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Matjaz Vidmar, YT 3 MV

Amateur-Radio Applications
of the Fast Fourier Transform

Part2 a

3.
THE FAST FOURIER TRANSFORM
(FFT) ALGORITHM

The Discrete Fourier Transform supplies a very
usetul result, bul unfortunately requires a very
large number of computations on a digital com-
puter or & very large number of components |
performed by an analog circuit. A more sfficient
algorithm that provides exactly the same result as
DFT with a considerably smaller efior1 required is
called the Fast Fourier Transform. As an ex-
ample, to compute a 1024 data point DFT the FFT
algorithm requires about 200 times less compu-
tations (or analog components) than a straight-
forward DFT. Funher, the number of compu-

D F(0) = 1oNe”® + I(1)e”

1ations required in the FFT algorithm is only
proportional to N/2 = log 2 (N). The FFT algorithm
can thergfore be performed on a very large
number of data samples without significantly
increasing the number of computations per
sample.

The basic building block of the FFT algorithm is
called a “butierfly® operation. A “butterlly”
operation consists of a phase-shift operation and
a sum/difference operation. Il operates on two
input variables and produces two results. A single
“butterfly* operation can aiready compute a 2-
point FFT, as shown in fig. 3.1. In the case of a
2-point FFT, the two input variables are the input
data 10 the FFT algorithm and the two results are
already the result of the algorithm. The phase
shift is equal to r in this case.

p F(1) = K0)e" « ((1)”

Fig. 3.1.:
Two-polnt FFT — a single
“butterfly” operation
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Flg. 3.2. shows how a 4-point FFT works. A 4-
point FFT is computed in two stages, Each stage
includes two "butterlly” operations. In the first
stage, all phase shifts are equal o #. In the
second stage, the phase shifts are /2 and =.
Note that each outpul of the first stage "butter-
fiies" is fed lo exactly one input of the second
stage "butierfiies”. Considering the periodicity of
the complex exponent function, the four cutpuls
carrespond exactly 10 the result obtained with a
siraightforward DT, the latter, however. requires

O F3) = (e + 1) + \(ZD)e" + 1(3)e™?

Flg. 3.2.:

Four-point FFT, computed
each using two “butterfly*'
operations

% F(3): 10)eR + 1(Ne™T » 1208 ¢ ()2

O F(2) = 10)0” 1 111)e” + (20® o K(A)e"

@ FO) = 10)e” « (135" « 12)6° + ND)”

16 phase shifts (8 if one does not consider zero
phase shifts) compared o the 4 phase shifts of
the FFT algorithm,

Similarly, a 8-point FFT (s compuled in three
slages as shown in fig. 3.3. Each stage includes
4 “butterlly” operations. Again, in the first stage
all phase shifis are equal o «. In the second stage
\he phase shifls are 7/2 and . in the \bird stage
\he phase shifis are /4, n/2, 3 « 5/4 and r. The
algorithm block diagram follows a regular pattern
100, suggesting that a FFT algorithm working on

O F(3] = NOWA » (0™ + D > 1™ + > HEW ™ & Kw?'© o iiTie ¢

O Fis) = (01 » 11)e™™ « iZp™" « 4B " « i(q” » usje”t « (BT - (7T

O FO = (0" = (107 » 21077 « H2e™ < Ndie” K50 o aje™ (T

© FE) = 1010”2 1)@ « (2™« (310« K™ ¢ (5 ¢ 16107 « KT

O FIz) = NOWH « (YR « 5207 » NPT « Y(aje” « KSI™T » Bp" + 1Y

O Fi&) = I(D}e” « (116> » K2p0” + (D™ « 141 + 1S5} o HEY" « KT)™"

O Fid] = 40" « K1)o" = I(Zp0” « 1(31¢” + ([a)n" ~ [(Sp™ + UEM" » K730”

© FI0) = NOR® + (1je" » 126" = NI « I(aa” « Y(Bis" ~ NEW” ~ N1 TI0”

Fig. 3.3.: Elght-point FFT, computed in three steps, each using four “butterfly” operations
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an arbitrary large number of samples could be
designed in a similar way. In the case of an 8-point
FFT, only 12 ~butterflies™ are required compared
1o the 84 shiftyadd operations of a straightforward
DFT algorithm to gel the same result.

To design FFT algoritms, operating on an even
larger number of data samples, one should
therefore investigale the passibility of combining
several FFTs computed on a smaller number of
samples. Fig. 3.4. shows how 10 combine two
N-point transforms (not necessarily computed
using the FFT algorithm) into one single transform
on 2 N (twice the number of) points. In addition
to the two N-point transforms, N “butiarllies"
are required. These “butterflies” require N dif-
ferent phase shifts ranging fram a/N, 2 = a/N,
3% a/N... (N = 1) = a/N, 7 in steps of a/N.

The principle shown in fig. 3.4. is in fact used lo
design a FFT algorithm operating on any data
length N that is a power of 2. A FFT algorithm can
thus operateon 2, 4, 8, 16, 32, 64, 128, 256, 512,
1024... dala points. The 4-point FFY can be
denved from the 2-point FFT, the 8-point FFT
can be derived from the 4-point FFT, the 16-point
FFT can be derived from \he 8-point FFT elc...
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Fig.34.:

Obtaining a doubte-
length (2N) FFT from
two single-length (N)
FFTs

N ¥ buttecfles”

Each doubling of the data poinis only requires
an addninal stage so the total number of stages
is equal to log 2 (N). Each stage requires N/2
“butterilies*. The total number of “bufterfy”
operations is therefore equal to N/2 = log 2 (N).

A quick Look at fig. 3.3. shows that \he results
do not appear in any reasonable order at the
oulput of the FFT algornthm: 1, 5, 3,7, 2, 6, 4, 0.
Comsidernng the construction principle shown in
fig. 3.4., a very simple rule to find the desired
outpul can be found. This rule is called bit-
reversed addressing and it is shown in fig. 3.5.
for the 8-poim FFT example. To find an output
number one has to take the corresponding input
number, write this number down in binary format,
reverse the order of bits, conven the number
back to decimal and add 1. This rule can be
easily implemented in digital hardware (dedi-
cated DSP microprocessors), where dala is
stared in consecutive memary lacations.

To implement the FFT algorithm, a number of
“butterily” operations have 10 be performed.
An analog implementation called the “Buller
malrix” uses delay lines 10 obtain phase shifts
and “‘rat-race” hybnds or 3 dB directional
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couplers for the add/subtract operations. The
inputs of the FFT circuit are connected to the
elements of a linear antenna array and 1he out-
puts of the FFT circuil to receivers and/or trans-
mitters. Since the required phases and magni-
fudes of the signals feeding an antenna array
are the Fourier transform of the desired radiation
pattern, the oulputs of the FFT circuit correspond
directly 1o beams in the various directions.

Implementing the FFT algorithm on a digital
computer most operations are performed with
complex numbers. Although phase shifts are
eagier 1o perform f complex numbers are held
in @ magnitude/phase format, sums and differ-
ences require a reallimaginary-component
number format. Since conversions from one
number format to another are very time-con-
suming, all computations are usually done in
the realimaginary-component format. In this
case a phase-shift operation requires four
real multiplications with coefficients from a
precomputed table of phase shifts and two
additions. Each summation of two complex
numbers requires two real summations and
each complex difference requires two real
differences.

The phase-shift coefficients are precomputed
and stored in memory, since only N different
coefficients are required in all stages of a N-point
FFT. The same coefficients can be used in the
following FFT, if a number of FFTs have 1o be
computed on changing data. Finally, the phase-
coefficient table includes sines and cosines which
are much more time-conguming (0 campute than
the mulliplications and addnions required for \he
FFT itself.

if a FFT is computed on real dala, then only half
of the outputs contain interesting data, the other

half are just complex conjugates. To use ths
algorithm more efficiently, another set of inpul
data can be fitied into the imaginary part of the
input variables. After the FFT algorithm is per-
formed, the two resulls can be separated by
simple additions and subtraclions using the
symmetry laws of the Fourier transform. If de-
sired, the two results can be further combined
into a single, double length FFT.

The inverse DFT can easily be performed using
the FFT algorithm in the reverse direction. The
number of mathematical operations is identical
excepl for an addilional division by N for each
data point to obtain the ariginal magnitude back.

There are even more efficient algorithms 1o
compute a DFT or its inverse. All of them are,
however, based on the FFT principle described
abave and require a litlle more programming
efforts to further reduce the number of com-
pulauons required.

4.
SPECTRUM ANALYSIS USING THE
FFT ALGORITHM

One of tha most obvious applications of the FFT
algorithm is a FFT spectrum analyzer. The FFT
algorithm itself is performed on a digital computer,
usually a DSP microprocessor. The input signal is
provided in a digital format from an A/D conventer.
The microprocessor itself can display the result in
a variety of formats.

However, o build a digital FFT spectrum analyzer
some additional functions are required. A block

£(0) >>---> 0 = 000B >>---> 000B = 0 O + 1 = 1 >>--=> F(1)
£(1) >>--=> 1 = 001B >>---> 100B =4 4 + 1 = 5 >>-=--> F(5)
£(2) >>=---> 2 = 010B >>---> 010B = 2 2 + 1 = 3 >>=-==> F(3)
£(3) >>---> 3 = 011B >>---> 110B = 6 6 + 1 = 7 >>---> F(7)
£(4) >>---> 4 = 100B >>---> 001B = 1 1+ 1 = 2 >>---> F(2)
£(5) »»---> 5 = 101B >>---> 101B = 5 S+ 1 =6 >=---> F(6)
£(6) >>---> 6 = 110B >>---> 011B = 3 3 + 1 = 4 >>---> F(4)
£(7) >>=-=> 7 = 111B >>---> 111B =7 7 + 1 = B8 >>---> F(0)
Flg. 3.5.: Output bit-reversed mapping for a eight-point FFT
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Fig. 4.1.: Block diagram of an FFT spectrum analyzer

diagram of a DSP microprocessor-based spec-
trum analyzer is shown in flg. 4.1. The analog
input signal is first sent o an analog lowpass
(bandpass) filter to prevent ahasing like in any
DSP application. The analog filler is followed
by a sample-and-hold and an A/D canverter. The
A/D converter feeds a buffer memory. since the
FFT algorithm operates on blocks of data.
Belore the FFT the signal samples may be
weighted optionally. The complex spectrum pro-
vided by the FFT algorithm Is used ta compute the
magniludes of the spectral componens, the
phase informalion is discarded. Averaging is
used 10 improve the signal-to-noise ratio in
some measurements. An optional linear-to-
logarthmic conversion is standard for all spec-
trum analyzers. Finally, the result can be dis-

BMPUT DATA SNiAn __’f

Compute averaging 1in/ipg
29Nt - [ (optionsl) [ [eonver--— display
Lude ston(opl)

|

hardcapy

played in different formats and a conventional
computer printer can be used 1o obtain a hard-
copy.

The performance of a DSP FFT spectrum ana-
lyzer 1s mainly limited by the performance of the
A/O converter used. The conversion speed of the
A/D converter defines the maximum bandwidth
and the resolution of the A/D converter defines
the available dynamic range. After the A/D
converter the digitized input signal can be con-
veniently stored in memary if the microprocessor
1s unable 10 process the data in real time. Also
all suitable microprocessors offer a computa-
tional accuracy of at least 16 - 24 bits allowing a
much wider dynamic range than any A/D con-
verter,

t

T 3

NON -OYERLAPPE D
134

OYERLAPPED

INPUT DATA STREAH —
T

Fig. 4.2,:
Overlapping FFTs
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Fig. 4.3.: Weighting signal samples

Even if the DSP microprocessor is fast enough
to process all of the dala in real time, the input
data stream has to be sent 10 a buffer memory
firsy, since the FFT algorithm operates on blocks
of data, not on single samples. Without weighting
FFTs are usually performed on contiguous, but
non-overlapping blocks of data 10 obtain almost
all of the spectral information contaned in the
input signal.

In the case of inpul signal weighling, \he con-
tnbution of the samples at the beginning or at the
end of a block is very limited. To use all of the
information contained in the input signal over-
lapped FFTs have 1o be performed. Both cases
ara shown in fig. 4.2. In the second case the
overlap is sel to about 50 % for a raised-cosing
weighting function.

If the FFT algorithm is performed on a raw,
unweighted block of data, the cerresponding
spectrum is distorted. Since the FFT does not
consider any data samples before the block nor
any data samples after the processed block of
data, the actual input signal to the FFT algorithm
correspands to the real input signal modulated
with a rectangular impulse of the length of the
dala block. A rectangular impulse with sleep

[ Ml b

AERALING e times B

FOCTIIN PLDT ¢ SERAGINE 18 Vives N

Fig. 4.4.: No weighting (above) versus raised-
cosine welghting (below), same input
signal, LOG vertical scale

leading ang trailing edges has a very wide (re-
quency spectrum of the form sin(XyX. The
resulting output will be the real signal spectrum
convoluted with the sin(X)/X function.

Although the real signal spectrum can not be
oblained since it requires an infinite amount
of time, a much more accurate spectrum can be
obtained by weighling the signal samples as
shown in fig. 4.3. Weighling means multiplying

1356
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each signal sample with a constant whose valug
depends on the position of the sample inside the
input data block. The practical effect of weighting
Is 1o replace the abrupt ON/OFF transitions with
smooth transitions at the beginning and at the end
of the data block. Weighting functions are se-
lected 1o minimize the distortion of the signal
spectrum. Raised-cosine and Gaussian functions
are usual choices, since they have a very narrow
own spectrum with low side lobes.

The effects of no weighting versus weighting
are shown in fig. 4.4. The two plats show the
spectrum of the same signal obtained in two
different ways. A linear S512-point frequency
scale is used on the horitzontal axis and a
logarthmic amplinude scale (15 biis or 80 dB/
full scale) is used on the vertical axis. All the
parameters, including the input signal, are the
same for both plots except for welghting: the
plot above was obtained without any weighting

el ot ‘
‘ i »‘[]l | MW | f MMM’%
Wi 0 |/ |
]
SJETION BT LR i tizes T lFUC'IIh FAT ¢ GERGIG 18 umes CH]
|
|
| i
! sty U
|
\FL‘J:'!D“ BT ¢ AVSFAGING 4 tires RN — FULTION FLOT @ AvERGING 84 tires RN

Fig. 4.5.: No averaging (above), averaging 4 times
(below), same input signal and other
settings as in fig. 4.6.
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Flg. 4.6.: Averaging 16 times (sbove) or 64 times
(below), same input signal and other
settings as in fig. 4.5.
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while the plot below was obtained with a raised-
cosine weighting. Raised-cosine weighting
clearly provides much more clear spectral nes,
with no INEXISTENT sidebands. On the other
hand, weighting slightly reduces the frequency
resolution making the peaks broader. Selecting
weighting or not is herefore a tradeofi between
dynamic range and frequency resolution.

If a measurement is affected by random noise.
averaging among a number ol otherwise identical
measurements improves the accuracy of the
resull. Automalic averaging is very easy toimple-
ment On any microprocessor-confrolled test
equipment. Averaging is used in spectrum
analyzers 10 improve the signal-lo-noise ratio of
the displayed data. The improvement that can
be oblained by averaging is shown in flg. 4.5.
and fig. 4.6. All four plois were oblained from (he
same input signal in an identical way except lor
different amounts of averaging.

