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FOREWORD

HIS is one of a series of Engineering Monographs
I published by the British Broadcasting Corporation.

About six are produced every year, each dealing
with a technical subject within the field of television and
sound broadcasting. Each Monograph describes work
that has been done by the Engineering Division of the
BBC and includes, where appropriate, a survey of earlier
work on the same subject. From time to time the series
may inchide selected reprints of articles by BBC authors
that have appeared in technical journals. Papers dealing
with general engineering developments in broadcasting
may also be included occasionally.

This series should be of interest and value to engineers
engaged in the fields of broadcasting and of telecom-
munications generally.

Individual copies cost 5s. post free, while the annual
subscription is £1 post free. Orders can be placed with
newsagenis and booksellers, or BBC PUBLICATIONS, 35
MARYLEBONE HIGH STREET, LONDON, W.I.
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A BAND V SIGNAL-FREQUENCY UNIT AND A CORRELATION DETECTOR
FOR A YHF/UHF FIELD-STRENGTH RECORDING RECEIVER

SUMMARY

The monograph is divided into two parts, each describing additional equipment for use with a VHF/UHF field-strength
recording receiver which was designed for propagation measurements and has been described in Monograph No. 6.

Part I deals with the design of a pre-tuned signal-frequency unit covering Band V. This is basically similar to the pre-
viously described Band IV unit in that the local oscillator is crystal-controlled, using several stages of frequency multipli-
cation, and the final oscillator and signal-frequency circuits are coaxial-line resonators. It differs from the Band IV design
by using a coupled pair of resonators at the signal frequency; the design for the coupling elements is discussed in the
Appendix.

Part IT describes a correlation detector which can be added after the post-detector circuits of the receiver in order to
increase the effective sensitivity, This device has the principal property that, in the absence of the signal to be received, the
output due to noise containg no d.c. component, so that the signal threshold is more clearly defined and is less subject to
drift. The device derives its name from an analogy with the mathematical operation involved in forming the auto-correla-
tion function from a time-function with a known spectrum; this is also explained in the Appendix.

Part 1
A BAND V SIGNAL-FREQUENCY UNIT

1. Introduction

A receiver for recording field-strength in three of the
frequency bands allocated for television broadcasting in
the United Kingdom, namely Band IIT (174-216 Mc/s),
Band IV (470-582 Mgc/s), and Band V (614-854 Mc/s),*
has been described in an earlier monograph® This re-
ceiver, which is of the superheterodyne type, consists of
three interchangeable signal-frequency (s.f.) units and a
main unit containing the intermediate-frequency (i.f.)
amplifier, detector, and post-detector circuits.? The Band
V s.f. unit was not fully described in the earlier account,
and now becomes the subject of the first part of the present
monograph.

2. Specification

The special purpose for which this receiver was designed
and the specification evolved to make it suitable for this
task were stated and discussed in the earlier monograph.
The specification is repeated in Section 2.1 below.

2.1 Specification for a VHF|UHF Field-strength Recording
Receiver

The receiver must be able to record the field strength of
special transmissions on any frequency in the ranges 174
216 Mc/s and 470-960 Mc/s. These transmissions will be
squarg-wave modulated to a depth of 100 per cent at
1,000 ¢/s +1 ¢fs and the carrier frequency controlled to
within Q- 01 percent of the nominal frequency. Continuous
tuning is not necessary and the signal-frequency circuits
of the receiver may be fixed before installation,

* Thefrequency ranges given for Bands IV and V are those adopted
at the Stockholm Conference of 1961.

For normal operation, the output of the receiver shall
be proportional to the logarithm of the input signal, but
facilities shall be provided for a linear relationship if re-
quired. The recording error, referred to the input, shall be
less than +1 dB during a period of up to one month after
inspection and calibration, provided that the supply volt-
age remains within the range 190-250 V r.m.s. The useful
gain shall be limited only by fluctuation noise and the
noise factor be as low as is reasonably possible, with a
maximum of 15 dB. Provision shall also be made for re-
cording the field strength of unmodulated transmissions.

2.2 Specification for the Band V Sigral-frequency Unit
Since the Band V s.f. unit is an integral part of the re-
ceiver its general form and certain detailed requirements
were already determined. For example, it was necessary
that it should be interchangeable with the other two s.f.
units and suitable for use with the existing main unit for
which an i.f. of 10-7 Mc/s had been chosen. The following
specification for the Band V unit was derived from these
requirements and the specification for the whole receiver.

(i} The unit shall be suitable for use with an aerial and
feeder system providing a nominal source imped-
ance of 71 ohms.

(i) The i.f. circuit must be suitable for direct connex-
ion to the standard main unit.

(iii) When used with the standard main unit, having an
1.f. noise factor of 3-2 dB, the overall noise factor
shall be less than 15 dB.

(iv) The local oscillator shall be maintained within
4100 kc/s of the nominal frequency. This requires
a stability of better than 0-01 per cent at the highest
frequency.



(v) The rejection of the image-frequency shall be not
worse than that provided by the Band I'V unit, that
is not worse than 20 dB.

(vi) The long-term gain stability of the Band V unit
must be such that, when it is used with the standard
main unit, the overall stability of the receiver com-
plies with the specification.

3. Description of the Band V Signal-
Frequency Unit
3.1 General

A photograph of the unit is shown in Fig. 1. Fig. 2 gives
the circuit diagram.

The basic design of the Band V unit is similar to that of
the Band IV unit. A diode frequency changer is preceded
by a coaxial line resonator signal-frequency tuner without
a signal-frequency amplifier. The local oscillator consists
of a crystal-controlled oscillator followed by several stages

LOCAL
OSCILLATOR
RESONATOR

SIGNAL
INPUT

of frequency multiplication, the final tuned circuit of
which is also a coaxial line resonator. However, the higher
frequency and greater frequency range of Band V re-
quired considerable development, particularly in ensuring
adequate image-frequency rejection and local-oscillator
power.
The final design of the unit shows two major differences
from that of the Band IV unit:
(i) Signal-frequency tuning is provided by a coupled
pair of coaxial line resonators, whereas the Band IV
unit has only a single signal-frequency resonator,

(ii) An extra stage has been provided in the local-
oscillator frequency-multiplier chain.

The main chassis is of strip and plate construction and
has a 19-in. by 7-in. (48 cm by 18 cm) front panel for rack
mounting like the units for Bands Il and IV. The r.f. in-
put socket and metering jack are on the front panel while
the i.f. output and power input sockets are at the rear.

The two main sub-units—the tuning sub-unit and the
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Fig. 1 — Band V signal-frequency unit.
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local-oscillator sub-unit—are mounted together on a
f5-in. (0-48 c¢m) thick duralumin plate, which is itself fixed
to the main chassis strips by shock-absorbing mountings.

3.2 Tuning Sub-unit
3.2.1 Resonator Construction

The tuning sub-unit consists of three coaxial line reson-
ators and a compartment for the mixer crystal and its i.f.
circuit. Two identical resonators of I-in. by 1-in. (2-54 cm
by 2- 54 cm) cross-section form the signal-frequency tuned
circuit while the third, of 1%-in. by 1-in. (3-8l cn by 2-54
cm) cross-section, is the local oscilator resonator. The
main structure of this sub-unit is fabricated in brass sheet
which is then silver-plated to a minimum thickness of
(-0005 in. (0-013 mm) to ensure high conductivity, Milled
slots in the base plate are used to position the vertical
walls and ensure adequate dimensional accuracy, while
removable lids with spring contacts allow ready access to
components inside the cavity.

