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An FM Spectrum

Analyser

By Dr Stewart Bryant, G3YSX*

HE MOVE TO 12.5kHz FM channel
I spacing on the 144MHz amateur band
brings with it a pressing need within
amateur radio circles for a simple method to
check and set the deviation of an FM trans-
mitter. This article describes a simple but
accurate method of measuring the deviation
of an FM transmitter by using a multi-media
PC as a narrow-band spectrum analyser. Cali-
bration is solely reliant on the accuracy of the
clock crystal in the PC sound card, and thus
the system can be regarded as self-calibrat-
ing. In practice it is thus possible to set the
deviation of an FM transmitter to better than
5% without any external calibration.

THE RIGHT APPROACH

THE CORRECT SETTING of the deviation of
an FM transmitter is important for both techni-
cal and social reasons. The bandwidth occu-
pied by the signal is directly related to the
deviation. Thelargerthe deviation ofthe signal, the
larger the bandwidth. The bandwidth of an FM
signalisalsodirectly dependenton

The finished FM Spectrum Analyser.

Itis therefore important that the deviation
of an FM transmitter and the receiver band-
width be correctly matched, and set to operate
within the agreed channel widths. There is no
deviation formally specified for amateur ra-
dio transmissions, but the commercial speci-
fication for 12.5kHz spacing is 2.5kHz. This
article assumes the use of the same standard
for amateur use, but it will be obvious to the
reader how to set the transmitter for any other
preferred deviation. This article is also writ-
ten in terms of the need to set deviation of a
144 MHz transmitter, but the system is appli-
cable to other amateur bands, for example
setting the deviation of an HF transmitter
when operating on 10m FM.

AMATEUR MEASUREMENT

THE MEASUREMENT of FM deviation is a
subject area that has received little attention
in amateur radio literature. In the absence of a

to the user by voice announcement. This service
is not yet normally found on British repeaters.

Directreading of deviationis normally achieved
withadeviation meter. FM deviation meters are
occasionally available on the second hand mar-
ket. The MFJ224 2M FM analyser has the
capability of measuring FM deviation as one
of its functions. However, there remains the
problem of how the amateur would verify the
calibration of either of these instruments.

A RadCom article describing the construction
of a deviation meter was published by G3BIK
[2],butneeded a calibrated FM signal generator
as a fundamental reference. An approach that I
initially prototyped was a variant of G3BIK’s
design thatused a DC coupled precisionrectifier
to measure the control voltage of the phase-
locked loop FM demodulator. The use of DC
coupling allowed the calibration of the deviation
meter, by recording the change in meter reading
as the carrier was tuned away from the centre

frequency position. This

the bandwidth of the audio modu-
lation. The greater the bandwidth
of an FM signal, the fewer users
that can be supported in a given
band. Radio users therefore accept
constraints on bandwidth in order
to achieve a suitably high spectral
efficiency. Ifauseroperates witha
higher than agreed deviation (or
maximummodulation frequency)
their signal will spread over adja-
centchannels, causing interference
to other users.

Itis also important for commu-
nications efficiency that that the
transmitter and receiver operate
with commonly agreed deviation
and maximum modulation fre-
quency. If either is too high, the
transmission sidebands will fall
outside thereceive passband, caus-
ing severe distortion of the re-
ceived signal. If the deviation is
too low, the output of the FM
discriminator will be weak causing ‘thin” audio.
If the receiver IF filter is too narrow, this will
have the same effect of signal quality as over
deviation. If the receiver IF filter is too wide
additional noise is received, degrading the re-
ceived signal and reducing range.
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promising approach was
eventually abandoned in
favour of the carrier null
method, which was a
muchsimplerdesign that
had the overwhelming
advantage of being self-
calibrating.