The linear-to-logarithmic conversion ncludes
the computation of a logarthm for each spectral
component. Since the logarithm s a rather “slow*
function on digital computers, a look-up-table
algomhm or a similar approach has 1o be used
1o avoid unnecessary loading of the computer.
The same constraint applies 1o the display
procedure: most computers require more lime
lo draw a high-resolution plot than {0 compute
the FFT algorithm. The display routine and/or
dedicaled hardware has 1o be guick enough to
avold slowing-down the spectrum analyzer. On
the other band, a hardcopy of the video display
is usually vary easy (o obtain on any computer
using a standard printer or plotier, al least when
compared 10 analog instrumentation with CRT
displays.

Besides the conventional frequency/amplitude
function plot other types of display are possible
on digital computers. A practcally very ussful
type of display is the intensity spectrogram. In
the latter frequency is siill plotled on the hori-
zontal axis. Each FFT result is, however, re-
presented by a single-mage line and the pixel
brightness is used to reprasent the magnilude
of a speciral component. The results of succes-
sive FFTs are plotted on successive lines,
showing the results of a large number of consecu-
tive measurements on just ong compuler screen.

Intensity spectrograms are useful when analyzing
continuously changing signals

The display of a FFT spectrum analyzer usually
Includes lhe complete Irequency range covered
by the FFT algorithm: from zero (o half the signal
sampling frequency The frequency resolution is
then simply equal 10 the frequency span divided
by the number of lines displayed. The frequency
resolution may be shghlly worse if weighting is
used in front of the FFT algonthm. Of course
parual displays are possible 0o, showing just a
subsel of speciral lines computed by the FFT
algorithm. The sample-and-hold circuit in front
of the A/D convener is an excellenl harmonic
mixer li is therelore possible to observe a dif-
(erent frequency band jus! by replacing 1he input
lowpass filter with a bandpass liller for 1he
selecied frequency range.

Finally, a companson has 10 be made between
a FFT-based spectrum analyzer and a scanning-
receiver type spectrum analyzer (conventional
analog RF spectrum analyzer) Of course a
scanning-receiver type specirum analyzer could
be implemented on a digital computer as well.
A FFT-based spectrum analyzer has, hawever,
a very imporant advantage over a scanning-
receiver spectrum analyzer: regardless of the
hardware used the FFT speclrum analyzer uses
the availlable spectral information in a much
more efficient way resulting 1n a2 much quicker
operation.

As an example, consider 1hat a 5 kHz wide fre-
quency band has 10 be analyzed 1o a resolution
ol 10 Hz. A scanning receiver with a 10 Hz bang-
widih has to dwell on each 10 Hz frequency step
for about 0 1 seconds, resulling in a total sweep
lime of about 50 seconds! On the ather hand. a
FFT-based speclrum analyzer needs 1o sample
a 5 kHz wide signal wih a sampling frequency
of 10 kHz A 1024-point FFT has ta be used 1o
oblain a 512-point display. so lhe total “scanning"
lime is 0.1024 secands!

In the above real-world example the FFT spec-
frum analyzer is abow 500 times faster! The
reason for (his 1s (hat a conventonal scanning-
receiver specirum analyzer only uses the in-
[ormaton contained in n1s receiver bandwidth, all
the other nformaton contained in the signal
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1s simply rejected! On the other band, the FFT-
based spectrum analyzer uses all of the in-
formation contained in the signal since the
FFT algonthm corresponds 10 a bank of 512
parallel bandpass filters in the above example.
Such a bank of filters would be prohibitivaly
expensive and difficult 10 make using conven-
tional analog technolagy.

A FFT-based spectrum analyzer can \herefore
be used in applcations where a conventional
scanning-recewer type specirum analyzer 1S not
practical due 1o the teo long scanning time or
campletely useless since the signal is not
available for the scanning time period required.
Even in the case when the scanning-recsiver
type can be used, the FFT-type can provide a
much more accurate resull in the same ume,
averaging among & large number of measure-
ments,

Unfortunately the bandwidth and dynamic range
of dighal FFT specirum analyzers are severely
limited by \he available hardware, mainly A/D
converters. I\ 1s therefore necessary 1o under-
stand the advantages and disadvaniages both
techniques to select the most sunable one for
a pariicular problem, since the two lechniques
are complementing each other rather than
compsling al the present state of technology.

Will be continued|
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Guenther Borchert, DF 5 FC

Universal Synthesizer for Frequencies
up to and above 1000 MHz

Part 2 (Conclusion)

2.
CIRCUIT DESCRIPTION

Integrated circuits for use in synthesizers are
offered by a number of firms; the choice fell
here upon an IC-family from Plassey. These chips
contain the mast imeresling phase deteclors (to
be precise two — one digital and one analogue —
which share the work), moreover, the synthesizer
processor employed has the means 1o control an
EPROM automatically in order to oblain all
operational information there. The chip also
contains the sequence oontro! logether with
almost all the components belonging to a PLL
circuit. It can be so connected. that in normal
operation, no access ta the PROM is carried
out thereby minimising Interference signals on
the outpul caused by internal control signals.
The pre-scalers are also from Plessey in order 10
eliminate the possibility of interface problems.
There is dellberately no description of similar
chips from this serie@s with micro-processor
control as the required control computer would
restrict the circle of users. Figure 6 shows the
central part of the circuit with pre-scaler, PLL IC,
EPROM and loop filter.

The RF signal from the oscillator is (aken via a
bufler amplifier with variable pre-scaler. The
amplifier is not used here to increase the leval
(1he IC is relatively sensitive), but should improve
the isolation between the analogue and digital
sections of the circud. It 1s impartant that de-
coupling arrangements are employed in the
supply ling in the interests of oblaining a clean
oulput signal. Many tests have proved 1hat the
dual-gate  MOSFET ciccuit has the highest
isalation properilies from oulput back to input.
A BF981, or equivalent, is satisfaclory up 1o aboul
200 MHZ but for higher frequencies the later
types, such as the BF966 or the BF988, are
particularly suitable. The divided signal is taken
directly 10 the PLL IC. This contains, as already
mentioned, all the other pars of the PLL In
this circuit, the built-in cryslal oscillator is also
used.

In order lo reach frequencies which are located
between two step fraquencies, one varicap diode
is connected across the crystal. For a simple
manual tuning operation this circuit is sufficiently
linear. The reference crystal is taken to be 4 MHz.
According to the data sheet, frequencies up 1o
10 MHz are possible; the reference divider must
then be programmed somewhat differently. The
complete pregramme information is contained in
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an EPROM. It is so pragrammed that the receive
frequency is selecied directly at the switch. For
send/receive switch-over, and for relay operation,
further address lines can be used to change-
over o the requisite set of data.

As mentioned previously, the IC conlains two
phase detectors. The digital phase delector
i3 responsible for the cantrol of large frequency
differences, small deviations result inthe sample-
and-hald detector being engaged. This in ils
characieristic analogue PD has only a very small
sample of the reference so that the spectral lines
in the comb of frequencies are suppressed. Apan
from that, it attenuates switching noises of all
types from the digital saction.

Both detectors in the IC are externally parallelled
at theit inputs, t\he auto switch-over 1s accom-
plished by the anfiparallel connected diodes.
It silicon diodes are emplayed for this purpose,
the switch-over is carried out at a control-voltage
surge of more than 0.7 V. The resistor RB and
capacilor CB determine the loop gain of the
sample-and-hold phase detector. The capture
and control range of the phase detector and its
response lime are thereby determined. The
values employed should be a good compromise
for use in radio-equipment synthesizers. That
is also, in general, applicable to loop filters.

As the oscillator lrans-conductance always
varies from one construction to another, there
must be some attempt at matching for optimum
operation. The first function 1s always possible
with the dimensions as given. The annex con-
1ains some formulae with which calculations may
be camed out. Funher information can be found
in \he data-sheets/books (5) and (6) wheraby the
formulae in (€) are pantially defective.

3.
OSCILLATORS

3.1. Decoupling Arrangements

At 1his point, there must be some discussion
about decoupling of the oscillator from the rest

of the circun, especially from the PLL chip,
befare going on 1o the actual oscillator descrip-
tion.

With a Voitage Controlled Oscillator (VCO), the
luning rate-of-response Kyco (H2/V) must be
kept firmly in mind. As an example, it will be
supposed {hal the 70 cm band should be covered
by both the transmitter and he receiver. Using
an IF of 21.4 MHz, the final frequency minimum
tuning range is 408.6 MHz to 440 MHz. This
means a tolal range of altogether 31.4 MHz
(highest transmit frequency 440 MHz 10 lowest
receive frequency of 430 MHz minus the IF). At
an avallable loop control voltage amplitude of
10 V (12 V minus the OP-amp. off-sel voltage
and an allowance for variations) resulitin a VCO
sensitivity of 3.14 MHZ/V. A loop-voliage variation
of only 1 mV would resull in a frequancy change
of 3.14 kHz! Loop voltage comamination of this
order would result in an unusable input signal
(FM noige modulation).

Included in these disturbing influences are
variations in the supply voltage caused by
mechanical vibrations (microphony) ang changes
in the load caused, for exampls, by internal
changes to the switching divider which changes
Its resistance according to its input conditions.
The supply-voitage fluctuations must be mini-
mised with the aid of IC stabilizers. The self-
generalad noise of the latter must not be over-
looked; see (7). The effect of load varations
is avoided by using buffer stages at appropriate
points. It Is also helpful to reduce the coupling
fo the buffer stages 1o as low a value as possible.
The resulting low loading also improves the
quiescent stability of the circuit. The decoupling
arrangements around the PLL IC are of the
utmost imponance.

3.2. FET Oscilllator up to 200 MHz

In practice, two separale oscillators are usually
employed lo caver the requisite frequency
ranga. Up 1o about 200 MRz, (he FET oscillalar
shown in flg. 7 has been proved successful.

Tests have shown thal the specified Neosid
inductor should be used in the interests of sta-
bilty. With CV201, the tuning range of the oscilla-
for, and thereby its tuning sensitivity, is made
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adjustable. With CV202 and L2014, the basic fre-
guency range can be sel.

After the oscillator, the signal is fed to a ca-
pacitive divider on the PLL bufier stage and then
on lo the oscillator amplifier. The oscillator ampli-

1201 [ Fig.7:
== Won FET-Osclllator usable
8L ©) P1207 up to 200 MHz
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fier has a dual-gate MOS-FET which allows a
relatively large adjustment range of the output
voltage and also possesses a high isolation
to return signal energy. The power can be varied
over & range from +10 dBm to —40 dBm.
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Flg. 8: Osclllator circuit for frequencles up to, or above 1 GHz (according to construction).

The tuned circult can be realized from a length
determined experimentally — start with 30 mm
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The core of the outpul transformer can be any
that is suitable for VHF, e g. Neosid or Siemens.
Tests have confirmed that double-hole ferrite
beads bave proved themselves — they are used
in the DJ7VY-amplilier, as well as the usual nng
cores. The number of lurns may remain un-
changed between 50 MHz and 200 MHz.

3.3. Bi-Polar Oscillator up to ca. 1300 MHz

In the frequency range above 200 MHz, a circuit
with a PNP transistor has proved itself in many
tests. The advantage of the circuit shown n
figure 8 is \hat the tuned-circuit inductor 1S
grounded at one end. This obviates trouble with
the parasitic series inductance inherent (0 de-
coupling capacitors which is prone {0 cause
spurious osclliations. The whole circuit con-
struction must be carried out in accordance with
VHF practice. This means, in particuiar, thal
the base and the cold end of the emitter resistor
must be fitted with muiti-layer chip capacitors
sunk into the board. Careless work can result
in drop-ouls in the tuning range or reversal spots
in the progression of tuning. This leads 1o com-
pletely unpredictable behaviour of the PLL. The
de-coupling capacitors must be located as close
as possible 10 the transistor. The transistor
should be one of the given types, especially
when working at the upper frequency limit. In
any case, the vanous connecting seguences
must be adhered to.

A lengih of shor-circuited, semi-rigid coaxial
cable is normally used with this type of oscillator
which then funclions as a capacitive shorted M4-
wave tuned circuit. As both the inner and outer
conducitors of the ling are bound ngidly (ogether
by the dielactric, the oscillator possesses ex-
cellent mechanical stability and shows linle sign
of microphony effects. The cable (e.g. Suhner
type SR3), can be of either 50 Q or 75 Q charac-
teristic impedance. The circuit can also operate
either with a Lecher line or with a wound-inductor
tuned circuit, The values given are dimensioned
for a 70 cm equipment using a 21.4 MHz IF with
the send frequency being produced direclly.
For other frequencies, the capacitors around the
oscillator transistor, logether with the varicap
diodes’ coupling capacitor, must be altered
accordingly. Trimmer CV301 controls the fre-

quency coverage of the oscillator and CV302 the
basic frequency.

The buffer stage. in this case. comprises a 10 dB
10 20 dB aftenuator pad and an IC wideband
amplifier, the NEC nPC1651. The circuit 1s
designed so that there is at least 1 mW 1o 2 mW
at the output of the amplifier,

Of course, olher types of oscillators can be used
here, among them the wide-range oscillators
published in (8) or the semi-rigld VCOs in (9).
Also of utility are the ceramic-resonator oscil-
lators described in (10).

4.
PROGRAMMING THE NJ8820

4.1. The IC’s Internal Construction

The nternal block schematic of the IC is shown
in figure 5. The NJB8820 contans an 11-bit
reference counter, a 7-bit A-counter and a 10-bil
M-counter whereby the maximum division faclors
are sel. The A- and \he M-counter together control
the switchable dividers via a logic circuit. When
programming the reference counter (this contrals
the step frequency), care must be taken that the
vanable counter is followed by a fixed divide-
by-twa scaler.

All counters are equipped with regisiers con-
nected with each other in order thal 4-bit words
can be registered externally. All bits together re-
present a 28-bit long word. To this 28-bit word,
four make-up bils are added to make a total of
32 bits. This is split-up into eight 4-bit words
which address the IC, via appropriate address
logic, with a 3-bit wide address bus. The correct
order of these bits is, of course, important for the
correct control. The signal-timing schematic of
figure 10 shows the exact arrangement, The
individual dividers will be treated with examples.
The 00 stands for the make-up bits.

4.2. Deriving the Division Factors
4.2.1. Reference Counter

The internal oscillator ciccuit is able 1o work with
crystals of over 10 MHz. In order 10 determine
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Flg. 9: Interior of the PLL-chip module. It contains all the required dividers and control circuits

the required division factor, the crysial frequency
mus! be halved (internal : 2) angd \hen divided
by the raference frequency. The result must be
a whole number. The division factor must then be
expressed as a binary word.

R = fquare/(2 * faep)

Example f, = 4 MHz, {; = 10 kHz
R =4MHz/(2 » 10kHz) = 200 £ &4 0C8
= 000/1100/1000
(sequence R10. .R0) = 11 bit

(5)

4.2.2. The A- and M-Control Counters

From the ratio of output frequency to reference
frequency, \he total division factor N 1s deter-
mined. For an N divider with a swilchable pre-

scaler the following expression apphes:
N = {o/fsep = (P *+ M) + A (6)
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I{ N is divided by P the result is not a whole
number. The value before the comma is sub-
stituted for M, the value afier the comma Is
multiplied by P and the result is then A. Each
value for M and A are transformed again inlo
binary words and put inta the appropriate places
in the table (see para. 1.4.).

