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and measurement techniques common to Amateur Radio. With the increasing complexity of

amateur equipment and the availability of sophisticated test equipment, measurement and test
procedures have also become more complex. There was atime when a simple bakelite cased volt-ohm
meter (VOM) could solve most problems. With the advent of modern circuits that use advanced digital
techniques, precise readouts and higher frequencies, test requirements and equipment have changed. In
addition to the test procedures in this chapter, other test procedures appear in Chapters 14 and 15.

T hischapter, written by ARRL Technical Advisor Doug Millar, K6JEY, coversthetest equipment

TEST AND MEASUREMENT BASICS

The process of testing requires aknowledge of what must be measured and what accuracy isrequired.
If battery voltageis measured and the meter reads 1.52 V, what does this number mean? Does the meter
always read accurately or do its readings change over time? What influences a meter reading? What
accuracy do we need for a meaningful test of the battery voltage?

A Short History of Standards and Traceability

Sinceearly times, peoplewho measured thingshaveworked to establish asystem of consistency between
measurements and measurers. Such consistency ensures that a measurement taken by one person could be
duplicated by others — that measurements are reproducible. This allows discussion where everyone can
beassured that their measurementsof the same quantity would havethe sameresult. Inmost cases, and until
recently, consistent measurementsinvolved an artifact: aphysical object. If amerchant or scientist wanted
to know what his pound weighed, he sent it to alaboratory where it was compared to the official pound.
This system worked well for a long time, until the handling of the standard pound removed enough
molecules so that its weight changed and measurements that compared in the past no longer did so.

Of course, many such measurements depended on an accurate valuefor theforce of gravity. Thisgrew
more difficult with time because the outside environment — such things as atruck going by in the street
— could throw the whole procedure off. As aresult, scientists switched to physical constants for the
determination of values. As an example, a meter was defined as a stated fraction of the circumference
of the Earth over the poles.

Generally, each country has an office that is in charge of maintaining the integrity of the standards of
measurement and is responsible for helping to get those standards into the field. In the United States that
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officeistheNational Instituteof Standardsand Testing (NIST), formerly the National Bureau of Standards.
The NIST decides what the volt and other basic units should be and coordinates those units with other
countries. For amodest fee, NIST will compareitsvolt against asubmitted sample and report the accuracy
of thesample. Infact, special batteriesarrivethere each day to be certified and returned so laboratories and
industry can verify that their test equipment really does mean 1.527 V when it says so.

Basic Units: Frequency and Time

Frequency and time are the most basic units for many purposes and the ones known to the best
accuracy. Theformulafor converting oneto the other isto divide the known valueinto 1. Thusthetime
to complete asingle cycle at 1 MHz = 0.000001 s.

The history of the accuracy of time keeping, of course, begins with the clock. Wooden clocks, water
clocks and mechanical clocks were ancestors to our current standard: the electronic clock based on
frequency. In the 1920s, quartz crystal controlled clocks were developed in the laboratory and used as
a standard. With the advent of radio communication time intervals could be transmitted by radio, and
a very fundamental standard of time and frequency could be used locally with little effort. Today
transmittersin several countries broadcast time signals on standard calibrated frequencies. Table 26.1
contains the locations and frequencies of some of these stations.

( The Sounds 0f> Listen to transmissions ( The Sounds 0f> Listen to transmissions
Amateur Radio / o™ WWV. Amateur Radio / o™ CHY:

In the 1960s, Hewlett-Packard began selling self-contained time and frequency standards called
cesium clocks. Inacesium clock acrystal frequency is generated and multiplied to microwave frequen-
cies. That energy ispassed through achamber filled with cesium gas. Thegasactsasavery narrow band-
pass filter. The output signal is detected and the crystal oscillator frequency is adjusted automatically
so that a maximum of energy is detected. The output of the crystal is thus linked to the stability of the
cesium gas and isusually accurate to several partsin 10 *2, Thisismuch superior to acrystal oscillator
alone; but at close to $40,000 each, cesium frequency standards are a bit extravagant for amateur use.

A rubidium frequency standard is an alternative to the cesium clock. They are not quite as accurate
asthecesium, but they aremuch lessexpensive, relatively quick towarm up and can bequitesmall. Older
models occasionally appear surplus. As with any precision instrument, it should be checked over and
calibrated before use.

Most hams do not have access to cesium or rubidium standards—or need them. Instead we use crysta
oscillators. Crystal oscillatorsprovide
three levels of stability. The least ac-
curateisasinglecrystal mountedona ~ Table 26.1
circuitboard. Thecrystal frequencyis ~ Standard Frequency Stations
affected by the temperature environ- (Note: In recent years, frequent changes in these schedules have

ment of the equipment, to the extent been common.)

of afew parts per million (ppm) per Call Sign Location Frequency (MHz)
; BSF Taiwan 5,15

degree Celsius. For example, .thefre- CHU Ottawa, Canada 3.330, 7.335, 14.670
quency of a10-MHzcrysta withtem-  ppy France 5500
peraturestability ratedat 3appmmight  IAM/IBF Italy 5.000
vary 60 Hz when temperature of the ~ JJY Japan 2.5,5, 8,10, 15

al ch by 2°C. If the crystd LOL Argentina > 10
crystal changesby 2°C. y RID Irkutsk 5.004, 10.004, 15.004
oscillator isfollowed by afrequency RWM Moscow 5, 4.996, 9.996, 14.996
multiplier, any variationinthecrystal ~ WWV/WWVH USA 2.5, 5,10, 15, 20
f isalsomultiolied. Even so VNG Australia 25,5
requency 1s plied. v ZSC South Africa 4.291, 8.461, 12.724 (part time)

the accuracy of a simple crystal
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oscillator is sufficient for most of our needs and most amateur equipment relies on this technique. For a
discussion of crystal oscillators and temperature compensation, look in the Oscillator s chapter of thisbook.

The second level of accuracy isachieved when the temperature around the crystal is stabilized, either
by an “oven” or other nearby components. Crystals are usually designed to stabilize at temperatures far
above any reached in normal operating environments. These oscillators are commonly good to 0.1 ppm
per day and are widely used in the commercial two-way radio industry.

Thethird accuracy level usesadouble oven with proportional heating. Thetwo ovens compensate for
each other automatically and provide excellent temperature stability. The ovens must beleft on continu-
ously, however, and warm-up requires several days to two weeks.

Crystal aging also affects frequency stability. Some crystals change frequency over time (age) so the
circuit containing the crystal must contain components to compensate for this change. Other crystals
become morestable over timeand becomeexcellent frequency standards. Many commercial laboratories
go to the expense of buying and testing several examples of the same oscillator and select the best one
for use. Asaresult, many surplusoscillators are surplusfor areason. Neverthel ess, agood stable crystal
oscillator can be accurate to 1 x 100 per day and very appropriate for amateur applications.

Time and Frequency Calibration

Many hams have digital frequency counters, which range from surplus lab equipment to new highly
integrated instruments with nearly everything on one chip. Almost all of these are very precise and
display nine or more digits. Many are even quite stable. Nonetheless, a 10-MHz oscillator accurate to
1 ppm per month can vary £10 Hz in one month. Thisdrift rate may be acceptable for many applications,
but the question remains. How accurate isit?

This question can be answered by calibrating the oscillator. There are several ways to perform this
calibration. The most accurate method comparesthe unit in question by leaving the oscillator operating,
transporting it to an oscillator of known frequency and then making a comparison. A commonly used
comparison method connects the output of the calibrated oscillator into the horizontal input of a high
frequency oscilloscope, and the oscillator to be measured to the vertical input. It hel ps, but they need not
be on the same frequency. By noting how long it takes the sine wave to travel one division at a given
sweep speed, one can calculate the resulting drift in parts per million per minute (ppm/min).

Another technique of oscillator calibration uses a VLF phase comparator. Thisis a special direct-
conversion receiver that picks up the signal from WWVB on 60 kHz. Phase comparison is used to
compare WWYV B with the divided frequency of the oscillator being tested. Many commercial unitshave
asmall strip chart printer attached and switchesto determinethereceiver frequency. Sincethese 60-kHz
VLF Comparator receivers have been largely replaced by units that use Loran signals or rubidium
standards, they can be found at very reasonable prices. A very effective 60-kHz antenna can be made
by attaching an audio transformer with the low-impedance winding connected to the receiver antenna
terminals by way of a series dc blocking capacitor. The high-impedance winding is then connected
between ground and arandom length of wire. A typical VLF Comparator can track an oscillator well into
afew partsin 1010, Thistechnique directly comparesthe oscillator with an NI ST standard and can even
characterize oscillator drift characteristics in ppm per day or week.

Another fairly direct method compares an oscillator with one of the WWV HF signals. The received
signal isnot immensely accurate, but if the oscillator of amodern HF transceiver is carefully compared,
it will be accurate enough for all but the most demanding work.

The last and |east accurate way to calibrate an oscillator is to compare it with another oscillator or
counter owned by you or another local ham. Unless the calibration of the other oscillator or counter is
known, this comparison could be very misleading. True accuracy is not determined by the label of a
famous company or impressive looks. Metrologists (people who calibrate and measure equipment)
spend more time calibrating oscillators than any other piece of equipment.
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DC Instruments and Circuits

This section discussesthe basics of analog and digital dc meters. It coversthe design of range extend-
ersfor current, voltage and resistance; construction of asimple meter; functions of adigital volt-meter
(DVM) and procedures for accurate measurements.

Basic Meters

In measuring instruments and test equipment suitable for amateur purposes, the ultimate readout is
generally based on ameasurement of direct current. There are two basic styles of meters: analog meters
that use amoving needledisplay, and digital metersthat display the measured valuesindigital form. The
analog meter for measuring dc current and voltage uses a magnet and a coil to move a pointer over a
calibrated scale in proportion to the current flowing through the meter.

The most common dc analog meter is the D’ Arsonval type, consisting of acoil of wireto which the
pointer is attached so that the coil moves (rotates) between the poles of a permanent magnet. When
current flows through the coil, it sets up a magnetic field that interacts with the field of the magnet to
causethecoil toturn. Thedesign of theinstrument normally makesthe pointer movein direct proportion
to the current.

Digital Multimeters

In recent yearsthere has been aflood of inexpensive digital multimeters (DMMs) ranging from those
built into probes to others housed in large enclosures. They are more commonly referred to as digital
voltmeters (DVMs) even though they are multimeters; they usually measure voltage, current and resis-
tance. After some years of refining circuits such as the “successive approximation” and “dual slope”
methods, most meters now use the dual-slope method to convert analog voltages to a digital reading.
DV Ms have basically three main sections as shown in Fig 26.1.

The first section scales the voltage or current to be measured. It has four main circuits:

 achain of multiplier resistors that reduce the input voltage to 0-1 V,

» aconverter that changes 0-1 V ac to dc,

« an amplifier that raises signals in the 0-100 mV range to 0-1 V and

» acurrent driver that provides a constant current to the multiplier chain for resistance measurements.

The second sectionisan integrator. It isusually based on an operational amplifier that is switched by
atiming signal. Thetiming signal initially shortsthe input of the integrator to provide azero reference.
Next areference voltage is connected to charge the capacitor for a determined amount of time. Finally
the last part of the timing cycle allows the capacitor to discharge. The time it takes the capacitor to
discharge is proportional to either the input voltage (Vin, after it was scaled into the range of 0to 1 V)
or 1 minus Vj,, depending on the meter design. This discharge time is measured by the next section of
the DVM, which is actually afrequency counter. Finally, the output of the frequency counter is scaled
to the sel ected range of voltage or current and sent to the final section of the DVM — thedigital display.

Since the timing is quite fast and the capacitor is not used long enough to drift much in value, the
components that most determine accuracy are the reference voltage source and the range multiplier
resistors. With the availability of integrated resistor networks that are deposited or diffused onto the
same substrate, drift is automatically compensated because all branches of a divider drift in the same
direction simultaneously. The voltage sources are generally Zener diodes on substrates with accompa-
nying seriesresistors. Often theresistor and Zener have opposite temperature characteristicsthat cancel
each other. In more complex DVMs, extensive digital circuitry can insert values to compensate for
changes in the circuit and can even be automatically calibrated remotely in a few moments.
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Fig 26.1 — A typical digital voltmeter consists of three parts: the input section for scaling, an inte-
grator to convert voltage to pulse count, and a counter to display the pulse count representing the
measured quantity.

Liquid crystal displays (LCD) are commonly used for commercial DVMs. As a practical matter they
draw little current and are best for portable and battery-operated use. The usual alternative, light emitting
diode (LED) displays, draw much more current but are better in low-light environments. Some older
surplus units use gas plasmadisplays (orange-col ored digits). Y ou may have seen plasmadisplayson gas-
station pumps. They are not as bright as LEDs, but are easier to read. On the down side, plasma displays
require high-voltage power supplies, draw considerable current and often fail after 10 years or so.

The advantages of DVMs are high input resistance (10 MQ on most ranges), accurate and precise
readings, portability, awidevariety of rangesandlow price. Thereisonedisadvantage, however: Digital
displays update rather slowly, often only one to two times per second. This makes it very difficult to
adjust a circuit for a peak (maximum) or null (minimum) response using only a digital display. The
changing digits do not give any clue of the measurement trend and it is easy to tune through the peak or
null between display updates. In answer, many new DV Ms are built with an auxiliary bar-graph display
that is updated constantly, thus providing instantaneous readings of relative value and direction of
changes.

Current Ranges

The sensitivity of an analog meter is usually expressed in terms of the current required for full-scale
deflection of the pointer. Although a very wide variety of ranges is available, the meters of interest in
amateur work give maximum deflection with currents measured in microamperes or milliamperes. They
are called microammeters and milliammeters, respectively.

Thanks to the relationships between current, voltage and resistance expressed by Ohm’s Law, it is
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possibleto useasinglelow-rangeinstrument (for example, 1 mA or lessfor full-scal e pointer deflection)
for avariety of direct-current measurements. Through its ability to measure current, the instrument can
also be used indirectly to measure voltage. In the same way, a measurement of both current and voltage
will obviously yield avalue of resistance. These measurement functions are often combined in asingle
instrument: thevolt-ohm-milliammeter or VOM, amultirange meter that isone of the most useful pieces
of test equipment an amateur can pPoOSSess.

Accuracy

The accuracy of a D’ Arsonval-movement dc meter is specified by the manufacturer. A common
specification is+£2% of full scale, meaning that a0-100 pA meter, for example, will be correct to within
2 WA at any part of the scale. There are very few casesin amateur work where accuracy greater than this
is needed. When the instrument is part of a more complex measuring circuit, however, the design and
components can each cause error that accumulates to reduce the overall accuracy.

Extending Current Range

Because of the way current divides between two resistancesin parallel, it is possible to increase the
range (morespecifically to decreasethe sensitivity) of adc current meter. Themeter itself hasaninherent
resistance (its internal resistance) which determines the full-scale current passing through it when its
rated voltage is applied. (This rated voltage is on the order of a few millivolts.) When an external
resistance is connected in parallel with the meter, the current will divide between the two and the meter
will respond only to that part of the current that flows through its movement. Thus, it reads only part of
thetotal current; the effect makes moretotal current necessary for afull-scale meter reading. The added
resistanceis called a “shunt.”

We must know the meter’ s internal resistance before we can calculate the value for a shunt resistor.
Internal resistance may vary from afraction of an ohm to afew thousand ohms, with greater resistance
values associated with greater sensitivity. When thisresistance is known, it can be used in the formula
below to determine the required shunt for a given multiplication:

— Rm
R_n—l ()

where
R = shunt resistance, ohms
Rm = meter internal resistance, onms
n =thefactor by which the original meter scaleisto be multiplied.

Often the internal resistance of a particular meter is unknown
(when the meter is purchased at a flea market or is taken from a
commercial piece of equipment, for example). Unfortunately, the
internal resistance of ameter cannot be measured directly with an
ohmmeter without risk of damage to the meter movement.

Fig 26.2 shows a method to safely measure the internal resis-
tance of alinearly calibrated meter. It requires a calibrated meter
that can measure the same current as the unknown meter. The
system works as follows: Sl is switched off and R2 is set for
maximum resistance. A supply of constant voltageisconnected to _ _
the supply terminals (abattery will work fine) and R2 is adjusted SF;gf ezsq'ga;u::r'nsetnetséfsae t#]';tilrlgws
so that the unknown meter reads exactly full scale. Notethe cur-  jnternal resistance. See text for
rent shown on M2. Close S1 and alternately adjust R1 and R2so  the procedure and part values.

Supply

26.6 Chapter 26



that the unknown meter (M 1) reads exactly half scale and the known meter (M2) reads the same value
asin the step above. At this point, half of the current in the circuit flows through M1 and half through
R1. To determinetheinternal resistance of the meter, simply open S1 and read the resistance of R1 with
an ohm-meter.

The values of R1 and R2 will depend on the meter sensitivity and the supply voltage. The maximum
resistance value for R1 should be approximately twice the expected internal resistance of the meter. For
highly sensitive meters (10 pA and less), 1 kQ should be adequate. For less-sensitive meters, 100 Q
should suffice. Use no more supply voltage than necessary.

Thevaluefor minimum resistanceat R2 can be cal culated using Ohm’ sLaw. For example, if the meter
reads 0 to 1 mA and the supply is a 1.5-V battery, the minimum resistance required at R2 will be:

_ 15
0.001
R2(min)=1500Q

In practice a 2- or 2.5-kQ potentiometer would be used.

Making Shunts

Homemade shunts can be constructed from several kinds of resistance wire or from ordinary copper
wire if no resistance wire is available. The copper wire table in the Component Data chapter of this
Handbook gives the resistance per 1000 ft for various sizes of copper wire. After computing the resis-
tancerequired, determinethe smallest wiresizethat will carry thefull-scale current, againfromthewire
table. Measure off enough wire to give the required resistance. A high-resistance 1- or 2-W carbon-
composition resistor makes an excellent form on which to wind the wire, as the high resistance does not
affect the value of the shunt. If the shunt gets too hot, go to alarger diameter wire of a greater length.

VOLTMETERS

If alarge resistance is connected in series with a meter that measures current, as shown in Fig 26.3,
the current multiplied by the resistance will be the voltage drop across the resistance. Thisis known as
amultiplier. Aninstrument usedinthisway iscalibratedintermsof thevoltagedrop acrossthe multiplier
resistor and is called a voltmeter.

Sensitivity

Voltmeter sensitivity is usually expressed in ohms per volt (Q/V), meaning that the meter full-scale
reading multiplied by the sensitivity will give the total resistance
of the voltmeter. For example, the resistance of a1l kQ/V voltme-
ter is1000 timesthefull-scalecalibration voltage. Then by Ohm'’s +
Law thecurrent required for full-scale deflectionis| milliampere.
A sensitivity of 20 kQ/V, acommonly used value, meansthat the
instrument is a 50-pA meter.