CARRIER NULL
METHOD

THIS METHOD of FM
deviation measurementis
the standard professional
method of setting the de-
viation of an FM trans-
| mitter. It is described in
principleinboth the ama-
teur [3] and professional
[4, 11] technical press.
The carriernull methodis
based on the observation

The internal view of the FM Spectrum Analyser, showing its construction.

readily available measurement method, the cur-
rent advice of the VHF Committee is to take the
empirical approach of adjusting the deviation
until the signal sounds right when received ona
receiver equipped with a 12.5kHz filter [1].
Inthe United States, itis common for repeaters
toincorporate a facility to measure the deviation
ofareceived signal and, onrequest, toreport this

that ifan FM transmitter
ismodulated with a pure
sine wave, then as the deviationis increased from
zero, the amplitude of the carrier goes through a
series of nulls. The first null occurs when the
deviation ratio =2.405, where:

Peak Deviation (Hz)
Deviation Ratio =

Modulation Frequency (Hz)
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From this we can calculate that when a
transmitter with a peak deviation of 2.5kHz is
modulated with a 1.040kHz sine wave at an
amplitude equal to the maximum peak audio
amplitude, the carrieramplitude will be zero. To
correctly setthe deviation of an FM transmitter
to2.5kHz, a 1.040kHz sine wave of appropriate
amplitude is therefore injected into the micro-
phone socket, and the deviation increased from
zerountil the carrier amplitude goes to zero. Fig
1 shows the changing spectrum of an FM
transmitter as the deviation ratio is increased
from 2.2, through 2.4 to 2.6. Note how sharply
the carrier disappears when the deviation is
changed by £10%. This demonstrates the sen-
sitivity of the carrier null method.

By starting with a high audio modulation
frequency, and reducing it until the carrier is
observed to null, and the then applying the
equation above, we can measure the deviation
ofatransmitter. A description of the basis ofthe
carrier null method is provided in [3].

In professional measurements, a spectrum
analyser capable of resolving the components
of an FM transmission is assumed to be avail-
able. Suchresolution is beyond the capability of
the simple spectrum analysers described in
amateur literature. Some writers have suggested
monitoring the amplitude of the carrier with a
narrowband CW receiver. Ifasuitable receiver
is available, this is a simple and practical ap-
proach. Most amateur VHF receivers however
use a 2.5kHz SSB filter for CW reception.
Because ofthe complex spectral structure of the
FM signal, this measurement is much easier to
accomplishifanaudio CW filteris added. When
using the carrier null method to set transmit
deviation to 12.5kHz, the FM sidebands spac-
ing is approximately 1kHz. Thus, ifan 800Hz
beat is used, there will also be an audible tone
at approximately 1.8kHz, and possibly some
filter leakage at approximately 2.8kHz and
200Hz (folded back from the other side of the
carrier).

This article describes an alternative method
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Fig1: The FM spectrum at deviation ratios 0f2.2,2.4
and 2.6.
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Fig 2: The FM Spectrum Analyser system block
diagram.

of observing the transmitter carrier null. A
simple, wideband monitoring receiveris used to
convert the transmitter output to an audio IF.
The spectral components of the transmission
can then be viewed by using a PC with a sound
card, in conjunction with a Fast Fourier Trans-
form (FFT) package to analyse the IF signal in
detail.

SYSTEM ARCHITECTURE

THE APPROACH USED in the FM Spec-
trum Analyser is to use a sampling mixer [5,
6] to heterodyne the RF signal to an audio IF,
and then to analyse the IF spectrum with an
audio spectrum analyser. The audio spectrum
analyser is an FFT package [7] run on a PC
with a suitable input sampler such as a
SoundBlaster®. The FFT package is capable
of providing sufficient frequency resolution
to clearly distinguish the carrier from the first
modulation sideband, whilst still allowing a
sufficiently wideband display that spectral
aliasing is not an overwhelming problem.
Many suitable audio FFT packages are avail-
able [8], although the user should select one
thatsupports a ’scope display of the spectrum
and not a waterfall display.

A block diagram of the FM Spectrum
Analyser is shown in Fig 2. The system
consists ofa SMHz VXO which is divided by
50 to produce a 100kHz square wave. This is
used to drive a pulse generator, which pro-
duces a 100kHz frequency comb. The signal
from the transmitter under test and the comb
are mixed, and a 1 5kHz low pass filter filters
the resultant mixing products. This removes
signals that would produce aliases in the FFT.
The resulting audio signal is fed to the PC
sound card.