Compared with the tube construction employed for the
Band IV unit, the present construction is simpler (bearing
in mind that three tubes would be needed) especially when
inter-cavity coupling arrangements are considered.

3.2.2 Tuning

The system for tuning the three resonators is the same as
that used in the Band IV unit, which has proved very satis-
factory. Each resonator is a coaxial quarier-wave line
short-circuited at one end and open-circuited at the other.
The inner conductor consists of a tube which telescopes
inside a larger diameter fixed tube. Adjustment is made by
means of a rod of ‘Nilo 36" low-thermal-expansion alloy
running inside the tubes and pinned to the smaller tube at
the open-circuited end of the line. After adjustment, the
rod is clamped to the cavity wall at the short-circuited end,
thus ensuring stability of the inner conductor length. The
tubes are of silver-plated brass and the contact between
them is a ring of silver wire located in a groove at the end
of a fixed tube. For ease of tuning the rod passes, with a
friction grip, through a threaded bush; it may thus be
pushed or pulled directly to give a coarse adjustment, or
rotated by a knob so that the thread operates in a fixed
plate to give fine adjustment.

3.2.3 Coupling Circuits

The coupling to the first signal-frequency cavity is by
a small adjustable loop connected to the receiver input
socket by a flexible coaxial cable. The two signal-frequency
cavities are toosely coupled by a slot in the wall between
them. This acts as a common inductance in the outer con-
ductor of the two resonators. The signal is finally coupled
to the mixer diode by a loop which passes through the
opposite wall of the second cavity into the oscillator
cavity, where it makes contact with one terminal of the
diode. By this means, oscillator power is also coupled to
the mixer. The mixerisloaded by ani.f circuitina separate
compartment at the rear of the oscillator cavity. The diode
holder incorporates a plate and sheets of mica which form

a capacitance to the rear wall of the oscillator cavity,
thereby completing the r.f. ciccuit.

The coupling loops into and out of the signal cavities, as
well as the coupling slot between them, are placed at some
distance from the short-circuited end of the lines, rather
than at the point of short-circuit. This enables the circuits
to be tuned over the whole band with a minimum of
coupling adjustments and to have an absolute-frequency
bandwidth which is nearly constant. (See Appendix,
Section 13.1.)

The tuning condition recommended is one close to the
‘transitionally coupled® condition for which the r.f. re-
sponse has the flattest maximum. However, as shown in
the Appendix, Section 13.2, the match at the r.f. input can
be perfect for this condition only if the cavities have an
infinite {unloaded) Q factor, i.e. if they are completely
loss-free. The receiver is therefore aligned for a good re-
sponse shape when fed from a source impedance equal
to the nominal input impedance (71 ohms). The input
v,5.w.r. is then checked and, if poorer than 0-67, slight re-
adjustment of the input coupling loop and the first cavity
tuning is made to improve the match. The disturbance to
the response curve is slight and is in the direction of an
‘under-coupled’ response, i.e. one with a single maximum
not quite as flat as for transitional coupling. Since the r.f.
response shape will be affected by changes in the loading
of the first cavity, it is recommended that the aerial v.s.w.1.
as seen by the receiver should be not lower than 0-75.

During development there was some difficulty in de-
signing a fixed mixer coupling loop which gave satisfactory
loading of the signal cavity as well as adequate oscillator
coupling over the whole band, but a design that appeared
to achieve this was finally evolved. Subsequently some
difficulty arose in a fairly narrow range of frequencies
around 775 Mc/s, apparently due to insufficient loading of
the signal cavity. It was found that the difficulty could be
overcome by adding, for operation in this frequency range,
a small capacitance to earth at the point of connexion to
the mixer diode. This suggests that some resonance effect
in the loop is coming into play, but the matter has not been
investigated further,

3.3 Local-oscillator Sub-unit
3.3.1 Construction

The local-oscillator sub-unit employs a small flat chassis
bolted to two duralumin blocks attached to the main base
plate. The output is coupled into the oscillator cavity of
the tuning sub-unit by a wire loop which projects into the
cavity resonafor through a small hole. Adjustment of the
coupling is achieved by movement of the local-oscillator
sub-unit, the fixing holes being slotted to allow for this.
By varying the penetration of the loop into the resonator
in this way, the optimum mixer crystal current may be ob-
tained.

3.3.2 Type of Oscillator and Choice of Multiplication
Factor
The local oscillator consists of a crystal-contrelled




oscillator followed by four stages of frequency multiplica-
tion. The local-oscillator resonator forms the anode tuned
circuit of the final multiplier. With the type of circuit em-
ployed the maximum frequency for which crystals were
readily obtainable was 20 Mc/s and so an overall multipli-
cation factor of 54 was chosen for the higher local-oscil-
lator frequencies. However, at the lowest local-oscillator
frequencies an overall multiplication by 54 requires a
crystal-oscillator frequency of about 11 Mc/s. Signals at
frequencies separated by this frequency might be generated
in the multiplier chain and produce spurious signals in the
i.[. amplifier close to 10-7 Mc/s with sufficient power to
affect the receiver performance. For this reason an overall
multiplication by 36 was chosen for local-oscillator fre-
quencies less than 675 Mc/s.

3.3.3 Multiplication Scheme and Valve Type

The Band IV multiplier used two double triodes type
12AT7, the crystal oscillator being followed by three
stages multiplying by factors of 4, 3, and 3. With the larger
overall multiplication factor, 54, required for the higher-
frequency portion of Band V, and the known difficulty of
obtaining sufficient grid drive for the final multiplier when
using large factors in the earlier stages, it was found neces-
sary to use four multiplicr stages. The highest multiplica-
tion factor in any one stage could then be limited to 3.

Three double triode valves type 6060 (a special quality
version of type L12AT7) are used. V1 is used for the crystal
oscillator and first multiplier circuits, V2 for the second
and third multipliers, and a half of V3 for the fourth multi-
plier stage. The multiplication scheme is given in Table 1.

3.3.4 Circuit Design

The quartz crystal is a BT-cut plate in an evacuated glass
envelope with a B7G-type base. The total frequency
tolerance is 0-01 per cent of the nominal frequency. The
crystal is connected as the grid element of a tuned-anode-
tuned-grid oscillator,

The multipliers are class-C amplifiers with single-tuned
anode circuits to select the required harmonic of the grid
circuit frequency. The anode tuned circuit of the final
multiplier is the local-oscillator coaxial line resonator; the
other circuits consist of coils tuned entirely by stray cir-
cuit capacitances. The range of inductance values required
for tuning over the complete frequency range is obtained
in the anode circuit of the crystal oscillator and of the first
and second multipliers by using iron-dust cores at the
lower frequencies and copper cores at the higher fre-
quencies.

The design of the third and fourth multiplier stages is
discussed separately below.

The grid current of each triode may be measured by ex-
ternal meters connected to test points on the upper side of
the chassis plate. Facilities for monitoring anode currents
are provided by a selector switch and a meter jack on the
front panel.