As voltmeter sensitivity (resistance) increases, so does accu-
racy. Greater meter resistance means that less current is drawn -
from the circuit and thus the circuit under test is less affected by
connection of the meter. Although a1000-Q/V meter can be used
for some applications, most good meters are 20 kQ/V or more. ;?uiféig A I"a()c'itr?’e;egﬁrgz?'
Vacuum-tube voltmeters (VTVMs) and their modern equivalent indicating %npstrumgem i series
FET voltmeters(FETVOMs) areusually 10-100MQ/V andDVMSs  with a high resistance, the
can go even higher. “multiplier.”

MULTIPLIER
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Multipliers

The required multiplier resistance is found by dividing the desired full-scale voltage by the current,
in amperes, required for full-scale deflection of the meter alone. To be mathematically correct, the
internal resistance of the meter should be subtracted from the cal culated value. Thisis seldom necessary
(except perhapsfor very low ranges) because the meter resistanceisusually very low compared with the
multiplier resistance. When the instrument is already a voltmeter with an internal multiplier, however,
the meter resistance is significant. The resistance required to extend the range is then:

R=Rm(n-1) (2)

where
Rm = total resistance of the instrument
n = factor by which the scale is to be multiplied

For example, if a 1-kQ/V voltmeter having a calibrated range of 0 to 10 V is to be extended to
1000 V, Ry is 1000 x 10 = 10 kQ, nis 1000/10 = 100 and R = 10,000 x (100 — 1) = 990 kQ.

When extending the range of avolt- meter or converting alow-range meter into avoltmeter, therated
accuracy of the instrument is retained only when the multiplier resistance is precise. High-precision,
hand-made and aged wire-wound resistors are used as multipliers of high-quality instruments. Theseare
relatively expensive, but the home constructor can do well with 1% tolerance metal-film resistors. They
should be derated when used for this purpose. That is, the actual power dissipated in the resistor should
not be morethan Y/10to /s therated dissi pation. Also, use careto avoid overheating theresistor body when
soldering. These precautions will help prevent permanent change in the resistance of the unit.

Many DV Msuse special resistor groupsthat have been etched on quartz or sapphireand laser trimmed
to value. Theseresistors are very stable and often quite accurate. They can be bought new from various
suppliers. Itisalso possibleto“rescue” thedivider/multiplier resistorsfroman older DVM that nolonger
functions and use them as multipliers. Look for a series of four or five resistors that add up to 10 MQ:
.9,9,90,900,9,000,90,000 and 900,000 Q. Thereisusually another 1-MQ resistor in seriesto isolate the
meter from the circuit under test. A few of these high-accuracy resistors in “odd” values can help
calibrate less-expensive instruments.

DC Voltage Standards

For along time NIST has statistically compared a bank of special Weston Cell or cadmium sulfate
batteries to arrive at the standard volt. By using a special tapped resistor, a 1.08-V battery can be
compared to other voltages and instruments compared. However, these are very high-impedance batter-
iesthat deliver almost no current and arerel atively temperature sensitive. They are made up of asolution
of cadmium and mercury in opposite legs of an “H” shaped glass container. Y ou can read much more
about them in Calibration—Philosophy and Practice, published by the John Fluke Co of Mount Lake
Terrace, Washington.

Hams often use an ordinary flashlight battery asaconvenient voltagereference. A fresh D cell usually
provides 1.56 V under no load, as would be measured by aDV M. The Heath Company, which supplied
thousands of kitsto the ham community for many years, used such batteries asthe calibration references
for many of their kits.

Recently, NIST has been able to use amicrowave to voltage converter called a* Josephson Junction”
to determine the value of the volt. The converter transfers the accuracy of a frequency standard to the
accuracy of the voltage that comes out of it. The converter generates only 5 mV, however, which then
must be scaled to the standard 1-V level. One problem with high-accuracy measurementsis stray noise
(low-level voltages) that creates a floor below which measurements are meaningless. For that reason,
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meters with five or more digits must be very quiet and any comparisons must be made at avoltage high

enough to be above the noise.

DC MEASUREMENT CIRCUITS

Current Measurement with a Voltmeter

A current-measuring instrument should have very low resis-
tance compared with the resistance of the circuit being measured,
otherwise, inserting the instrument will alter the current from its
value when the instrument is removed. The resistance of many
circuits in radio equipment is high and the circuit operation is
affected little, if at all, by adding as much as afew hundred ohms
in series. [Even better, use a resistor that is part of the working
circuit if one exists. Unsolder one end of theresistor, measureits
resistance, reinstall it and then make the measurement.—Ed.] In
such cases the voltmeter method of measuring current in place of
an ammeter, shown in Fig 26.4, isfrequently convenient. A volt-
meter (or low-range milliammeter provided with amultiplier and
operating asavoltmeter) having afull-scalevoltagerangeof afew
voltsisused to measurethe voltage drop across asuitabl e val ue of
resistance acting as a shunt.

Thevalueof shunt resi stance must be cal culated fromtheknown
or estimated maximum current expected in the circuit (allowing a
safe margin) and the voltage required for full-scale movement of
the meter with its multiplier. For example, to measure a current
estimated at 15 A on the 2-V range of a DVM, we need to solve
Ohm’s Law for the value of R:

2V

shunt — ﬁ =0.133Q

This resistor would dissipate 152 x 0.133 = 29.92 W. For a
short-duration measurement, 30 1.0-Q, 1-W resistors could be
parallel connected in two groups of 15 (0.067 Q per group) that
areseriesconnectedtoyield 0.133 Q. For long-duration measure-
ments, 2- to 5-W resistors would be better.

Power

Power in direct-current circuitsis usually determined by measur-
ing the current and voltage. When these are known, the power can be
calculated by multiplying voltage, in volts, by the current, in am-
peres. If the current is measured with amilliammeter, the reading of
the instrument must be divided by 1000 to convert it to amperes.

The setup for measuring power is shown in Fig 26.5A, where
Risany dcload, not necessarily anactual resistor. Inthismeasure-
ment itisalwaysbest to usethelowest voltmeter or ammeter scale
that allows reading the measured quantity. This results in the
percentage error being less than if the meter was reading in the
very lowest part of the selected scale.
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Fig 26.4 — A voltmeter can be
used to measure current as
shown. For reasonable accuracy,
the shunt should be 5% of the
circuit impedance or less, and
the meter resistance should be 20
times the circuit impedance or
more.
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Fig 26.5 — Power or resistance
can be calculated from voltage
and current measurements. At A,
error introduced by the ammeter
is dominant. At B, error intro-
duced by the voltmeter is
dominant. The text gives an
example.
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Resistance

If both voltage and current are measured in a circuit such asthat in Fig 26.5, the value of resistance
R (in case it is unknown) can be calculated from Ohm'’s Law. For reasonable results, two conditions
should be met:

1. Theinternal resistance of the current meter should be less than 5% of the circuit resistance.

2. The input impedance of the voltmeter should be greater than 20 times the circuit resistance.

These conditions are important because both meters tend to load the circuit under test. The current
meter resistance adds to the unknown resistance, while the voltmeter resistance decreases the unknown
resistance as aresult of their parallel connection.

Ohmmeters

Although Fig 26.5B sufficesfor occasional resistance measurements, it isinconvenient when we need
to make frequent measurements over a wide range of resistance.
The device generally used for this purpose is the ohmmeter. Its
simplest form is avoltmeter (or milliammeter, depending on the
circuit used) and asmall battery. Themeter iscalibrated sothat the
value of an unknown resistance can be read directly from the
scale. Fig 26.6 shows sometypical ohmmeter circuits. Inthe sim-
plest circuit, Fig 26.6A, the meter and battery are connected in

I

- A
|
I
Rm |
| R
| (Unknown)
! e
! +| =
I
B

|

series with the unknown resistance. If a given movement of the L] 1

meter’ s needle is obtained with terminals A-B shorted, inserting ®
the resistance to be measured will cause the meter reading to de- .
crease. When theresistance of the voltmeter isknown, thefollow-

ing formula can be applied.

g app R1 @ (Unkiown)
eR e
R=—2""Rn (3 J—3
(8)

where

Zero Adj

s

R = unknown resistance, ohms

e = voltage applied (A-B shorted) l

E = voltmeter reading with R connected I

Rm = resistance of the voltmeter. I
|
|
|

1
d

A
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The circuit of Fig 26.6A is not suited to measuring low values
of resistance (less than 100 Q or so) with a high-resistance volt-
meter. For such measurements the circuit of Fig 26.6B is better.
The unknown resistance is

r
|
I
L

I
I
d

i
R= ﬂ (4) i Rm |
112 (RL’Jnknown)l |
where l l
R = unknown resistance, ohms 5 — |
Rm = the internal resistance of the milliammeter, ohms ©

I1 = current with R disconnected from terminals A-B, amps

2 = current with R connected, amps. Fig 26.6 — Here are several kinds

of ohmmeters. Each is explained
Thisformulais based on the assumption that the current inthe  in the text.
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complete circuit will be essentially constant whether or not the unknown terminals are short circuited.
Thisrequiresthat R1 be much greater than Ry,,. For example, 3000 Q for a 1-mA meter with an internal
resistance of perhaps 50 Q. Inthiscase, a 3-V battery would be necessary in order to obtain afull-scale
deflection with the unknown terminalsopen. R1 can be an adjustableresistor, to permit setting the open-
terminal current to exact full scale.

A third circuit for measuring resistance is shown in Fig 26.6C. In this case a high-resistance voltmeter is
used to measure the voltage drop across areference resistor, R2, when the unknown resistor is connected so
that current flows through it, R2 and the battery in series. With suitable R2s (low values for |ow-resistance,
high valuesfor high-resistance unknowns), thiscircuit gives equally good resultsfor resistance valuesin the
range from one ohm to several megohms. The voltmeter resistance, Ry, must be much greater (50 times or
more) than that of R2. A 20-kQ/V instrument (50-pA movement) is generally used. If the current through
the voltmeter is negligible compared with the current through R2, the formula for the unknown is

_eR2
R= = R2 (5)

where
R and R2 are in ohms
e = voltmeter reading with R removed and A shorted to B.
E = voltmeter reading with R connected.

R1 setsthe voltmeter reading exactly to full scale when the meter is calibrated in ohms. A 10-kQ pot
is suitable with a 20-kQ/V meter. The battery voltage is usually 3V for rangesto 100 kQ and 6 V for
higher ranges.

Four-Wire Resistance Measurements

In situationswhere avery low resistance, likea50-Q dummy load, isto be measured, the resistance of the
test leadscan besignificant. Theaveragelead resistanceisabout 0.9 Q through both leads, which would make
a50.5-Q dummy load appear to be 51.4 Q. To compensate for lead resistance, some meters allow for four-
wire measurements. Briefly, two wiresfrom the current source and two wiresfrom the measuring circuit exit
the meter case separately and connect directly to the unknown resistance (see Fig 26.6D). Thiseliminatesthe
voltagedropinthe current-sourceleadsfrom the measurement. In practice, four-wire systemsuse special test
clipsthat are similar to alligator clips, except that the jaws are insulated from each other and ameter lead is
attached to each jaw. In some meters, an additional control allowsthe operator to short the test |eadstogether
and adjust the meter for a zero reading before making low-resistance measurements.

Bridge Circuits

Bridges are an important class of measurement circuits. They perform measurement by comparison
with some known component or quantity, rather than by direct reading. VOMs, DV Msand other meters
are convenient, but their accuracy islimited. The accuracy of manufactured anal og metersisdetermined
at thefactory, whiledigital metersare accurate only to some percentage+1 in theleast-significant digit.
The accuracy of comparison measurements, however, is determined only by the comparison standard
and bridge sensitivity.

Bridgecircuitsare useful across most of thefrequency spectrum. Most amateur applicationsareat RF,
asshown later inthischapter. The principlesof bridge operation are easier to understand at dc, however,
where bridge operation is simple.

The Wheatstone Bridge
A simple resistance bridge, known as the Wheatstone bridge, is shown in Fig 26.7. All other bridge
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. circuits are based on this design. The four resistors, R1, R2, R3
J\ and R4 in Fig 26.7A, are known as the bridge arms. For the volt-
" Rz meter reading to be zero (null) the voltage dividers consisting of
. g - the pairs R1-R3 and R2-R4 must be equal. This means
T £l R3 R4 E2 Rl R2
el - | R Ra (6)
* When this occurs the bridge is said to be balanced.
The circuit is usually drawn as shown at Fig 26.7B when used
i R R2 for resistance measurement. Equation 6 can be rewritten
oc _ R2
Source RX - RSEEE (7)
T " ™ RX istheunknown resistor. R1 and R2 are usually made equal;
® then the calibrated adjustable resistance (the standard), RS, will
have the same value as RX when RS is set to show a null on the

Fig 26.7 — A Wheatstone bridge voltmeter. . . .

circuit. A bridge circuit is actu- Note that the resistance ratios, rather than the actual resistance
ally a pair of voltage dividers (A). values, determinethe voltage balance. The values do have impor-
B shows how bridges are nor- tant practical effects on the sensitivity and power consumption,

mally drawn. however. Bridge sensitivity isthe ability of the meter to respond

to slight unbalancenear thenull point; asharper null meansamore
accurate setting of RS at balance.
The Wheatstone bridge is rarely used by amateurs for resistance measurement, since it is easier to
measure resistances with VOMs and DVMs. Nonetheless, it is worthwhile to understand its operation
as the basis of more complex bridges.

ELECTRONIC VOLTMETERS

We have seen that the resistance of asimplevoltmeter (asin Fig 26.3) must be extremely highin order
toavoid“loading” errorscaused by the current that necessarily flowsthrough the meter. The use of high-
resistance meters tends to cause difficulty in measuring relatively low voltages because multiplier
resistance progressively lessens as the voltage range is lowered.

Voltmeter resistance can be made independent of voltage range by using vacuum tubes, FETs or op
amps as dc amplifiers between the circuit under test (CUT) and the indicator, which may be a conven-
tional meter movement or a digital display. Because the input resistance of the electronic devices
mentioned is extremely high (hundreds of megohms) they have negligible loading effect on the CUT.
They do, however, require aclosed dc path in their input circuits (although this path can have very high
resistance). They arealso limitedinthevoltagelevel that their input circuits can handle. Because of this,
the device actually measures a small voltage across a portion of a high-resistance voltage divider
connectedtothe CUT. Variousvoltage ranges are obtai ned from appropriate taps on the voltage divider.

In the design of electronic voltmetersit has become standard practice to use a voltage divider with a
total resistance of 10 MQ, tapped as required, in serieswith a1-MQ resistor incorporated in the meter.
Thetotal voltmeter resistance, including probe, istherefore 11 MQ. The 1-MQ resistor servesto isolate
the voltmeter circuit from the CUT.
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AC Instruments and Circuits

M ost ac measurements differ from dc measurementsin that the accuracy of the measurement depends
onthepurity of thesinewave. Itisfairly easy to measurean ac voltageto between 1% and 5%, but getting
down to 0.01% is difficult. Measurements to less than 0.01% must be left to precision laboratories. In
general, amateurs measure ac voltagesin household circuits, audio stages and RF power measurements,
and 1% to 5% accuracy is usually close enough.

This section covers basic measurements, the nature of sine waves and meters. There arefour common
ways to measure ac voltage:

» Use arectifier to change the ac to dc and then measure the dc.

» Heat aresistor in a Wheatstone bridge with the ac and measure the bridge unbalance.

» Heat aresistor surrounded by oil and measure the temperature rise.

» Use electronic circuits (such as multipliers and logarithmic amplifiers) with mathematical ac-to-dc
conversion formulas. This method is not common, but it’s interesting.

Calorimetric Meters

In a calorimetric meter, power is applied to aresistor that isimmersed in the flow path of a special
oil. Thisoil transfersthe heat to another resistor that ispart of abridge. Astheresistor heats, itsresistance
changes and the bridge becomes unbalanced. An attached meter registers the unbalance of the bridge as
ac power. Thistype of meter is accurate for both dc and ac. They frequently operate from dc well into
the GHz range. For calibration, an accurate dc voltage is applied and the reading is noted; asimilar ac
voltageis applied and the readings are compared. Some cal orimetric meters are complicated, but others
are simple.

Thermocouple Meters and RF Ammeters

In athermocouple meter, alternating current flowsthrough alow-resistance heating element. The power
lost intheresistance generates heat that warms athermocoupl e, which consistsof apair of junctionsof two
different metals. When onejunction is heated a small dc voltage is generated in response to the difference
intemperatureof thetwojunctions. Thisvoltageisappliedtoadcmilliammeter that iscalibratedinsuitable
ac units. The heater-thermocouple/dc-meter combination is usually housed in aregular meter case.

Thermocouple metersareavailablein rangesfrom about 100 mA to many amperes. Their useful upper
frequency limitisintheneighborhood of 100 MHz. Amateursusethese metersmostly to measure current
through a known load resistance and calculate the RF power delivered to the load.

RECTIFIER INSTRUMENTS

The response of arectifier RF ammeter is proportional (depending on the design) to either the peak
or average value of the rectified ac wave, but never directly to the RM S value. These meters cannot be
calibrated in RM S without knowing the relationship that exists between the real reading and the RMS
value. This relationship may not be known for the circuit under test.

Average-reading ac meters work best with pure sine waves and RM S meters work best with compli-
cated wave forms. Since many practical measurements involve nonsinusoidal forms, it is necessary to
know what your instrument is actually reading, in order to make measurements intelligently. Most
VOMs and VTV Ms use averaging techniques, while DVMs may use either one. In all cases, check the
meter instruction manual to be sure what it reads.

Peak and Average with Sine-Wave Rectification
Peak, average and RM S values of ac waveforms are discussed in the AC Theory chapter. Because the
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positive and negative half cycles of the sine wave have the same shape, half-wave rectification of either the
positive half or the negative half givesexactly the sameresult. With full-waverectification , the peak reading
isthe same, but the average reading is doubled, because there are twice as many half cycles per unit of time.

Asymmetrical Wave Forms

positive half cycles of thiswave arerectified, the peak and average
values are shown at B. If the polarity is reversed and the negative
half cyclesarerectified, theresultisshownin Fig 26.8C. Full-wave (A)
rectification of such alopsided wave changestheaveragevalue, but
the peak reading is always the same as that of the half cycle that
produces the highest peak in half-wave rectification.

A nonsinusoidal waveform is shown in Fig 26.8A. When the ’i

- Average

Effective-Value Calibration

- Peak
- Average

The actual scale calibration of commercially made rectifier
voltmetersisvery often (almost always, in fact) in termsof RMS
values. For sine waves, this is satisfactory and useful because
RM Sisthe standard measurement at power-line frequencies. Itis
also useful for many RF applications when the waveformis close
tosinusoidal. Inother cases, particularly inthe AF range, theerror
may be considerable when the waveform is not pure.

Peak

- Average

Fig 26.8— Peak vs average ac
values for an asymmetrical wave
form. Note that the peak values
are different with positive or
negative half-cycle rectification.

