theoretical Investigation
The theory developed by Ellington (1, Appendix 7) applied to the 

deduction of error rates in a TDPSK system under various transmission 

conditions. Results computed from this theory were presented graphically (7) 

and compared with practical results talcen using the laboratory simulation 

of the system (1). Continued development of the work by Betts extended 

the analysis and provided theoretical error rate curves for the pilot tone 
phase perturbations against mean signal-to-noise ratio under steady-signal 

conditions and flat fading with Rayleigh distribution (4). The parameters 

for these curves are L = 10 and 20 ms 

2.3.1-1 to 2.3.l-<).
Th

^8 , and ^2. (Figures
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The basis of the present work, however, rests upon the relationship 

between pilot tone phase error rates and data channel error rates, where, 
in this exercise, ’data channel* refers only to wide band, discontinuous 

phase FSK. Curves for the error rate performance of FSK are shown in 

Figures 2.3.1-5 and 2.3.1-6. Ellington demonstrated that the relationship 

between these two classes of error rate can be obtained via the ratio of 

their associated signal-to-noise ratios (2, .Appendix 9.2). Graphical 

versions of this relationship are produced from combinations of the two 

separate families of error rate against signal-to-noise ratio curves; pilot 
tone curves are available from the theoretical investigation and the FSK 

error rate curves are available from various authors in standard texts 

(13) (14). An outline of this combination process is given below and the 

curves relating to the field trial computed for steady signal conditions 

and Rayleigh flat fading are shown in Figure 2.3.1-7.

Demodulation of the FSK data in the laboratory unit uses the filter- 

assessor method and the well established error rates for this method (13) 
are given by

Pe

and

1 1 S= - exp "" 2 Nsteady signal

flat fading 2

These error rate/SNR relationships are shown in liL(^nx^2.3.1-5 and

2.3.1-6.

It has been shown (2) that the relationship between the error rates for 

the FSK data channel and the pilot tone phase error rate will be dependent 
upon the following parameters

the power ratioTSK pilot tone
N.FSK Npilot tone the noise power ratio which is equivalent 

to the ratio of the equivalent noise 
bandwidths associated with the two signals.




























































































































































