Example:
Fyvco = 430 MHz — 439,99 MHz
channel step = 10 kHz (faep)

Nax = 439,98 MHz/10 kHz = 439389
P =80 (SP8719)

M = N/P = 43999/80 = 549.9875
= 549 2 & 225 = 10/0010/0101
(sernes M9...M0) = 10 b

A =0,9875 %80 =79 2 & 4f = 100/1111
(series AG...A0) = 7 b
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4.3. Programming Units

The IC used here, retnevas the programming
information aulomaucally from the PROM or
EPROM. In this manner, the PROMs for the re-
cewver and fransceiver are so programmed 1hat
In each case the ransmit frequency 1S adjusted
at the BCD swiiches. The swich-over 10 “lrans-
mit* and to “relay” operation is accomphshed
by changing the top address bits. The PROMs
used here are only half exploited (4-b words,
for full exploitation a multiplexer must be con-
nected lo the data line).

The programming algorithms for such PROMs
would be going a Iittle loo far for an article such
as this as a good knowledge of mathematics is
required. Ready-made PROMSs for some stand-
ard applications (2 m with 10.7 MHz IF, 70 cm
with 10.7 MHz IF with and without LO multiplier,
70 cm with 21.4 MHz IF with and without multi-
pler, simple 23 cm FM transcaiver with 35 MHz
IF) are available and the range will be expanded.

For the lesting of the actual synthesizer functlion,
parucularly if t has not been pre-programmed,
the circun of figure 11 has been developed.

The control signals of the synthesizer IC are
used for addressing a 101al of 32 circuits. It can be

no [wz |me|ao[ae|ao|na[rs DO

| —— data acquisition

D0=make-up bits

seen that there are two blocks each having 16 bit
and connected together with another mulliplexer.
In the prototype construction, DIL switches were
employed in bunches of eight. When using toggle
swilches, 28 are enough, of course, but the four
make-up bils should not be forgoften irrespective
of whether they are 1 or 0. At the swilches, the
binary words are set 10 those values arrived at
from the dividers (note the correct order). If
available, hexa-dacimal coded switches can be
used whereby the correct arrangement of the bits
must be observed.

When using the setling-up programming circu,
the signal lines must not be faken via feed-
through capacitors as the impulses would be
distorted during dynamic addressing operations.
It is recommended that for this case a DIL plug
18 constructed, which is compatible with the
PROM sacket, and connect this, using a short
llat-band cable, to the programming device.

At this juncture, a very imponant feature of the
IC must be considered. All the transmitied bits are
internally registered so that every 32-bit word is
only needed to be seni once. The IC has an input
(pin 14) at which can be switched to a permanent
state of either address or read-in. I this input
is returned to ground, the memory is permanently
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Fig. 11: Auxiliary programming unit for the PLL-IC (only required if working without the E-PROM is

required, e.g. (or tests etc.)

read oul. I)s also possible 10 appiy a pulse at this
input (either positive or negative) simulaneously
with the arnval of the fresh input data.

Many circuits spring to mind for this san of
purpose. |n the proposed synthesizer circuit, the
lowest value bit is assessed from every BCD
switch. As this 15 changed from 1 o 0 (or vice
versa). lhe polarity across the capacitor also
changes and its charge/discharge energy can be
used as an impuise. Unfortunately, i turned
out that the type of BCD swilch chosen, operated
too slowly. The resulling pulse, therefore is a
little truncated and the IC does not respand. To
improve this, a CMOS Schmitt trigger IC, type
74RC(T)14 was provided. The capacnor for {he
differentliation is located night behind this circuil.
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Before the gate nputs, there are integrators
with a charge time of T =~ 200 ms in order 1o
aliminate contact bounce 1n the BCD switches.
This vaiue seemed 1o be salisfactory for all types
tried. If. however, there are some difficulties
(false locks), the value can be increased 1o 1 s.
Such a long Yme could cause problems on
transmiVrecaive swilch-over. The only real
remedy is {0 try a better type of switch!

Afier these measures, no mare difficullies were
experienced. Of course, any type of Schmitt
rigger-IC could have been tried in this position.
When the synthesizer is in operation with the
auxihary programmer, ihe IC should be switched
10 either permanent interrogation or an additional
push-bution switch must be fitted,
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A further important feature is the fock detector
“LD". It hes at ground potential when the loop (s
in lack. For the contro! of external madules, it is
taken out of the module. A1 PT 29, the onginal
signal i1s available having an internal resistance
of 1 kQ, at PT 28. an open-collector outpul 1s
available in order to drive an LED — as a simple
apphcation. Under 1iransmit conditions, the
transmitter should be suppressed by one of these
outputs when frequency changes are being
undertaken in order 1o avod unwanted trans-
miiter oulpuls.

5.
CONSTRUCTION AND ALIGNMENT

Printed circuil boards have been developed
for the actual synthasizer as well as for both

oscilators. All\hree PCBs are double-foil, 1.5 mm
thick epoxide-resin (imperative for HF), At least
the synthesizer board should be provided with
hrough-contacting as the component count is
very mgh in same parts of the board. Experience
has proved the value of using these professional
pracices in order {0 obviate the frustration
caused by tracing grounding problems — such
trouble quickly exceeds the exira expensa,

The synthesizer board (layout plan in fig. 12)
1s of 70 ¢cm x 70 cm dimensions and fils a standard
tin-plate box. This type of construction is sufficient
{or the stability requirements of normal oscillators.
The dmensions of both oscillator boards are
identical at 70 cm x 35 cm (flgs. 13 and 14),
also fitling proprietary standard boxes. Further-
more, il 1s possible 10 solder them, complete
wilh PCBs, into a yet larger enclosure.

All the DC-supply potenuals are fed into the
enclosures via feed-through capacitors. This also

I4
EPROM {2
It Tabelted

- DF5FC006

Flg. 12:
Synthesizer PCB
component layout plan
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OF SFC 007 |

Flg. 13: FET-osclllator PCB component layout plan

applies to the loap control line. The RF connec-
tions use miniature coax connectors such as the
well proven SMB or SMC series. Of course, the
RF conpection can just as well be soldered
directly without using any connectors. The use
of PTFE coaxial cable is recommended but thigis
more a question of price and availability.

Naw for the actual construction. The synthesizer
contains no intemal adjustment possibilities!
It has proved convenient 1o first of all solder the
PCB into the pre-drilled housing and then load it
later with components. This reduces the risk of a
hot death for some components! The pre-scaler
is soldered directly into the board but the other
ICs can use sockets. Where the boards have not
been designed to have circuit tracks on both
sides, the removal of foil from around the non-
grounded component pins should not be for-
gotten.

The board has been so designed, that the pro-
gramme input pull-down resistors are soldered in
an upright position. in this procedurs, the resistor
body is bent towards the groundplane. The free
end is then taken to the feed-thraugh capacitor
(see fig. 15).

In this manner, many solder points and space is
saved. Similar \reatment is accorded 10 the
Schmitt-trigger input resistors. They are con-
nected by only one leg to the PCB, the second
being connected directly with the appropriate

Fig. 14: GHz-osclllator PCB component layout plan. The resistors marked « belong to the
attenuator pad and should anly be equipped If required. Try semi-rigid cable

3 mm dia. Experiment with length!
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feed-throughs. Furthermore, the EPROM ad-
dress lines are taken through the board but
directly to solder points so that they can be
wired according to the type of PROM employed
and the desired function of the sampling bits.
It is important 1hat the three bits that arrive via
the switch, are connected to DS0, DS1 and DS2.
The next bit is for the TX/RX switching, and the
highest bit for the relay switching. This hierarchy
is crucial far correct functioning and the “standard
applications” are made clear in table 1.

The PCB for each oscillator should also be
installled into the housing before loading with
components. The construction of the ascillators
must be carried out using great care. The drain
voltages and currents of the FET osclllators
are adjusted after installation. The best of ad-
justing them Is to short out the drain resisior
completely and change the source resistar until
a current of 6 to 8 mA is obtained. Then, the
source vollage Is measured. To this value, 6 V
are added as FET drain/source voltage and the
total value of the matching drain is given by:

oV - 6
Ry = ¥ ~(Uo+8W) (L:” ¥ %)
(v}

The resistor belore the tantalum decoupling
capacitor should always be more than 30 Q.
Since the FET, in the DC range, should always
simulate a constant-current generator this
procedure is permissable. The oscillator itself,
has a very good phase-noise charactenstic and
lends itself well 1o other projects ~ in which case
it may be worlhwhile to employ high-grade
valtage regulators (REFO1 elc.)

The blpolar oscillators should oscillate imme-
diately assuming that the components have been

feedthrough cap.

100k 0Ok

correctly installed. The PCB has been designed
around the BFS70 as the oscillator transistor.
With other transisior types, the lead pin-outs
must be observed.

The RF alignment is identical for the two types
ol oscillator. The trimmer CVO1 determines the
coupling of the varicap diodas and the CV02 the
basic frequency. For \he basic luning, 5.5 V are
applied (o the voltage regulator input and CVO1
is tumned half-way.

5.1. FET Oscillator

The mid-frequency of the desired range is ad-
justed by L 201 with CV02 ai about a third of
its capacity. Trimmers CV201 and CV202 mus\
now be ilerated in order to achieve a tuning
voltage range from 1 V to 11 V of the requrred
frequency range plus an allowance of at least
1 MHz overlap. Taking a 2 metre application,
this would mean a range of 132 MHz 10 147 MHz.
If the tuning range is not sufficient CV202 must
be made smaller, CV201 must be enlarged and
the alignment repeated. Ailogether, the tuning
range should be trimmed 10 be only as large as is
necessary in order that the tuning sensitivity
of the oscillator is not 100 great.

5.2. Bl-Polar Oscillator

The bi-polar oscillator has oniy two Irimmers
to align so that for the basic frequency adjust-
menl, only CV302 is available. Bolh trimmers,
again, must be iterated in order that the required
tuning range is covered. This being for a 70 cm
equipment 402 MHz 10 442 MHz,

The PLL-filter calculations in the appendix are
valid for these VCQ sensitivities.

feedthrough cap.

Flg. 15:

Constructional detalls for
the connection of the
program sslector switch to

LLL gr11111111¥)71111111117

LI'LLIIIITL

HC(TIG PROM

the E-PROM and the impulse

ground generator
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When this function is fulfilled, the PLL is con-
sidered as checked. A mid-frequency 18 selected
and the PLL loop closed. With a correct func-
tioning a mid-voltage will be measured and the
correc! frequency indicated on the counter,
Also the “lock” LED must be extinguished. Check
now (with an oscilloscope) the control vollage
range by selecting various frequencies in the
band. There must always be a DC voftage present
for each selection. An allernating voitage compo-
nent indicates an out of lock condition. If neces-
sary, the tuning range can be trimmed with
CV301 and CV302.

As can be seen from the circuit diagram, the
reference crystal can be pulled on fraquency by a
varicap dlode. in this manner, it is possible 10
realise a quasi-continuous (uning range. Some
crystals are not able to be pulled to their nominal
frequency. This Is due lo the deficit of coupling
via the diade. In order 1o be able 10 achieve con-

linuous operalion, the PROM must be manu-
factured such thal a frequency is always gen-
erated which lhes one or two channels lower
than the one displayed. If necessary, a litile
expenmentation will have (0 be undenaken

6.
PARTS LIST

€.1. Synthesizer Board

11: SP 8792/A —: 80/81 up 10 200 MHz
SP 8793/A —:40/41 up 1o 200 MHz

SP 8716 —:40/41 up 10 520 MHz
SP 8718 —:64/65 up to 520 MHz
SP 8719 —:80/81 up to 520 MHz

according 10 frequency range

Fig. 16: Sample construction according to figs. 12/13
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12: NJ 8820

13: NE 5534 or equiv. low-nolse typal
14: EPAOM according to Table 1

15: 7805

16. 74HC(T)14

T1: BF 900/281 or equiv. up to 200 MHz
BF 966/988 or equiv. up to 1000 MHz

T2: BC 557 B (1) or equiv.

T3: BC 547 B (!) or equiv.

All capacitors have a 5.08 mm lead spacing and
the resistors should suit a 7.62 mm grid.

«T means Tant. capacilors.

C2 should be a good quality foll type.

The values of R1, A2, R3 and C1/C1' depend
upon the results of the loop-filter calculation,

6.2. FET-Osclllator

T201: 2N4416 or BF246A or B
T202: BF 900/981/963 or equiv.

Fig. 17: Sample construction according to figs. 12/14
152

1201:  78L10 (Ref O1%,

project)

Cv201: 2..40pF
Cv202: 2. 20pF —

not adjusted far this

try a fixed value 8.2 pF

R201

R202: adjustment i.a.w. text —

R203: values given as a guide

TR201: 8-turns wih fap at 3-lurns on VHF core

D201/202: BB 142, BB 802

6.3. Bi-polar Oscillator

T30Y: BF 970 uploca. 700 MHz
BFQ23 up to 1300 MHz but
BFQ 32 } different pin-out!

1301: 78L10

1302: Wideband amplifier e.g. NEC uPC1651
MAR-4 (Industrial Electronics}

1303: Wideband amplifier GPD 1063

(AVANTEK)
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control range
L

phase discriminator

Control Filter V(o

Fs) Kvco @

Kp oder K%

1
| Scaler l
‘i Ky :% e

| B
L___

DFSFC

Fig. 18: Baslc clrcult of @ PLL-{oop with the Individual frequency dispositions

TR 301: 2 x 4 turns on UHF core e.g. Siemens
double-hole core
D 301 - 302: BB10S

bilives (e.g. signal generators), which untif now
have only been available in commercial test
aquipment.

7.
SUMMARY

Pictures 16 and 17 show the author's specimen
construction. This s a universal and versatile
synthesizer circuit which is able 1o be imtegrated
into many oscillator projects and can also be
retro-fitted into other equipments. An enhance-
ment of the control, using a uP together with
\he appropriale software, opaens up other possi-

8.
APPENDIX

LOOP FILTER — BASIC
CALCULATIONS

A Phase-Locked-Loop (PLL) is a control structure
in which a portion of the output signal is compared
against a refarence signal and from the resuit a
correction factor for the output signal is derived
(fig. 18).

R1 R2 C
Por (D—F——T——
R3
PDB (9—1 - —~
v S Roue Fig. 19:
PLL {a— + e &
(&7 Baslc circult of an active
2 DF S5FC loop-filter
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The behaviour of this loop, when input quantities
are varied, is determined by quite a number of
parameters. Many of these parameters are deter-
mined by the type of circuits selected for the
oscillator, the phase detector and the divider.
The only possibility in order 1o influence the
behaviour of the loop, without going to a greal
deal of trouble, is to alter the loop filter. This
fiter can be either active, using an operational
amplifier, or a passive RC network. The basic
maihematics are thoroughly treated in (11). This
describes the condiions suitable for the type
of fiter employed. The circuit under consideration
here, uses an active filter employing a relatively
low-noise OP. The basic circuit is shown in
fig. 19.