Turn-Over

From Fig 26.8 it is apparent that the calibration of an average-
reading meter will bethe samewhether the positive or negative sides
arerectified. A half-wave peak-
reading instrument, however,
will indicate different values
when its connections to the cir- N 4 e_{m 4 N .
cuit are reversed (turn-over ef- +
fect). Very often readings are 02 0 S o2 c2 R2S DOV
taken both ways, in which case ~
thesum of thetwoisthe peak-to- -
peak (P'P) Val ue’ au%ful figure Half—Wave Voltage Doubler
in much audio and video work.

(») (©)
R1

NV

—~

Average- vs Peak-Reading c1 R1

Circuits

For traditional analog dis- Input .n’ﬁt D1 R2 e v
plays, the basic difference be-

tween average- and peak-read-
ing rectifier circuitsis that the
output is not filtered for aver-
aged readings, while a filter
capacitorischargedtothepeak
value of the output voltage in
order to measure peaks. Fig
26.9A and B show typical av-
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Full-Wave Bridge Shunt
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Fig 26.9 — Half (A) and full-wave (B) bridge rectifiers for average-
reading, analog-display meters. Peak-reading circuits: a voltage
doubler (C) and a shunt circuit (D). All circuits are discussed in
the text.




erage-reading circuits, one half-wave and the other full-wave. In the absence of dc filtering, the meter
respondsto waveformssuch asthose shown at B, Cand D in Fig 26.8; and sincetheinertiaof the pointer
system makes it unable to follow the rapid variations in current, it averages them out mechanically.

In Fig 26.9A, D1 actuates the meter; D2 provides a low-resistance dc return in the meter circuit on
the negative half cycles. R1 is the voltmeter multiplier resistance. R2 forms a voltage divider with R1
(through D1) that prevents more than afew ac volts from appearing across the rectifier-meter combi-
nation. A corresponding resistor can be used across the full-wave bridge circuit.

Inthesetwo circuitsthereisno provision to isolate the meter from any dc voltage in the circuit under
test. Theresulting errors can be avoided by connecting alarge nonpolarized capacitor in serieswith the
hot lead. The reactance must be low compared with the meter impedance (at the lowest frequency of
interest, moreonthislater) in order for thefull ac voltageto be applied to the meter circuit. Some meters
may require as much as 1 pF at line (60 Hz) frequencies. Such capacitors are usually not included in
VOMs.

Voltage doubler and shunt peak-reading circuits are shown in Fig 26.9C and D. In both circuits, C1
isolates the rectifier from dc voltage in the circuit under test. In the voltage-doubler circuit, the time
constant of the C2-R1-R2 combination must be very large compared with the period of the lowest ac
frequency to be measured; similarly with C1-R1-R2 in the shunt circuit. Thisis so because the capacitor
is charged to the peak value (Vp.pin C, Vpin D) when the ac wave reaches its maximum and then must
hold the charge (so it can register on adc meter) until the next maximum of the same polarity. If thetime
constant is 20 times the ac period, the charge will have decreased by about 5% when the next charge
occurs. Theaverage voltagedrop will be smaller, sotheerror isappreciably less. Theerror will decrease
rapidly withincreasing frequency (if thereisno changeinthecircuit values), but it will increase at lower
frequencies.

InFig 26.9C and D, R1 and R2 form avoltage divider that reduces the voltage to some desired value.
For example, if R1is0 Q in the voltage doubler, the voltage across R2 is approximately Vp.p; if R1 =
R2, the output is approximately Vp (as long as the waveform is symmetrical).

The most common application of the shunt circuit isan RF probe to read Vrus. Inthat case, R2 isthe
input impedanceof aVTVM or DVM: 11 MQ. R1ischosen so that 71% of the peak val ue appears across
R2. This converts the peak reading to RMS for sine-wave ac. R1 is therefore approximately 4.7 MQ,
making the total resistance nearly 16 MQ. A capacitance of 0.05 puF is sufficient for low audio frequen-
cies under these conditions. Much smaller values of capacitance may be used at RF.

Voltmeter | mpedance

The impedance of a voltmeter at the frequency being measured may have an effect on the accuracy
similar to that caused by theresistance of adc voltmeter, asdiscussed earlier. The ac meter isaresistance
in parallel with a capacitance. Since the capacitive reactance decreases with increasing frequency, the
impedance also decreases with frequency. The resistance does change with voltage level, particularly
at very low voltages (10 V or less) depending on the sensitivity of the meter and the kind of rectifier used.

The ac load resistance represented by a diode rectifier is about one-half of its dc-load resistance. In
Fig 26.9A thedc load isessentially the meter resistance, which isgenerally quite low compared with the
multiplier resistance R1. Hence, the total resistance will be about the same as the multiplier resistance.
The capacitance depends on the components and construction, test-lead length and location, and other
such factors. In general, the capacitance has little or no effect at lower line and audio frequencies, but
ordinary VOMs lose accuracy at high audio frequencies and are of little use at RF. Rectifierswith very
low inherent capacitance are used at RF and they are usually located at the probe tip to reduce losses.

Similar limitations apply to peak-reading circuits. In the shunt circuit, theresistive part of the imped-
ance is smaller than in the voltage-doubler circuit because the dc load resistance, R1/R2, is directly
acrossthecircuit under test andin parallel with thediode acload resistance. I n both peak-reading circuits
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Sources for RF Ammeters

When it comes to getting your own RF ammeter, there’s good news and bad news. First, the bad
news. New RF ammeters are expensive: about $70 to $200 (in 1994). AM radio stations are the main
users of these today. The FCC defines the output power of AM stations based on the RF current in
the antenna, so new RF ammeters are made mainly for that market. They are quite accurate, and
their prices reflect that.

The good news is that used RF ammeters are often available. For example, Fair Radio Sales (see
the Address List in the References chapter) has been a consistent RF-ammeter source. Ham flea
markets are also worth trying. Some grubbing around in your nearest surplus store or some older
ham’s junk box may provide just the RF ammeter you need.

RF Ammeter Substitutes

Don’t despair if you can’t find a used RF ammeter. It’s possible to construct your own. Both hot-wire
and thermocouple units can be homemade.

Pilot lamps in series with antenna wires, or coupled to them in various ways, can indicate antenna
current” or even forward and reflected power.®

Another approach is to use a small low-voltage lamp as the heat/light element and use a photo
detector driving a meter as an indicator. (Your eyes and judgment can serve as the indicating part of
the instrument.) A feed-line balance checker could be as simple as a couple of lamps with the right
current rating and the lowest voltage rating available. You should be able to tell fairly well by eye
which bulb is brighter or if they are about equal. You can calibrate a lamp-based RF ammeter with
60-Hz or dc power.

As another alternative, you can build an RF ammeter that uses a dc meter to indicate rectified RF
from a current transformer that you clamp over a transmission line wire. Tt

Copper-Top Battery Testers as RF Ammeters

Finally, there are the free RF ammeters that come as the testers with Duracell batteries! For 1.5-V
cells, these are actually 3 to 5-Q resistors with built-in liquid-crystal displays. The resistor heats the
liquid-crystal strip; the length of the “lighted” portion (heat turns the strip clear, exposing the fluores-
cent ink beneath) indicates the magnitude of the current.

Despite their “+” and “—" markings, these indicators are not polarized. Their resistance is low
enough to have relatively little effect on a 50-Q system. (For example, putting one in series with a
50-Q dummy load would increase the system SWR from 1 to 1.1:1. These testers can measure about
200 to 400 mA. (You can achieve higher ranges by means of a shunt.) Best of all, if you burn out one
of these “meters” during your tests, you can replace it at any drugstore, hardware store or supermar-
ket for a few dollars, with some batteries thrown in free. —John Stanley, KAERO

* F. Sutter, “What, No Meters?” QST, Oct 1938, p 49.
T C. Wright, “The Twin-Lamp,” QST, Oct 1947, pp 22-23, 110 and 112.
Tt Z. Lau, “A Relative RF Ammeter for Open-Wire Lines,” QST, Oct 1988, pp 15-17.
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the effective capacitance may range from 1 or 2 to afew hundred
pF, with 100 pF typical in most instruments.

Forward mA T

Scale Linearity

Fig26.10showsatypical current/voltagechart for asmall semi-
conductor diode, which shows that the forward dynamic resis- < Reverse Volts
tance of the diode is not constant, but rapidly decreases as the _ | Forvard Voits —»
forward voltageincreasesfrom zero. The changefrom hightolow
resistance happens at much less than 1 V, but is in the range of
voltage needed for adc meter. With an average-reading circuit the
current tends to be proportional to the square of the applied volt-
age. Thismakesthereadingsat thelow end of the meter scalevery
crowded. For most measurement purposes, however, itisfarmore  rg 26 10 — voltage vs current
desirable for the output to be linear (that is, for thereadingto be  characteristics for a typical
directly proportional to the applied voltage), whichnmeansthatthe ~ semiconductor diode. Actual
markings on the meter are more evenly spaced. values vary with different part

. . . . . numbers, but the forward current

Toobtainthat kind of linearity itisnecessary to usearelatively i always be increasing steeply
large load resistance for the diode: Large enough that thisresis-  with 1 V applied. Note that the
tance, rather than the diode resistance, will determine how much  forward current scale (mA) is
current flows. With this technique you can have a linear reading rlg\?gr;'énlizzggeegLtj?fe”nth(zg(_”
meter, but at the expense of sensitivity. The resistance needed  greakdown voltage varies from
depends on thetype of diode; 5 kQ to 50 kQ isusually enoughfor 15 V to several hundred volts.
agermanium rectifier, depending on the dc meter sensitivity, but
several times as much may be needed for silicon diodes. Higher resistances require greater meter
sensitivity; that is, the basic meter must be a microammeter rather than a low-range milliammeter.

Breakdown

i Reverse uA

Reverse Current

When semiconductor diodes are reverse biased, a small leakage current flows. This reverse current
flows during the half cycle when the diode should appear open, and the current causes an error in the dc
meter reading. The quantity of reverse current isindicated by a diode’ s back resistance specification.
Thisback resistance is so high that reverse current is negligible with silicon diodes, but back resistance
may be less than 100 kQ for germanium diodes.

The practical effect of semiconductor back resistance isto limit the amount of resistance that can be
used inthedc load. Thisin turn affects the linearity of the meter scale. For practical purposes, the back
resistance of vacuum-tube diodes isinfinite.

RF Voltage

Special precautions must be taken to minimize the capacitive component of the voltmeter impedance
at RF. If possible, therectifier circuit should beinstalled permanently at the point where the RF voltage
is to be measured, using the shortest possible RF connections. The dc meter can be remotely |ocated,
however.

For general RF measurements an RF probeisused in conjunction witha10 MQ electronic voltmeter.
Thecircuit of Fig 26.11, whichisbasically the shunt peak-reading circuit of Fig 26.9D, isgenerally used.
The series resistor, which is installed in the probe close to the rectifier, prevents RF from being fed
through the probe cable to the electronic voltmeter. (In addition, the capacitance of the coaxial cable
servesasabypassfor any RF onthelead.) Thisresistor, in conjunctionwiththe 10-M Q divider resistance
of the electronic voltmeter, reduces the peak rectified voltage to adc value equivalent to the RM S of the
RF signal. Therefore, the RF readings are consistent with the regular dc calibration.
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C1
0.01 uF 4.7 MQ

(B)

Fig 26.11 — At A is the sche-
matic, at B a photo, of an RF
probe for electronic voltmeters.
The case of this probeis a
seven-pin ceramic tube socket
and a 21/4-inch tube shield. A
grommet protects the cable
where it leaves the tube shield,
and an alligator clip on the
cable braid connects the probe
to the ground of the circuit
under test.

Of the diodes readily available to amateurs, the germanium
point-contact or Schottky diode is preferred for RF-probe appli-
cations. It haslow capacitance (on the order of 1 pF) and in high-
back-resistance Schottky diodes, the reverse current is not seri-
ous. Theprincipal limitationisthat itssafereversevoltageisonly
about 50 to 75 V, which limits the applied voltage to 15 or 20 V
RMS. Diodes can be series connected to raise the overall rating.
At RF, however, it is more common to use capacitors or resistors
asvoltage dividers and apply the divider output to asingle diode.

RF Power

RF power can be measured by meansof an accurately calibrated
RF voltmeter connected across adummy load in which the power
isdissipated. If theload isaknown pureresistance, the power, by
Ohm’s Law, is equal to E4/R, where E is the RMS voltage.

The Hewlett-Packard 410B/C VTVM

The Hewlett-Packard 410B and 410C VTV Ms have been stan-
dards of bench measurement for industry, and they are now avail-
ableasindustrial surplus. Theseunitsarenot only excellentVTVMs,
but they are also good wide-range RF power meters. Both models
use a vacuum-tube detector mounted in a low-loss probe for ac
measurements. With an adapter that allowsthe probeto contact the
center conductor of atransmission line, it will give very good RF
voltage measurements from 50 mV to 300 V and from 20 Hz to
beyond 500 MHz. Very few other measuring instruments provide
thisrangeinasinglesensor/meter. In additionto the410B or C, you
will also need a probe adapter HP model #11042A.

Do not take the probe apart for inspection because that can change the calibration. Y ou can quickly
check theprobeby feelingit after it hasbeen warmed up for about 15 minutes. If thebody of it feelswarm
it is probably working. Inside, the 410B is quite different from the C model, with the B being simpler.
The meter scales are also different; the 410C offers better resolution and perhaps better accuracy.

To make RF power measurements, remove the ac probe tip and twist lock the probe into the 11042A
probe adapter. Attach the output of the adapter to a dummy load and use the formula

2

P - E_
R
where

P = power, in watts

(8)

E = value given by the meter, in volts
R = resistance of the dummy load, in ohms.

Theresistance of the dummy load should be accurately knownto at least +0.1 Q, preferably measured
with a four-wire arrangement as described in the section on ohmmeters. For frequent measurements,
make a chart of voltage vs power at your most often used wattages.
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THE MICROWATTER

Thissimple, easy to build terminating microwattmeter by Denton Bramwell, K7OWJappeared in June
1997 QST.! It can measure power levels from below -50 dBm (10 nW) to -20 dBm (10 mW) with an
accuracy of within 1 dB at frequencies from below the broadcast band up to 2 meters. Beyond that, it’s
still capable of making relative power measurements. The range of the meter can be extended by using
an attenuator or by adding a broadband RF amplifier.

There are many uses for this meter. Combined with a signal generator, you can use it to characterize
crystal and LC filters, for direct, on-air checks of field strength and measuring antenna patterns. If you
are fortunate enough to have a 50-Q oscilloscope probe (or a high-impedance probe), you can also use
the Microwatter as an RF voltmeter for circuit testing.

Design

Thecircuit conceptisquitesimple(seeFig26.12). Two nearly identical diodes(D1 and D2) arebiased
on by a small dc current. RF energy is coupled to one of the diodes, which then acts as a square-law
detector. The difference between the voltages present on the two diodes is amplified by a differential
amplifier (U1) and applied to an analog voltmeter equipped with hand-calibrated ranges. Getting ad-
equate stability requires careful selection of parts.

D1 and D2 must have alow junction capacitance and a fast response in order to provide the desired
bandwidth. Their temperature coefficients must also be extremely well matched. The solutionisto use
avery old part: the CA3039 diode array.? The diodes in this device are very fast silicon types, with
exceptional thermal matching.® Any two diodes of the array—except the one tied to the substrate—can
be used for D1 and D2. Unused I C pins can be cut off or bent out of the way. Similarly rated arrays of
hot-carrier diodes may provide a better frequency response.

The Burr-Brown INA2128 provides two differential amplifiers with exceptional specifications: low
thermal drift, superb common-mode rejection and low noise. In this circuit, one half of the INA2128
provides dc amplification of the detected voltage; the other half serves as a low-impedance offset-
voltage source used for error nulling.

The RF-input terminating resistor is composed of two 100-Q resistors (R3 and R4), providing a
cleaner 50-Q termination than asingleresistor does. If you have them, use chip resistors. If not, clip the
leads off two standard 100-Q resistors and carefully scrape away any paint at the ends. After installing
the resistors, verify the input resistance with an ohmmeter.

A stable power source is required. Operating the circuit from an unregulated battery supply allows
slight relative changesinthelocal ground astheterminal voltagedrops, creating driftinthereading. The
Zener diodes (D3 and D4) following regulator U2 provide a simple, dynamic means of splitting the
12-V supply into the three voltages required to power the circuit.

C1 and C11 should be as close as physically possibleto U1 pins 1 and 2. In combination with R1 and
R5, these capacitors provide good immunity to unwanted RF. R14, the oFFSET NULL potentiometer,
allows nulling the dc amplifier offset and any offset from slight mismatchesin the CA3039 diodes. Use
a multiturn potentiometer for R14—10 turns or more. Whether you use a panel-mount pot, or a PC-
board-mounted trimmer as | did, R14 must be accessible. On the most-sensitive range, the instrument
must be zeroed before each use.

The forward voltage drop difference between any two diodes in the CA3039 is specified as “typically
lessthan 0.5 mV.” If your deviceistypical, the nominal values of 5.1 kQ for R10 and 3.9 kQ for R9 will
dojust fine. The manufacturer does not reject parts until the forward voltage drop differenceis 5 mvV—so
the 0.5 mV figureisn’t totally dependable. Y ou can always rotate the diode array so that pins 1, 2, 3 and
4 occupy the spots designated for pins 5, 6, 7 and 8. That gives you a second set of diodes from which to
choose. Thesimplest general solution for ahomebrew project isto use nonidentical valuesfor R9 and R10.
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GND Cathode D6
O P cio l Substrate and 5 ®Anode D2
o— 0‘33’|\ Case
Cathode D5 4 #Anode D3
—i BT1 +5.1V Anode D5 Cathode D3
— 14 to 20V Anode D4 Cathode D4

Do NOT Connect Battery
Negative to Microwattmeter
Ground

Except as indicated, decimal
values of capacitance are

in microfarads ( uF); others
are in picofarads (pF);

resistances are in ohms;
1 3.9V k=1,000.
c8
10 uF IC Pins not shown
+ BV T are unused

n.c.=not connected
T=Tantalum
*=See Text

Fig 26.12—Schematic of the Microwatter circuit. Equivalent parts can be substituted. Unless other-
wise specified, resistors are 1/4-W, 5%-tolerance carbon-composition or film units.

D1, D2—Part of CA3039 or NTE907 diode array; S1—2-pole, 4-position rotary switch.
see text and Notes 1 and 2. The NTE907 is Ul—Burr Brown amplifier INA2128P; Digi-Key
available from Mouser Electronics (see Refer- INA2128P; available from Digi-Key Corp (see
ences chapter Address List for contact References chapter Address List for contact
information). information).

M1—1-mA meter movement, 50 Q internal resis- U2—78L12, positive 12-V, 100-mA voltage regula-
tance; see text. tor; Digi-Key LM78L12ACZ.