Decoupling of the heater leads of V2 and V3 is provided
by ceramic condensers and by ferrite beads threaded over
the supply wires. Wire-wound chokes are used for the
heater supply of VL.

3.3.5 Design of the Third and Final Muliiplier Stages
The crystal oscillator and the first two multipliers follow

TABLE 1
Local-oscillator frequency | Local-oscillator frequency
less than 675 Mc/s greater than 675 Mc/s
Stage Stage Quiput Stage Qutput
multiplication | frequency | multiplication | frequency
factor of stage factor of stage
Crystal
oscillator 1 I 1 I
First
multiplier 2 21, 3 37,
Second
multiplier 2 47, 2 &f,
Third
multiplier 3 121, 3 181,
Fourth
multiplier 3 36f. 3 54f.




the design of the Band IV unit fairly closely, but the design
of the third and fourth multipliers necessitated consider-
able development. It is convenient to discuss these two
stages together,

The final local-oscillator frequency required lies in the
band 589-971 Mc/s, where special UHF valve types are
normally used. Nevertheless a more conventional valve
such as the type 6060 (12AT7) is useful as an oscillator at
frequencies up to about 500 Mc/s. This suggested that it
could function satisfactorily as a multiplier for input fre-
quencies up to at [east 300 Mc/s. The advantages of the use
of a conventional valve rather than a special UHF type
are as follows:

(@) They are readily available, inexpensive, and possess

good reliability.

(b) Being constructed on a normal pin-type base they

aflow a more compact and convenient mechanical
layout than, for instance, disc-seal valves.

(¢) The number of valve types used in the receiver need
not be increased.

Again, for reasons of compactness and ease of con-
struction, a lumped tuned circuit, rather than a line reso-
nator, was used at the grid of the final multiplier valve,
This means, in practice, an upper frequency limit of about
300 Mc/s for this circuit; a multiplication factor of 3 is
therefore required for the final stage and the grid circuit
must be tunable from 200 to 325 Me/s to cover Band V. It
was found that the same coil could be used over the com-
plete frequency range in both the third and fourth multi-
plier stages, using copper or iron-dust cores for adjustment
provided that, in the case of the final stage, different tap-
ping points are used in different parts of the frequency
range, and suitable changes are made to the grid coupling
capacitor, Also, one part of the range requires the addition

of a capacitor in parallel with the coil. Several changes are
thus required in this scheme, but it was preferred to an
eatlier design in which, although there were fewer com-
binations over the band, the coil had to be changed.

One of the difficulties met was that, at certain fre-
quencies, the provision of a reasonable drive voltage at the
final multiplier grid did not always ensure adequate third
harmonic output. This is believed to be due to resonance
effects associated with the grid-anode capacity giving rise
to a low impedance across the output at the third harmonic
frequency; since the grid-to-earth impedance would form
part of this low-impedance network, changes in the grid
circuit arrangement could affect the output considerably.
The circuit adjustments described above enabled this
ditficulty to be overcome.

4, Results of Performance Tests

The Band V s.f. unit has been found to operate satis-
factorily at all frequencies within the specified range in-
cluding the maximum frequency of 960 Mc/s. Results of
performance tests at three representative frequencies are
given below.

4.1 Selectivity

The frequency responses of the s.f, circuit of the Band V
unit are shown in Fig. 3. Over a frequency range of 4-200
kec/s about the nominal frequency, which corresponds to
the 400-kc/s pass-band of the main unit, the responses are
within 0-2 dB of the value at band centre.

Table 2 gives the type and amplitude of spurious re-
sponses which occur when using the Band V unit. They
show the relative amplitude of a signal at the spurious fre-
quency which causes an error of 1 dB in the indicated
amplitude of a fixed reference signal in the pass-band.
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These tests were made with the receiver operating on c.w.
at a fixed gain. The open-circuit voltage of the reference
signal applied to the input of the Band V unit was 10 uV,
No Lf. attenuators were inserted.

4.2 Sensitivity and Input Impedance

Table 3 shows the measured values of noise factor, con-
version loss, and input v.s.w.r. at the three test frequencies,
The i.f. noise factor was 3-2 dB.

The earlier monograph! on the whole receiver includes
typical calibration curves obtained for various conditions
of operation. Such curves are largely determined by the
characteristics of the main unit, except at low values of
input signal where the noise factor has an important in-
fluence. The calibration curves for a receiver consisting of
the Band V unit and the main unit are very similar to those
obtained when the Band 1V unit is in use. Curves for the
latter case, when the special test transmissions described in

the specification are being recgived, have been given in
Part 11 of this monograph, which discusses the improve-
ment in sensitivity which may be expected to be obtained
by the use of increased a.f. gain and a correlation detector
working at 1 kc/s.

4.3 Local-oscillator Radiation

Local-oscillator radiation has been measured in terms
of the open-circuit voltape available at the aerial input
socket and was found to be 1 mV. This test was carried out
with the receiver tuned to receive a signal at 774 Mc/s, with
the local oscillator working at a frequency of 763 -3 Mc/s.

4.4 Stability

A Band V unit was tested in an oven over the tempeza-
ture range 20°C to 50°C. The overall change of gain of the
receiver, including the main unit which was operated at
room temperature, was not more than 403 dB. The

TABLE 2

Jf,=signal frequency

Jo,=final local-oscillator frequency

Jf.=crystal frequency

f;=intermediate frequency

n =overall local-oscillator muliiplication factor

Input Voltage at spurious frequency relative to a 10 pv refer-
ence signal at f, for 1-dB error, dB
Type

of So=0659-75 Mc/s fo=1774-0 Mcfs f,=870:65 Mc/s
response Ji fo<fs L<fs
n=136 n=>54 n=>54
Jotf{image) 43 — —
fo—f{image) — 49 38
(n—1)f.—f: =78 =90 =84
(n—1). -1, 48 =90 83
(n+1f.—1; =79 62 54
(n+-1)1.+7; =79 76 78
J: (i.f. breakthrough) 71 62 =90
Other responses =60 =60 > 60

TABLE 3

Measured value

f>=774-0 Mc/s

f,=870-65 Mc/s

Test
fo=659-75 Mc/s
Noise Factor, dB 10-9
s.f. unit loss, dB 5-8
Input v.s.w.r. 0-72

QD =

-2
-2
-68

1

O~ -
-~ O N
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time required, after switching on, before the receiver
had reached its final calibration, was approximately five
minutes.

5. Conclusions

The results of the tests show that the performance of
the Band V s.f. unit meets the main requirements derived
from the specification of the whole VHF/UHF field-
strength recording receiver. In particular the noise factor
of less than 13 dB is satisfactory.

The unit is, in effect, a further development of the
design of the Band IV unit and could, if necessary, be
modified easily to operate in Band IV.

The adoption of a two-resonator signal-frequency
tuning system has provided a very useful improvement in
the image-frequency rejection performance as compared
with that of the Band IV unit. The success in extending the
range of the frequency multiplier sub-unit to cover Band V
without resorting to the use of special UHF valves is very
satisfactory from an operational point of view.