The resistors R1 and R2 1ogether with the capaci-
tor C represent the universally known filter in the
reference. The supplementary resistor R3, is
employed for the double phase-detector. Such
a filter offers the possibility of adjusting the so-
called loop circut-frequency ... ang the atlenua-
tion D independently from one-anciher. With
these quaniities, the oscillatory conditions can
be determined e.g. following a frequency change.
If the circul loop frequency is too low, the search
time for the newly selected frequency will be
high: when the attenuation is 100 small, § can
occur thal the loop doesn’t lock in. The attenua-
tion should amount to an aperiodic limit of be-
tween 0.7 and 1. The loop frequency can be vary
well approximated by the following expression: —

pa=2%nalfl, (8)

fe/100

I

V1+22DP+\/(1+2=D2R +1
f,/100

forD=1 (9)
248

from this follows the dimensioning equation

Wy = 2% 7 » 14/245 (10)

8oth these quantities allow the component
values for the PLL (o be arrived at.

K® = Kyco
e =\ ————— (11)
N * 1,
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uw=RxC (12)
2

D =—» , (13)
2

.=R,«C (14)

These four egquations are generally applicable for
any kind of PLL loop. The guantity Ko is the
sensitivity of the phase-detector i.e. its oulpul
voltage per degree of phase difference between
the input signals. The oscillator sensilivity is
given by Kyco and is defined as the frequency
alteration in Herz per voll of loop voltage change
times 2 7.

In the circuit under discussion, the actual task
of comrol is left 1o the analogua PO (A). When
the circuil has achlaved lock, it carries aut the
fine luning control. Qwing to the pecularities of
the design, the circuit noise is very well sup-
prassed. A serias of component formulas is now
given:

K, =K
CxR» - a*fvco (15)

wZe N

5-H21(2-0+1)

R, = (16)
Ke Wn

R Ka = Kvco

— e (17)

R3 2aDs» Wy = N
of

cho = — x2ex (18)
AU

where,

18 = working frequency of loop

w, = loop BW frequency

K, = PD (analogue) sensitivity

Ks = PD (digital) sensilivity

Kvco = VCO tuning sensitivity (2 = 7 = Hz/V)

D = attenuation normally unit but
optionally 0.7
N =10l division factor

According 10 the Plessey data-book (5), the
sensitivity of other analogue PDs can be ex-
tracied from the circuit data as follows: —
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Ky = 10 « — l{‘? ,_0'7,:89,/,\/—@ (19)
2x 7501072 Ry »f,

where,

Ry, =ihe external resistor ai pin 2

o = step frequency (10 kHz in example)

Ua = PLL-IC supply voltage

He who wishes 10 expenment further, will find
2!l the necessary information n the references
gwen.

Following this basic discussion, the calculanon
of all the imponant quantities specifically for
the two imponant frequency bands, 2 melres and
70 cm will be carned out.

8.1. 2 m Synthesizer with a 10.7 MHz IF

VCO range for the lransmtter:

144 MHz - 145.990 MHz

VCOQ range for the receiver:

133.3 MHz - 135.3 MHz

The total tuning range should have a minimum of
133.3 MHz 10 14599 MHz i.e. overlapping the
required range by at least 1 MHz. From this
resulis a Af of 15 MHz. The range of the tuning
voltage should be from +1 V1o +10 V (supply
vollage minus the OP limis), AU is herefore
9 V. The average sensitivity of the oscillator, as
given by formula (18}, is:—

Kvco = 2 » (5/3) # m» 10° rad/Vs

From (19), the sensiivity K, = 300 of the phase
detector A can be determined. The reference
frequency, 1.e. the step [requency, should amount
10 10 kHz. From formulae (8) 10 (10) w, 10 250 /s
is oblained, whereby the actual value is rounded
off from (253.35 1/s). The maximum dwision
factor, from (3). 1S Nia = 14598, with this value,
the worst case must be dimensioned. All the limit
values have now been enumerated and the filter
can now be calculated:

From (15) is obtained C = R, = 3.56 and from
(17) Ry/Rs = 445.6, With the result from (17), R,
can now be delermined. {t should not be above
1 M2 as the input resistance of the operational
amplifier cannot be neglected. As a good compro-
mise, the value of 910 k(2 can be taken (standard
value), whereby R; has a value of 2.042 kQ.
For the vme being, the larger standard value of
(2.2 k) should be employed. With (16), the
minimum value of R, can be calculated. This
should be larger than, or equal to 18.345 k(.
this means a standard value of 22 kQ. Finally, the
result of (15) and the determinalion of R, the
integration capacitor C = 3.9 pF can be calcu-
lated (4.7 wF used).

All the component values have now been eval-
ualed and the loop should function oplimally.
Unfortunately, there are component tolerances
thet must be taken into consideration and the
fact that all calculations based upon an OP have
assumed that it is an ideal amplitier. This means

Nmnye = 14400 M = 360 2 01/0110/1000 A =

Nracte = 14599 M = 364 2 01/0110/1100
Nmnre = 13330 M = 333 2 01/0100/1 101

Nmasre = 13529 M = 338 =2 01/0101/0010 A =

Table 2
0 2 000/0000
A =39 2 010/0111
A =10 2 000/1010
g £ 000/1001
Table 3

Nua-. = 17200 M = 2152 00/1101/0% 11 =

Ny 10 = 17589 M = 219 2 00/1101/3011
N.onme 16344 M = 204 2 00/1100/1100
Nrax 2 = 16743 M = 209 = 00/1101/0001
Senas M9...M0

0 = 000/0000
A=792100/1111
A =24 2 001/1000
A=232001/0111
AB .AO
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that an inspection of the oulput signal with a
spectrum analyzer, or a receiver, ang possibly
some cul and try work may be necessary. Indi-
vidual cases may call for some experimeniation,
as there can be no general recipe for an optimal
solution.

The reference oscillator is equipped with a
4 MHz crystal. According to formula (S5), the
reference divider must be adjusted to the value
R = 200. Expressed as a binary word, this
amounts 10: R = 200 (binary); 000/1100/1000
in the series R10...RO.

The divider factors for the programming device
are determined according to the expressions (3),
(4) and {6). Their respective binary values are
appended. Only the limit frequencies have been
calculated (P = 40) (table 2).

8.2. 70 cm Syntheslzer with a 21.4 MHz IF

Send frequency: 430 MHz - 439.975 MHz

Receive frequency: 430 MHz - 418.575 MRz

Frequency span: Af = 36 MHz

Tuning voltage range: AU = 8V

Oscillator sensitivity (from 18): Kyco = 2 = 7 = 10°
rad/Vs

Phase-dateclor sensitivity (19): K, = 300

Loop frequency (10): w, = 600 1/8

Reference (step) Irequency: f = 25 kHz

maximal division factor from (3): Nypax = 17599

Hence:

from (15):C« R, = 1.13

from (17): R¥R,y = 357

R, rounded to 680 k), Ryto 2k

R, must equal or be greater than 12 k2, 15 kQ
used

C = determined from (15) and the value of R;
1.75 uF, 2.2 uF used

Finally, the division factors for the programming
device are givenin table 3.

The reference oscillator also uses a 4 MHz
crystal. From (5)
R = 80 £ 000/0101/0000 series R10...A0
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Dr. Aobert Dorner, DD 5 IK

4-Channel 140 MHz Oscilloscope

Part 2 (Concluding)

Salient Circuit Details

2.
PRE-AMPLIFIERS

Fig. 2.1. shows the asrangement of the input
voltage dividers and the pre-amplifiers. Y ampli-
fiers for oscilloscopes are usually designed as
differential amplifiers. This principle Is adhered
10 In this case but they extend right up to the
inputs. This eliminates the irritating requirement
for the summation of two channels (one of which
must be Inverted) when making differential
measurements. All channels for this mode are
avaitabte.

An unusad Input can be switched 1o ground for
refarence purposes by means of S1. Switch §2
searves (o swilch between DC, AC and 50 Q in-
puts. In the 50 Q position, AC coupling has alsa
been pravided but with a lower frequency fimit
of 1.2 MHz, This is advantageous when meas-
uring signals with a high OC component as, for
example, in ECL circuits. This makes the
switching simpler and also reduces the stray
capacitance. At the input socket is located a
contact plate K which switches a signal to the
character generator when a suitable divider
probe is plugged in. This alters the Indicated
range by a factor of 10,

The inputl signal is taken to a compensatled
voltage divider, having division factors of 10
and 100 and selected by miniature relays. They
are so constructed that both the inpui capacitance
and the input resistance remain constant during
switching. The compensation is adjusted by
C3 and the inpul capacitance by C2. Capacitor
C4 serves as a load capacitance for balancing
the agjusiment range. The combination R4/RS
protect the inpul transistor pair. I\ is compensated
by C6.

Following T1/T1’, the signal is divided in 2 and 5
steps by a low-ohm divider circuit before belng
fed to the trigger or Y amplifiers. Thae rasistors
R6 and R7 damp out any tendency for UHF
spurious oscillations to occur in the pre-amplifier
when it is subjected to cenain input terminations.

This arrangement of the range swilching has ils
davantages and also its disadvantages. Amongsi
the latter is the tendency of the null-line and
various common-mode input ranges in the differ-
ential mode, to be offset during range switching
in 1-2-5 steps. The overwhelming advantages
that a Jower number of dividers directly at the
input are required and that a simple 2-5 division
tactor requiring only one compensation capacitor
suffices.
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1
o
Using relays for range switching proved enor- S
mously successful but only high-guality relays N S
using gold-plated comacis should be used. The | |
stray capacitance lo ground from the relay . :
contacts, al 7 pF per refay. is relatively high which .' & !
is the reason why only two dividers lie direcily : L "
- I
atthg input. : - u ! o 5 ® 4
: I , ® » ®”E
S5y 8g &8¢
o @l
' o | E o
I [~} w | G ™ [T < ]
| - W N NN M
' _S 3 | - /v\l-q o
3 g% s o
2 o
Y- AND TRIGGER-BUS R <
MANAGEMENT ) | s
| SN |
P

Fig. 3.1. shows the ype of siruclure which is
required 10 switch the various signal sources

1o one of the buses — dependent upon priority
~ ——1-- [_4}_4

n

H
8 4o
R13Y

<16V

signals. A swilching sequence must not lake 51 ™
longer than 100 ns to perform and this dictates 0 e (
that the use of unsaluraled logic and current o ] .
. [¥e] Ny L
control is mandatory F4 {8 *rq---00
- i R i o ! ' Q
Both Y- and ligger-bus are terminated with 3 ! :m: x
470 Q resistors (R1 and R2 for the Y-bus shown e P A=
here). They serve as load resistors for the active A ! E —
Q

amplifier output represented by T1, T2, D1 to D4
and R3. As long as the control line inhibits current
through R3, the (otal collector currents of T1 and
T2is diverted through D2 and D3. This i1s so small
that the collector polential is greater than the
bus potential blacking D1 and D4 thus isolaling
the amplifier from the bus.

BV

Il a control currem of. in this case 36 mA. is
flowing, the potential at the anodes of D2 and D3 %
s lower than the bus potential and T) and T2 ;SH
deliver the signals via D1 and D4 10 the bus. 3

@ e
SEigaw
3.1. Enabling the Control Current with Priority = Q', _?::
Switching ! 05
Both (he Y- and the trigger bus have two priority E ‘;J
circuns provided: T3 ta T8 and T9 1o T13 respec- " @

tively. The conditions of T3 to T8 are considered
first. The transistor with the highest base voltage
delivers curremt via RS to the appropriate control
line. The sequence is defined by means of the
vanous high H-levels at their bases. This gives
priority to character display over lhe normal
oscilloscope operations. All the other contro) o
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Flg. 2.1.: Pre-amplifier Input slage
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+30y

as8 LA 3127
Jes
6 I ¥z 16

R0

LEd
100R e 100R

o an aﬁ]nn m;[H_‘Lcs R4 c?
SSO—I_ Q1R T 81R S1 81R E6p

Um=10V

Y-Bue ,280mVas

Flg. 4.1.: Cascode amplifier and delay-line driver

sources are Isolated via T8 from the Y-bus by
application of an exiernal signal appled to the
X-Y-Z-socket. Thus, only external Y-signals are
forwarded. Transistors T3 ta T6 switch the lowest
priority stages 10 the selected input amplifier.

The trigger bus organization is determined by
the position of S1 and the channel selection. )f
S1 is in position CH1 1o CH4, transistor T9 con-
ducts through R10 to the +5 V supply rail. The
current through R4 determinegs the channel
trigger source but it cannot be a channel con-
nected o the Y-bus. On position ALT, transistor
T9 is blocked and the signals from the channel
selection logic dstermine the trigger source.
When altemate beam opearation is selected, the
triggering is always active at the input actually in
use. This enables a stationary trace to be ob-
tained even with signals of differing frequency.

Two further positions of S1 serve to select the
external trigger (EXT) or triggering from the mains
frequency.

3.2, Channel Selector Switch

The sequential switching of the input amplifier
can be carried out from two sources: a 100 kHz

160

B6p

2Qv

Ri7
v 2gﬂ[l]

+i6V

generator for CHOP-operation and the time-base
fly-back pulse on the ALT-mode. This is selected
by switch S2, which takes the signal on to two
divider flip-flops having a total of four outputs.

The swilches S3a to S3d together with the AND-
gates of IC1, interconnect these outputs such
that, by the operation of push-button switches,
the appropriate channel is always active in the
correct sequence. It is also possible o switch a
channel in or oul which represents a considerable
simplification in contral over that offered by
propriglary 4-channel oscilloscopes.

Y-AMPLIFIER AND DELAY LINE

4.1.First Amplitier Stage and Delay-Line
Driver

In the arrangement of fig. 4.1., the extreme left-
hand stage is an amplifier which magnifies the
signals from the Y-bus. This is a cascode difteren-
tial amplifier with a voltage amplification V, =
3.9. It consists af R1 to RB, T4 to T4, the de-
coupling capacitor C1 and the compensating
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capacitor C2. Resistars R4 and R5 serve lo
dampen VHF-self oscillations.

The 10 V DC-pulses act through R6, R7 and R8
1o produce identical quiescent currents through
both transistor branches T1/T3 and T2/T4. These
currents are litlle atfected by the absolute ampli-
tude of the DC-pulses owing ta the refatively high
vaiue of RB. A common resistance of 200 2 lies
between the emifters of T3 and T4 which serves

tor the distribution of the transistor guiescent
currents under differential input signal conditions.

Neglecting base currents, the collector currents
through T4 and T2 equal the current flowing
through T3 and T4. Any currem differance pro-
duces a differential PD across R2/R3 which is
available as an amplified signal. Resistor R1
serves to adjust the correct oulput pulse level
1o approximately 22 V. Transistors T1 and T2
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prevent any feedback from outpul to inpul be- = g
cause the differential signal potential al their Ex 5 gg -
emitters is practically zero. They perform the =] § A g.‘ :c"
same sort of shielding function as the screen o, £98 5»
grid does in a 1etrode eleciron-tube. ae ; AN
1 . 1 ot
The signal from the cascode stage is laken 10 e 439 =E

two emitter (ollower pairs (T5 to T8) which wiilise
a common subslrate and are therefore in close
thermal contact with each other. Owing 1o the
relatively high currents and low-level signals
used in this application, there anses the problem
of drift following voltage surges. The emitter
currents of each transistor pair are added across
resistors R11/R12 and R13/R14 and fiow into the
delay line. The delay-line terminations R16 and
R18 have the drive voltage for the following stage
impressed across them. Both current compo-
nents are laken via R17 ta the +15 V supply
rail. The latter also supplies other stages.