R14—500 Q, 10-turn (or more) potentiometer;
see text.
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If your diode array isn’t typical, your Microwatter won't zero properly. The solution is simple.
Remove R14 from the circuit. Temporarily connect one end of a 10-kQ potentiometer to the +8.1 V
supply and attach the other end to the —3.9 V supply. Connect the pot arm to the PC-board point of R14’s
arm. With this arrangement, you'll be able to zero your Microwatter, although the setting will be
sensitive and might not produce an exact zero. Once you have the zero point, turn off the Microwatter
and remove the 10-kQ pot carefully without disturbing its setting. M easure the resistance between the
pot arm and end that was connected to the +8.1 V point—this is the value of R10. R9's value is that
measured between the pot arm and the end previously connected tothe—3.9V point. The combined value
of these two resistors and that of R14 provides a total resistance of about 10.5 kQ, and the resistance
ratios will allow easy meter zeroing.

The Meter Movement

The specified meter movement has a 50-Q internal resistance. Hence, on the most sensitive scale, a
50 mV output from U1 provides full-scale deflection. The middle and upper scales require 440 mV and
3.95V, respectively, for full-scaledeflection. Here’ show you can use ameter that hasadifferent internal
resistance or current sensitivity.

Take, for example, a25-pA meter movement with an internal resistance of 1910 Q. A signal level of
47.8 mV (25 A x 1910 Q) provides full-scale deflection, so this meter can be substituted directly for
the 1-mA, 50-Q meter on the most sensitive scale. On the middle and top scales, the values of R12 and
R11 should be 15.69 kQ and 156.1 kQ, or values close to those.

If the most sensitive meter you can find requires 80 to 100 mV to driveit to full scale deflection, don’t
worry. The Microwatter’ smost-sensitive scalewill be compressed, but quite usable. The middleand top
scaleswill still run full scale, probably not even requiring achangein thevaluesof R11 and R12, if you
use a 1-mA movement.

Construction and Calibration

For the prototype, components are mounted on double-sided PC board (see Note 1) with one side
acting as a ground-plane. The cabinet isa’5 x 7 x 3-inch aluminum box, primed and painted gray (see
Fig 26.13). Power is supplied by a set of NiCd batteries glued to the inside rear of the cabinet. The PC
boardissmall enough to be mounted on the back of theinput BNC connector without other support. Once
you have completed PC-board assembly, remove the solder flux from the board.

To calibrate the Microwatter, you'll need a 50-Q RF source with a known output level. A suitable
signal source can be made from acrystal oscillator and an attenuator, using at least 6 dB of attenuation
between the oscillator and the Microwatter at all times. The output of such a system can be calibrated
with an oscilloscope, or with a simple RF meter. Any frequency in the mid-HF range is suitable for
calibration—K70WJ used 10 MHz.

Removethe meter-face cover and prepare the face for new mark-
ings. You can paint it white and use India ink to make the meter
scale arcs and incremental marks. Before calibrating the
Microwatter, let it stabilize at room temperature for an hour, and
turnit on at least 15 minutesbefore use. (At theselow power levels,
eventheheat generated by thesmall dc biasonthediodesneedstime
to stabilize.) Set the Microwatter to its most sensitive scale. Use
R14 to set the meter needle to your chosen meter zero point and
mark that point with a pencil. Then apply a —-40 dBm signal and
mark the top end of the scale. Decrease the input signal level in
1-dB steps, marking each step. Recheck your meter zeroing, switch  Fig 26.13—Photo of the
the Microwatter to the middle scale, apply a —30 dBm signal and  Microwatter.
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mark thispoint. Again, decreasedrivein 1-dB steps, marking each. Repeat with the | east-sensitive scale,
starting with —20 dBm. Once this is done, replace the meter-face cover and your Microwatter is ready
to use.

DIRECTIONAL WATTMETERS

Directional wattmetersof varying quality are commonly used by the amateur community. Thehigh quality
standard is made by the Bird Electronic Corporation, who call their proprietary line THRULINE. The units
are based on a sampling system built into a short piece of 50-Q transmission line with plug-in elements for
various power and frequency ranges.

AC BRIDGES

Inits simplest form, the ac bridge is exactly the same as the Wheatstone bridge discussed earlier in
the dc measurement section of this chapter. However, complex impedances can be substituted for
resistances, as suggested by Fig 26.14A. The same bridge equation holdsif Z (complex impedance) is
substituted for R in each arm. For the equation to be true, however, both phase angles and magnitudes
of the impedances must balance; otherwise, atrue null voltage isimpossible to obtain. This means that
a bridge with all “pure” arms (pure resistance or reactance) cannot measure complex impedances; a
combination of R and X must be present in at |east one arm aside from the unknown.

The actual circuits of ac bridges take many forms, depending on the intended measurement and the
frequency range to be covered. As the frequency increases, stray effects (unwanted capacitances and
inductances) become more pronounced. At RF, it takes special
attention to minimize them.

Most amateur built bridges are used for RF measurements, es-
pecially SWR measurementson transmission lines. Thecircuitsat
Fig 26.14B and C are favorites for this purpose. Source

Fig 26.14B isuseful for measuring both transmission lines and
lumped constant components. Combinations of resistance and
capacitance are often used in one or more arms; this may be re-
quired for eliminating the effects of stray capacitance. The bridge
shown in Fig 26.14C is used only on transmission lines and only

5

R1

50—

®)

on those lines having the characteristic impedance for which the Source
bridge is designed. T c2 R2
SWR Measurement
N P

Thetheory behind SWR measurement iscoveredinthe Trans- 1 W
mission Lineschapter and morefully in The ARRL Antenna Book. -~ © s -~
Projectsto measure SWR appear inthe Station Setup and Acces- i out
sory Projects chapter of this Handbook. T TCZ Ri T ©
Notes ' -

1A PC board and some componentsfor thisprojectisavailablefrom  Fig 26.14—A shows a bridge
FAR Circuits. A PC-board template package is not available. circuit generalized for ac or dc

2 i ; ; use. B is a form of ac bridge for
The NTE9Q7 replacement isavailable from Mouser Electronics. RE > :

3 . . applications. Cis an SWR
The absolute value of the difference in forward drop between  pridge for use in transmission

any two diodesis 1 mV/°C. lines.
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Frequency Measurement

The FCC Rulesfor Amateur Radio require that transmitted signal s stay inside the frequency limits of
bands consistent with the operator’ slicense privileges. The exact frequency need not be known, aslong
asit iswithin the limits. On these limits there are no tolerances: Individual amateurs must be sure that
their signal stays safely inside. The current limitsfor each license class can be found in the Refer ences
chapter and in the current edition of The FCC Rule Book, published by the ARRL.

Staying within these limits is not difficult; many modern transceivers do so automatically, within
limits. If your radio uses a PLL synthesized frequency source, just tunein WWYV or another frequency
standard occasionally.

Checks on older equipment require some simple equipment and careful adjusting. The equipment
commonly used is the frequency marker generator and the method involves use of the station receiver,
as shown in Fig 26.15.

FREQUENCY MARKER GENERATORS
A marker generator, in its simplest form, is a high-stability

oscillator that generates a series of harmonic signals. When an Standurs

appropriate fundamental is chosen, harmonicsfall near the edges Recever |~

of the amateur frequency allocations. e e T
Most US amateur band and subband limits are exact multiples Marker

Signals

of 25 kHz. A 25-kHz fundamental frequency will therefore pro-

duce the right marker signalsif its harmonics are strong enough.

But since harmonics appear at 25-kHz intervals throughout the ~ Fig 26.15 — A setup for checking
. . . g . transmitter frequency. Use care

spectrum, there is still a problem of identifying particular mark- | "orsure that the transmitter

ers. Thisiseasily solved if thereceiver hasreasonably good cali-  does not overload the receiver.

bration. If not, most marker circuits provide a choice of funda-  False signals would result; see

mental outputs, say 100 and 50 kHz as well as 25 kHz. Thenthe &t

receiver can be first set to a 100-kHz interval. From there, the

desired 25-kHz (or 50-kHz) points can be counted. Greater frequency intervals are rarely required.

Instead, tunein asignal from astation of known frequency and count off the 100-kHz pointsfrom there.

Transmitter Checking

To check transmitter frequency, tunein thetransmitter signal on acalibrated receiver and notethedial
setting at which it isheard. To start, reduce the transmitter to itslowest possible level to avoid receiver
overload. Also, placeadirect short acrossthereceiver antennaterminals, reducethe RF gain to minimum
and switch in any available receiver attenuators to help prevent receiver IMD, overload and possible
false readings.

Place the transmitter on standby (not transmitting) and use the marker generator as a signal source.
Tunein and identify the nearest marker frequencies above and below the transmitter signal. The trans-
mitter frequency is between these two known frequencies. If the marker frequencies are accurate, this
isall you need to know, except that the transmitter frequency must not be so close to aband (or subband)
edge that sidebands extend past the edge.

If the transmitter signal isinside a marker at the edge of an assignment, to the extent that thereis an
audible beat notewith thereceiver BFO turned off, normal CW sidebands are safely inside the edge. (So
long asthere are no abnormal sidebands such asthose caused by clicksand chirps.) For’ phonethe safety
allowance is usually taken to be about 3 kHz, the usual width of one sideband. A frequency difference
of this much can be estimated by noting the receiver dial settings for the two 25-kHz markers that are
either side of the signal and dividing 25 by the number of dial divisions between them. Thiswill give
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the number of kilohertz per dial division. It is a prudent practice to allow an extra kHz margin when
setting the transmitter close to a band or subband edge (5-kHz is a safe HF margin for most modes on
modern transmitters).

Transceivers

The method described above is good when the receiver and transmitter are separate pieces of equip-
ment. When a transceiver is used and the transmitting frequency is automatically the same as that to
which the receiver istuned, setting the tuning dial to a spot between two known marker frequenciesis
all that isrequired. The receiver incremental tuning control (RIT) must be turned off.

The proper dial settingsfor the markersarethose at which, with the BFO on, thesignal istuned to zero
beat (the spot where the beat note disappears as tuning makesits pitch progressively lower). Exact zero
beat can be determined by avery slow rise and fall of background noise, caused by a beat of acycle or
less per second. In receivers with high selectivity it may not be possible to detect an exact zero beat,
because low audio frequencies from beat notes may be prevented from reaching the speaker or head-
phones.

Most commercial equipment has some way to match either the equipment’s internal oscillator or
marker generator with the signal received from WWYV on one of its short-wave frequencies. It isagood
ideato do this check on a new piece of gear. A recheck about a month later will show if anything has
changed. Normal commercial equipment drifts less than 1 kHz after warm up.

Also check thedial linearity of equipment that hasan analog dial or subdial. Often analog dials do not
track frequency accurately across an entire band. Such radios usually provide for pointer adjustment so
that dial error can be minimized at the most often used part of a band.

Frequency-Marker Circuits

The frequency in most amateur frequency markers is determined by a 100-kHz or 1-MHz crystal.
Although the marker generator should produce harmonics every 25-kHz and 50-kHz, crystals (or other
high-stability resonators) for frequencies|ower than 100 kHz are expensive and rare. Thereisreally no
need for them, however, sinceit iseasy to divide the basic frequency down to the desired frequency; 50-
and 25-kHz stepsrequire only two successive divisions by two (from 100 kHz). In the division process,
the harmonics of the generator are strengthened so they are useful up to the VHF range. Even so, as
frequency increases the harmonics weaken.

Current marker generatorsarebased onreadily availablecrystals. A 1 MHz basic oscillator would first
be divided by 10 to produce 100 kHz and then followed by two successive divide-by-two stages to
produce 50 kHz and 25 kHz.
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A MARKER GENERATOR WITH SELECTABLE OUTPUT

Fig 26.16 showsamarker generator with sel ectable output for 100, 50 or 25-kHz intervals. It provides
marker signals well up into the 2-m band. The project was first built by Bruce Hale, KB1IMW, in the
ARRL Lab. A more detailed presentation ap-
peared in the Station Accessories chapter of
Handbooks from 1987 through 1994. An etching
pattern and parts-placement diagram are avail-
ablefor thisproject. See Chapter 30, Refer ences,
for the Marker Generator templ ate.

A 1, 2 or 4-MHz computer-surplus crystal is
suitablefor Y 1. Several prototypeswerebuilt with
such crystalsand all could be tuned within 50 Hz

to Point "D" in
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others are in picofarads (pF);
resistances are in ohms; k=1,000, M=1,000,000. O\ 50 kHz
S1A ? 25 kHz

Fig 26.16 — Schematic diagram of the marker generator.

U3 — 7490 or 74LS90 decade counter.
U5 — 78L05, 7805 or LM340-T5 5-V voltage

C1l — 5-60 pF miniature trimmer capacitor.
C2 — 20-pF disc ceramic.

Ul — 7400 or 74LS00 quad NAND gate. regulator.
U2, U4 — 7474 or 74LS74 dual D flip-flop. Y1 —1, 2 or 4-MHz crystal in HC-25, HC-33 or
HC-6 holder.
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at 100 kHz. The marker division ratio must be chosen once the

crystal frequency is selected. This is accomplished by means of 1!\-/|Zt;|l<eer22§nerator Jumper
several jumpers that disable part or all of U2A, thedual flip-flop 57 " == P
IC. When Y1 isal-MHz crystal, U2 may be omitted entirely.
Table26.2 givesthejumper placement for each crystal frequency. ~ Crystal Jumper
The prototypes were built with TTL logic ICs. Unused TTL Frequency  Placement

. . 1 MHz A to F (U2 not used)
gateinputs should alwaysbe connected either togroundortoVec 5 1y, AtoB
through apull-upresistor. If low-power Schottky (they have“L S’ CtoF
as part of their numerical designator) parts are available for U1 D to +5V, via 1-kW
through U4, use them. They draw much less current than plain =, 1y, Artf)sl';tor
TTL, and will greatly extend battery life. CtoD

EtoF

DIP METERS

This device is often called a transistor dip meter or a grid-dip

oscillator (from vacuum-tube days). Most dip meters can also
serve as absorption frequency meters (in thismode measurements Current ———>
areread at the current peak, rather than the dip). Further, somedip
meters have a connection for headphones. The operator can usu- §RL
ally hear signalsthat do not register on the meter. Because thedip
meter isan oscillator, it can be used asasignal generator in certain r77
cases where high accuracy or stability are not required. ‘ ) ‘
. . . . . . Maximum Inductive Coupling

A dip meter may be coupled to a circuit either inductively or (A)
capacitively. Inductive coupling results from the magnetic field
generated by current flow. Therefore, inductive coupling should
be used when a conductor with relatively high current is conve- /—r’—;_U
nient. Maximum inductive coupling results when the axis of the ,
pick-up coil is placed perpendicular to anearby current path (see Ré
Fig 26.17).

Capacitive coupling is required when current paths are mag- ”,7—$ %
netically confined or shielded. (Toroidal inductors and coaxial .
cables are common exampl es of magnetic self shielding.) Capaci- Maximum Capacitive Coupling
tive coupling depends on the electric field produced by voltage. ®

Use capacitive coupling when apoint of relatively highvoltageis
convenient. (An example might be the output of a 12-V powered  Fig 26.17 — Dip meter coupling.
RF amplifier. Do not attempt dip-meter measurements on true () uses inductive coupling and

. . L (B) uses capacitive coupling.
high-voltage equipment such as vacuum-tube amplifiers or
switching power supplies while they are energized.) Capacitive
coupling is maximum when the end of the pick-up coil is near a point of high voltage (see Fig 26.17).
Ineither case, thecircuit under test isaffected by the presence of the dip meter. Alwaysuse the minimum
coupling that yields a noticeable indication.

Use the following procedure to make reliable measurements. First, bring the dip meter gradually
closer to the circuit while slowly varying the dip-meter frequency. When a current dip occurs, hold the
meter steady and tune for minimum current. Oncethedipisfound, movethe meter away fromthecircuit
and confirm that the dip comes from the circuit under test (the current reading should increase with
distance from the circuit until the dip isgone). Finally, move the meter back toward the circuit until the
dip is just noticed. Retune the meter for minimum current and read the dip-meter frequency with a
calibrated receiver or frequency meter.

Thecurrent dip of agood measurement issmooth and symmetrical. Anasymmetrical dipindicatesthat
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the dip-meter oscillator frequency is being significantly influenced by the test circuit. Such conditions
do not yield usable readings.

A measurement of effective unloaded inductor Q can be made with a dip meter and an RF voltmeter
(or adc voltmeter with an RF probe). Make a parallel resonant circuit using the inductor and a capaci-
tance equal to that of the application circuit. Connect the RF voltmeter acrossthis parallel combination
and measure the resonant frequency. Adjust the dip-meter/circuit coupling for a convenient reading on
the voltmeter, then maintain this dip-meter/circuit relationship for the remainder of the test. Vary the
dip meter frequency until the voltmeter reading drops to 0.707 times that at resonance. Note the fre-
guency of the dip meter and repeat the process, this time varying the frequency on the opposite side of
resonance. The difference between the two dip meter readingsisthe test-circuit bandwidth. This can be
used to calculate the circuit Q:

fO

“BW 9

where
fo = operating frequency,
BW = measured bandwidth in the same units as the operating frequency.

When purchasing a dip meter, look for one that is mechanically and electrically stable. The coils

should be in good condition. A headphone connection is helpful. Battery-operated models are conve-
nient for antenna measurements.
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A DIP METER WITH DIGITAL DISPLAY

An up-to-date dip meter was described by Larry Cicchinelli in the October 1993 issue of QEX. It
consists of adip meter with athree-digit frequency display. The analog portion of the circuit consists
of an FET oscillator, voltage-doubler detector, dc-offset circuit and amplifier. Thedigital portion of the
circuit consists of a high-impedance buffer, prescaler, counter, display driver, LED display and control
circuit.

Circuit Description

The dip meter shown in Fig 26.18 has four distinct functional blocks. The RF oscillator is a standard
Colpittsusing acommon junction FET, Q1, asthe active element. Itsrangeisabout 1.7 to 45 MHz. The
200-pF tuning capacitor givesa2:1 tuning range. A 2:1 frequency range requires a capacitor witha4:1
range. The sum of the minimum capacitance of the variable, the capacitors across the inductor and the
strays must therefore be in the order of 70 pF. The values of L1 were determined experimentally by
winding the coils and observing the lower and upper frequency values. [T able 26.3 showswinding data
calculated from the author’ s schematic. —Ed.] The coil sizes were experimentally determined, and the
coils are constructed on 11/4-inch-diameter plug-in coil forms with #20 enameled wire. They are close
wound. The number of turns shown are only a starting point; you may need to change them dlightly in
order to cover the desired frequency range.

Thetapped capacitorsare mounted insidethe coil formsso that their values could be different for each
band if required. The frequency spread of the lowest band isless than 2:1 because the tapped capacitor
values arelarger than those for the other bands. The frequency spread of the highest band isgreater than
2:1 because its capacitors are smaller.

Theanalog display circuit begins with avoltage-doubler detector in order to get higher sensitivity. It
drives adc-offset circuit, U1A. Rl inserts avariable offset that is subtracted from the detector voltage.
Thisallowsthevariablegain stage, U1B, to bemoresensitiveto variationsin the detector output voltage.
Q9 follows U1C to get an output gating voltage closer to ground. The resistor in series with the meter
is chosen to limit the meter current to a safe value. For example, if a 1-mA meter is used, the resistor
should be 8.2 kQ.