Part _
A CORRELATION DETECTOR

6. Introduction

The field-strength recording receiver,! referred to in
Part I of this monograph, is employed for propagation
measurements where the field strength may be very low,
requiring directional aerials and post-detector selectivity
toimprove the signal-to-noise ratio, The lowest measurable
signal level is, in practice, 0-4 1V in Band III, 10 uV in
Band IV, and 1-1 1V in Band V, these being open-circuit
values from a 75-ohm source.

For some applications a higher sensitivity would be
desirable (particularly in the higher frequency bands) pro-
vided that it could be obtained by a simple optional
addition resulting in no reductton of the range of measur-
able signal levels.

In order to explain the problems involved, the original
receiver is first described before dealing with its limitations
and methods of overcoming them. For convenience, the
figures given are those for the Band IV receiver, but the
same limitations and methods apply to the Band IIT and
Band V receivers.

7. Description of the Original Band IV
Receiver

The receiver is a superheterodyne using automatic gain
control to enable a large range of signal levels to be re-
corded. Its primary function is to record transmissions
which aremodulated by a 1,000-¢/s square wave ; the 1,000-
c/s fundamental is extracted after detection and rectified
to produce the recorded output. A schematic diagram is
shown in Fig. 4. :

The recording meter gives a full-scale deflection of 1 m
when the r.m.s. level of the modulated input signal is
700 .V (open-circuit voltage from a 75-ohm source); an
input of -7 1V gives an output of -03 mA. For a 60-dB
change of input signal, therefore, the receiver d.c. output
changes by 30 dB. The recording law is roughly logarith-
micabove 0-05 mA, as shown in Fig. 5, curve (a).

The noise bandwidth of the receiver is about 600 kc/s,
and its noise factor is 11 dB, or 12-5 in power ratio. The
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r.m.s. noise voltage in the i.f. amplifier is therefore 4/12-5
times that due to a 75-ohm source resistor at 290°K in a
bandwidth of 600 kc/s. This is given by the expression
A AKTRAS (where K is Boltzmann's Constant), and is
0-85 ;¥ r.m.s. The noise level in the i.f. amplifier is there-
fore equivalent to a noise input of 3 uV r.m.s. In this con-
dition, it can be shown that an unmodulated signal input
of 3 bV r.m.s. will produce an increase of about 3 dB in the
d.c. output of the i.f. detector.? However, by using a
modulated transmission and post-detector selectivity, the
r.m.s. value of the modulated signal input required to pro-
duce a 3-dB rise in the d.c. output of the a.f. detector is re-
duced to 0-35 uV, representing a signal-to-noise ratio
improvement of 19 dB. The mechanism of this is as
follows.

The i.f. detector is followed by a narrow-band filter of
30 ¢/s noise bandwidth centred on the modulation fre-
quency of 1,000 ¢/s; its output is amplified and rectified,
the rectified current forming the output of the receiver. If
a signal produces an output of 3 dB above the no-signal
value, the signal-to-noise ratio must be 0 dB at the output
of the a.f. filter. Owing to the bandwidth reduction of the
filter, the signal/noise ratio at the i.f detector output must
then be lower; its value can be shown to be — 38 dB. Un-
fortunately, this does not mean that the input signal is
38 dB below noise level, but only 19 dB, since, in the pre-
sence of such a relatively large noise voltage, the if.
detector—a so-called ‘linear diode™—behaves as a square-
law detector.?

8. Limitations of the Original Design

The range of measurable signal levels is limited at both
extremes partly because, in the interests of a stable calibra-
tion, a.g.c. is applied to one stage only. As the signal ap-
proaches the upper limit, the a.g.c.-stage gain falls to a
minimum and both the i.f. amplifier preceding the a.g.c.
stage and that preceding the i.f. detector approach their
overload conditions. When the signal falls to the lower
limit, the gain reaches maximum and the gain of the last
i.f. amplifier cannot be further increased without causing
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Fig. 4 — Schematic diagram of VHEF/UHF receiver.

overloading on peaks of noise. This noise has the full band-
width of the receiver, whereas the receiver output only re-
sponds to those noise components in the narrow band-
width of the a.f. filter. In fact, the d.c. output due to noise
alone is only about 1 per cent of full cutput and is barely
perceptible on the output record. The same limitation ap-
plies to the Band III receiver, in which the i.f. gain has to
be reduced on account of the higher gain of the Band III
r.f. unit.

In practice, the lowest measurable signal is about 1 .V
r.am.s., giving 5 per cent of full output; below this level the
curvature of the characteristic renders measurement in-
accurate. It is evident, then, that the effective sensitivity is
limited by lack of gain. This may be remedied as will be
described later, but it is sometimes in the interests of
accuracy to minimize the output due to noise. If there is a
large output indication due to noise alone, some of the
available output scale is wasted; if the noise deflection is
biased to zero the stability of the bias must be very high.

When adequate gain without overloading is ensured, the
sensitivity for practical purposes is given by the input sig-
nal at which the a.f. signal-to-noise ratio is approximately
unity. This is because the d.c. output of the final detector
becomes insensitive to signal changes for signal/noise
ratios less than unity. In the present application this limit
of sensitivity is actually the governing one; fluctuations of
output due to noise are considered later.

13

The a.f. signal-to-noise ratio is, of course, dependent on
many factors, and the fact that the signal-to-noise ratio at
the i.f. detector is already less than unity over an appreci-
able part of the recording range leads to some unexpected
results. Thus the input signal voltage for a given a.f, signal-
to-noise ratio varies only as the fourth root of either the i.f.
bandwidth or the a.f. bandwidth, so that halving either
bandwidth affords an improvement in sensitivity of only
1-5 dB. Substantial bandwidth reductions are made diffi-
cult by problems of frequency stability. The noise factor
of the receiver, which controls the sensitivity directly, is
already within 2 dB of the lowest practicable. It is true that
a large improvement would be possible if a coherent i.f.
detector were used, but (in the absence of suitable commu-
nication between sender and receiver) the improvement
would be stultified by the time required to synchronize the
frequency and phase of an oscillator.

One further factor affecting the measurement of small
signals must be mentioned. The response time of the re-
ceiver—determined primarily by the bandwidth of the a.f.
filter—is about 0-02 sec, whereas the recording meter has
a response time of about 0-3 sec. This means that the
r.m.s. value of the fluctuating part of the noise output of
the receiver is attenuated by some 10 dB in the meter itself,
so that the meter behaves as a second stage of post-
detector selectivity. The detailed theory has been given
elsewhere;? but the result is that if the d.c. output is in-



{g) -—- Original Band IV receiver.

(b) — ——— Original Band IV receiver with 20 dB extra
a.f. gain.

(c) — — Original Band IV receiver with20 dB extra a. f.
gain and extended a.g.c. range.

(d) ——  Original Band IV receiver with correlation

detector unit.
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Fig. 5 — Output calibration of Band IV receiver.

creased from 1-0 to 1-4 by applying an input signal, the
r.m.s. value of the fluctuation on the recording meter is
about 0-2.

To summarize, the sensitivity of the original receiver in
Bands IV and V is not limited by the presence of noise, but
by the lack of gain. In practice, the lowest measurable
signal is about 1 uV; but if sufficient gain were available
the signal could be reduced to about 0-4 'V before its
measurement became impaired by noise—any further re-
duction in noise level is impracticable.