As G4COL explained, itisnecessary to have
a stable oscillator whose harmonics can be
tuned across the frequency of interest. The
short-term frequency stability and freedom from
microphony are vital in the design of this sys-
tem. I therefore elected to use a VXO, rather
thana VFO. The choice of the VXO frequency
isnotcritical, although SMHz is quite conven-
ient. The VXOisdivided by 50 to givea 100kHz
square wave, whichisthenused todriveapulse
generator which in turn has a spectral output that
consists ofa 100kHz frequency comb, extend-
ingbeyond 433MHz. To obtain complete cov-
erage at 145MHz the VXO must be pulled by
3.5kHz. This was achieved on the prototype.
On lower frequency amateur bands it was not
possible to pull the crystal sufficiently to obtain
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complete coverage. On these bands it was
necessary to tune the transmitter to a region
covered by the instrument. Thisis nota problem
with a synthesised transmitter. If a lower fre-
quency comb had been used (say 50kHz) it
would not have been necessary to pull the
oscillator as far, butit would have placed tighter
design constraints on the anti-aliasing filter.

CIRCUIT

THE OSCILLATOR, divider, pulse generator
and mixer circuit is shown in Fig 3(a). The
oscillator and divider chain are similar to that
used by G4COL [6], except for the omission of
one divide by two stage to give a PRF of
approximately 100kHz. Although the oscillator
circuitprovedreliable in the author’s prototypes,
the outputlevel of this circuitis critically depend-

COMPONENTS
Resistors (all 0.6W)
R1 10k
R2 10k
R3 2k2
R4 10k
RS 150R
R6 100R
R7 100R
RS 3k3
R9 2k2
R10  3k3
RI11  3k3
RI12  1k5
Semiconductors
D1 IN4001
D2 LED
IC1  74HCT390
IC2  74F00(Available from RS Compo-
nents)
IC3  TLO082
1C4  78L05
TR1 BCI109

Capacitors (unless specified, all fixed capacitors
50V working)
Cl1 150pF variable

C2 390pF

C3 390pF

C4 10nF

Cs S6pF

C6 100nF

Cc7 10nF

C8 10nF

C9 10uF, 63V

C10  10pF, 63V

CIl  10uF, 63V

Cl12  47uF, 63V

C13  10nF

Cl4 10nF

Miscellaneous

FL1  Toko A258BLVS5085 (Available
from Maplin)

X1 5.000MHz (Available from Maplin)
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ent on crystal activity and other component
parameters. If this proves to be a problem, or if
a more conservative design approach is pre-
ferred, then an amplifier-limiter stage may be
inserted between the oscillator and the first stage
of the 74HCT390 divider. This alternative ar-
rangement is also shown in Fig 3(b). The first
stage of the limiter uses one of the inverters from
a CD4049UB hex inverter with a 10k resistor
connected between the input and output. This
creates a high gain amplifier, with the input
biased to 2.5V. This high gain stage is AC
coupled to the emitter of the oscillator transistor.
This amplifier stage is followed by a further
buffer stage, to hard limit the signal to the
counter. All unused inverters have their inputs
grounded to set them at a defined logic voltage,
and hence minimise dissipation. This limiter will

function with oscillator levels below 100mV
peak-to-peak.

The design ofthe pulse generator is acompro-
mise between practical simplicity and rigorous
design. [ adopted the same pulse generator used
by G4COL [5, 6], on the basis that it was better
characterised (and more stable) than most of the
discrete designs, and orders of magnitude sim-
pler than a fully synchronous logic design.
Because the system was to be used at 146MHz,
the higher performance TTL FAST logic family
wasneeded. Theuse ofahigh-speedlogic device
in this circuit position is critical to the operation
ofthe system. This type of pulse generator relies
onanartificially generated race hazard between
the inputs of NAND gate IC2(a). To ensure that
the differential delay is sufficient to switch the
NAND gate, the delay is extended by reducing

1C1
74HCT390 o045V
ICla ICb IClc |16
R1 V.
10k =50 Q3 CP1 =50 Q3 CPO _CE Q1
MR |7 121 Mr |9 15| 6nd |13
2 14 8
5MHz
R2
10k
C1
150p
/97 Oscillator and divider chain
1c2 +5V_
+5V
R4 Mix
10k o/p
Pulse generator
(a)
10k
From junction  100n
R3 and TR1
emitter 7 6
+12V p— ( )
FL1
R10 Toko A258 BLV 5085 6 Audio O/P
3k3 viewed from below \ U —|+ |—o toPC
o/p 1 soundblaster
I I > cti
from Ci0 IC3b 101
mixer 12 3145617 89 0L 1082
R11
3k3
FLI 12 11 10
viewed from below | | l I
(c) 77
—_— o +12V
DI IC4 (nominal)
138V 3 INgot -
8V Nl o °
(nominal) 32— T J- J- In Out +5V
R12 Gnd
C12
o k5 cn3 Cld
63V 10n 10n
4
Power supply /77
(d) ©RSGB RC2220