-6.2y

Capacitors C4 to C7 lift the frequency response
above about 30 MHz. This affects the input
termination but this is of little consequence as the
Iines are terminated at their outpuls and there-
fore there is no return energy.

R

2x470R| o
Um==1,av=mid 'EClt v.ECL

4.2. Y-Final Amplifier

Following two more stages of difierential ampli-
fication (not shown), the Y-signal is taken 1o
the final stage shown in fig. 4.2. Again, 1his &
employs a cascode circuit but in 1his case, the
lower transistars comprise three pairs (TS to T10). s ]
These serve as a higher level of Isolation for the ® 9';2 IxH
emitter followers (T3/T4). The form of current Y
division has the advanlage of increasing the &
limit frequency above that offered by the pre-
viously described stage. Single transistors with
the necessary dissipation and limil frequencies
are also available but at a fairly high purchase
price.
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The emiter circuit of the individual pairs are
compreheansively compensated in order to ensure o
a flat frequency response over the desired fre- #}:- - Sy
>
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-{57 Trip.flank
L
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10k
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quency range of the instrumen\. Inductors L, and
L, have the effect of increasing the limit frequency -
from 130 MHz to 140 MHz. This is the stage which -

o

0-)aQMHz
AC 20MHz -140MH2
LF 20%W2-20%Hz

has, in fact, the lowest bandwidih since it has 10
provide sufficient gain for the high-leve) output

§2-Trg cplg.
MF 10kHz ~140MHzZ

oc

Flg. 5.1.: Trigger amplifler
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voltage. This means that the 140 MHz band imit
can be achieved but at half the Irace response.
At greater amplitudes, the nse tme begins 10
deleriorate.

The emitter current of TS to T10 is taken o the
+15 V supply via the line dnver (see fig. 4.1.).
This double wiilization of energy. resulls in a
reduction in the unit's consumption and thereby
the linal-stage temperaiure,

The emitter followers T3 and T4 also drive a
circuil for the composition of the Y-signal. Compo-
nents D1 and D2, C6 and R14, R12 and R13
serve 1o limit the current. The composition
component is taken to a comparator and then
on to a micro computer It can then, with the help
of a tngger status signal, provide a voltage for
the aulomatc range-swilching of the input
amplifier.

The composite value reaches ils highes! point
during the character display, as ihese are located
a1 the extreme upper edge of the CRT screen.
Cé and R14 are so chosen that this peak s
fruncated before the next ling display and the true
Y-value is read by the controller.

5.
TRIGGER AMPLIFIER

The ftrigger amplifier schematic is shown in
fig. 5.1. The trigger bus is first 1aken to two low-
capacity Reed relays which select the (rigger
flank polarity. The signal then spiits into an HF-
and a DC/LF-path. Both paths are conceived as
differential amplifiers.

The HF-path comprises C1, C2, the limn diodes
D110D4, R210 R16, P1. C5and ICH, and is act-
vated with S2b. The fast-acling comparator IC1
posseasses two complementary ECL open emitier
outpuls which are shut-off when the emitter
resistors R14 and R16 are taken to ground via
R15. Only when the bias lies at —5.2 V do the
output transistors conducl. The output \ransistors
are adjusted by R12 from the output of the DC/LF
path which makes N parily dependent upon the
setung of the trigger-level pot-meter More on

\hat later. The zero points of bolh paths are
equalized by P1 and R13.

The signal from the negated oulpul is taken via
C5 10 a summanon poinl which then represents
the combined Irigger signal. A signal from the
non-negated oulputis taken to the Villard doubler,
DS and D10, which, when correctly controlled
by IC1 develops a 0.5 V potential across C9.
Transistor T1 is, in turn, blocked off and a signal
can be taken from its collector 10 indicate the
trigger state. Diodes D9 and D10 must be the
fast Schottky type, as the potential at the cathode
of D10 in the quiescent state can only be some
—06V This can allow T1 1o conduct safely as it
is an old germanium type.

The DC/LF path comprises two op-amps, lhe
first of which ss connected as a differential ampli-
fier with a voltage gain of 10. Switch S2a deter-
mines the caupling, AC or DC, to the following
stage. The second stage has a gain of 10 also
bul the output signals are limited to 2 Vg, by
means of diodes D5 1o D8. The pot. P2 and R6
conltrol the trigger-lsvel setting. The reference
voltage for this path is Um = =1.4 V and at the
putput there is an ECL-compauble signal. This
is taken 10 the summing point via R8 and via C8to
the Villard doubler both having the same func-
tions as previously described.

The correct signal control is only possible when,
as in this case, the signals are in the specified

- frequency range with equal amplitudes and

phases. The summalion point also must be at a
high impedance in this range. This ensures that
signals in the overlap range can be handled by
both paths in the same fashion.

6.
TIME BASE

There are twa time bases provided, they operate
as follows: —

TB1:
MIX:

Only ihe lirst time base is displayed
From a freely setiable point on the X-
position, a second (faster) time base
is smiliated: expanded trace
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SEARCH: The second tme base affer its ini-
tiation is given an intensive illumina-
tion “bright-up™.

The “vright-up" condilions on TB2
occupy the whole of the trace.

TB2:

The funciioning of both time bases is identical,
only their initiation is different. The horizontal
fly-back occurs if one of the two time bases has
reached s end value.

6.1. Time base 1

Fig. 6.1. shows the circuit schematic which
depicts the minor funclions in block form. The
hean of the linear ramp is the switchable timing
capacitor C1. The latter is charged via an ad-
justable current source CS1. It can be varied in
three ways: A calibration functlon, a range control
in 1-2-5 switchabla steps and a continuously
variable control for the time base.

The decade selaction is effected by the switching
of Ct with the open-collector outputs of the 7445
decoder. This alegam remote-contro! solution
functions pertectly, discharging Ct by quickly
biasing the conducting iraasistor from Its active
condition. In order 10 ensure a complete dis-
charge, however, the pause between every
second sweep — the “hold-ofi* time — is made
slightly longer. The stray (damaging!) capacity
of all the oulputs combined amounts to some
40 pF and is independent upon the saw-tooth
waveform voltage. The linearity is therefore
satistactory, even at the highest sweep speeds.
The capacitor (or the highest sweep-speed range
is smaller than its reference value (100 pF) ang
must be selected for the individual decoder in
use.

In order that the constant current source (CS1)is
nat loaded excessively, the ramp 1s buffered by
high impedance T3 and T4 in a voliage follower
configuration, the offset of which is adjusted by
P1. This sels the output voltage on a reset time
base (o zerD.

The considerations to follow rely heavily upon
the timing diagram of fig. 6.2. for their explana-
tion. This diagram indicates numerically the
liming sequence.

A Schmitt-trigger 1C4/2 1s activated via D4, T5,
R7 and R8 as saon as the ramp at the emitter of
T4 has attained its final vajue. The hold-off ca-
pacitor Chis discharged via 06 (1) and the trigger
flip-flop IC1 (2) is resel via T6, IC4/1, 1C4/3 and
the TTL-ECL level changer. Thig results in the
potential on T1 base being higher than at the
base of T2 (3). The discharge current (determined
by R2) of Ct is considerably larger than the
charge current from CS1 (4). The fly-back time is
accordingly, for a given Ct, always the same S0
that the hold-off lime can be no smaller than
any decade division. Diode D3 limits the vollage
on Ci, following the discharge, to a definite start
value far the ramp 1o maintain,

When the voltage at the emitier of T4 falls be-
cause Ci is discharging, a logic 1 (5) will occur
al the output of 1C4/2, as soon as (he discharge
state has reached a certain value. Ch is now
charged via SC2 and when the threshold of IC4/1
has been exceeded, the reset pulse for the trigger
flip-flop is ended (6). The following sequence
of evants gepends upon S1 and the input “Trig.
verify™.

In position “norm* the left input of the AND-gate
is al logic 0 and there is therefore no set pulse at
the trigger flip-flop. It will only be set by a positive
flank at the sync input which replaces the H-
level at the D-input (7). As a consequence, T1 is
blocked and the ramp begins (8). If S1 is in
position "AUTO* and there is ne trigger signal
(trig. verify = logic 1) the end of resel puise of
the S-input is activated and the ramp starts again
immediately. The sequence of events as in the
“norm* pesilion can only occur when a Irigger
signal has been verified.

The voltage at the collector of T2 is used during
the ascending ramp penod to control the fly-back
sampling circuit. Diode D5 moaniors the output
voltage of time base 2. If this is in operation, the
flyback is initiated from that, it then reaches its
final value much faster,

Diodes D1 and D2 serve the level shitting in order
that T1, at the resetting of Ct, does not saturate
and so ensuring & prompt stan of the ramp. C52
is variable from zero 10 its end-value and the
hold-off lime can thereby be extended indefi-
nitely. This is very useful for the display of very
complicated signal sequences.
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Fig. 6.4.: Timing dlagram for the various time base modes

6.2. Second Time Base

The circuit of flg. 6.3. shows that for the produc-
tion of the ramp, the output amplifier and the
resel mechanism, the same principles apply 10
TB2 as to TBY. The current source in TB2 can,
however, be switched-off, It is first of all activated
when the voltage ai the output of TB1 exceeds
that at \he wiper of P1. Transistor T1 then stans
conducling thus cutting off T2, This can be used
for the brilliance control of the CRT beam. The
maximum value of both lime bases is formed by
diodes D2 and D3 and this is used in the MIX-
mode for the horizontal sweep. Transistor T5
blanks TB2 A few imporiant polnts in the se-
quence of the ramp liming is given in flg. 6.4.

The brilliance control, pulse B, is used for the
~“SEARCH-mode*. At the same time, the TB2
ramp goes from zero 10 its end value. This may be
seen on the trace when TB1 ramp is cut short and
the presentation then ends al the right-hand
edge of the bright-up trace.

The wave form D shows that the similarity of both
time bases Is achieved after a longer lime fol-

lowing the stan of TB2. The expanded portion
in the "MIX-mode" is therefore nol identical with
the bright-up trace of the “"SEARCH-mode".

6.3. X-Mode Switching

The circuit schematic of tlg. 6.5. shows the switch
S1 which has one wafer, bul carries out all the
necessary switching functions to enable nermal
operalions (as described in chap. 6) to be
swilched over to the' X/Y-mode This includes the
influence on the time bases and the brilliance
control, but aboave all, the selection of the correct
signals far the X-final amplifier. Al this stage,
the horizontal character componenis and be
external (EXT-X) are supenmposed. Fig. 7.1.
shows the diode swilch for this purpose. This
can switch signals up (o about 20 MHz in a tme
of 200 ns. This high-switching time is only neces-
sary for the display of characlers.

The current, controlled by R17. is taken via a
priority conirol (T2 to T7) similar 10 that descnbed
in chap. 3, 10 one of six lings in each collector. It
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Fig. 6.5.: X-signal priority control and diode switch

divides between a left diode and a right diode, D9
and D15. The current through D15 is determined
by R10 and the currem through D9 flows through
the low-rasistance output of TB1. The currenis
through the diodes are then unequal and de-
pendent upon the input signal. Owing to the sieep
transfer characteristics of the diodes, no harmiul
non-linearity effects are avident. Also, the output
signal wave form approximates very closaly that
of the Input signal.

Transistors T2 to T4 controlthe TB1, max (TB1, 2)
and TB2 signals but at low prionty. They are
controlled by the position of S1 via a diode logic
having an appropriately low base level. Diodes
D5 and D7 form an OR-function, D6 and D8 serve
10 equalize the base potential for T3 and T4.
Diodes D1 1o D4 clamp the L-level to the contacls
of S1 a1 —0.7 V in order to provide definite con-
ditions for the other contral functions.

Trangistor T5 is controlled by a level-delayed
Z/S' signal from the micro controller. The H-
level, at —2.1 V provides for the next highest
priority — as in tha Y-gignal switching. The next
level 13 achieved by the selection of X/Y-mode
with S1 and T7. This switches oft the character
display. In 1his mode, the signal from the irigger-
bus is 1aken via the X-amplifier to D14 and on to
the X-final stage. It then lies at a point at the X-
axis which has been selected by the channel
selection for the Y, as a trigger source. The X-
amplifier matches the scaling in the X- and Y-
directions. The axis drives are, of course, dissimi-
lar, because the CRT display area is not square.

The external X/Y/Z-modes have priority above
all other scope-functions. It is aclivaled with a
switching signal from the EXT. X/Y/Z \erminal via
T6. The EXT.-X signal is taken via a matching
network, R1 1o R3, at the correct working level
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Data format at Pl and P3:

P P 3
o[ Ja[6[8Jo[T]2[3]a[6]6]7 |
i/p sel.— 10 |0 [0 input information |
o/p sel.—+— 0 1]7] output information
forwau] 111 [0 | nor-No. [V char| H chara. |

P1.2: charactar formation top/below
P1.3: blanklng pulse

Flg. 7.2.: Data format at P1 and P3

for the X-final amplifier. Instead of using a diode,
the network 1s bufiered by an emitter follower T1.
The put lerminal EXT.-X, as also EXT.-Y, has
a deflection sensitivity of 0.5 V/cm balanced
aboul the zero point.

In order to prevent the over-driving of the X-final
amplifier in X/Y and in external operation, D21
and D22 have been provided

7.
MICRO CONTROLLER AND
CHARACTER GENERATOR

The micro controller 8051 has the job of reading
ibe keys, changing the measurement ranges and
the delivery of \he characiers onto the screen. In
the AUTO-range mode, 1t monitors the tngger-
and Y-signal for the range changing of the active
pre-amplifier. Another circuit is responsible for
the adjustment of the lime bases. t counis the
number of oscillations per sweep and retains
them. The AUTO-range mode is only posstble on
one channgl and on one lime base, as olherwise
there would be very large lechnical problems
1o overcome. In addition, the beam position would
have 1o be digitally controlled.

The circult of the 8051 is shown in fig. 7.1. P3
has the function of a databusg, P1 has a control
function. There are 32 inpuls and outputs avail-
able with the input multiplexer 1IC1 10 4 and the
oulput registers IC7 1o 10. Of these oulputs,
4 x 4 are used (or the pre-amplifier range relays
and 2 x 5 for the control of the timing capacitors
and the time-base current source.
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Pormat of character data:

100m 20
S—r—? \
word number

The input- and outpul-power group selection Is
carried out by P1.0 and P1.1, P1.5 switches an
inpul group o P3, P1.6 initiates the writing into
an output register from P3. P1.4 delivers signal
S/Z and iniliates thereby a switch-over into the
character display. In the horizontal axis, ths
positions of 256 pixels are determined. The signal
for the X-axis js formed with a DAC, {C11, and
rmatched in amplitude and nulled in two op-amps.

In the vertical axis, the individual characters
have only four pixel positions which are controlled
by P3.3 and P3.4. P1.2 determines whether
above (range indicator pre-amp.) or below (range
indlcator: lime base) is displayed. The generalion
of the requisite analogue signal is achieved with
T1 and R1 to R4. When T1 is blocked, there is a
PD of 0.7 V across R1 which means that a sym-
metrical drive lo the emitter is developed. The
Y-components are also processed, in terms ol
both amplitude and sense, by means of two
operational amplifiers.