The prescaler begins with a high-impedance buffer and amplifier, Q2 and Q3. If you are going to use
the meter for the entire frequency range described, take care in the layout of both the oscillator and
buffer/ amplifier circuits. Thedigital portion of the prescaler isadivide-by-100 circuit consisting of two
divide-by-10 devices, U2 and U3. The devices used were selected because they were available. Any
similar devices may be used aslong asthe reset circuit is compatible. Q5 isalevel translator that shifts
the 5-V signal to 9 V.

Thefirst part of the digital display block isthe oscillator circuit of U1C, which creates the gate time

Fig 26.18 — A schematic diagram of the dip
meter. All diodes are 1N914 or similar. All
resistors are 1/, W, 5%.

Q1, Q2 — MPF102 JFET transistor.

Table 26.3 Q3, 06, Q7, Q8 — 2N3906 PNP transistor.

Calculated Coil Data for the Dip Meter Q4, Q5, Q9, Q10 — 2N3563 (or any general
purpose NPN).

Frequency (MHz) L puH Turns Ul — LM324.

1.7t0 3.1 48.6 52 U2, U3 — 74HCA4017.

2.8105.9 16.3 23 U4 — MC14553.

5.6to 11.9 40 9 U5 — 4543.

9.7 to 20.7 1.3 5 U6 — 4017.

19.0 to 45.0 0.3 2 U7 — 78L05.

[Schematic on next page.]
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for the frequency counter. R3 adjusts the oscillator to afrequency of 500 Hz, yielding a1-ms gate. The
best way to set this frequency is to listen for the dip-meter output on a communications receiver and
adjust R3 until the display agrees with the receiver. Once this calibration has been made for one of the
bands, all thebandsarecalibrated. U1D givesalow-impedancevoltagereferencefor ULC. Q9 wasadded
to the output of the oscillator to remove asmall glitch, which can cause the counter to trigger incorrectly.
Thistype of oscillator hasthe advantage of simplicity. Thiscircuitisfairly stable, easy to adjust and has
alow parts count.

Thedigital system controller, U6, isadivide-by-10 counter. It has 10 decoded outputs, each of which
goes high for one period of the input clock. The QO output is used to reset the frequency counter, U4.
The Q1 output isused to enablethe prescal er and disable the display and the Q2 output latches the count
valueinto the frequency counter. Since the prescaler can only count while Q1 ishigh, it will be enabled
for only 1 ms. Normally a1-msgate will yield 1-kHz resolution. Since the circuit uses adivide-by-100
prescaler, the resolution becomes 100 kHz.

The frequency counter, U4, is athree-digit counter with multiplexed BCD outputs. The clock input
isdriven from the prescaler, henceit isthe RF oscillator frequency divided by 100. Thissignal ispresent
for only 1 ms out of every 10 ms. The digit scanning is controlled by the 500-Hz oscillator of U1C.

U5isaBCD-to-seven-segment decoder/driver. Itsoutputsare connected to each of thethree common-
anode, seven-segment displaysin parallel. Only the currently active digit will be turned on by the digit
strobe outputs of U5, viaQ6, Q7 and Q8. The diode connected to the blanking input of U5 disables the
display while U4 is counting. U7 isa5-V regulator that allows the use of asingle 9-V battery for both
the circuit and the LEDs. S2 turns on the displays once the unit has been adjusted for a dip.

The circuit draws about 20 mA with the LEDs off and up to 35 mA with the LEDs on.

Many of the resistor values are not critical, and those used were chosen based upon availability; the
op-amp circuits depend primarily on resistance ratios. The resistor at the collector of Q3 is critical and
should not be varied. Use 0.27-uF monolithic capacitors. They have the required good high-frequency
characteristics over the range of the meter.

Most of the parts can be purchased from Digi-Key. They did not have the '4543 IC, which was
purchased from Hosfelt Electronics. (See Address List inthe Refer ences chapter.) The 74HC4017 may
be substituted with a 74HCT4017. The circuit is built on a4-inch-square perf board (with placesfor up
to 12 I1Cs) and ishoused in a7 x 5 x 3-inch minibox.

Operation

Tousetheunit, set thegain, R2, fully clockwisefor maximum sensitivity. With this setting, the output
of the offset circuit (Q10 emitter) isat ground. As R1 isrotated, the voltage on the arm approaches and
then becomes | ess than, the detector output. At this point the meter will start to deflect upward. Adjust
R1 sothat themeter reads about center scale. (Manual adjustment allowsfor variationsintheoutput level
of the RF oscillator.) As L1 isbrought closer to the circuit under test, the meter will deflect downward
as energy is absorbed by the circuit. For best results use the minimum possible coupling to the circuit
being tested. If the dip meter is overcoupled to the test circuit, the oscillator frequency will be pulled.
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FREQUENCY COUNTERS

One of the most accurate means of measuring frequency is a frequency counter. This instrument is
capable of numerically displaying the frequency of the signal supplied to itsinput. For example, if an
oscillator operating at 8.244 MHz is connected to acounter input, 8.244 would be displayed. At present,
countersareusablewell up intothe gigahertz range. M ost countersthat are used at high frequenciesmake
use of aprescaler ahead of abasiclow-frequency counter. A prescal er dividesthe high-frequency signal
by 10, 100, 1000 or some other fixed amount so that alow-frequency counter can display the operating
frequency.

The accuracy of the counter depends on itsinternal crystal reference. A more accurate crystal refer-
ence yields more accurate readings. Crystals for frequency counters are manufactured to close toler-
ances. Most countershave atrimmer capacitor so that the crystal can be set exactly on frequency. Crystal
frequenciesof 1 MHz, 5MHz or 10 MHz have become more or less standard. For calibration, harmonics
of the crystal can be compared to aknown reference station, such asthose shownin Table 26.1, or other
frequency standard and adjusted for zero beat.

Many frequency counters offer optionsto increase the accuracy of the counter timebase; this directly
increases the counter accuracy. These options usually employ temperature-compensated crystal oscil-
lators (TCXOs) or crystals mounted in constant temperature ovens that keep the crystal from being
affected by changesin ambient (room) temperature. Counters with these options may be accurateto 0.1
ppm (part per million) or better. For exampl e, acounter with atimebase accuracy of 5.0 ppm and asecond
counter withaTCXO accurateto 0.1 ppm are available to check a436-MHz CW transmitter for satellite
use. The counter with the 5-ppm timebase could have afrequency error of as much as 2.18 kHz, while
the possible error of the counter with the 0.1 ppm timebase is only 0.0436 kHz.
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Other Instruments and Measurements

This section covers a variety of test equipment that is useful in receiver and transmitter testing. It
includes RF and audio generators, an inductance meter, oscilloscopes, spectrum analyzers, acalibrated
Noi se source, anoise bridge, an advanced resonanceindicator, combiners, attenuators and dummy |oads.
A number of applications of this equipment to basic transmitter and receiver testing is also included.

RF OSCILLATORS FOR CIRCUIT ALIGNMENT

Receiver testing and alignment uses equi pment common to ordinary radio service work. Inexpensive
RF signal generators are available, both complete and in kit form. However, any source of signal that
isweak enough to avoid overloading the receiver usually will serve for alignment work. The frequency
marker generator is a satisfactory signal source. In addition, its frequencies, although not continuously
adjustable, are known far more precisely, since the usual signal-generator calibration is not highly
accurate. An attenuator described later in this chapter can be added for relative dB measurements. When
buying a used or inexpensive signal generator, look for these attributes: output level is calibrated, the
output doesn’t “ring” too badly when tapped, and doesn’ t drift too badly when warmed up. Many military
surplus units are available that can work quite well. Commercial units such as the HP608 are big and
stable, and they may be inexpensive.

AUDIO-FREQUENCY OSCILLATORS

An audio signal generator should provide a reasonably pure
sinewave. Thebest oscillator circuitsfor thisuse are RC coupled,
operating as close to a class-A amplifier as possible. Variable Vee
frequencies covering the entire audio range are needed for deter-
mining frequency response of audio amplifiers. Ra

An oscillator generating one or two frequencies with good
waveform is sufficient for most phone-transmitter testing and
simpletroubleshooting in AF amplifiers. A two-tone (dual) oscil-
lator isvery useful for testing and adjusting sideband transmitters. /1 o

A circuit of a simple RC oscillator that is useful for general —VWN\—e¢—AVN\—8 .,
testing is given in Fig 26.19. This Twin-T arrangement gives a

Q1

waveform that is satisfactory for most purposes. The oscillator /im OUT
can be operated at any frequency inthe audio range by varying the o o
component values. R1, R2 and C1 form alow-passnetwork, while L —

C2, C3 and R3 form a high-pass network. As the phase shifts are
opposite, thereisonly onefrequency at which thetotal phase shift
from collector to base is 180°: Oscillation will occur at this fre-

R3

guency. When C1 is about twice the capacitance of C2 or C3 the
best operation results. R3 should have aresistance about 0.1 that
of R1 or R2 (C2 = C3 and R1 = R2). Output is taken across C1,
where the harmonic distortion is least. Use arelatively high im-
pedance load — 100 kQ or more.

Most small-signal AF transistors can be used for Q1. Either
NPN or PNP types are satisfactory if the supply polarity is set
correctly. R4, the collector |oad resistor may be changed alittleto
adjust the oscillator for best output waveform.
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Fig 26.19 — Values for the twin-T
audio oscillator circuit range
from 18 kQ for R1-R2 and 0.05 pF
for C1 (750 Hz) to 15 kQ and 0.02
MUF for 1800 Hz. For the same
frequency range, R3 and C2-C3
vary from 1800 Q and 0.02 pF to
1500 Q and 0.01 pF. R4 is 3300 Q
and C4, the output coupling
capacitor, can be 0.05 pF for
high-impedance loads.



A WIDE-RANGE AUDIO OSCILLATOR

A wide-range audio oscilla-
tor that will provide a moder- Rr 500
ate output level can be built M
from a single 741 operational
amplifier (Fig 26.20). Power is
supplied by two 9-V batteries
from which the circuit draws
4 mA. The frequency range
is selectable from 8 Hz to -
150kHz. Distortionisapproxi- 0uF
mately 1%. The output level > By
under alight load (10 kQ) is4
to5V. Thiscanbeincreased by
using higher battery voltages,
up to a maximum of plus and
minus 18V, withacorrespond-
ing adjustment of Rg.

Pin connections shown are
fortheTO-5 caseandtheeight-
pin DIP package. Variable re-
sistor Rgistrimmed for an out-
put level of about 5% below
clipping as seen on an oscillo-
scope. This should be done for
the temperature at which the Fig 26.20 — A single IC (741 op amp) based audio oscillator. The
oscillator will normally oper-  frequency range is set by switch S1.
ate, as the lamp is sensitive to
ambient temperature. Thisunit
was originally described by Shultz in November 1974 QST; it was later modified by Neben as reported
in June 1983 QST.

1819 or +9V

Except as indicated, decimal
values of capacitance are

in microfarads ( uF); others
are in picofarads (pF);
resistances are in ohms;
k=1,000, M=1,000,000.
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MEASURE INDUCTANCE AND CAPACITANCE WITH A DVM

Many of us haveaDVM (Digital Voltmeter) or VOM (Volt Ohm Meter) in the shack, but few of us
own an inductance or capacitance meter. If you have ever looked into your junk box and wanted to know
the value of the unmarked parts, these simplecircuitswill giveyou the answer. They may bebuiltin one
evening (Fig 26.23 and Fig 26.24), and will adapt your DVM or VOM to measure inductance or
capacitance. Theunitsare calibrated against aknown part. Therefore, the overall accuracy dependsonly
onthe calibration values and not on the componentsused to build thecircuits. If itiscarefully calibrated,
an overall accuracy of 10% may be expected if used with aDVM and slightly less with aVOM.

uic 8 12 o 11R4 10k N
To
13 0.1 uF DVM/VOM
sV CZ/L '

Lx, Unknown
Inductor

—— | | |

c /% HIGH ADJ. ' ' '
Pin 8
u2 Pin11

78L05 +5V

Reg
O——N ouT
+ ON
GND
oV = D1
Battery - /47 N914 or
Similar

Fig 26.23—All components are 10% tolerance. 1N4148 or equivalent may be substituted for D1. An
LM7805 may be substituted for the 78L05. All fixed resistors are 1/4,-W carbon composition. Capaci-
tors are in pF.

—
—
—

100k

Pin ~300 Hz 12 R6 100k

" . 1
3
Pin 2
9 } ZERO ADJ
|

Pin

|
| 200k
Pin | LOW ADJ.
3 |

— L« Zero Adj
OFF

S1 Reg
IN ouT
+ ON GND
9V +

Battery 10 uF ca
- 0V T

Fig 26.24—All components are 10% tolerance. An LM7805 may be substituted for the 78L05. All fixed
resistors are 1/4-W carbon composition. Capacitors are in pF unless otherwise indicated.

26.34 Chapter 26



CONSTRUCTION

The circuits may be constructed on asmall perf board (Radio Shack dual mini board, # 276-168), or
if you prefer, on a PC board. A template and parts layout may be obtained from the ARRL.! Layout is
non-critical—almost any construction technique will suffice. Wire-wrapping or point-to-point solder-
ing may be used.

The circuits are available in kit form from Electronic Rainbow Inc. (see Address List in the Refer -
ences chapter). The A inductance adapter kit is $14.95. A separate cabinet is available for $8.95. The
PC board is 1.75 x 2.5 inches. The CA-1 capacitance adapter kit is $12.95 and comeswith a1.80 x 2.0-
inch PC board.

INDUCTANCE ADAPTER FOR DVM/VOM

Description

The circuit shown in Fig 26.23 converts an unknown inductance into a voltage that can be displayed
onaDVM or VOM. Values between 3 and 500 pH are measured on the low range and from 100 pH to
7 mH on the high range. NAND gate U1A is atwo frequency RC square-wave oscillator. The output
frequency (pin 3) is approximately 60 kHz in the low range and 6 kHz in the high range. The square-
wave output isbuffered by U1B and applied to adifferentiator formed by R3 and the unknown inductor,
LX. The stream of spikes produced at pin 9 decay at arate proportional to the time constant of R3-LX.
Because R3 isaconstant, the decay timeisdirectly proportional to the value of LX. U1C squares up the
positive going spikes, producing a stream of negative going pulses at pin 8 whose width is proportional
to the value of LX.

They are inverted by U1D (pin 11) and integrated by R4-C2 to produce a steady dc voltage at the +
output terminal. The resulting dc voltage is proportional to LX and the repetition rate of the oscillator.
R6 and R7 are used to calibrate the unit by setting arepetition rate that producesadc voltage correspond-
ing to the unknown inductance. D1 provides a 0.7 volt constant voltage source that is scaled by R1 to
produce a small offset reference voltage for zeroing the meter on the low inductance range.

When Slislow, mV correspondsto puH and when high, mV correspondsto mH. A sensitive VOM may
be substituted for the DVM with a sacrifice in resolution.

Test and Calibration

Short the LX terminalswith a piece of wireand connect aDV M set to the 200-mV rangeto the output.
Adjust R1 for a zero reading. Remove the short and substitute a known inductor of approximately
400 uH. Set S1tothelow (in) position and adjust R7 for areading equal to the known inductance. Switch
S1 to the high position and connect a known inductor of about 5 mH. Adjust R6 for the corresponding
value. For instance, if theactual value of thecalibrationinductor is4.76 mH, adjust R7 sothe DV M reads
476 mV.

CAPACITANCE ADAPTER FOR DVM/VOM

Description

Thecircuit shown in Fig 26.24 measures capacitance from 2.2 to 1000 pF in the low range, from 1000
pF to 2.2 uF in the high range. U1D of the 74HC132 (pin 11) produces a 300 Hz square-wave clock. On
the rising edge CX rapidly charges through D1. On the falling edge CX slowly discharges through R5
on the low range and through R3-R4 on the high range. This produces an asymmetrical waveform at pin
8 of U1C with a duty cycle proportional to the unknown capacitance, CX. This signal is integrated by
R8-R9-C2 producing a dc voltage at the negative meter terminal proportional to the unknown capaci-
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tance. A constant reference voltage is produced at the positive meter terminal by integrating the square-
wave at UlA, pin 3. R6 alters the symmetry of this square-wave producing a small change in the
reference voltage at the positive meter terminal. This feature provides a zero adjustment on the low
range. The DVM measures the difference between the positive and negative meter terminals. This
difference is proportional to the unknown capacitance.

Test and Calibration

Without acapacitor connected to theinput terminal's, set SW2 to thelow range (out) and attachaDV M
to the output terminals. Set the DVM to the 2-volt range and adjust R6 for a zero meter reading. Now
connect a 1000 pF calibration capacitor to the input and adjust R1 for areading of 1.00 volt. Switch to
the high range and connect a 1.00 uF calibration capacitor to the input. Adjust R3 for a meter reading
of 1.00 volts. The calibration capacitors do not have to be exactly 1000 pF or 1.00 pF, as long as you
know their exact value. For instance, if the calibration capacitor is known to be 0.940 uF, adjust the
output for areading of 940 mV.

Note
1 See Chapter 30, References, for the template.
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A SIX DIGIT PROGRAMMABLE FREQUENCY COUNTER AND
DIGITAL DIAL

This six digit programmable frequency counter has multiple uses around the shack. It can be used as
ageneral purpose frequency counter, adigital dial for home-built rigs, an add-on digital dial for com-
mercial rigs, or it can be added to vintage tube-typereceiversfor precise frequency spotting. The counter
displays frequencies greater than 50 MHz with 100-Hz resolution. It updates 40 times per second,
providing near real time tuning response, and is programmable to account for the offset between a
receiver local oscillator and the operating frequency. It also will display the correct operating frequency
with reverse tuning local oscillators.

The counter is based on the PIC16C57, an eight bit CMOS Microcontroller by Microchip Technology
Inc. This part is custom programmed by Radio Adventures Corp. (see Address List in the References
chapter), and is supplied by them as the C5 frequency counter chip. The easiest way to build this project
isto order the completekit (model A-2) including asilk-screened punched chassisfrom Radio Adventures
for $79.95. The PC boardsmay be ordered separately, the counter board (BK-172) is$37.95 and thedisplay
board (BK-171) is$24.95. The programmed C5 chip aloneisalso available for $14.95. Thekit comeswith
ametal case, instructions, and all parts including two high quality PC boards. If you choose to build the
counter from scratch, a PC board layout and a parts location drawing are available from ARRL .

Some of the advanced features of the counter include:
 an anti-jitter code that reduces last digit jitter
« five push-button selectable, non-volatile programmable offsets (total of 16)

» programmable reverse counting for reverse tuning VFOs

* selectable direct frequency readout

» programmable 100-Hz digit blanking

» programmable automatic display blanking for power conservation
» automatic display enable when the frequency changes

* leading zero blanking of megahertz digits.