Fig 3: Circuit diagram of the FM Spectrum Analyser.
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the rise time of the voltage from the inverter
connected NAND stage IC2(d). Thisis achieved
by feeding the gate through a 150Q resistor and
connecting a 56pF capacitor in parallel with the
second input of IC2(c). This delay could also be
extended by adding one or more pairs of invert-
ers in this logic path, however the delay though
aninverter is notaccurately characterised, noris
itadjustable. The setting of this delay is a com-
promise between providing sufficient delay for
the NAND gate to switch, and yet providing a
shortenough pulse to correctly sample the input.
Since both the output drive voltage and the input
switching threshold for the 74F00 varies from
device to device, some adjustment of the 56pF
capacitor may be required.

The mixer is the forth element of the 74F00
NAND gate pack. The use of a NAND gate for
this function may at first seemunusual. The most
common type of RF mixers use a linear signal
path, hard switched by the local oscillator such
thatthe output is either proportional to the input
signal or zero. Because this system is designed
to measure the characteristics of an FM signal,
we can assume that the input signal is constant
amplitude. It is also normal practice to follow
the mixer in an FM receiver with a limiter.
Since there a high level signal available when
testing a transmitter, a simple logic gate fulfils
the input limiting, mixing and output limiting
function in one stage. To improve the sensi-
tivity of the mixer, the RF input is biased to
+2V, the logic high threshold for this logic
family. A pair of 100Q resistors in parallel
with the input present a 502 input impedance
to the transmitter and its external attenuators.
The mixer has a relatively low dynamic range
(15mW to 50mW), so a simple external vari-
able attenuator is used to bring the signal into
the required range. This attenuator is de-
scribed in the Appendix.

The mixer is followed by the buffer-filter-
buffer arrangement shown in Fig 3(c). A
TLO082 voltage follower provides a high im-
pedance load to the mixer. The 15kHz LPF
filter block requires a 3k3 input and output
load to function correctly. Feeding its input
through a 3k3 resistor sets the input imped-
ance of the filter. The output impedance is
achieved by a 3k3 resistor in parallel with the
input of a second voltage follower. This out-
put buffer provides a low impedance output,
todrive the audio input of the PC viaa2m length
of screened cable. By AC coupling the voltage
follower configuration, the filter buffers are able
to operate from asingle nominal 12V DC power
supply with series diode protection. A 78L05

50 ohm spe’?rrum
Transmitter attetnuator analyser PC
0-015 to 5W 50 to 50mwW
(=18 to 5dbW) (12 to 17dbm) ©RsGB RC2221

Fig4: System configuration used formeasurements.
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Fig 5: Spectrogram display of unmodulated 145MHz carrier, and carrier modulated with 1kHz sine wave at 2.3kHz, 2.4kHz and 2.5kHz deviation.

voltage regulator - Fig 3(d) - provides 5V forthe
oscillator and TTL logic. The total power con-
sumption is about 30mA.

The software audio FFT package used in the
author’s system was ‘Spectrogram’ by RS Horne
[7]. This was used in ’scope mode, and was run
on a 233MHz Pentium laptop running Win-
dows95 using the built-in sound input system.
The Spectrogram software is a highly capable
package that will run under Windows95 or
Windows NT V4.0 and needs 16MB of RAM.
Its use is free in non-commercial applications.
Many members of the UK low frequency ama-
teurradio community have successfully used the
spectrogram program. [ have not tested the FM
spectrum analyser on any other audio FFT pack-
ages, but would not anticipate any difficulties,
provided the system also supported theuse of 16
bit sampling at 44kHz.

MEASUREMENT PROCESS

THE SYSTEM configuration used for making
measurements is shown in Fig 4. The transmitter
iscoupled to the FM Spectrum Analyser through
a variable attenuator. The attenuator is set for
maximum attenuation (minimum signal). The
VXOistuned until a suitable harmonic is heard
on the receiver. The transmitter is set for low
powerandkeyed. Itisnot modulated at this stage,
and ideally the microphone should notbe active.
Theattenuationisreduced (RF signal increased)
until the carrier is seen ata comfortable level on
the PCFFT display. The user will normally see
the carrier offset from zero beat and a cluster of
harmonics ofthe beat with decreasing amplitude.
The VXO tuning control is then adjusted until the
carrier is seen at about a 12kHz offset from the
zero beat.