The control of IC11 and for the Y-gisplay compo-
nent generator, al first seem to be somewhal
complicated but there is quite an elegant sofi-
ware implementation avallable. P1.5 gives a
blanking pulse which is used 10 make the tran-
sistors between characters invisible an the
screen. The lime available for a pixel is about
3 us for a fiicker-free display, at a 50 Hz picture
rate, and the necessary relationship between
the time for the characters and for \he normal
scope display. All the components in the signal
path must therefore have a correspondingly
short decrement and the display sequencs of the
pixels so chosen that the smallest lransitions
are required.

Figure 7.2. shows, against the indicated hard-
ware, 1he resulling data format at P3, dependent
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Fig. 7.3.; Flow dlagram for keyboard request, range change and read-oul of switch- and character field

upon P1. To the right of the diagram, is the
formation of the words and figures from pixels. It
can be seen (hal during the character display, the
upper five bits fram P3 represents the whole of
the infermation for a character The required shornt
pixel ime can only be achieved by using a linear
command sequence, the pixel position being
immediale data. Further switching of a figure
posiion is achieved in increments from P3 and in
a word position by increments from P1.

7.1. Program Sequence in Normal Manual
Operatlon

In compiling the program 1t must be borne in mind
that the presentation of the characters must be
equally disposed 1o one another irrespective of
any other functions which are in progress. This is
achieved by lailoring the delay tme-constants for
key debouncing elc with 20 ms display cycles. In
every cycle, the number of pixels necessary are

read oul (600 us max.) and insered Into the
scope mode for a period of 20 ms. The controller
reads out only the measurement range of the
aclive channels or time bases, the others are
blanked.

For a minimum delay for the call-up of the charac-
ter pixel chain, a byte is made available for each
word in the so-called character field (CF). This
contains pre-arranged, (by suitable mask-
programming) easily converlible information.
Other criteria are necassary for activation of the
range delermining slemems, for which, a
switching-field 1s prepared. In this field, single
bytes contain the nulls and ones which are
connected 10 the control lines. Upon range
changing, 1he switching-field is change and the
corresponding character figld is formed by a
sub-routine.

Flg. 7.3. shows the flow diagram for a normal
function sequence.
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—{ read-in key-info. to TP } TP = keyboard buffer, new value
TP'= keyboard buffer, old value
AU = auto range flag, H-active
SF = switch fleld, storu area for
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Flg. 7.4.: Flow diagram of AUTO-range operation

N>Y47

Contact de-bouncing is carried out by a key buffer
which is shifted prior 10 every read-in. In this
manner, the old value may be direclly compared
o the new one. When they are equal, the corre-
sponding funclion is tnggered. First of all, the
key is checked for corract operation of the AUTO-
range function, if yes, the “"AUTO flag” is set.
Aflerwards, a check is made to see that only one
inpul and one lime base has been activated
(AUTO plausible?), if not, the "AUTO flag” is
redundant.

For the nexi step, the switching field is up-dated
and read-out and the character fisld is formed.
Upon changing the switching field, the range
limits are monitored, especiaily time base 1 must
not be allowed 10 become faster than time base 2.
When they are equal, a lock-in of the second
ume base is carmed out — as normal with me-
chanical pendants. in the switching field, only
active channels or time bases are changed, the
over-lapping of the time bases is also prevented.

After thase functions, the program runs in a
delay loop of 32 read-out cycles where the nexi
key-board reques! is awaited. This is also the
time constant for the repeat function should the
key be constantly pressed. The update of TP, a
delay and a request of “AUTO flags” are fol-
lowing. if deleted, the character field is reformed
and read out. This seems to be a little superfluous
butitis necessary for AUTO-range operation after
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the engagement of connector 2. After a further
read-out cycle, the program returns 1o its starling
point.

7.2.Program Sequence in the AUTO-Range
Operatlon

In 1his operational condition the input amplifier
range is selecied. Only then, if a valid trigger
signal is obtained, the appropriate lime base
is swilched over. The design of the first function
posed some difficuity in finding well defined
swilching criteria. A transistory peak value, in
any direction, is relevant for a maximum ampli-
tude — stored in a capaciior. On the other hand.
for the minimum amplitude, which is responsible
for the good visibility of the signal on the screen,
an AC-voltage amplitude must be measured. as
this alone, does not affect the beam position.

Ta realize both methods of measurements for
the specified bandwidth, seemed to be a lifila
too much. Therefore, for the minimum amglitude,
an available trigger signal was chosen as the
criferion. A trigger signal must be present, in
any case, for the correct oscillation caunt for the
time-base swilch-over if the trigger level is 100
high, it can lead to iteration between the two
ranges.

Flg. 7.4. is a flow diagram which shows the
operation of the AUTO-range function. From
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point 1, the inquiry for the trigger and Y-signal is
initialed. For a range alteration, the routine “step
up pre-amp™ (SIUPVV) and “step down pre-amp*
(SIDVV) are relevant. They monitor the switching
fisld, including the range moniloring. After a
successful switch-over, a lime delay of 0.2 s
is allowed whereby no characlers will be dis-
played. This is necessary in during the input-
cycle count. This s the “osc. count/sweep™ point.
Here, and upon reaching the range fimit, a con-
tinuous blinking of the display is caused. The
fermanon of the character field and the character-
readout and switching-field s carried out In the
main loop after a step back via point 2.

1§ a measurement range which fulfills both criteria
is found, the number of ascillations per sweep is
read-in 1o \he Variable N. N can accept valuas
up lo 127, the highest bit serves as an over-
range indicator and s set, by the hardware, when
the oscillation counter has overflowed. This
enhanced measuremen! resolution is used In
arder 1o save time during large range changes.

If Ct is gecreased by a decads, the previously
active capacitor must get a certain charge in
order that the pertaining open-collector output
is eftectively blocked (see chapt. 6). in this
manner, the input-cycle process lasts lor &
multiple of the sweep penod. It is then possible
lo skip several rangas but dependent upon the
value of N whereby the inpul-cycle process must
be observed ance only.

The chain of inquiries and range changes are
fo be found in the lower left of the fiow diagram.
The sub-routine "SIUPTB1* undertakes the
range swilching. Aflerwards, the character field
is formed and the switch field read oul. In order
10 skip the input-cycle period and a new measure-
ment period, the K-readout cycle commences
and a new sweap period results — K being the
value of the old timing capacilor's charge.

A range swilching 1o the slower values is ini-
liated when lower than two oscillations are
visible on the trace (N < 27). In this case. the
input-cycle value of the old capacitor may be
neglected as it is shorler than a new sweep. in
spite of this, in order to measure one cycle period,
1 must skip at leas! one sweep period, whereby
one appropriate variable K is formed and the
read-out cycle K must be run through.

8.
CATHODE RAY TUBE ACTIVATION

The cathode ray tube (CRT) used here is the
VALVO D14-381GH which requires two acceler-
aling potentials’ a: From cathode 1o the deflection
plates 2200 V, b: From the cathode to screen a
further 14300 V. The cathode and the Wehneit
tube are at 3 potential of about -2200 V. In
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Fig. 8.1.: Driving the Cathode Ray Tube (CRT)
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Flg. 9.1.: Power supply unit

order to modulate the beam, the signals for the
brilliance control and blanking must be franslaled
to this region. They are then amplified for the
driving of the \ube.

The blanking is carried out by increasing the
cathode's potential and the brilliance control
by increasing the potential on the Wehnell tube.
The signal path of the brilliance control Is con-
sidered first of all in 1ig. 8.1,

The current from TB2 controls the fast opto-
coupler IC2. Iis open-collector outputl causes
a curren through T3, via R7, when it is con-
ducting, which, as in a cascode stage, is used for
isolation purposas. There is then a PD across
R9 whichis taken to 1he Wehnelt tube via ZD1 and
C4, P1 and the speed-up capacitor C5. The
potential across ZD1 and the posiion of P1
delermine the working point betwesn the Wehnelt
tube and the cathode and therefore the basic
brilllance of the CRT.

The base of T3 is hald 0.7 V under the reference
potential by means of D3 and R6 together with
D2. The object is 10 prevent sawration ang
theraby sharply decrease the switching time.
The part of the circuit for blanking is similar,
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except that the swiltching time musi be even
faster. This 1s accomphshed by increasing the
control current by reducing the collector re-
sistance of T2. The emitter follower T1 passes
this high current via RS. A speed-up capacitor
C1 lies across the apto-coupler IC1 In order
that 1his has a sufficiently high signal voltage. the
Jevel difference is increased in the primary side
of IC1 with R1 and R2

The frequency over which C1 will be effective,
must be well over the 20 kHz swilching of the
—2200 V supply in order that the residual AC
compoanents do nol become visible as brilliance
modulation. Even 2 V,, would cause this! It s
for this reason thal a very fast oplo-coupler is
used here.

The other electrodes of the CRT are driven in a
very simple fashion, largely thanks 1o the in-built,
finely adjusted. correcting magnets. Only the
astigmatism and focus needed (0 be deall wilh,
the latter only at high brilliances. The focussing
)s achieved by an adjustable voltage divider R10,
R11 and P2 across the —2200 V supply. The
astigmatism correction voltage is controlled by
P3 and taken from a 50 V supply which is the
mid-potential between the four deflection plales.
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9.
POWER SUPPLY

The power supply is shown in flg. 9.1. and has
no volitage regulator, as such, for the higher volt-
ages. It really comprises a series regulator which
produces a stable 285 VDC supply and a fol-
lowing switched-mode supply.

The HV-Darlington T2 is the series-regulator
transisior. Its base is raised abovs tha potental
on the current supply R{ to R3 and T1, for as long
as the base of T3 takes (o reach a value of 6.9 V
(via R4, P1 and RS5). Transistor T1 then conducts
and sinks T3's base potential via ZD1 to ZD5.
This old principle is only used here in a modified
form, using the zeners and selected transistors,
on accouni of the high voltages invalved. The
combination of the B-E junction of T3 and the
6.2 V zener diode, results in an ideal temperalure
compensation.

The current supply using T1 is necessary in
order to limit the power dissipation in the ZD1 1o
ZD6 diodes 1o within the range of input voltages
in question. Reverse-connected diodes, D1 to
D3, protect against back-EMFs which occur
during the off-switching of the instrument.

The chopper funclions in a feedback circuit
principle utilizing T6, L2 and L3. A completely
freely-oscillating feedback oscillator would
result In an insufficient decay time due to storage
effects, thus endangering the transistor’'s SOAR.
For this reason, a swiich-off mechanism is
provided comprising R10, R11 and Th1 which
rapidly conducts away the base current of T6 as
soon as a certain emitler current has been
reached. This prevents the onset of saturation
and the circuit is further speeded by components
.3, R9, D6, and D7.

Diodes D5 and D8 prevent the saturation of T6 by
conducting when the collector potential falls
under 0.7 V thus diverting the base current via
D6. Transistor T6 cannot then be driven any
further. Components D9, C5 and Ri2 form a
further protection circuit: during the switch-off
procass, D9 conducts and current from L2
flestingly flows through CS. During this time,

the curremt from ihe siorage capacior flows
through T6 which, again, tends to considerably
lower the transistor’s safe operating area.

When T6 is cut off. the voltage across L2 rises
uniil the onset of conduction of D4. The relation-
ship between the switch-on and the cut-off con-
ditions is defined by the turns ratio of L1 to L2.
This is so chosen that, with L4 and the cascade,
the correct operating potentials for the CRT are
obtained. This operating condition for the line
transformer is only possible when the mag-
nelizing energy during the conduction phase is
greater than that during the cut-off (energy to
load) phase, as only the charge on C4 s avail-
able. The residual energy is taken o C3 which
holds the vollage for the next conduction phase.
Following the clearance of ihe magnetizing
energy from the line transformer, the voltage
suddenly falls ang triggers off a new conduction
phase.

The circut comprising T4, T5, C4, Ré to R8 and
Z07 form an oscillation starting circuit. When
the voltage acrass C4 is greater than 9.8 V, the
thyristor, farmed from T5 and T4, fires and con-
ducts a short current pulse to the base of T6.

The secondary voltage is delivered by means
of the transformer secondary windings; small
lertiary windings are also provided. The second-
ary output voltage is sufficiently stable, largely
due lo the constant nature of the load (mainly
class-A stages) and lhe fixed voltage applied
across L1 and L2. The chopper circuit (8 in-
herently free from overicading due 10 the moni-
loring function of the curremt during every con-
duction phase of the switching transistor. The
switching frequency Is increased as the load
increases until oscillation ceases due to In-
sufficient feedback. This feature could be re-
garded as a life saver in the event of inadverient
contact with the HV-lineg but the author decided
not 1o try it oult.

Only the 30 V output for the power driver stages,
after rectification and fitenng, is applied 10 a
senes-pass transistor and provided with a voliage
regulation circuit. The final amplifier inputs are
fited with push-bution acluated zener diodes
which limit the amplificabon and so provide &
beam-find facility. The outer winding of the line
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transformer is accupied by L7 which 1s the supply
to the briliance amplifier. This must be insulated
10 al [east 2500 V with respect 10 the transformer
core.

10.
MECHANICAL CONSTRUCTION

The chassis s constructed largely from four
sections of metal-plate as may be seen from
the photegraph in fig. 10.1. The material is semi-
hard, 1.5 mm aluminium which is easily bent,
drilled and cut. The rear part of the chassis
contains the power supply which is normally
covered by a U-shaped protection plale. The
rear wall has been partially removed for better
viewing. The main transformer can be seenin the
lower section and above it the HV-cascade.

The leads from the HV and mains components
(mains on/off, focus and brilliance controls)
are 1aken via plastic supporis which can be seen
behind the CRT. The horizontal members of the
chassis are made from angle section which are
mounted on the chassis and the side walls are
slid into \hem.

1

Fig. 10.1.:

Side view of
instrument without
plug-in unit

Onihe middle deck. benealh the CRT, 1s mounted
the main PCB conlaining the circuits for the hne
drivers, the channel seleclors, the trigger selec-
tors, the prority control, the final stages, the
trigger- and X-amplfiers, 1he tngger flip-llop
and the counter for the oscillalor sweep. Undsr
this deck is located a PCB which contains circunts
for the micro controller, the beam selector logic
and a few auxiliary circuits, such as the calibration
generator etc. On the right of the CRT. a £CB
containing a ime base is mounied venically.

In the space under lhe centre deck, the plug-in
unil rails can be seen together with \he apper-
1aining plugs and bus leads. Behind them s a
space for the Y-delay line. The deck i1s L-shaped
on the front side and suppons lhe operating
components. For this reason it has been sel back
by 10 mm from the front panel. This 1s also the
case for the pre-ampliftiers and the control-
board elements and provides the means for an
convenient lermination for the control knobs
(from an appearance point of view) on the front
panel.

To round oft the illustralions, figs. 10.2. and
10.3. show phalographs of the man board and
components as well as the mechanical arrange-
menis of a pre-amplifier plug-in unit. It can be
seen that (he track side of the board is uppermost
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and the componenis are soldered direclly on to
them. This could be very well accomplished with
SMD-1echnology components. The under side of
the board i1s a continuous ground-plane, con-
nections 1o which must be by drllings. Prominem
on the board can be seen while strips (typewrier
correclion lape). These serve as insulation
spacers for screen plales which are normally
fited. The latter 15 needed not so much for
reasons of swability, but for mutual cross-talk
affecling low-level signals.