9. Problems of Increasing the Sensitivity

9.1 Increasing Gain

As the final i.f. stages are nearly overloaded by noise at
maximum gain, the requisite increase in gain must be ob-
tained in the a.f. stages.

An increase in gain of about 20 dB is required to raise
thed.c. output due tonoiseto alevelat whicha 3 dB change
can be observed. From Fig. 5 curve (b), it can be seen that
the increased sensitivity at low levels is at the expense of a
reduction of 20 dB in the maximum signal, with a conse-
quent reduction in the total range of measurable signals.

9.2 Modifving a.g.c. Range

Having increased the a.f. gain, the receiver could be
made to handle the same maximum signal as before if the
minimum gain of the a.g.c. stage were reduced by 20 dB.
This could be achieved by using a2 maximum negative
a.g.c. voltage of about 40 V instead of 30 V. Unfortunaiely,
the gain characteristic of the a.g.c. valve (6BA6) has an
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undesirable curvature at grid voltages of between —35V
and —40 V. By using a maximum of —35 V, al10-dB
reduction in minimum gain can be made without intro-
ducing excessive curvature. The result is shown in Fig. 5,
curve {c).

Comparing curves (a} and (c), the signal required to
produce a 0-05-mA change in d.c. output has been re-
duced by about 7 dB, with a 10-dB reduction at 1-0 mA.
This represents a considerable improvement, though 10
per cent of the cutput meter deflection is now occupied by
the d.c. output due to noise.

9.3 Suppression of the d.c. Output due to Noise

The a.f. noise spectrum, narrow though it is, extends
over a considerably greater band of frequencies than that
occupied by the a.f, signal. It is possible, therefore, to
arrange that noise components at the edges of the a.f, pass-
band produce a d.c. output opposing that produced by the
components near the 1,000-c/s signal frequency. The im-
mediate advantage of such a system is that the d.c. output
may be made zero in the absence of signal in spite of
changes in the noise input due, for example, to wide-band
interference. This allows the signal calibration to occupy
the whole output meter deflection and further improves the
sensitivity, as shown in Fig. 5, curve (d).

This result can be achieved by using a suitable adapta-
tion of a circuit known as an auto-correlation detector;
the modified form described in this monograph will be re-
ferred to as a correlation detector. An experimental de-
tector of this type is described in the next section; the
theory of its operation is given in the Appendix.



10. An Experimental Correlation Detector

10.1 General Description

A unit was designed to combine the features discussed
in Section 9, namely increased a.f. gain, increased a.g.c.
voltage range, and noise suppression by using a correla-
tion detector. The unit, with its own power supplies, can
be mounted in the same cabinet as the existing receivers
and, when desired, can be put into operation by changinga
few leads.

The circuit consists essentially of a phase-shift network
and a phase-sensitive detector. A schematic diagram is
shown in Fig. 6, its operation is illustrated in Fig. 7,and a
circuit diagram is shown in Fig. 8.

The input, which is taken from the existing a.f. ampli-
fier, consists of a narrow spectrum of noise centred on a
signal at 1,000 ¢/s. The network introduces a phase shift,
¢, varing from 0 to 27 radians throughout the a.f. pass-
band, with a value of = radians at 1,000 ¢/s. The phase-
sensitive detector is arranged to give a positive d.c. output
in the range ¢==/2 to 37/2 and a negative output else-
where, The a.f. response of the system is therefore positive
in the neighbourhood of 1,000 ¢/s and nepative at the edges
of the pass-band. By choosing the correct phase slope, the
d.c. output due to the noise components in these two do-
mains can be made to cancel. There i1s, in addition, a re-
duction in the r.m.s. noise current output, due to the
effectively reduced bandwidth of the above system.

o
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Fig. 6 — Schematic diagram of correlation detector.
{kefs |

(@) Characteristic of phase-shift network.

(&) Response of phase-sensitive detector without a.f. filter.
(c) Response of a.f. filter,

(d) Overall response of correlation detector.
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Fig. 7T — Operation of correlation detector.
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Fig. 8 — Circuit diagram of correlation detector.

10.2 The Phase-shift Network

The nput signal is derived from the existing a.f. ampli-
fier, working at increased gain, and provides two outputs.
One output passes directly to the phase-sensitive detector,
as a reference voltage, and the other traverses the phase-
shift network.

The phase shift is obtained from an all-pass network
known as a second-degree phase equalizer. As shown in
Section 13.4.1, in order to obtain zero d.c. output in the
absence of signal the reciprocal of the parameter s, which
determines the phase slope, must be equal to the effective

Q of the a.f. filter, namely 40 in the case considered. Owing
to loss in the elements, the network has appreciable
attenuation near 1,000 ¢fs, where the phase slope is
preatest. This reduces the positive contribution to the
d.c. output in this region and it is necessary to increase
5to about 4 in order to broaden the positive domain and
so redress the balance. Adequate O values (of the order of
100) were obtained for the inductors of the network by
using Ferroxcube cores.

The voltage across the inductor in the centre branch of
the network is 1/s times that at the input. The input voltage

A {A+B) | A+Bi |A+B|+|A—B!
—_— —> Amplifier Detector = =
Sum and Sum and
di\‘tzr.ence difierence
B vt (A-B) jA-B] | “" ! |A+B|-|A-B]
—_—— > Amplifier = Detector > > Meter

Fig. 9 — Schematic diagram of phase-sensitive detector.
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is kept below 0-5 V in order to avoid the effect of core
saturation in this inductor, and the subsequent amplifica-
tion required is embodied in the phase-sensitive detector.

10.3 The Phase-sensitive Detector

A schematic diagram, Fig. 9, shows the operation of the
detector. The output of the a.f. amplifier, voltage 4, is
passed through the phase-shift network to produce voltage
B. B i then added to and subtracted from .4 in a centre-
tapped transformer (71 in Fig. 8). Voltages (4 -+ B) and
{4 —B) are then amplified and rectified separately, the dif-
ference between the rectified currents forming the output
for the recording meter. For sinusoidal voltages, the d.c.
output is a maximum when 4 and B are in phase or inanti-
phase, and is zero when they are in gquadrature. As shown
in Section 13.4.3, by making the magnitude of B about half
that of A4, this process gives an outpul nearly proportional
to the cosine of the phase difference of 4 and B, as in a
multiplier, but a response linearly related to the amplitude
of the input. Since the gain is all obtained before recti-
fication, the necessary stability is achieved by negative
feedback.

10.4 The Detector Load and a.g.c. Qutput
The two rectifier circuits, as shown in Fig. 8, are connec-

40k
+ o—e—A\A— ¢ Q-
3k
LY
Viasn a; onlma i Via-p|
Iy 40k
-o . ’\M/\—T——o+
v,
T_O agec O—

Max, d.c. values: Max. a.c. power input

lo | -OmA to (A +B) detector: 110mW
I |-5mA

I_ 0+5mA

Va.g.c. 40V

(a} a.g.c. voltage proportional to output current.

20k

2Qk

TO vn‘gc C—_

Max. d.c. values as for (a)
Max. a.c. power input to (A4 B) detector: 55mW

(6) a.g.c. voltage proportional to signal plus noise.