An audio sine wave of 1.04kHz (for the
2.5kHz deviation needed for operation with
12.5kHz channel spacing [9]) is injected into the
microphonesocket. The audio level of thismodu-
lating signal is increased until the onset of lim-
iting, and then increased by a further 10to 20dB.
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This process is required to ensure that the maxi-
mum possible deviation of the transmitter is
being measured. Maximum deviation will corre-
spond to maximum spectral width on the FFT
display. With the modulating tone still applied,
the transmitter deviation is reduced to zero, and
then steadily increased until the carrier goes to
zero. Care needs to be taken that the second null
(at5.7kHz deviation) is not set. Care also needs
tobe takennotto confuse the carrier with the first
sideband or with a spurious signal arising from
leakage through the anti-aliasing filter.

If setting up a transmitter for 25kHz spacing,
the required deviation is SkHz, the audio sine
waveis2.08kHz, and the second (spurious) null
occurs with a deviation of 11.5kHz.

The accuracy of the measurement is com-
pletely dependent on the accuracy of the fre-
quency of the audio signal injected into the
microphone socket. In the absence of a suitably
calibrated audio source, or an audio frequency
meter, the frequency of the audio signal can be
measured using the FFT package on the PC,
which canalso be used to check the purity ofthe
modulating waveform.

CONSTRUCTION

THE CONSTRUCTION of the FM Spectrum
Analyser canbe seen inthe photo onpage 15. The
RF section is constructed dead-bug style, on
copperclad board. Although this technique is not
as aesthetically pleasing as a PCB or strip-board
approach, the solid ground-plane, short lead
lengths and low parasitic capacitance makes it
ideally suitable for one-off RF designs. The
number of wires needed is relatively small, so
construction is not particularly onerous. Tuning
isconcentrated atthe low capacitance end ofthe
variable capacitorrange, soa 6:1 reduction drive
is needed. The VXO tuning capacitor was
mounted onasturdy bracket, to prevent elasticity
in the mounting from causing backlash in the
tuning. In other regards the construction of the
VXO wasremarkably uncritical, withno hint of

stray capaci-
tance on the in-
put is mini-
mised. Note that the data sheet on the Toko
15kHz LPF shows pin-out viewed from the
bottom of the package, rather than the conven-
tional top view.

For many years [ was put off home construc-
tion because of the difficulty of achieving a
professional appearance of the finished project.
The approach used in this project was to use a
computer package to produce the artwork for the
frontand back panel. This artwork is then printed
using a laser printer, and glued to the panel
metalwork using a transparent spray-on adhe-
sive. When the adhesive is dry, the panel is then
covered with a layer of the transparent plastic
film sold for covering books. Provided care is
taken to avoid stretching or tearing the plastic
surface when mounting components on the panel,
theresultis adurableandattractive finish. A copy
ofthe panel artwork with suitable drilling marks
inscribed may be tacked over the panels and used
asatemplate to ensure the correcthole alignment
with the final panel artwork. The finished result
is shown in the photo.

At the time of writing, the new cost of com-
ponents and enclosure is less than £20 +the cost
ofthe variable capacitor. The 74F00 is available
from RS Components and from Electronics
Services.

RESULTS

OPERATION OF THE system was initially
verified by monitoring the output of an FM
signal generator. A carrier at 145MHz was input
to the FM Spectrum Analyser. The VXO was
tuned a harmonic was offset from the carrier by
12kHz. The resulting FFT display is shown in
Fig5(a). The horizontal axis is calibrated in units
of kHz, and the vertical axis is calibrated in
relative dB. The 12kHz beat is clearly visible.
The peak at 0Hz is a mixture of the DC compo-
nentand any residual SOHz pickup. It was found
that the cleanest display was obtained with an
input signal level of +8dBm. Above this level a
number of low level spurii were visible. The
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source of these spurii has notyet been identified.

The signal generator was frequency modu-
lated with a 1kHz tone. From the equation on
page 16 we would expect the carrier amplitude
to go to zero when the deviation is 2.4kHz. This
is clearly demonstrated in Fig 5(b), 5(c) and
5(d), which show the measured spectrum at
deviations of 2.3kHz, 2.4kHz and 2.5kHz re-
spectively.