The frequency counter requires 9 to 13-voltsdc. Current requirements vary with operating frequency
and the status of the display. At 5 MHz the operating current is approximately 100 mA with the display
active, and approximately 40 mA with the display blanked. The main board is about 2.2 x 3.9-inches.
Thedisplay board isaseparate
14 x39inchassembly. | peemmmmememmee 1

Crystal [T
Time Base | [ 4.032MHz
Six Digit 0T

CIRCUIT DESCRIPTION

The block diagram (Fig
26.25) shows the crystal time -
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Transistors
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which putsthefundamental and
most lower order harmonics
outside the ham bands.
The unit is built on two PC

boards, the C5frequency counter _ _ _ _

chip on one and the display on Fig 26.25—_Bloc_k d|_agram showing the cry_stal time base, counter
. control logic, six digit counter control logic, multiplexed display

theother. A completeschematic  griver and memory control for the Six Digit Programmable Fre-

isshowninFig26.26. Capacitor  quency Counter.
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microcontroller) see text
Chapter 26

MM74HCO02N-ND)
U2—C5 frequency counter IC (8 bit

Fig 26.26A—Schematic of the C5 frequency counter chip and associated circuitry. All fixed resistors

are 1/4-W, 5%-tolerance carbon film. Capacitance values are in microfarads (uF).

U1l—74HCO02 quad 2 input NOR gate (Digi-Key
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C5 is used to cdibrate the

J1  To Frequency Counter

! counter. A two transistor buffer

5 precedesthe count gate and pro-

16 vides some amplification and

4 buffering between the counter
Aot O and the circuit being measured.
3‘9:2 2, Two switch selected input con-

YW\ nections are provided—a 50-Q

o 10]1OMH2—1I iR 100Kz 3 1OkHz—1I ke 100Hz termi_nation for t_he Qigital dia

: %1: 'fu°1 ,., U2 , 'w , _—g: 'U4 ' " , 'Us ' funcpong and ahlgh impedance
S pem | Jemr | e Sl; pemmme | pemmmy | o termination for direct frequency
ﬁ;h’i '_’. '_'. 2312'_’. '_’. '_’. measurement. Thesignal passes
5 5 7 5 5 7 5 through U1A tothecounter chip.

%ggo 0 éggo 0 Using the pul se count stored

= : in the C5 count registers, the
2 @/J_?'L o chip makes necessary calcula-
F~ tions and drives a common
=3 [N a2 cathode display consisting of

1 Qg_,mgo“ two groupsof threedigitseach.
_3—@333904 The display and front panel
switches are mounted on a

separate PC board for ease of

Fig 26.26B—Display circuitry schematic. J1 is connected to J5 mounting and are connected to

through a 20-conductor ribbon cable. All fixed resistors are 1/4-W, 5%- the main board by a ribbon

tolerance carbon film. Capacitance values are in microfarads (pF). cable. Current limiting resis-

Q1—VNI1OLP VMOS power FET U3, U4, U5—9 mm yellow LED 7- torsmounted onthemain board
(Digi-Key VN10LP-ND) segment display (Kingbright sed id

Q2, Q3—2N3904 NP transistor SC36-11YWA) are used to provide segment

U1, U2, U6—9 mm green LED 7- current limiting and provide
segment display (Kingbright protection to the C5 in case
SC36-11GWA) wiringtothedisplay isacciden-

tally shorted.

Programmed parameters such as offset, slope and auto-blanking are stored in U3, a non-volatile
EEPROM memory chip. The programming and operating switches, which share pins with the display,
are isolated by 3.9-kQ resistors.

The C5 counter chip provides 16 channels of program storage. Each program stores frequency offset,
normal/inverted counting, continuous/automati c blanking display and 100/1000 Hz resol ution sel ection.
Thefirst five channels, 00 through 04, are selected by the front panel MEM switch. All sixteen channels
may be sel ected through the binary jumper connectedto J4 (MEMORY SELECT), onthemain PC board.
The terminals of J4 are pulled low to select a certain channel. For instance, to select memory channel
five, terminals 1 and 4 would be connected to the ground pin.

Since the pcMm and MoDE switches are only used when the counter is being set up, they are located on
therear panel. The Mem and pir frequency functions are used more often, therefore, they are accessible
from the front panel.

Thepower supply for the counter should provide between 9to 13V of ripple-freedc. Thecounter main
board contains a 5-V regulator (U4) that provides power to the counter, logic and memory chips. The
9to0 13-V power ispassed through an RCfilter to thetwo-transistor buffer. If voltagesbelow 9V or above
13V areused, the voltage dropping resistor, R41, can be changed such that the voltage at test point TP1
isabout 6.5 V.
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CONSTRUCTION

Construction is very straightforward if the circuit board kit is used. If you choose to hand wire your
unit on perfboard or lay out your own PC board, use short connections in the front end of the counter
(around J1, J2, Q1, Q2 and U1). Thewiring to the display, memory and switchesislesscritical. The use
of sockets for the counter, gate and memory 1Csis strongly recommended. A good quality magnifying
glasscan bevery helpful inidentifying thevarious small componentsand checking the solder jointsafter
assembly. A small 20to 25 W solderingiron withasmall tip will be necessary for making reliable solder
joints without bridging. Use only electronic grade rosin core solder.

TEST AND CALIBRATION

After assembly, but before inserting the ICs into their sockets, apply dc power and check for
+5V £ 10% at the following pins:

Ul, pin 14

U2, pins 2, 9, 10, 28

U3, pins 5, 8

Thevoltageat U1, pin 2, should vary between 0 and 5V aspotentiometer V 1 isrotated. Set thisvoltage
to 2.5 V. U2 should have 1.65 V £ 10% on pins 11, 12, 13, 14, 15, 16, 17.

All other pinson U1, U2 and U3 should measure 0 V. The voltage at TP1 should be 5-8 V and should
be several voltsless than the voltage powering the unit. If the unit fails one or more of these tests, there
isawiring error of some sort. Correct the error before proceeding.

When all iswell with the above tests, remove the dc power and insert the ICs into their appropriate
sockets. Re-apply power. The display should come alive. Position theinput selector switch to the direct
frequency position with no signal applied. The display should indicate 000.X where X may bea0 or 1.
If the display is indicating random numbers, adjust the trimmer pot V1 slightly to obtain the correct
display. Adjusting V1 beyond the point where the display stabilizes will reduce the sensitivity of the
counter. Attach asignal source with aknown frequency to the direct frequency input. The signal should
be in the range of 75 mV to 1 V rms. The higher the frequency, up to 50 MHz, the better. Adjust the
trimmer capacitor C5 until the frequency displayed by the counter matches the applied frequency. The
unit is now calibrated and ready for use.

OPERATION

The finished boards may be mounted in a stand alone enclosure or may be built into another piece of
equipment. Since the counter isadigital device, it is possible that some noise may be heard in sensitive
receiverson aquiet band. Very good results have been obtained when the counter ismounted initsown
enclosure. If noise is present in built-in installations, some shielding may be necessary. Additional
filtering of the supply voltage line may also help. Minimize the length of the ribbon cable connecting
the main board and the display board.

Inthedigital dial mode, thecounter requiresabout +10dBm of signal over most of itsoperating range. Input
to the counter istaken from the tunable oscillator or from the output of the pre-mix system. The general rule
isto sample the signal at alow impedance point such as the emitter or source for transistors or the cathode
in tube type equipment. Use small diameter coaxial cable, such as RG-174, to connect the digital dial to the
equipment. A small capacitor, usually intherangeof 10-100 pF, connected in serieswith the center conductor
of the cable can be used to establish the proper signal level. Usethe smallest valuethat givesreliable counter
operation over the frequency range of interest. In broadband tube type equipment the oscillator signal
amplitude may vary too much for reliable counting. In such cases, back-to-back parallel diodes may be
connected to limit the signal level. If abroadband oscilloscope is available, observe the signal level at TP2
and adjust the value of the coupling capacitor to obtain between 0.6 and 2.5V peak-to-peak.
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Once astablereading is obtained over the operating frequency range, the counter can be programmed

with desired features and offsets. Programming is carried out in the following order. First, select the
desired memory channel to be programmed, second, program the desired display mode, third, program
the MHz offset and finally, program the kHz offset. There is no need to program unused memory
channels. A detailed description of each programming step follows:

Select the desired memory channel by closing the mem switch and holding it until the desired channel
number isdisplayed. Alternatively, switchthe MEMORY SELECT linesto the binary value desired.
Remember that the lines are active low. For instance, if you wanted to select memory channel 7, you
would pull lines 01, 02 and 04 low.

Program the mode by closing and holding the pem switch until the display quits blinking PROG.
Release the poMm switch. Close and hold the mobEe switch until the display indicates the desired mode.
Release the MmoDE switch. See Table 26.5 to select desired mode. Store the selected mode by momen-
tarily closing the pem switch. The counter will now display frequency, indicating that the program
mode has been exited.

Program the MHz offset by closing and holding the pam switch until the display quitsblinking PROG.
While the display is still blinking, momentarily close the bir switch on the front panel. This action
placesthe counter into the MHz program mode. When thedisplay quitsblinking releasethepcm switch
and use the pir and mem front panel switches to retard or advance the MHz display until it displays
the frequency being monitored. Momentarily close the pcom

switch to store the MHz offset.

Program the kHz offset by closing and holding the peMm switch 1 116 26 5

until the display quits blinking PROG. Release the pGm switch
and usethe bir and Mem front panel switch to retard or advance
thekHz display until it displaysthefrequency beingmonitored. ~ Mode Invert Blank 100 Hz

Counter Display Modes

Momentarily close the pem switch to store the kHz offset. 00 X
: : 01 X
This same procedureis used to program each memory channel. 5 X X
30 X X X
Note 40
1 Atemplatefor thesix digit programmable frequency counter is 28 X X
available in the Refer ences chapter. 70 X X
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OSCILLOSCOPES

Most engineers and technicians will tell you that the most useful single piece of test and design
equipment is the triggered-sweep oscilloscope (commonly called just a “scope”). This section was
written by Dom Mallozzi, N1DM.

Oscilloscopes can measure and display voltage relative to time, showing the waveforms seen in
el ectronics textbooks. Scopes are broken down into two major classifications: analog and digital. This
does not refer to the signals they measure, but rather to the methods used inside the scope to process
signals for display.

ANALOG OSCILLOSCOPES

Fig 26.27 shows a simplified diagram of a triggered-sweep oscilloscope. At the heart of nearly all
scopes is a cathode-ray tube (CRT) display. The CRT allows the visual display of an electronic signal
by taking two el ectric signal sand using them to move (deflect) abeam of el ectronsthat strikesthe screen.
Unlike atelevision CRT, an oscilloscope uses el ectrostatic deflection rather than magnetic deflection.
Wherever the beam strikesthe phosphorescent screen of the CRT it causesasmall spot to glow. Theexact
location of the spot is a result of the voltage applied to the vertical and horizontal inputs.

All of theother circuitsinthescopeareusedtotakethereal-world signal and convertittoaformusable
by the CRT. To trace how asignal travels through the oscilloscope circuitry start by assuming that the
trigger select switch isin the INTERNAL position.

Theinput signal isconnected to theinput courLING switch. The switch allows sel ection of either theac part
of an ac/dc signal or thetotal signal. If you wanted to measure, for example, the RF swing at the collector of
an output stage (referenced to the dc level), you would use the dc-coupling mode. In the ac position, dc is
blocked from reaching the vertical amplifier chain so that you can measure a small ac signal superimposed
onamuch larger dclevel. For example, you might want to measurea25mV 120-Hz rippleonal3Vdc power
supply. Notethat you should not use ac coupling at frequenciesbel ow 30 Hz, becausetheval ueof theblocking
capacitor represents a considerabl e series impedance to very low-frequency signals.

After the coupling switch, the signal is connected to a calibrated attenuator. Thisis used to reduce the
signal to alevel that can be tolerated by the scope’s vertical amplifier. The vertical amplifier boosts the
signal toalevel that candrivethe CRT and al so addsabiascomponent to | ocatethewaveform on the screen.

A small sample of the signal from the vertical amplifier is sent to the trigger circuitry. The trigger
circuit feedsastart pulseto the sweep generator when theinput signal reachesacertainlevel. The sweep
generator gives aprecisely timed signal that looks like atriangle (see Fig 26.28). Thistriangular signal

Vertical O_O/O'ﬁ_ .
Input O :]"_ Calibrated Left Edge Right Edge
Input Do Attenuator | of CRT of CRT
Coupling
A l

Switch
CRT
Trigger
Source
Internal | g, itch - ~
External Trigger Sweep

Trigger O o) Circuit T

Input External
Lo/é, Positive Trigger "Start” Pulse

Trigger Negative
Slope
Switch

Circuit

Fig 26.28 — The sweep trigger
starts the ramp waveform that
Fig 26.27 — Typical block diagram of a simple triggered-sweep sweeps the CRT electron beam
oscilloscope. from side to side.
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causes the scope trace to sweep from left to right, with the zero-voltage point representing the left side
of the screen and the maximum voltage representing the right side of the screen.

The sweep circuit feeds the horizontal amplifier that, in turn, drives the CRT. It is also possible to
trigger the sweep system from an external source (such asthe system clock in adigital system). Thisis
done by using an external input jack with the trigger select switch in the EXTERNAL position.

The trigger system controls the horizontal sweep. It looks at the trigger source (internal or external)
tofind out if it is positive- or negative-going and to see if the signal has passed a particular level. Fig

26.29A shows a typical signal and the dotted line on the figure
represents the trigger level. It is important to note that once a
trigger circuit is “fired” it cannot fire again until the sweep has
moved all the way across the screen from left to right. In normal
operation. the TRIGGER LEVEL control is manually adjusted until a
stable display is seen. Some scopes have an AUTOMATIC position
that chooses a level to lock the display in place without manual
adjustment.

Fig 26.29B shows what happens when the level has not been
properly selected. Because there are two points during a single
cycle of the waveform that meet the triggering requirements, the
trigger circuit will have atendency to jump from onetrigger point
to another. Thiswill make the waveform jitter from left to right.
Adjustment of the TRIGGER control will fix this problem.

The horizontal travel of the traceis calibrated in units of time.
If the time of one cycleis known, we can cal culate the frequency
of the waveform. In Fig 26.30, for example, if the sweep speed
selector is set at 10 ps/division and we count the number of
divisions (vertical bars) between peaks of the waveform (or any
similar well defined pointsthat occur once per cycle) we can find
the period of onecycle. Inthiscaseitis80 ps. Thismeansthat the
frequency of the waveformis 12,500 Hz (1/80 us). The accuracy
of the measured frequency depends on the accuracy of the scope’s
sweep oscillator (usually approximately 5%) and the linearity of
the ramp generator. This accuracy cannot compete with even the
|east-expensive frequency counter, but the scope can still be used
to determine whether a circuit is functioning properly.

Dual-Trace Oscilloscopes

Dual-trace oscilloscopes can display two waveforms at once.
This type of scope has two vertical input channels that can be
displayed either alone, together or one after the other. Fig 26.31
shows a simplified block diagram of a dual-trace oscilloscope.
Theonly differencesbetween thisscopeand the previousexample
are the additional vertical amplifier and the “channel switching
circuit.” This block determines whether we display channel A,
channel B or both (simultaneously). The dual display isnot atrue
dual display (there is only one electron gun in the CRT) but the
dual traces are synthesized in the scope.

There are two methods of synthesizing a dual-trace display
from a single-beam scope. These two methods are referred to as

Test Procedures and Projects
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Fig 26.29 — In order to produce a
stable display the selection of the
trigger point is very important.
Selecting the trigger pointin A
produces a stable display, but
the trigger shown at B will pro-
duce a display that “jitters” from
side to side.

«——80 us —— >

10 wps /Div

Fig 26.30 — Oscilloscopes with a
calibrated sweep rate can be
used to measure frequency. Here
the waveform shown has a period
of 80 microseconds (8 divisions
x 10 us per division) and there-
fore a period of 1/80 us or 12.5
kHz.
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Input LO/& required. The chopped modeis
Positive
Trigger usually most useful on slow
Source Negative .
Selector  Trigger Slope sweep speeds (times greater
Suteh - Selector Switch than a few microseconds per
division).
Fig 26.31 — Simplified Dual-trace oscilloscope block diagram. Note In the alternate mode, the

the two identical input channels and amplifiers. complete channel A waveform

iswritten to the CRT followed
immediately by the complete channel B waveform. This happens so quickly that it appears that the
waveforms are displayed at the same time. This mode of operation is not useful at very slow sweep
speeds, but is good at most other sweep speeds.

Most dual-trace oscilloscopes also have a feature called “X-Y” operation. This feature allows one
channel to drive the horizontal amplifier of the scope (called the X channel) while the other channel
(called Y in this mode of operation) drives the vertical amplifier. Some oscilloscopes also have an
external Y input. X-Y operation allows the scope to display Lissgjous patterns for frequency and phase
comparison and to use specialized test adapters such as curve tracers or spectrum analyzer front ends.
Because of frequency limitations of most scope horizontal amplifiers the X channel is usually limited
to a5 or 10-MHz bandwidth.

DIGITAL OSCILLOSCOPES

The classic analog oscilloscope just discussed has existed for over 50 years. In the last 15 years, the
digital oscilloscope has advanced from aspecialized laboratory deviceto avery useful general-purpose
tool, with a price attractive to an active experimenter. It uses digital circuitry and microprocessors to
enhance the processing and display of signals. These result in dramatically improved accuracy for both
amplitude and time measurements. When configured as adigital storage oscilloscope (DSO) it can read
astored waveform for aslong as you wish without time limitationsincurred by an anal og type of storage
scope.

Examine the simplified block diagram shown in Fig 26.32. After the signal goes through the vertical
input attenuators and amplifiers, it arrives at the analog-to-digital converter (ADC). The ADC assigns
adigital valuetothelevel of theanaloginput signal and putsthisinamemory similar to computer RAM.
Thisvalueis stored with an assigned time, determined by the trigger circuits and the crystal timebase.
The digital oscilloscope takes discrete amplitude samples at regular time intervals. If you were to take
this data directly from memory, it would put a series of dots on the screen. You would then have to
connect the dotsto reconstruct the original waveform. The digital scope’ s microprocessor does thisfor
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Fig 26.32 — Simplified block diagram of a digital oscilloscope. Note: The microprocessors are not
shown for clarity after ABC’s of Oscilloscopes copyright Fluke Corporation (reproduced with
Permission).

you by mathematically processing the signal while reading it back from the memory and driving a
digital-to-anal og converter (DAC), whichthendrivesthevertical deflectionamplifier. A DAC alsotakes
the digital stored time data and uses it to drive the horizontal deflection amplifier.

For the vertical signals you will see manufacturers refer to “8-bit digitizing,” or perhaps “10-bit
resolution.” Thisisameasure of how many digital levelsthat are shown along thevertical (voltage) axis.
Morebitsgiveyou better resol ution and accuracy of measurement.
An 8-hit vertical resolution means each vertical screen has 28 (or
256) discrete values; similarly, 10 bits resolution yields 2*° (or
1024) discrete values.