Fig. 10 — Alternative methods of deriving a.g.c. voltage.
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ted to their loads through the output meter as a common
3,000-ohm resistance. The d.c. coupling between the cir-
cuits is negligible; the a.c, coupling between the rectifiers
and between each rectifier and earth is minimized by the
bifilar chokes 72 and 73.

Now the outputs of the rectifier circuits are proportional
to the moduli of (4 -+ B)and (4— B). Fig. 10(a) shows how
the a.g.c. voltage and the recorder current may be derived,
both being proportional to the difference of these moduli.
Fig. 10(b) shows an alternative arrangement as used in the
circuit of Fig. 8; here the recorder output remains as be-
fore but the a.g.c. voltage is proportional to the sum of the
moduli of {4+ B) and (A4 — B). These two circuit arrange-
ments produce different effects, which are best explained
by referring to the modulation-frequency responses of the
circuits concerned.

The difference between the rectifier voltages varies with
frequency in the same way as the recorded output, as
illustrated in Fig. 7(d); the response characteristic is
narrower than that of the a.f. filter alone, due to its de-
pendence on phase, and is reversed in sign at the edges of
the pass-band. The sum of the voltages, however, is alniost
independent of phase, as explained in Section 13.4.3; its
response characteristic is simply that of the a.f. filter, asin
the original receiver, and does not reverse its sign.

The curves of Fig. 11 represent the error incurred in
measuring a signal if there is a relative drift between the
tuning of the a.f. circuits and the modulating frequency.
They are equally valid for this purpose whether the receiver
is working at fixed gain or using a.g.c., provided that the
a.g.c. vollage is proportional to the output indication.
Thus, curve (a) represents the error for the original re-
ceiver and curve (b) for the receiver with the a.g.c. derived
asshown in Fig. 10(a); they also represent the modulation-
frequency response determining the most rapid signal
fluctuations which can be faithfully recorded, assuming
no limitation in the recorder itself.

If the circuit of Fig. 10(b) is used, the a.g.c. voltage is no
longer uniquely related to the output. In this case the out-
put responds to a frequency drift to a greater extent than
the a.g.c. voltage so that the overall error is exaggerated,
as shown in Fig. 11, curve (¢). The stability of the a.f. cir-
cuits, particularly that of the phase-shift network, must
therefore be high to avoid appreciable error. However,
the response to rapid signal fluctuation is still determined
by curve (b} in Fig. 11.

If the circuit of Fig. 10(a) is used, the required stability
of the a.f. circuits is not so great as for the circuit of Fig.
10(b), being little more than that required for the original
a.f. filter; but another effect arises in this case. A signal at
the edge of the pass-band would give an output of reversed
polarity, and, if the a.g.c. voltage follows the output, it
also will be reversed in sign. It is possible for the receiver
to become completely paralysed by a sharply rising signal
of the correct modulation frequency, if the a.f. circuits
overload before the a.g.c. has reacted. Harmonics of the
modulation generated between the a.f. filter and the phase-
shift netwark will produce a reversed output, reduce the
a.g.c. voltage, and enhance the paralysis. This effect would
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Fig. 11 — Effect on the calibration of drift at modulating frequency.

not occur if the amplitude of the signal were limited before
passing through the a.f. fitter.

10.5 Choice of a.g.c. Circuit

As can be seen from Fig. 10, the circuit (b) has the ad-
vantage of requiring only half the detector power input.
Tests on the experimental unit using this circuit indicated
that the required stability could be achieved without undue
complication; in addition, the steep slope of the output
calibration, shown in Fig. 5(d), was preserved at a lower
signal level than with the aliernative circuit. These con-
siderations led to the adoption of the ag.c. circuit of Fig.
10(b) for the final detector.

11. Conclusions

The effective sensitivity of the VHF/UHF receiver in its
original form can be increased by about 10 dB by the use of
increased a.f. gain and a correlation detector working at
1 kefs; about 7 dB improvement is possible by the in-
creased gain alone. The new detector also gives a stable
zero of d.c. output in the absence of signal, even when the
noise input is varying due, for instance, to wide-band
interference.

A modified form of auto-correlation detector has been
constructed in which an all-pass phase-shifting network
has been used instead of a constant-delay network, thus
simplifying the circuit requirements.
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13. Appendix

13.1 Optimwm Positions for the Coupling Elements in a
Pair of Coaxial-line Resonators

The arrangement considered is that used for the Band V
signal-frequency tuner described in Section 3 and shown
diagrammatically in Fig. 12. It is assumed that the im-
pedances of the source and load are purely resistive and
independent of the tuned frequency, f,, of the resonators.
Tt is also assumed that the losses of the resonators are
negligible. Tt may be shown that this arrangement is
equivalent to the circuit of Fig. 13, the components of
which are found by evaluating the equivalent elements of
Fig. 12 at the short-circuited ends of the coaxial lines.

Neglecting disturbances of the field in the resonators
due to the coupling elements and line imperfections, the
current in the line follows a cosine law. Therefore a
mutual inductance M placed at a distance x from the
short-circuited end of a resonator is represented in Fig. 13
by a value M cosf where

P
v

and v is the velocity of propagation in the line.
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Fig. 12 — Diagrammatic representation of signal-frequency
cavities.

In the tuner it was desirable that, for any chosen value
of fu,

(a} the shape of the response curve should be close to
that of a transitionally coupled (maximally flat)
pair of circuits, and

(b} the bandwidth, B, at the half-power points of the
response curve should be substantially constant.

If possible, these requirements should be achieved without
making any mechanical adjustment to the coupling ele-
ments when f, was changed.

It is shown in Section 13.2 that, when the losses of the
tuned circuits are negligible, the optimum power match is
obtained when the damping from the source and load
gives the two circuits the same magnification factor, Q,
and we shall for convenience consider this case only, The
coupling coeflicient between the two circuits, referring to
Fig. 13, is

My, costy,

= L
and, if kQ=1 (1)
the response is maximally flat and has a half-power band-
width of
5Jo

B=v/25: o))

To satisfy the conditions (¢) and (») above, the band-
width and response shape are only independent of £, if

Qcf, (3
and kocflo . 4
o 3

5 M, cos 8,

LY

Fig. 13 — Eguivalent circuit of signal-frequency cavities,

19

The inductance L in Fig. 13 can be shown? to have a
reactance

Z
2mf L="3" (5)
where Z, is the characteristic impedance of the line.
The magnification factor of this circuit is
_2afel wZ,
O="R ()

where R is the effective series resistance coupled into either
circuit from the source or load. Since the circuits have the
same values of @ and Z,, they have the same values of L
and R. R can be shown to be

R=2xf M, cost, /R,

=(2nf, M, cos#,}*/R,
and if, as is convenient, x;=x,=x in Fig. 12, then
t=b,=0=0qf,
where a.:%?
and so, from equation (6),
1
O s costef; @
From Fig. 13 and equation (3}
= M,y cost, _ 8f, My, cost,
L Z, )
Therefore ko f, cosagf, (8}
where Qs = 2”:”.
From (7} and (8) we have
Jocosaf,
kQox ( f; cosaf,) ©)
and from (2) and (7)
B« f; cosaf,. (10)

Equation (10) is strictly true only if the transitionally
coupled condition is maintained.