To demonstrate the full operation of the sys-
tem,a Yaesu FT-736R was connected to the FM
Spectrum Analyser through the variable
attenuator. At minimum output power and with
no audio modulation the carrier was set for a
12kHz beat with the VXO harmonic. This is
shown in Fig 6(a). The 11kHz at -50dB is a
spurious signal from within the PC. The source
ofthe spurii at4kHzand 8kHzhave notyetbeen
identified.

With the FT-736R then set in the normal
(wide) FM mode and a 1.73kHz audio tone
applied to the microphone socket, the amplitude
of the modulating signal was increased until
maximum deviation observed. At this point the
VOGAD circuit was limiting the deviation to the
maximum permitted level. This is shown in
Fig 6(b). The carrier at 12kHz is diminished,
and the sideband at 1.73kHz spacing clearly
visible. As the modulation frequency is in-
creased in units of 100Hz we see the carrier go
to zero amplitude when the modulating fre-
quency is 1.93kHz. This corresponds to a peak

deviation of 4.64kHz, which is consistent with
the manufacturers’ specified frequency devia-
tion of SkHz.

Observant readers will note from Fig 6(b)
through Fig 6(f) that there are anumber of spurii
thatchange frequency atarate of approximately
10 times the change in modulation frequency.
The source of these spurii has not yet been
positivelyidentified.
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APPENDIX - A VARIABLE
ATTENUATOR

A RELATIVELY simple outboard variable
attenuator (Fig 7) was constructed to allow
the RF output of the transmitter under test to
be reduced to the level needed to drive the FM
Spectrum Analyser. Because of the relatively
low dynamic range of the mixer used, a
continuously variable attenuator is desirable.
Because the attenuator is being used as a
sampler, accurate calibration is notrequired.
The attenuator used an external 25W 50Q
dummy load connected to a PL259 T-piece,
with a 1kQ linear modular conductive plastic
variable resistor between the input and the
output. This was chosen for its 1watt power

handling capability. The output was assumed
to be terminated externally with a 50€2 load,
normally provided by the FM Spectrum Ana-
lyser. This rather crude design has a known
2:1 SWR at minimum attenuation, but ap-
proaches 1:1 at maximum attenuation. In
view of the simplicity of the approach and the
fact that SWR was satisfactory at high power
(where itis most critical), this design limita-
tion was accepted. The variable resistor has a
power dissipation of 1W, limiting the maxi-
mum power handling capability of the
attenuator to 20W. The attenuator was built
into a Maplin 100mm x 70mm x 40mm alu-
minium box, with the PL259 input socket at
one end, the BNC output connector at the
other end, and the variable resistor in the
middle. No attempt was made internally to
reduce the effects of wiring inductance, other
than to use shortest wire lengths possible.
The attenuation was measured using a sig-
nal generator with a built-in precision
attenuator and a diode detector [10], con-
nected toa DVM. The variable attenuator was
set to maximum attenuation, and the reading
on the DVM noted. The attenuation was
measured by changing the variable attenuator
setting, and then compensating for this by
increasing the output of the signal generator
until the same reading was observed on the
DVM. This allowed the attenuation to be
measured without reference to the character-

©RSGB RC2223
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Fig 6: Measurements of the output of a Yaesu FT-736R transceiver.
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Fig 7: The variable attenuator design.

istics of the diode detector. The attenuation at
145MHz and 10MHz is shown in Fig 8(a).
The reduced attenuation at VHF is thought to
be due to capacitive coupling within the variable
resistor. The 23dB attenuation achieved at
145MHz limits the power handling of the FM
Spectrum Analyser to SW, unless an additional
6dB 50 attenuator is connected between the
outputof the variable attenuator and input of the
analyser.

A scan of the attenuator input SWR vs fre-

quency at various attenuation settings was made
using an MFJ259 antenna analyser is shown in
Fig8(b). This showed thatatlow frequencies the
SWR is close to the expected 2:1, but as the
frequency increases to 150MHz this reduces to
1.3:1. This is presumably due to the inductance
of the attenuator, reducing the effect of the 50€2
output load. The high power 502 load on the
inputhadan SWR of 1:1 upto 120MHz, and the
502 load used in the diode detector was flat
beyond 160MHz.
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