Fig. 10.2.:
Top view of main
companent board

The RF characteristics of this arrangement are
perieclly satisfactory. In order that the PCB-
tracks are not forn out, only very small connector
pins are used which are inserted in a conventional
fashion It could be waondered why this form of
construction 18 not employed more fraquently
by amalteur constructors, as the need (o drill the
board is minimized and the mechanical stability
is adequate for most purposes. It only needs to
be pravided for, prior 10 \he exposure phase of
the PCB's manufaciure.

Fig. 10.3.:
View of a pre-amplifier
plug-In unit
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11.
PROSPECTS

He, who, after following \he foregoing description,
has an inclination to build this instrument, can
obtain all the necessary mechanical drawings,
layouts, component plans, setting-up instruc-
tions, component specifications and acquisition
sources. EPROM-hexdurnp etc. all with furnther
photographs, from the author, via the publishers,
for DM 30. Rrospecilive constructors should
praclice a litle metal work and possess some
HF-constructional experience but it is anticipated
that readers of this periadical will find no difficulty
inthese respects.

Owing to the predominantly HF-nature of the
circuits, the construction has tended to err on
the side of stability. Also, the components have
been selected for their general availability as
well as for theic electronic suitability. Unfortu-
nalely ihis could not apply 1o the double-FETs

required for the pre-amplifiers as they are
definitely nol available on the hobby market.
The total price of the project depends largsly upon
the components available but it will not be less
than DM 1500, of which DM 800 is reserved (or
tha CRT (with screen) alone. This price, in view
of the performance, must be regarded as very
reasonable.

Perhaps constructional articles, ar suggestions,
will appear from the readership upon how the
range of plug-in units can be extended 10 cover
a wider variety of measurement? The author will
find them very welcome.

12.
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Microwave Lens Antennas

In order that directivity may be enhanced
in the THz range of frequencles, l.e. light!,
two propertles are used most frequently.
These are reflection, as from the surface of a
mirror, and refraction, as In a refractor tele-
scope lens. The basic differences in the two
properties are shown clearly In figure 1. In the
microwave range, by far the most common
concentration techniques use the properties
of reflection, but there Is no reason why
refraction cannot be used just in the same
manner as it is In optics.

|
SOME BASIC OPTICS

The phenomenon that Is usually associated
with the property of refraction is caused by the
dispersal of electromagnetic waves through
media possessing differing densities and there-
fore at differant speeds. In vacuum, the speed
of an EM-wave is 300 x 10® m/s and through
air it is almast same. In other dielectrics, such
as optical glass, the speed of light Is very much
smaller than through air and vacuum and the
same applies to dielectrics such as plastics,
ceramics, wax stc. All materials have their own
characteristic relative permittivities which directly
affects the speed of light passing through them.
Table 1 glves a few examples of the relative
pearmittivities ¢, of a tew common materials:

Flg. 1: Concentration through reflection in a mirror
and through refraction In a lens

Alr 1
Polystyrene foam 1
PTFE (Teflon) 2
Wax 22
Glass 2-5
Ceramic 44
Crystal 45

Mica 8

Table 1: Relative permittivity of some materlals
179
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Fig. 2: Every electro magnetic takes the path having
the shortest transit time

When a wave passes from point A to poinmt B
through two mediums having differing refractive
indexes (flg. 2), it will always take the path which
gives it the shortest transit time. If then, the
propagation time through medium 2 is smaller
than that through medium 1 (fig. 2a), the path
length through the medium 2 is minimized. This
could be the case if one medium 1 were air and
the other medium were, say, glass. if, on the
other hand, medium (1) were glass and medium
(2) were air, as in (fig. 2b), then the EM-wave
would be propagated largely through air as it
would then be faster.

it is analogous with a situation where one wanted
10 go from a point A to a point B in the shorest
possible time, and thal medium 1 is solid ground
and medium 2 Is water. As one can (normally)
walk faster than one can swim, then the route
shown in (flg. 2a) would be (raversed. If the
positions of ground and water were transposed,
route 2b would be the natural course to follow.

It could be asked at 1his stage: why then can't
optical lenses be made from wax or ceramic?
The answer Is, that these two materials are
impervious to light, i.e. they have high losses
at this wavelength. But what goes for light wave-
lengths does not necessarily apply to other
wavelengths. Both wax and ceramic are excellent
for wavelengths corresponding 1o 10 GHz. Un-
fortunately, these two materials are not very good
1o work with and would be very unpracticable as
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materials for an amateurs lens. A befter material
is polystyrene foam which is very easy 1o wark
with and exbibits very low losses. As “sods law”
would have it, however, this material has a
relative permittivity (g} very close 1o that of air
since it is very largely composed of air. This rules
it out for 10 GHz work since a small diameter
polystyrene lens would have no influence on the
microwaves passing through it. The transit time
has not been appreciably altered.

2.
METAL-PLATE LENSES

There Is a practical means for radio amateurs to
fabricate microwave lenses. This makes use
of the “metal-plate lens". This is made from this
metal plates, cut 10 a predetermined form, and
then placed in paralle! juxtaposition at a constant
distance from each other. The lens shown in
(flg. 3) is a possible configuration and Is known
as the planarconcave lens because the virtual
outling surface of the combined metal plates is
plane on the rear side and concave on the front
side asin (fig. 4).

Itis nevertheless a spherical lens since the front
face is (almost) a spheroid. Actually, this is an
over-simplification as it must be an exacl hyper-
bolold in order thal it can focus the incoming
EM-wave 10 a single point. The difference be-
tween the two forms is very small when the
diameter of the lens is large in terms of a wave-
length. The lens is easier to make if the surface
is spherical and if made large enough, it will focus
the EM-wave 10 a point. That is, parallel rays from
an extremely distant point source will be con-
verted Into a point source ang also the reverse is
trug, a point saurce al the focal point will be con-
verted to parallel rays of enargy.

As may be funther seen in figure 3, every plate
has its own individual form and size from that of its
neighbour. If all plates were identical, then the
result would be a planar-concave cylindrical
lens (figs. 5 and 6). In 1his case, the front surface
of the lens 1g a segment of a cylinder and the
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focus is a line parallel 1o the line that joins all

‘ curve centre points.
The lenses shown in figs. 5 and 6 are not equiv-

FRANT VIEW alent: their insertion loss Is dependent upon the
polarization of the incident wave - it is al a
minimum when the polarizalion is parallel to the
plates.

These metal-plate lenses are known as accelera-
tion lenses and represent & basic difference

AT. VIEW to the classical dielectric lens of the stamp-
collector’'s magnifying glass which delays the
Fig. 3: Three views of a spherical metal-plate lens inclden! light waves. When the waves are dis-

fributed between the metal slements of a plate
lens, they are actually accelerated. Of course, thig
explanation is necessarily simplified in order
to make the comprehension a little easier as it
is known, from the theory of relativity, that nothing
travels faster than the speed of light.

TLZ'QFUE[ }hé‘;kﬂess Following this reasoning, it can be seen that plate

m,,'d,-,‘l‘c,,) strengtn lenses have a reversed effect upon waves than

parmi 1s) that of the dielectric lenses. This means that a
concave plate lens has & converging effect and a
convex plate lens has a diverging effect. In ftg. 7,
the lens types are shown together for purposes
of contrast.

Fig. 4: Form of an elemental metal plate. The focus
of radlus |8 not neces=arily colncldent with
lens focus palint.

front view . front view
HI, \ — =
obliaque \
_ : |ateral view view lateral view
oblique view
Flg.5: Three views of a planar-concave, ¢ylindrical Flg. 6: Three views of a planar-concave, cylindrical
metal-plate, vertically-polarized lens. metal-plate, horizontally-polarized lens.

1

[+:]
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» b Fg. 7:
= Above: dielectric lenses
| — \ (“delay-lens”).

'\-\

Centre: metal-piate lens
(“acceleration-lens~).
Below: optical centres,
F = Focus length

N

[

concave lans = divergent lens

concave lens = convergent lgns

A wave which is distributed from the focus point
In a ball-shaped wave, bacomes a planar wave
when it has encountered a spherical concave
metal-plate lens (flg. 7¢). That would be the
casa for transmission of a wave. If, on the other
hand, a planar wava is intercepted by this lens,
it Is transformed into a spherical wave and
concentrated at \he focal point of the lens. This
is the case for the reception of a wave.

It will ba noticed that the (ens effectis independent
upon direction from which the wave arrives — sae
flgure 7e: in both left-hand diagrams the same
lens is depicted, one with the waves arriving from
the concave side and the other with the waves
coming from the convex side. The points at which
the waves are concentrated — the focus - is
always at the same distance from the optical
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convex lens = divargent lens

centre. The optical centre is an important point
because the focal length Is measured from here.

It can be seen in fig. 7e that the optical centre
lies on the optical axis — namely in the middle
of surfaces of the two lenses, assuming the
lenses are symmeirical (bi~<concave or bi-con-
vex). With an unsymmatrical lens (plane concave
or plane convex), however, the oplical centre
lies on the optical axis near the lens but the
exact location must be determined experimen-
fally.

If the focal point is measured from the opfical
centre and no! from the surface of the lens, then
it will be found fo be equal on both sides of the
lens. The three lenses depicted in fig. 7e have
the same focal length and can thersfore be con-
sidered 1o be equivalen.
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The same occurs, incidently, with the concave
parabolold only the waves do not pass through
the lens but are reflecled from it.

As possible applications for microwave plate
lenses, the following are offered: —

« Increase the direclivity, ang therefore the
gain, of a small antenna e.g. a horn, without
much of an increase in its overall dimensions
(fig. 8).

+ Optimizing the illumination of any given
parabolic reflactor and radiator which would
otherwise be incompatible with each other
(flg. B). This should be of interest to radio
amateurs as they often use surplus feed horns
and/or parabolicreflectors. A plate lensis much
easier lo fabricate than a cassegrain sub-re-
flecior {o serve the same purpose.

3.
DIMENSIONING A METAL-PLATE
LENS

A lens is characterised by the following dimen-
sions:

1) The focal length

2) The diameter (aperiure)

3) The insertion logs

Fig.a:

Enhancling the directivity
of 8 small hom by using a
lens. The divergent beam
from the horn is focussed
by a sultably placed lens.

divergent

under - 0 5

. ptimal
I]lLtﬂ\,ﬂatP (11umination
of parabola of parabola

Flg. 5 a: Optimlizing the lllumination of a parsbollc
reflector by the use of & horn lens.

j;Spjllover

convergent
lenS\

optimal
(1 lumination
v & o
iSP' tHover o parabola
Fig. 9 b:Optimizing the lllumination of a parabolic
reflector by converging the radlation by
means of the lens In order to minimlze
stray radiation.
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: |
a lens as a radome /\/['F'J-r E—
i

L) hoghorn o)

Fig. 10: Three methods of improving the directivity
of 8 horn antenna:
a) lens forms a radome
b) parabelic harn (hoghom)
c) “flyswatter" antenna

3.1. The Insertion Loss
This depends upon three parameters:

a) The angle between the wave's polarization in
the E-plane and the meial plates. The insertion
loss is at a minimum when the E-plane lies
paraliel (o the plates.

b) The thickness of the lens
¢) The materials used in the construction.

The inseriion loss is one of the reasons why
this type of lens finds little use in commercial
practice. In order to increase the directivity and
the gain of horn antennas, there are several
possibilitias which may be considerad. The lens
could be located in frant of the horn (flg. 10a)
with a consequent increase in the insertion loss.
Alternatively, a hog-horn antenna could be used
(fig. 10b). This is a combination of a horn and
a parabolic reflector which 1s often employed
for terrestrial radio links. The flyswatter antenna
(flg. 10¢) is also in common use.

Another important point concerns baoth the horn
and the reflector (planar or parabolic); thay are
inherently broad-banded whereas the charac-
teristics of lenses are essentially frequency
dependem. Since radio amateurs are usually
interested in small frequency ranges. this poinl
is of liftle consequence. In addidion, the fabn-
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cation of amaleur horn-parabolic antennas s
somewhal difficult (5) as the parabolic elemenial
segments musl be quite accurate.

3.2. The Lens Aperture

This is the same dimension as for the combination
of both feed horn and lens, and it 1s that (or
slightly larger) of the harn aperiure.

A good method is lo combine the lens with the
horn as shown in fig. 10a. The focal point must lie
on the phase centre of the horn — the latier
being approximalsly in the (virual) apex of the
pyramid. In 1his case, the spherical wave will
be refractad by the lens into a plane wave with
the focus point being al an infinite distance —
its cenire being that of the phase centre of the
horn.

In the configuration shown in fig. 11, the lens
serves also as a radame — the space between
the lens elements beng filled by a material
having a low relative permittivity €, and low loss,
such as polystyrene foam. This keeps (he
weather from the horn and the wave-guide com-
ponents — a most useful characteristic. It will
be remembered 1hat polystyrene foam does not
change the charactenstucs of the lens.

3.3, The Focal Length

By the help of a lile maihemaucs, the focal length

can be dslermined. As with every lens, the

focal length of the metal-plaie lens depends

upon:

a) The refractive index

b) The curve radius of both front and rear lens
surface

The refractive index n 1s calculated according
to formula (1)

S el (1

where,

« = free-space wavelength
d = dislance between plates
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Fig. 11: A physical combination of horn and lens

1t can be seen from the formulg, that the refractive
index n for microwave plale lenses (i.e. ac-
celeration lens) are always smaller than unity.
Dielectric lenses, on the other hand, aiways
possess refractive indexes which are greater
than one.

Further interesting relationships are as follows:

n=Vo=ve @

where,

£, = Permittivity of a vacuum
= 8.859 x 10~ "2 Farads per matre
€ = Absolute permittivity of the medium in
question
g, = Relative permittivity (as in table 1)

Furthermore:

= chv, 3)
where,
¢ = velocity of light in a vacuum (300 x 10° m/s)

Vo = velocity of light in the refractive medium in
question

Table 2 gives examples of refractive indexes
of metal-plate lenses for three frequencies
corresponding to the 3 cm amateur band and five
differing spacings d between two plates.

Frequency| 10.0 GHz | 10.25 GHz| 10.5 GHz
d=18mm| n=055| n=0.58 | n=0.61

d=19mm| n=061| n=0.64 | n=0.66
d=20mm| n=0.66{ n=0.68 | n=0.70
¢=23mm| n=0.75| n=0.77 | n=0.78
g=25mm| n=080| n=081 | n=0.82
Table 2

Now thal the refractive ingex of the lens is known,
the focal length can be calculated using formula
(4):

1

1 N
7'—'("-1)'(E+R—2) (4)

where,

{ = focal length

n = refractive index

R1 and R2 = curve radii of the front or rear sur-
faces of the lens. A convex surface
is expressed by R > 0, a concave
surfaceby R< 0

The fact that the surfaces are described with
curved radii means thal they ara spheroids
whereas a perfect lens would have hyperbolold
surfaces. According to (1), they could be provided
with one spherical and one hyperbolic surface. In
any case, the spheroid represents an approxi-
mation which is sufficiently accurate where the
radius is not too small. Spheroid lenses are
easier both to calculate and 1o (abricate.