Although £Q and B are not independent of frequency as
desired, the variation may be reduced by operating in the
region where the rate of change with respect to f, is zero.
Assuming that, by this means, the variation of X0 can be
kept small, equation (10) may be used to find the condition
for zero rate of change of bandwidth. By differentiating
{10} with respect to £, the required condition is found to be

f=af,=57"°. (11)
Then, assuming that the constancy of expression (10) is
fuliilled, equation (9) may be written

kQocf? cosayf, (92)
and the condition for zero rate of change of KO with £, is
ra—ae f,=62". 2)

If, therefore, x and x;, are so chosen that a and a,, fulfill
equations (11} and (12) when f, is equal to the mean fre-
quency of Band V, a near-optimum performance will be
obtained. The bandwidth, B, at the extreme frequencies of
Band V is reduced by only 30 per cent of its value at the
mean frequency and 4@ lies between the values 1 and
0-935 over the whole band. These results may be com-
pared with the situation when the coupling elements are
placed as near as practicable to the short-circuited end,
when there would be an increase of bandwidth by a factor




of mare than three and a reduction of ¥ from 1 to 0-64
when f, is changed from the lowest to the highest fre-
quency of Band V.

The value of x used in the Band V tuner is that given by
the above analysis but the value of x, is rather less than
the optimum. The effect is to allow a slight increase in
bandwidth at the higher frequencies, and to require the
ratio of external damping to the small internal circuit loss
to vary less over the frequency range than in the theoretic-
ally optimum design.

13.2 Effect on Impedance Matching of the Frequency Re-
sponse Characteristic of a Pair of Coupled Circuits

For a discussion of the response characteristic we con-
sider the simplified representation of the receiver input
circuit given in Fig. 14. This shows a pair of coupled cir-
cuits in which resistive components due to both circuit
losses and external connexions are represented by con-
ductances across the tuned circuit. The damping of the
first circuit has been represented by two components,
namely G, arising from the aerial circuit and G, which
represents loss in the tuned circuit itself. The terminal pair
AA’ therefore represents, in an idealized form, the Input
connexion to the receiver. In the second circuit, all losses
(including the effect of the load) are represented by a con-
ductance G,. If we take ;=G + G, the input and output
voltages, ¥, and V,, may be expressed as follows in terms
of the input current {:

v 1 1+jx
TG (i1 Higx) e
! —jnv'pla

G T g b
It is assumed that the combinations C,, L, and C,, L, are
both tuned to the frequency w27 and that L} <L L,.
The other symbols have the following significance:

k=Ly/v/ 1L,
ey ) C‘.l '—”ocz
n=k+/Q,Q, where ;= o and Q2:—G—
1 2
P=I/L,=G G
g=0/ (s
dw
x=2Q2.+w;,
where w,+dw is the angular frequency with
dew E e,
At the mid-band frequency w,, x=0 and we have
I
arexyu

Thus the admittance presented to the generator is
(;-+r2G;. In the case of a receiver fed from an aerial which
has been matched to the feeder, the generator conductance
G, represents the characteristic admittance of the feeder.*
The admittance presented by the circuit to the right of
AA"1s G 4-m*G,— G, or (14+-n¥)G,+n*G, and the degree of

* In practice, the input connexion will be more nearly represented
by a tapping on the first circuit inductance so that the generator con-

ductance will be transformed by a fixed ratio. To simplify the dis-
cussion, this transformation has been omitted,
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Fig. 14 — Representation of coupled circuits, including
losses.

matching corresponds to a standing-wave ratio equal to
the ratio of this conductance to the feeder impedance, i.e.

s.w.r.=(1 +n2)(—é5+n2.

A s.w.r, of unity (perfect match) requires

GGy

- Gs+ Gd-

On the other hand it may be shown that the condition fora
frequency response which is maximally flat is

=1 (Gi‘)

q
It will be seen that the first condition, assuming a finite
circuit loss (G,;>=0), requires n<1 while the second con-
dition requires n3 1. 1t is thus impossible to obtain a per-
fect match and a maximally flat response simultaneously,
although both conditions can be nearly fulfilled if G, is
kept small compared with G, and the circuit Q factors
are equal (g=1). In general, adjustment of » for a good
match results in a single-peak response corresponding to
an ‘undercoupled’ pair of tuned circuits, while the adjust-
ment for a double-peak or ‘overcoupled’ response will

tend to degrade the input s.w.r.

It hias hitherto been assumed in the discussion that the
aerial has been matched to the feeder so that the effective
generator admittance is a conductance of constant value
G,. Tt is, of course, apparent that a mismatch of the aerial
will change the admittance presented to the first circuit
and may affect the response by detuning of the first circuit,
or by a change of conductance which will affect the nor-
malized coupling parameter #. It is for this reason that it is
recommended that the match of the aerial to the feeder
should be as good as possible (s.w.r. at least 0-75), even
though the receiver may be allowed to present a somewhat
poorer match (s.w.r. not less than 0-67) in order to obtain
a frequency response close to the maximally flat condition.

2z

13.3 The Principle of the Correlation Detector

If either the time-function Iz} or its power spectrum
W(f) is known, the auto-correlation function ¢{+) can be
found; this is defined® by

g{7) =Lim%,frl’(z).l(t+ 7).dt (13)
Tom ]
and is related to the power spectrum W(f) by
$(r)= L W) cos(2=fr).df. {14)




\ 4

I(t+T)
— N I(t).I{t+T) .
Receiver } delay unit i Multiplier > M:;t;rtia"::r:glng
L[ T T :

Fig. 15 — Mechanism of basic auto-correlation detector.

The operation of equation (13) can be performed
by the circuit of Fig. 15 where the meter indicates the value
of the auto-correlation function of a current derived from
the output of a receiver. If X(7) is a sinusoidal signal of fre-
quency f,, the response of the circuit may be made a
maximum by a suitable choice of the delay time, +. In the
absence of signal, the noise output from the receiver has a
power spectrum governed by the characteristics of the
filters in the receiver; these would be ¢hosen, where poss-
ible, to make the response ¥i(7) zero. Two types of filter are
discussed below.