It is important to understand some of the limitations resulting
from sampling the signal rather than taking a continuous, analog
measurement. Whenyoutry toreconstruct asignal fromindividual
discrete samples, you must take samplesat | east twiceasfast asthe
highest frequency signal being measured. If you digitize a 100-
MHz sine wave, you should take samples at arate of 200 million
samples a second (referred to as 200 Megasamples/second).
Actually, you really would like to take samples even more often,
usually at arate at least five times higher than the input signal.

If the sample rate is not high enough, very fast signal changes
between sampling points will not appear on the display. For
example, Fig 26.33 shows one signal measured using both analog
and digital scopes. The large spikes seen in the analog-scope
display arenot visibleonthedigital scope. Thesamplingfrequency
of thedigital scopeisnot fast enoughto storethe higher frequency
components of the waveform. If you take samples at a rate less
than twice the input frequency, the reconstructed signal has a

Fig 26.33 — Comparison of an
analog scope waveform (A) and
that produced by a digital oscillo-

wrong apparent frequency; thisisreferred to as aliasing. In Fig
26.33 you can see that there is about one sample taken per cycle
of the input waveform. This does not meet the 2:1 criteria
established above. The result is that the scope reconstructs a
waveform with a different apparent frequency.

Many older digital scopeshad potential problemswith aliasing.

Test Procedures and Projects

scope (B). Notice that the digital
samples in B are not continuous,
which may leave the actual shape
of the waveform in doubt for the
fastest rise time displays the
scope is capable of producing.
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Newer scopes use advanced techniques to check themselves. A simple manual check for aliasing isto
use the highest practical sweep speed (shortest time per division) and then to change to other sweep
speeds to verify that the apparent frequency doesn’t change.

LIMITATIONS

Oscilloscopeshavefundamental limits, primarily infrequency of operation and range of input voltages.
For most purposes the voltage range of a scope can be expanded by the use of appropriate probes. The
frequency response (also called the bandwidth) of ascopeisusually the most important limiting factor.
At the specified maximum response frequency, the response will be down 3 dB (0.707 voltage). For
example, a 100-MHz 1-V sine wave fed into a 100-MHz bandwidth scope will read approximately
0.707 V on the scope display. The same scope at frequencies below 30 MHz (down to dc) should be
accurate to about 5%.

A parameter called risetimeisdirectly related to bandwidth. Thisterm describesascope’ sability
toaccurately display voltagesthat risevery quickly. For example, avery sharp and squarewaveform
may appear to take some time in order to reach a specified fraction of the input voltage level. The
rise time is usually defined as the time required for the display to show a change from the 10% to
90% points of the input waveform, as shown in Fig 26.34. The mathematical definition of risetime
isgiven by:

0.35 10V
"= Bw (10) g
Signal
where ov
tr = rise time, Us
BW = bandwidth, MHz. [os] ]
100% +
It is also important to note that all but the most modern (and 90%”~ g >
expensive) scopes are not designed for precise measurement of T O, O O A L Y
either timeor frequency. At best, they will not have better than 5% / =
accuracy in these applications. This does not change the useful - 7 /
nessof even amoderately priced oscilloscope, however. The most

important value of an oscilloscope is that it presents an image of 10 ns /D

what isgoing onin acircuit and quickly shows which component Scope Banduidin = 1oMz
or stage is at fault. It can show modulation levels, relative gain
between stages and oscillator output.

Fig 26.34 — The bandwidth of the

OSCILLOSCOPE PROBES oscilloscope vertical channel
. L limits the rise time of the signals
Oscilloscopes are usually connected to a circuit under test  displayed on the scope.

with a short length of shielded cable and a probe. At low

frequencies, a piece of small-diameter coax cable and some sort

of insulated test probe might do. Unfortunately, at higher frequencies the capacitance of the cable
would produce a capacitive reactance much less than the one-megohm input impedance of the
oscilloscope. In addition each scope has a certain built-in capacitance at its input terminals (usually
between 5 and 35 pF). These two capacitances cause problems when probing an RF circuit with a
relatively high impedance.

The simplest method of connecting asignal to ascopeisto use aspecially designed probe. The most
common scope probeisax 10 probe (called atimesten probe). This probe formsa10:1 voltage divider
using the built-in resistance of the probe and the input resistance of the scope. When using ax10 probe,
all voltage readings must be multiplied by 10. For example, if the scopeisonthe 1 V/division range and
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a x10 probe was in use, the signals would be displayed on the scope face at 10 V/division.

Unfortunately aresistor alonein series with the scope input seriously degrades the scope’ srise-time
performance and thereforeitsbandwidth. Sincethe scopeinput lookslikeaparallel RC circuit, the series
resistor feeding it causes asignificant reduction in available charging current from the source. This may
be corrected by using acompensating capacitor in parallel with the seriesresistor. Thustwo dividersare
formed: one resistive voltage divider and one capacitive voltage divider. With these two dividers
connected in parallel and the RC relationships shown in Fig 26.35, the probe and scope should have a
flat response curve through the whole bandwidth of the scope.

To account for manufacturing tolerances in the scope and probe the compensating capacitor is made
variable. Most scopes provide a*“calibrator” output that produces a known-frequency square wave for
the purpose of adjusting the compensating capacitor inaprobe. Fig 26.36 showspossi bleresponseswhen
the probe is connected to the oscilloscope’s calibrator jack.

If a probe cable is too short, do not attempt to extend the length of the cable by adding a piece of
common coaxial cable. The cable usually used for probes is much different than common 50 or 75-Q
coax. | n addition thecompensating capacitor inthe probeischosen to compensatefor the providedlength
of cable. It usually will not have enough range to compensate for extra lengths.

The shortest ground lead possible should be used from the probe to the circuit ground. Long ground
leads areinductorsat high frequencies. Inthese circuitsthey cause ringing and other undesirabl e effects.

To Point to To Point to

e Meosured Be Measured a Undercompensated

[ 1 - Properly

Vi Compensated
— Overcompensated
=
Probe r~ Probe
Re § ?4 Ce
Fig 26.36 — Displays of a
) ~ Compensating square-wave input illustrating

Capacitor undercompensated, properly
compensated and overcompen-
sated probes.

Scope
For Proper Compensation Rg Cc = R Cg

Scope 1MQ Input
Capacitance
Attenuation Ratio Vg/V; = Rg/(Rc+Rg)

(A) (B)

Fig 26.35 — Uncompensated probes such as the one at A are
sufficient for low-frequency and slow-rise-time measurements.
However, for accurate display of fast rise times with high-fre-
quency components the compensated probe at B must be used.
The variable capacitor is adjusted for proper compensation (see
text for details).
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THE MODERN SCOPE

For many years a scope (even a so-called portable) was big and heavy. Computers and modern ICs
have reduced the size and weight. Modern scopes can take other forms than the traditional large cabinet
with built-in CRT. Some modern scopes use an LCD display for true portability. Some scopes take the
form of acard plugged into a PC, where they use the PC and monitor for display. Even if they don’t use
aPC for adisplay, many scopes can attach to aPC and download their datafor storage and analysisusing
advanced mathematical techniques. Many high-end scopes now incorporate nontraditional functions,
such as Fast Fourier Transforms (FFT). This allows limited spectrum analysis or other advanced
mathematical techniques to be applied to the displayed waveform.

BUYING A USED SCOPE

Many hams will end up buying a used scope due to price. If you buy a scope and intend to service it
yourself, be aware all scopesthat usetubesor a CRT contain lethal voltages. Treat an oscilloscope with
the same care you would use with a tube-type high-power amplifier. The CRT should be handled
carefully because if dropped it will crack and implode, resulting in pieces of glass and other materials
being sprayed everywherein theimmediate vicinity. Y ou should wear afull-face safety shield and other
appropriate safety equipment to protect yourself.

Another concern when servicing an older scope isthe availability of parts. Many scopes made since
about 1985 have used special 1Cs, LCDs and microprocessors. Some of these may not be available or
may be prohibitive in cost. Y ou should buy a used scope from areputable vendor— even better yet, try
it out before you buy it. Make sure you get the operators manual also.
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AN HF ADAPTER FOR NARROW-BANDWIDTH OSCILLOSCOPES

Fig 26.37 showsthe circuit of asimple piece of test equipment that will allow you to display signals
that are beyond the normal bandwidth of an inexpensive oscilloscope. Thiscircuit was built to monitor
modulation of a 10-m signal on a scope that has a 5-MHz upper-frequency limit. This design features
aMini-Circuits Laboratory SRA-1 mixer. (See the Address List in the Refer ences chapter for contact
information.) Any stable oscillator or VFO with an output of 10 dBm can be used for thelocal oscillator
(LO), which mixes with the HF signal to produce an IF in the bandwidth of the oscilloscope.

Themixer can handle RF signal levelsup to -3 dBm without clipping, so thiswas set asan upper limit
for the RF input. A toroidal transformer coupler is constructed by winding a 31-turn secondary of #28-
AWG wire on a 3E2A core, which has a 0.038-inch diameter. An FT-37-75 is suitable. The primary is
apiece of coaxial cable passed through the core center. The coupler gives 30 dB of attenuation and has
aflat response from 0.5 to 100 MHz. An additional 20-dB of attenuation was added for atotal of 50 dB
before the mixer. One-watt resistors will do fine for the attenuator. The completed adapter should be
built into a shielded box.

This circuit, with a25-MHz

L O frequency, isuseful on fre- T0 XMTR i"TT'U'R;"i 0 ANT.
quencies in the 20 to 30-MHz o | g @

. . kk) T
rangewith transmittersof upto Except s inicoted, decimal i i
50-W power output. By chang- in microfarads ( 4uF); others I N i S
_ icrof ; !
ing the frequency of the LO, Fesistatace e ks I !

. k=1,000, M=1,000,000. +12V LgO_d_B_(;O_UD_:’L_ER 62

any frequency in the range of O -

the coupler can bedisplayed on
a 5-MHz-bandwidth oscillo-
scope. The frequency dis-
played will be the difference
between the LO and the input
signal. As an example, a 28.1-
MHz input and a 25-MHz LO
will be seen asa 3.1-MHz sig-
nal on the oscilloscope.

More attenuation will be re-
quired for higher-power trans-
mitters. This circuit was de-

scribed by Kenneth Stringham Fiq 26.37 — This adaoter disol HE sianal

: - ig 26.37 — This adapter displays signals on a narrow-
‘]rj’ AE1X, in the Hints and bandwidth oscilloscope. It uses a 10-dBm 25-MHz LO, —-30-dB
Kinks column of February coupler, 20-dB attenuator and diode-ring mixer. See text for further
1982 QST. information.
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A CALIBRATED NOISE SOURCE

NOISE FIGURE MEASUREMENT

One of the most important measurements in communications is the noise figure of a receiving setup.
Relative measurementsare often easy, whileaccurate onesaremoredifficult and expensive. One EME (moon
bounce) station checks noise and system performance by measuring the noise of the sun reflected off the
moon. While the measurement source (use of the sun and moon) is not expensive, the measuring equipment
on 2 m consists of 48 antennas (each over 30 ft long). This measurement equipment is not for everyone!

The rest of us use more conventional noise sources and measuring techniques. Coverage of noise
figure and its measurement appear in the Transceiver s chapter of this Handbook.

Most calibrated and stable noise sources are expensive, but not this unit developed by Bill Sabin,
WOIYH. It first appeared in May 1994 QST. When hams use a noise source, it isusually included in an
RF bridge used to measure impedances and adjust antenna tuners. A somewhat different device (an
accurately calibrated and stable noise source) is also useful. Combining a broadband RF noise source
of known power output and aknown output impedancewith atrue-RM Svoltmeter, resultsin an excel lent
instrument for making interesting and revealing measurements on avariety of circuits hams commonly
use. (Later on, some examples will be described.) The true-RMS voltmeter can be an RF voltmeter, a
spectrum analyzer or an AF voltmeter at the output of alinear receiver.l

Calibrated noise generators and noise-figure meters are available at medium to astronomical prices.
Here is a low-cost approach which can be used with reasonable confidence for many amateur ap-
plications where accuracy to tenths of a decibel is not needed, but where precision (repeatability) and
comparative measurements are much more important. PC boards are available for this project.?

Semiconductor Noise Diodes

Any Zener diode can be used as a source of noise. If, however, the sourceisto be calibrated and used
for reliable measurements, avalanche diodes specially designed for this purpose are preferable by far.3
A good noise diode generates its noise through a carefully controlled bulk avalanche mechanism which
exists throughout the PN junction, not merely at the junction surfaces where unstable and unreliable
surface effects predominate due to local breakdown and impurity.4 A true noise diode has a very low
flicker noise (1/f) effect and tends to create auniform level of truly Gaussian noise over awide band of
frequencies.® In order to maximize its bandwidth, the diode also has very low junction capacitance and
lead inductance.

1 W. Sabin, “Measuring SSB/CW Receiver Sensi- 4 The term bulk avalanche refers to the ava-
tivity,” QST, Oct 1992, pp 30-34. See also lanche multiplication effect in a PN junction. A
Technical Correspondence, QST, Apr 1993, pp carrier (electron or hole) with sufficient energy
73-75. collides with atoms and causes more carriers to

be knocked loose. This effect “avalanches” and

2 PC boards are available from FAR Circuits, See it occurs throughout the volume of the PN
References chapter Address List; price, $3.75 junction. This mechanism is responsible for the
plus $1.50 shipping. A PC board template for high-quality noise generation in a true noise
the Sabin noise source is available at: http:// diode.

www.arrl.org/notes.

5 Gaussian noise refers to the instantaneous

3 The term Zener diode is commonly used to values of a noise voltage. These values con-
denote a diode that takes advantage of ava- form to the Gaussian probability density func-
lanche effect, even though the Zener effect and tion of statistics.

the avalanche effect are not exactly the same
thing at the device-physics level.
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This project uses the NOISE/COM NC302L diode. It consists of aglass, axial-lead DO-35 package
andisrated for usefrom 10 Hz to 3 GHz, if appropriate construction methods arefollowed. Prior to sale,
thediodesarefactory aged for 168 hoursand arewell stabilized. NOISE/COM haskindly agreed to make
these diodes availableto amateur experimentersfor the special price of $10 each; the usual |low-quantity
price is about $25.

Noise Source Design

The noise source presents two kinds of available output power. Oneisthe thermal noise (—174 dBm/
Hz at room temperature) when the diode is turned off. Thisis called Nore. The other is the sum of this
samethermal noise and an “excess” noise, Ng, which iscreated by the diode when turned on, called Noy
(equivalent to Nogr + Ng). For accurate measurements, the output impedance of the test apparatus must
be the same (on or off) so that the device under test (DUT) always sees the same generator impedance.
In Amateur Radio work, thisimpedanceisusually 50 Q, resistive. Thecircuit design must guaranteethis
condition.

For maximum frequency coverage, a PC-board layout and coax connector suitable for use at micro-
waves are needed. For lower frequency usage, a less stringent approach can be employed. Two noise
sources are presented here. Oneisfor the 0.5 to 500-MHz region and uses conventional components that
many amateurs already have. The other isfor the 1-MHz to 2.5-GHz range; it uses chip components and
an SMA connector.

Circuit Diagram and Construction

Figs 26.38 and 26.39 show the simple schematics of the two noise sources. In series with the diode
is a 46.4-Q resistor that combines with the dynamic resistance of the diode in the avalanche, noise
generator mode (about 4 Q) to total about 50 Q. When the applied voltage polarity isreversed, the diode
isforward conducting and itsdynamic resistanceisstill about 4 Q, but the avalanche noiseis now turned
off. Asaresult, the noise source output impedanceisawaysabout 50 Q. The 5-dB pad reducesthe effect
of any small impedance differences, so that the output impedance is nearly constant from the on to the
off condition, and the SWR is less than 2:1.

Consider the noisesituation of thenoisediodewhenitisforward ¢ \o1sE/cOM Co, for contact
conducting. The resistance of the forward biased PN junctionisa information see the References
dynamic resistance. Thisdynamic resistanceisnot asource of ther- chapter Address List.

Except as indicated, decimal values of
capacitance are in microfarads ( wF);

others are in picofarads (pF);

resistances are in ohms; k=1,000, M=1,000,000.

221 2.21 k 46.4 30.1
1% 1% 1% 0.01 1%

I
1.0 | 1k 0.01
20.0 V | 10% 100 pH
I

0.01 5 dB ATTEN
OFF [

Fig 26.38 — Schematic of the 0.5 to 500-MHz calibrated noise source. Resistors are 1/g-W,
1%-tolerance metal-film units. 1% resistors are available from Digi-Key. See the References chapter
for the address.
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50 Q

%
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Except as indicated, decimal values of
capacitance are in microfarads ( uF);

others are in picofarads (pF );

resistances are in ohms; k=1,000, M=1,000,000.

0.0022
CHIP

100 uH

221 2.21 k 46.4

30.1
1%

178
1% 178
1%

NOISE—-COM
NC302L

5 dB ATTEN

Fig 26.39 — The 1-MHz to 2.5-GHz calibrated noise source uses 1%-tolerance, 0.1-W chip resistors
and chip capacitors. 1% resistors are available from Digi-Key. See the References chapter for the
address.

mal noise, sinceit isnot an actual physical resistance such asin aresistor or lossy network. However, the
0.6-V forward drop across the PN junction does produce a shot noise effect. The mathematics of this shot
noise shows that the noise power associated with this effect is only about 50% of the thermal noise power
that would be availablefrom aphysical resistor having the sameval ueasthedynamicresistance. Therefore,
theforward biased junction does not add excess noiseto the system.” Thereisan 1/f noise effect associated
with thisshot noiseinthediode, but itscorner frequency isat about 100 kHz and of no importanceat higher
frequencies. Also, the small amount of bulk resistance contributes a little thermal noise.

Inorder to maximizetheunit’ sflatness and frequency response bandwidth, noise-source construction
methodsshouldaimfor RF circuit lead lengthsascloseto zero as possi ble aswel | asminimuminductance
in the ground path and the coupling capacitors. The power-supply voltage must be clean, well bypassed
and set accurately. Fig 25.40 showsa0.5 to 500-MHz unit. This construction method satisfies quite well
the electrical requirements wanted for this model. At 500 MHz, the return loss with respect to 50 Q at
the output jack decreased to 10 dB. A calibration chart (Fig 26.41) is attached to the unit’ stop for easy
reference. Fig 26.42 shows the inside of the 1-MHz to 2.5-GHz noise source.