Turning again to formula (4): Assuming that one
of the lens surfaces is flat, R2 would represent
an infinite radius. Formula (4) may be simplified
as follows:

1 n-1
f Ri1

therefore

therefore
R1=f(n-1) (5)

It it Is assumed, on the other hand, thal both
surfaces are identical and having the same
radius, as for example, in a bi-concave lens,
lormula (4) may be simplified as follows:

R1

|=
2(n-1)
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therefore,
R1=2f{(n—-1) (6)

In order to manufaclure lenses 10 predetermined
characteristics, it i recommended to assume
a plate spacing of between 19 mm and 25 mm for
the 3 cm band. This emails refractive indexes
of between 0.61 and 0.80, For the other micro-
wave bands, the spacings can be calculated
from formula (1). As it may bs seen, the refraction
of the lens is inversely proportional 10 the spacing
of the plates. For a given focal length, a relatively
large lens radius will have 1o be given in arder
that its construction is rendered easier. |t must
always be remembered, however, that the re-
fractive index must be held within the given
boundaries.

4.
EXAMPLES

In order 1o increase the gain of any given horn
antenna, a matching plale lens is 1o be con-
structed. The 3 cm horn antenna has an aperiure
of 78 mm x 56 mm and a length of 135 mm
(fig. 12).

As usual, the horn should be operated in the
horizontal plane. For the minimum insertion
loss, the plates of the lens are mounied horizon-

i
E J? 78 mm
< 56 mm
;U

135 mm
Fig. 12: Hom dimenslons for calculation In example
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Flg. 13: Three methods of achieving directivity by
means of a lens

tally, as shown in fig. 6. The metal plates are
rectangular in form for ease of manufacture —
easier than thase of figs 3 or 5 for example.

It is possible 10 Increase the directivity (gain) in
aither the herizontal plane or the vertical piane by
using cylindrical lenses, as in figs. 13a or 13b.
The directivity may be increasedin both planes by
the use of a spherical lens asin flg. 13¢.

The cylindrical lens of flg. 13a is now considered
for the first example as ihis Is easier to fabricate
than the spherical lens. in the horizontal plane,
the lobe is not concentrated and iherefore the
gain will be lower than with a spherical lens, but
st higher than that with the hom alone. In
practical transmit operation, this may be advanta-
geous as all the other stations will be on or over
the horizon thus making the operational align-
ment of the antenna less critical. In this arrange-
ment, the valuable microwave energy, which was
uselessly radiated into the ground or into the
sky, is now concentrated onto the horizon.

The required focal length must now be deter-
mined. The phase centre of the horn can be
determined in a dimensional drawing: It is ap-
proximately 170 mm away from the apertura.
Since the lens will be a few centimetres thick,
and the focal length is measured from the optical
focal point, which lies somewhere inside 1he
lens and on the opfical axis, 30 mm must be
added to the 170 mm: a lens of 200 mm focal
length s required.
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Fig. 14: Lens made with 20 mm thick expanded
polystyrene

The lens is made from rectangular plates of
aluminium kitchen foil which is about the thinnest
matal foll available. The thinner the plates, the
less the obstruction they offer to the passage of
the microwaves so that the insertion loss is mini-
mized. For mechanical stabilization, the spaces
between the foils are filled with polystyrene
heat-insulating sheets and glued together. This
material is easily oblainable in thicknesses of
20 mm, does not refract microwaves and has
litle attenuation. The adhesive at 10 GRz.
however, can be very lossy and so as little as
possible should be used - just enough to keep
the assembly in one piece. A glue which does
not dissolve polystyrene foam should, of courss,
be used.

From formula (1), a refraclive index of 0.690
can be obtained at 10.368 GHz for this lens.

The radius of the concave surface of the lens
is from formula (5), 62 mm.

The plate widths are:

Nos 1and 7:58 mm
Nos. 2 and 8:22 mm
Nos. 3 and 5: 10 mm
No. 4. 7 mm

The length of the metal plates should be 120 mm
Qor more.

Six polystyrene sheets of dimension 65 mm x
120 rnm x 20 mm are now required.

‘l \
horn

aperture | —

=
| J

7

7

—_—

Fig. 15: Lens made with 18 mm thick expandea
polystyrene

Flgure 14 shows the lens. Only the bold hori-
zonlal lines of the drawing represent the metal
foil plates.

if the curve radius appears to be somewhal small,
the 18 mm thick polystyrene sheeting should be
tried: the refractive index at 10.368 GHz then
becomes 0.595 and the radius 81 mm The plate
wigths then become:

Nos. 1 and 7: 31 mm
Nos. 2 and 6: 19 mm
Nos. 3and 5: 12 mm
No. 4: 10 mm

The six polystyrene sheels are dimensioned
35 mm x 110 mm x 18 mm. This lens is shown
in flg. 15 and with the small plate spacings,
the lens refracts more strongly so that the radius
is increased and the lens becomes thinner.

What should be done now if the radius still
appears to be (oo small? The plates cannot be
arranged to be any lighter because the minimum
recommended refractive index of 0.6 has already
been reached.

The lens can be made with a larger radius if i
is bi-concave in construction. If both surfaces
have the same ragius, the previously calculated
radius from formula (6) must merely be multiplied
by two: that resuits, using 20 mm polystyrens, in
124 mm and the plate width then becomes
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\ horn 7

Fig. 16: Bl-concave metal-plate lens:
Radll = 124 mm. Plate spacing = 20 mm

Nos. 1 and 7:40.5 mm
Nos. 2 and 6: 23.5 mm
Nos. 3and 5:13 mm
No. 4: 9 mm

The lens is depicted in fig. 16.

If 18 mm paolystyrene is used, the radius of both
concave surfaces becomes 162 mm.

Should even this rasius be too small, a larger
focal length will have to be accepted in order that
it can be enlarged. For example 400 mm. Using
formula (6). for refractive index of 0.690, a
radius for both lens surfaces of 248 mm is ob-
tainad (20 mm palystyrene sheeting). This lens
is shown in flg. 17 where it can be seen that the
aperure of the lens has been doubled. This
influences all microwaves emanating from the
horn (or into it). This lens is rather thick.

If a small focal length together with a thin lens is
required, a multi-lens system can be adopted as
shown in fig. 18. The total focal length f is cal-
culated according to formula (7) from the focal
lengths of the individual lenses, 1, 2,...fn:

W=1M) + 1R+ 143+ . 1in  (7)

it it is desired that the radiation is beamed In both
planes and the gain is then maximized. A bi-
concave spherical lens as shown in flg. 13c can
be used. The metal plates must then have a
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ApB mm

Flg. 18: Various lens comblnations

spacing of 20 mm, a focal length of 200 mm and
have a form as depicied in fig. 19. This is the
bi-concave-spharical varsion of the bi-concave
cylindrical lens as shown in fig. 16.

When commissioning this combination of feed
horn and lens, only the distance between the horn
aperture and lens needs to be adjusted. The
highest gain is achieved when the focal point
of the lens is coincident with the phase centre
of the hom.

For 24 GHz, 10 mm thick polystyrene sheets
can be used as distance spacers between the
aluminium plates. In this case, the refractive
index would amount to approximately 0.78 (it 1s
frequency dependent|).

After these many theoretical considerations, |
have resolved to commencs the construction and
testing of a metal-plate lens, together with other
local amateurs, without defay. The results will be
published as soon as \hey become available. }
hope that many readers will find the inspiration
to build and experiment with this form of antenna!l
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Andreas Schaumburg, DF 7 ZW and Dr. Jochen Jirmann, DB 1 NV

Practical Tips for the Amateur

Spectrum Analyzer

This article will set down same hints and tips,
for the beneflt of prospective constructors,
based upon a few practical experiences In the
construction of the amateur spectrum ana-
lyzer. DF7ZW has successfully completed two
of these instruments and has spoken to two
other constructors of this project. The mate-
rial has been collected for the magazine so
that It can be presented in a comprehsnsive
article.

First, a bnef identificalion of the publicalions
carrying the relevamt articles — they should be
studied carefully:

VHF COMMUNICATIONS editions 3 and 4/87
as well as 3/89 and 1/90.

1.
HF/IF MODULE DB 1 NV 006

It1s easy ‘o forgel that pin S of the IF-IC TDA 1576
should be 1aken 1o ground!

The frequency response of the analyzer is im-
proved if a2 3 dB pad (exact value uncritical) 1s
placed between the ring mixer 11 and the pre-
selector (see part 3b). This frequency response
is gained. however, at the expense of a 3 dB
loss in sensitivity but the mixer is better termi-
nated.

1

The Neosid nductor type 0051-4831 s very
sunable for the oscillatory circuit of the 2nd LO
(L2) but n must be fitted with a brass slug. On no
account should a ferrite one be used.

2.
LO/PLL MODULE DB 1 NV 007

Aithough it was mentioned thal the supply voltage
for this unit should be highly stable, this in fact.
was not providad. It can be rendered more stable
in the area where it counts by including a filter
unit in the supply ling to the VCO. This consists
of a RC-network of 270 resistor and a 220 uF
capacitor. It willensure that the noise produced by
the 15 V regulator chip is considerably reduced
thereby making the VCO noise modulation
smaller. This will have a positive effect upon the
narrow-band resolution of the analyzer The
modilication will aflect the 2nd LO on PCB 006.

Before installing the reed relay, check ils pin-out
— the one DF7ZW installed had to be turned
through 180° in order 1o suit \he board connec-
lions.

The resistance between the pin “filter in" and
ransistor T7 is shown with the wrong value on the
component layout plan 007. The correct value
should be 47 (1. DF7ZW used 27 Q in order lo
ensure a positive swilching.
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The capacitive part of the wning vollage filter
compnsing a 10 uF and a 10 kQ resistor, should
be a foill capacitor. Although DBINV has ex-
penenced no problems with high-grade antalums
or electrolytics, DF7ZW has nouced frequency
instability caused by the \emperature dependent,
high-leakage current through these types of
capacitor. Using a 1 uF foil capacitor will ensure
that the PLL stays for hours on the same fre-
guency selection.

The coupling of 1he frequency divider 12 (SDA
4211) should, ,n general, be as loose as possible
otherwise the divider output frequency will getinto
the VCO and cause spurs at intervals of a few
megahertz. The spectral purity of the VCO should
be checked with another spectrum analyzer when
selling up and commissioning the instrument.

The bi-stable 16 (V2 74LS221) in the control loop
can be the cause of some non-lingarity in the
luning characteristic. In padaicular, some ex-
amples from Fujitsu display this effect. It can
be readily seen with a marker generator. Ex-
amples from Malorola were found to be the best
in this respect 74HC-lypes seem 10 be better
for the linearity but have the disadvantage of
producing more noise making the VCO noise
pedestal, n s free-working condition, much
higher.

3.
CRYSTAL FILTER MODULE
DB 1 NV 008

Perhaps this may be considered as an axcep-
honal piece of bad luck, but in the locality of
DF7ZF (Frankiurt) there are many high-power
broadcasl stations

The problem occurs when the filter is switched
in. there was a rather suspicious noise al a fevel
of —50 dB rel. full signal display. The cause
turned out lo be dirrect radiation from a shon-
wave broadcast station at about 8 10 10 MHz into
the logarithmic voltage detector, 13 (TDA1576).
This detected the signal which then appeared as
noise. The remedy was found to be the inclusion
of 33 uH RFCsn all the supply lines 1o the module

together with 100 nF ceramic. multi-layer. by-
pass capacilors.

4.
CONTROL MODULE DB 1 NV 009

Both nputs of the op-amp 13 (741) are inter-
changed on the board. Pin 2 and pin 3 must there-
fore be crossed over by the use of wire bridges.

5.
GENERAL

If one 15 able to ignore the cost element, both in
lerms of time and money, and successfully
completes this project, then a really outstanding
test instrument will be obtained. DF7ZW used a
Hewlen Packard spectrum analyzer (8554b)
plug-in for tuis work on the project. Naturally,
it cannol be claimed that tbe subject instrument
is the equal of \he professional equipment but
in terms of cost effectveness and pride of
achievement in its construction, \he odds begin
10 even up.

The sensitivity of the authors instrument is
—20 dBm for full deflection. The dynamic range,
measured with two-tones signal spaced by
20 kHz at a freguency of 5 MHz, was approx.
70 dB. The sensitivity can be improved by using.
as a pra-ampliier, an Avanigk wideband amplifier
madule from the MSA series. There are no
additional spurious signals produced as a result
of adding this Avantgk amplifier as would be the
case if the gain was improved by increasing the
IF amplification; see part 3b. These particular
amplifiers are very good and they are very easy 1o
retrofitinto the instrument Iis frequency response
is rated flat from S 10 500 MHz but, in practice,
goes much higher. When nstalled in a lin-plate
housing, there are no signs of self- or spurious
-oscillanons Cascading the ampliliers could
result, without any problems. in a gain of some
30 dB or more.
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MATERIAL PRICE LIST OF EQUIPMENT

DJ4LB

PC-Board
DC9DO

DCSDO 001
DCSDO 001

DF9DA
DF9DA 001

DFSDA 002
DF9DA 002

YT3MV

Set of PCBs,

YT3MV 010

User software

A Universal Sound-Vislon Unit for
FM-ATV Transmitters
DJ4LB 010 Europe format (100 x 160 mm)

SAT-X Receiver for the Satellite IF Band

900 - 1700 MHz2

PC-Board

Special components:

BFQ 69, 3 x MSA 0304, 7805, SL 1452, TL 082,
SO42P, 5 x BB505B, BB405B, 5 x 1N4151, Z8V2,
Z5V1, LED red; trimmpoti (horiz): 100 (2, 470 Q,
47 k, (upright): 2 x 47 k, 4.7 k, fail trimmer 3 x,

4 mm coil former with ferrite core 3 x, CuL wire,
silvered wire; RFCs: 33 uH. 22 uH, 15 uH,

3 x 100 uH; tin-plate box

Compact METEOSAT Converter
kit with all components
ready-lo-operate module

Compact Weather-Satellite FM Receiver

kit with all components, with 1 crystal for 137.5 MHz
Receive crystal for 134.0 MHz (METEQSAT-ch. 2)
Recsive crystal for 137.62 MHz (NOAA-9 and 11)
Ready-to-operate module (with 3 crystals)

DSP Computer for Radlo Amateur Applications

progr. EPROM with authentlc documentation
Contains: PCBs YT3MV 003 (bus), 004, 005, 006
(4 x), 007, 008 and 009; a programmed EPROM
(operating system with Compiler, Editor), a set

of copies of all diagrams and component lay-out
plans (in Ad), the operating-system manual.

Interface for KR-5600 Rotators
PCB, progr. EPROM, together with A4 copies
of circuit schematics and comp. loc, plans

Several software packages complete with
image examples on 3.5" floppy disks

Art.No.

6115
Art.No.

6364
6365

Art.No.
6510
3029

6511
6512
6513
3310

6004

6003

6002

Ed. 2/90

DM 35.00
Ed. 1/90

DM 38.00
DM 120.00

Ed. 1/1990
DM 395.00
DM 575.00
Ed. 2/1990

DM 445.00
DM 34.00
DM 34.00
DM 8390.00

Ed. 2/1988,
1+ 2/1989

DM 699.00

Ed. 1+2/1989

DM 100.00

Ed. 3+4/1989
2+3/1990
DM 145.00
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