13.3.1 Result for a Rectangular Band-pass Filler

If the power spectrum, W( f), of the noise output from a
filter js uniform and equal to P, in the interval (f,—  Af,)<
<(f,++Af,} and zero elsewhere, then the auto-correla-
tion function is

l,[JNl(T):P(J—Si%) cos(2nf, ). {15)

As can be seen from Fig. 16(a), this function has a decay-
ing oscillatory envelope with repeated zeros
Pan(m)=0 at T:A—'} n=1,2,3. (16)
<
A sinusoidal signal of frequency 7, and amplitude A will
have an auto-correlation function (+) with repeated
maxima given by

4Dl =34? at r=72

2,
as shown in Fig. 16{b).
Thus, if £, is chosen so that
Af, 2n
i om
both equations (16) and (17) may be satisfied with the same

m=1,2,3. (17

I(t) W (f) Y5 (T)
P, ki
(a)y Noise in band-pass filter I
%

(b) Sinusoid, A sin2wf,t

(¢) Noise in simple resonant filter

Fig. 16 — Auto-correlation functions for various types of time function.
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value of =. The output of the detector in Fig. 15 will then
be proportional to the mean square value of the signal but
identically zero in the presence of noise alone, In practice,
Af, € f,, and r is usually unity, in which case

1 m

T

13.3.2 Result for a Resonant Filter
The field-strength recording receiver embodies an out-
put filter consisting of a series resistor and a shunt LC cir-
cuit, resonant at /.. Assuming no other restriction, if the
input noise to this filter has a uniform power spectrum,
P,, the output power spectrum in the presence of noise
only is
P,
Wa(f)= —_*f—f_z (18)
e} )
fo f

where () is the effective magnification factor of the circuit,
assumed to be large. Using this type of spectrum, it can be
shown from equation (14) that the auto-correlation func-
tion is

)" exp( T cosenfir). (19

The envelope of th:s function is shown in Fig. 16(c); it
decays exponentially, the function itself having zeros for
the same values of ~ as the curve in Fig. 16(b). Thus for a
finite value of , the output of the detector of Fig. 15 can-
not be made identically zero in the presence of noise only,
yet finite in the presence of a signal of frequency f,.

The conventional auto-correlation detector circuit can-
not therefore be used to achieve the desired results in the
case of the receiver under consideration, since this receiver
includes a post-detector resonant filter. This difficulty can
be overcome without altering the filter by using a modified
detector circuit described in Sectionr 13.4.

13.4 A Practical Form of Detector
13.4.1 The Use of an All-pass Network instead of a
Constant-delay Network
It was shown in Section 13.3.2 that the noise output

o—¢ L11I Ly
L2
R
c
T
CFW cf-ﬁ%

from a resonant filter has an auto-correlation function
with no convenient zeros in its envelope.

The network of time delay = in Fig. 15 can be considered
as a network of phase shift ¢, where ¢ is a linear function
of frequency. This restriction is essential if the output of
the detector is to be identified with the auto-correlation
function but is of no significance in achieving the result
desired here. If we remove the restriction (i.e. use a network
whose phase shift is not proportional to frequency), a
type of detector which can follow a resonant filter and yet
have the desired properties becomes possible. We will
refer to this as a “correlation detector’, the auto-correla-
tion detector being a special case of this general class.
A convenient network for the particular application in
view is an all-pass network having the phase/frequency
characteristic shown in Fig. 17.

If the network of Fig. 17 is used in place of the constant-
delay network in Fig. 15, the detector output then becomes

binls) = j Wulf) cosd.df (20)

where W(f)is the spectral power density of the noise from
the resonant filter, given by equation (18), and ¢ is the
phase-shift of the all-pass network of Fig. 17, given by

b_ I (21)

here, s is a parameter of the all-pass network and f; is the
frequency for which its phase shift is ; the response to a
signal of frequency f, is therefore a maximum, independ-
ent of 5. I 1, is the same for the resonant filter and the all-
pass network, the detector output can be shown from

equation (20) to be
' #w%PO QS-— 1
o)== —Q o5 (22)

This expression becomes zero at s=1/0Q, as shown in
Fig. 18; the network is therefore designed to satisfy this
condition.

13.4.2 The Use of a Short-time-constant Meter instead of
an Averaging Meter

In practice the averaging meter of Fig. 15 will be re-

placed by a meter having a time-constant sufficiently low

¢ sff,
tan g Tl er

Fig. 17 — The phase-shift network.
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Fig. 18 -—— The modified correlation function ' (5).

to allow the requisite rate of response to changes in signal
amplitude. The meter reading will then be subject to
random fluctuations due to noise, which determine the
smallest observable signal. Tt can be shown that the r.m.s.
noise output is 3 dB lower for this type of detector than for
a simple square-law detector of the same gain and fed from
the same source. This change is accompanied by a corre-
sponding reduction in effective bandwidth. The output
signal/noise ratios of various types of detector are given
elsewhere.®. ¢

13.4.3 The Use of a Linear Phase-sensitive Detector instead
of a Multiplier

The above analysis has assumed that a multiplying
detector is used; Fig. 19 illustrates one possible arrange-
ment for this purpose,” using two square-law amplifiers.
In the presence of a sinusoidal input signal, the output is
proportional to the square of the input magnitude and to
the cosine of the phase difference between A and B.

For a measuring receiver it is preferable to use a detector
having an output linearly proportional to the input magni-
tude. Fig. 20 illustrates an arrangement which fulfils this
requirement, using two linear detectors; provided that k,
the ratio | B/A|, is not greater than 0- 5, the cosine response
to the phase difference between voltages A and B is largely
maintained, as shownin Figs. 21 and 22, Fig. 22 also shows
the variation with phase difference of the sum of the detect-
or currents. For k=0-5, this sum is almost independent of
phase so that it may be used for a.g.c. as discussed in
Section 10.4.

It has been shown that in certain conditions, established
in Section 13.4.1, the d.c. output from a correlation de-
tector using a phase-shift network followed by a multi-
plier is zero in the presence of noise only. In this case, using
the multiplier circuit of Fig. 19, the r.m.s. values of the
noise voltage applied to the square-law amplifiers must

Dit+erence
unit

2
A (A+B) (A+B)
5 -1
—>— > amplisier [
Sum and
di-rﬂ_unu
B=ka/@| “* | (a-B) (a-B8Y
5 5 -la
> aqr:opll-?fig: >

A is the amplitude of a sinusoidal signal
I+ k=1, output=2 lAIzcos )

Fig. 19 — Schematic diagram of multiplying detector.
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If k — 0O,

output — 2k|A|cos ¢

Fig. 20 — Schematic diagram of linear phase-sensitive detector.
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Fig. 21 — Vector diagram for linear phase-sensitive
detector.

be equal. The same result must therefore follow if the
linear system of Fig. 20is used instead of a multiplier.
However, the two systems show a differénce in their re-
sponse to a small signal in the presence of noise. In the
multiplying detector of Fig. 19 the d.c. output of each of
the square-law amplifiers is equal to the sumn of the outputs
due to the signal and noise when applied separately. Since
thed.c. contributions due to noise cancelin the final output,
the signal output is always proportional to the square of
the signal input, irrespective of the noise level. The d.c.
output of a linear detector, on the other hand, is ap-
proximately proportional to the square root of the sum of
the signal and noise powers.* This means that the output
of the linear system of Fig. 20 follows a linear law only for
signals which are large compared with the noise level; for
signal levels below noise level it tends to follow a square
law. Moreover, in this square-law region, an increase in
the noise level results in a reduction in the output due to a
given signal. For very low input signal/noise ratios the
output is reduced in the same ratio as the increase in noise.
As described in Section 7, a linear rectifier is already
nsed as an i.f. detector in the receiver under consideration;

| -4
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Fig. 22 — Response of linear phase-sensitive detector.

the signal output at this stage is therefore affected by the
input noise level in a similar way to that described above,
but the effect begins to occur at a signal level some 20 dB
higher than at the a.f. detector. Thus the overall per-
fermance is only slightly impaired by the use of the linear
rather than the multiplying form of a.f. correlation detect-
or. More drastic changes to the design of the receiver
would be necessary to eliminate the effect of changes in
noise level on the calibration at all signal levels,
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