7 Motchenbacher and Fitchen, Low Noise Electronic Design (New
York: Wiley & Sons, 1973), p 22.

23.0 H
22.5
220 e
@ 215
2 210
© 20.5
& 200
19.5
19.0
0.1 1.0 10.0 100.0 1000.0
Frequency (MHz)

Fig 26.40 — An inside view of Fig 26.41 — Sample calibration
the 0.5 to 500-MHz noise chart for the 0.5 to 500-MHz Fig 26.42 — A view inside of the

source. noise source. 1-MHz to 2.5-GHz noise source.
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Calibrating the Noise Source
If the construction is solid Frequency (MHz) 0.5 to 500 MHz Unit 1.0 to 2500 MHz Unit

the calibration should last for a - 52'23(‘13) f\g’: NR (dB) SWR
long time. There are two ways 1 2238  1.03 2138  1.03
to calibrate the noise source. If 10 2245 1.04 21.46 1.03
theunit hasbeen carefully con- 20 22.35 1.06
structed and its correct opera- 30 22.32 1.06
: e 40 22.32 1.09
tion verified, NOISE/COM 50 2230 1.11
will calibrate home-built units 60 22.29 1.12
over the desired frequency 28 gggg ﬁ?
range for $25 plus return ship- 90 2220 1.20
ping charges. Notethat onefac- 100 22.15 1.23 21.80 1.07
tory calibrated unit can be used 200 21.65 1.42

¢ ; h 300 20.96 1.62
as a reference for many home 400 2025 1.70
calibrated units. Fig 26.43 500 19.60 1.90 20.71 1.44
shows the NOISE/COM cali- 1?83 58(1)(2) ;gg
bration daIafqr both models_of 5000 20.70 514
prototype noise sources, in- 2500 21.51 1.88
cluding SWR data. The noise

data is strictly valid only at
room temperature, so it’s nec-
essary to avoid extreme tem-
perature environments.

The second calibration method requires a signal generator with known output levels at the various
desired calibration frequencies. One approach is to build a tunable weak-signal oscillator that can be
compared to some accessible high-quality signal generator, using asensitivereceiver asadetector. The
level of the signal source in dBm is needed.

Access to a multistage attenuator is also desirable. Build the attenuator using the nearest 1% values
of metal-film resistors, so that systematic errors are minimized. A total attenuation of 25 dB in 0.1-dB
stepsisdesirable. Attenuator construction must be appropriate for use at the intended frequency range.
In some cases, a high-frequency correction chart may be needed.

With the calibrated signal source and the attenuator feeding the receiver in an SSB or CW mode the
techniques discussed in the reference of Note 1 should be used to determine the excess noise (Ng) of the
noise source and the noise bandwidth (By) of the receiver.

Fig 26.43 — NOISE/COM calibration data for both prototype noise
sources. The data is not universal; it varies from unit to unit.

Excess Noise Ratio

A few words about excess noise ratio (ENR) are needed. It is defined as the ratio of excess noise to
thermal noise. That is,

ENR= NON _NOFF — NE

Norr Norr (12)

When the noise source is turned on, its output is Norr + Ng. The ratio of Noy to Noge IS then

Non _ Nore +Ng

Norr Norr 8 W. Hayward and D. DeMaw,
: Neg _ (13) Solid State Design for the Radio
=1+ OFF =1+ENR Amateur (Newington: ARRL,
1986).
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Therefore, ENR isameasure of how much the noi seincreasesand the noise generator can be calibrated
in terms of its ENR.
Normalizing ENR to a 1-Hz bandwidth and converting to decibels, thisis

_ N (dBm)
ENR (dB)=174 (dBm/Hz)+B—N(E)— (14)

Prepare acalibration chart and attach it to the top of the unit (see Fig 26.41). If the unit isto be factory
calibrated, first perform the calibration procedureto ensure everything isworking properly. Remember,
afactory calibrated unit can be used as areference for other home calibrated units, once the calibration-
transfer procedures have been worked out. This requires some careful thinking and proper techniques.
Generally speaking, a NOISE/COM calibration is the best choice.

Noise-Figure Measurement

The thermal noise power available from the attenuator remains constant for any value of attenuator
setting. But the excess noise and therefore the ENR (in dB) due to the noise diode is equal to the
calibration point of the source minus the setting (in dB) of the attenuator.

The noise-figure measurement of a device under test (DUT) uses the Y method and the setup in Fig
26.44. If the DUT hasanoise-generator input and atrue-RM S noi se-measuring instrument at the output,
then the total output noise (including the contribution of the measuring instrument) with the noise
generator turned off is

NorrroT) = KTBN Frot Gput Gnwmi (15)
where

kTBy = thermal noise,

Gpuyt = gain of the DUT,

Gnmi = gain of the noise-measuring instrument, and

Frot = noise factor of the combination of the DUT and the noise-measuring instrument.

When the noise generator is turned on, the output noise is

Non(roTt) = KTBn Fror Gout Gnmi + (ENR)KTBN Gput Gawmi (16)

Wherethelast termisthe contribution of excess noise by the noise generator. Note that none of these
valuesisin dB or dBm.
If we divide equation 16 by equation 15 and say that the ratio

N
. on(ror) _ Y (17)
OFF(TOT)
then Frot
F ENR ENR Ig— —Ig
+
TOT =1+ Noise Step Device 3—dB True RMS
F F Generator Attenuator Under Test Attenuator Detector
Tot ot 50 0 50 0 (Optional)
Fout Gput P FNMI - ONMI
Note thaI kTBN, GDUT and $ ouT ouT
Gnwm disappear, so that these ON
guantities need not be known OFF
to measure noise factor. If we

solve equation 17 for Fror, We  Fig 26.44 — Setup for measuring noise figure of a device under
get the noise factor test (DUT).
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o= ENR
ToT =y 1 (18)

If the noise output doubles (increases by 3 dB) when we turn on the noise source, then Y = 2 and the
noise factor is numerically equal to the excess noise ratio (ENR). If the attenuator steps are not fine
enough or if the attenuator is not reliable over the entire frequency range, use equation 18 to get a better
answer. (It's much simpler to use a good fine-step attenuator.) The value of Fror isthat of the DUT in
cascade with the noise-measuring instrument. To find Fpyt, we must know the noise factor Fyy, of the
noise-measuring instrument and Gpyt and then use the Friis formula, unless Gpyt is very large (as it
would be if the DUT were a high-gain receiver (see footnote 1).

Fami —1
Gpur
The validity of equation 19 (if we need to use it) requires that the noise bandwidth of the noise-
measuring instrument be less than the noise bandwidth of the DUT (seethe reference of Note 1). Verify
this before proceeding.
There' s another advantage to using the power-doubling method. If the 3-dB attenuator of Fig 26.44

is used to maintain a constant noise level into the following stages and the RM S meter, this means that
the noise factor, using the calibration scale and the input attenuator (without using equation 18), is

1

DUT

If Gpur islarge, then the last term can be neglected. If Gpyt is small, we need to know its value.
However, we do not need to know the noise factor Fyu, of the circuitry after the DUT, aswe did in the
previous discussion.

The 3-dB attenuator method also removes all restrictions regarding the type of noise measuring
instrument, sincethe meter reading isnow used only asareference point. Thislast statement appliesonly
when two noise (or two signal generator) inputs are being compared.

Fout = Fror — (19)

Four = ENR+

(20)

Frequency Response M easurements

The noise generator, in conjunction with a spectrum analyzer, is an excellent tool for measuring the
frequency response of a DUT, if the noise source is much stronger than the internal noise of the DUT
and that of the spectrum analyzer. Many spectrum analyzers are not equipped with tracking generators,
which can be quite expensive for an amateur’ s budget.

The spectrum analyzer needs to be calibrated for anoise input, if accurate amplitude measurements
are needed, because it responds differently to noise signals than to sine-wave signals. The envelope
detection of noise, combined with the logarithmic amplification of the spectrum analyzer, creates an
error of about 2.5 dB for a noise signal (the noise is that much greater than the instrument indicates).
Also, the noise bandwidth of the IF filter is different from its resolution bandwidth. Some modern
spectrum analyzershaveinternal DSP algorithmsthat makethe corrections so that external noise sources
and also carrier-to-noise ratios, normalized to some noise bandwidth like 1.0 Hz, can be measured with
fair accuracy if the input noise is a few decibels above thermal. One example is the Tektronix Model
2712. If only relative response readings are needed, then these corrections are not needed.

Also, thenoisesourceitself can beused to establish an accuratereferencelevel (indBm) onthescreen.
Anaccurate, absol ute measurement withthe DUT in placewill then bethisreferencelevel (indBm), plus
the increment in decibels produced by the DUT.

The noise-generator output can be viewed as a collection of sine waves separated by, say, 1 Hz. Each
separated frequency “bin” has its own Gaussian amplitude and random phase with respect to all the
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others. So the DUT is simultaneously looking at a collection or “ensemble,” of input signals. As the
spectrum analyzer frequency sweeps, it looks simultaneously at all of the DUT frequencies that fall
within the spectrum analyzer’ s | F noise bandwidth. The spectrum display is thus the *“ convolution” of
the I F filter frequency response and the DUT frequency response. If the DUT isanarrow filter, avery
narrow resolution and a slow sweep are needed in the spectrum analyzer. In addition, the analyzer’s
video, or post-detection, filter has a narrow bandwidth and also requires some settling time to get an
accurate reading. So, some experience and judgment are required to use a spectrum analyzer this way.

Using Your Station Receiver

Y our station receiver can al so be used as a spectrum analyzer. Place avariabl e attenuator between the
DUT and the receiver. As you tune your receiver, in a narrow CW mode, adjust the attenuator for a
constant reference level receiver output. The attenuator values are inversely related to the frequency
response.

A calibrated noise source with an adjustable attenuator that can be easily switched into a receiver
antenna jack is an excellent tool for measuring antenna noise level or incoming weak signal level (in
dBm) or for establishing correct receiver operation.

Thenoise source can also be combined with alocally generated data-mode waveform of aknown dBm
value to get an approximate check on modem performance or to make adjustments that might assure
correct operation of the system. The rigorous evaluation of system performance requires special equip-
ment and techniques that may be unavailable at most amateur stations. Or, you could evaluate the
intelligibility improvement of your SSB transmitter’s speech processor in a noise background.

Summary

The calibrated, flat-spectrum noise generator described in thisarticleis quite a useful instrument for
amateur experimenters. Itssimplicity and low cost makeit especially attractive. Getting agood calibra-
tion isthe main challenge, but onceit is achieved, the calibration lasts along time, if the right diodeis
used. The ENR of the units described here isin the range of 20 dB. Use of a high-quality, external, 10-
dB attenuator barrel will get into the range of 10-dB ENR. If the unit is sent to NOISE/COM the
attenuator should al so be sent, with therequest that it beincluded in the calibration. That attenuator then
“belongs’ to the noise source and should be so tagged. If the attenuator isof high quality, the output SWR
will also be improved. NOISE/COM suggests periodic recalibration, at your discretion.
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A NOISE BRIDGE FOR 1.8 THROUGH 30 MHz

The noise bridge, sometimes referred to as an antenna noise bridge or RX noise bridge, is an
instrument that measures the impedances of antennas or other electrical circuits. The unit shown in
Fig 26.45 provides adequate accuracy for most measurements in the 1.8- through 30-MHz range.
Battery operation and small physical size make this unit ideal for remote-location use. This classic
bridge circuit was updated by Mark Shelhamer, WA3Y NO. Additional information about using the
noise bridge for transmission-line measurements appearsin that article and in the Transmission Line
and Antenna Measurements chapter of The ARRL Antenna Book. A detector, such as the station
receiver, isrequired for operation. An etching pattern and parts placement diagram are in Chapter 30,
Refer ences.

The noise bridge consists of two parts: the noise generator and the bridge circuitry. See Fig 26.46. A
6.8-V Zener diode serves as the noise source. The broadband noise signal is amplified by Ul and
associated components to produce an approximate S9 signal in the receiver.

The bridge portion of the circuit consistsof T1, C1 and R1. Tlisaferrite corewound as shown inthe
schematic detail. This design eliminates phase shift and the ferrite core has sufficient permeability to
eliminatelow-frequency resistance shift. Onewinding of T1 couplesnoise energy intothebridgecircuit.
The remaining two windings are each in one arm of the bridge. C1 and R1 compl ete the known arm; the
UNKNOWN circuit with C3 comprises the remainder of the bridge. The terminal labeled rRcvR is for
connection to the detector.

Thereactancerange of anoise bridge dependson several factors, including operating frequency, value
of the series capacitor (C3 in the figure) and the range of the variable capacitor (C1 in the figure). The
zero-reactance point occurs when C1 is either nearly fully meshed or fully unmeshed.

Construction

The noise bridge can be put in ahome-made aluminum enclosure
that measures 5 x 23/g x 33/, inches. Many of the circuit components
are mounted on acircuit board that isfastened to the rear wall of the

u1
LM703 or Equivalent
+ () Amplifier

_ , 100 kQ

0.047 uF  3¢py

R1
250 0

ct
250 pF

Noise 1kQ
Source

p DECOUPLING 1(7) L
6.8 V 5(3) 7 I
Tw GND 0.05 uF
4(2)

Numbers in parentheses
are for LM703N

RECEIVER

UNKNOWN

T1 : 8 trifilar turns of #26

250
s enameled wire on an FT—-37-43
RX NOISEEE. | toroidal ferrite core.

Fig 26.45 — Noise bridge con-

struction details. Press-on Fig 26.46 — Noise bridge schematic. The pin numbers on U1 refer

lettering is used for the calibra-
tion marks. Note that the
potentiometer must be isolated
from ground.

to a metal can LM703 or the NTE/ECG replacement. Those in
parentheses are for a National Semiconductor mini-DIP LM703N.
See the text for placement of compensation C or L at points B,
UorR.
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cabinet. The circuit-board layout keeps the lead Iengths to the board from the bridge and coaxial con-
nectors to a minimum.

Potentiometer R1 must be mounted carefully. For accurate readings it must be very well insulated
from ground. In the prototype the control is mounted on a piece of Plexiglas, which was fastened to the
chassiswith apiece of aluminum angle stock. Additionally, a*/s-inch control-shaft coupling and alength
of phenolicrod wereused to keep the control away fromthefront panel. Useahigh-quality potentiometer
to ensure good measurement results.

Thevariablecapacitor iseasier to mount becausetherotor isgrounded. It should beahigh-quality unit.
Two female RF fittings on the rear panel are connected to a detector (receiver) and to the UNKNOWN
circuit. Plastic insulated phono connectors should not be used because they might influence bridge
accuracy at higher frequencies. Miniature coaxial cable (RG-174) isused for the connection between the
RCVR connector and circuit board. Attach one end of C3 to the circuit board and the other directly to the
UNKNOWN Ccircuit connector.

Bridge Compensation

Stray capacitance and inductance in the bridge circuit can affect impedance readings. If a very
accurate bridge is required, use the next steps to make readings more accurate.

Good calibration | oads are necessary to check the accuracy of the
noise bridge. Four are needed here: a0-Q (short circuit) load, a 50-
Q load, a 180-Q load and a variable-resistance load. The short-
circuit and fixed-resistance |oads are used to check the accuracy of
the noise bridge; the variable-resistance load is used when measur-
ing coaxial-cable loss.

Construction detailsof theloadsare shownin Fig 26.47. Each
load is constructed inside a connector. The leads should be kept
as short as possible. The resistors must be noninductive (not
wirewound). Carbon-composition (1/4-W) resistors should work
fine. The potentiometer in the variable-resistance load isamin-
iature PC-mount unit with a maximum resistance of 100 Q, or
less. The potentiometer wiper and one of the end leads are con-
nected to the center pin of the connector; the other lead is con-
nected to ground.

2

%,

50-100 Q
PC-Mount
Potentiometer

L

3§

N
N\
N\

MW

_

N
DO

NN
DS

NN
S\
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W
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N

N
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Stray Capacitance

Stray capacitance onthevariable-resistor side of the bridgetends
to be higher than that on the unknown side. This is because of
parasitic capacitance in the variable resistor, R1.

The effect of parasitic capacitance is most easily detected
using the 180-Q load. Measure and record the actual resistance
of the load, R,_. Connect the load to the uNKkNOWN connector,
tune thereceiver to 1.8 MHz and null the bridge. (See “Finding
the Null” below for tips.) Use an ohmmeter across R1 to mea-
sure its dc resistance. The magnitude of the stray capacitance
can be calculated by:

_c.O|R b
Cp=Cgn|— -1
AR H (21)
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Fig 26.47 — Loads used to
check and calibrate a noise
bridge are built into a PL-259
shell. Leads should be kept as
short as possible to minimize
parasitic inductance. The
connector shell is screwed in
place after construction and is
not shown in the figure. (A) is a
short circuit; (B) depicts a 50-Q
load; (C) is a 180-Q load; (D)
shows a variable-resistance
load used to determine the loss
in a coaxial cable.



where
RL = load resistance (as measured), ohms
R1 = resistance of the variable resistor, ohms
Cs = series capacitance (either C3 or C4, whichever is selected), pF.

We can compensatefor C, by placing avariablecapacitor, C, inthesideof thebridgewithlesser stray
capacitance. If R1 is greater than R, stray capacitance is greater on the variable resistor side of the
bridge: Place C; between point U (on the circuit board) and ground. If R1 islessthan R, stray capaci-
tance is greater on the unknown side: Place C; between point B and ground.

If the needed compensating capacitance is only afew pF, you can use a gimmick capacitor (made by
twisting two short pieces of insulated, solid wire together) for C.. A gimmick capacitor is adjusted by
trimming its length.

Compensate the bridge by setting the dc resistance of R1 equal to R.. With the bridge at 1.8 MHz.
alternately adjust C. and C1 to obtain anull.

Stray I nductance

Parasitic inductance, if present, should be only a few tens of nH. This represents a few ohms of
inductive reactance at 30 MHz. The effect is best observed by reading the reactance of the 0-Q test load
at 1.8 MHz and 30 MHz; the indicated reactance should be the same at both frequencies.

If the reactance reading decreases as frequency is increased, parasitic inductance is greater in the
known arm and compensating inductance is needed between point U and C3. If the reactance increases
with frequency, the unknown-arm inductance is greater and compensating inductance should be placed
between point B and R1.

Compensatefor stray inductance by placing asingle-turn coil, madefrom a1 to 2-inch length of solid
wire, inthe appropriate arm of the bridge. Adjust the size of thiscoil until the reactance reading remains
constant from 1.8 to 30 MHz.

Calibration

Good calibration accuracy is necessary for accurate noise-bridge measurements. Calibration of theresis-
tance scaleisstraightforward. To do this, tune the receiver to afrequency near 10 MHz. Attach the 0-Q load
to the unkNowN connector and null the bridge. This is the zero-resistance point; mark it on the front-panel
resistance scale. Therest of theresistancerangeiscalibrated by adjusting R1, measuring R1 with an accurate
ohmmeter, calculating the increase from the zero point and marking the increase on the front panel.

M ost bridges have the reactance scale marked in capacitance because capacitance does not vary with
frequency. Unfortunately, that requires calibration curves or complex calculations to find the load
reactance. An alternative method isto mark the reactance scale in ohms at a reference frequency of 10
MHz. This method calibrates the bridge near the center of its range and shows reactance directly, but it
requires a simple calculation to scale the reactance reading for frequencies other than 10 MHz. The
scaling equation is:

10
Xu(f) = Xu(lO)T (22)

where
f = frequency, MHz
Xy(10) = reactance of the unknown load at 10 MHz.
Xy(ry = reactance of the unknown load at f.

A shorted piece of coaxial cable serves as a reactance source. (The reactance of a shorted, low-loss
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coaxial cable is dependent only on the cable length, the measurement frequency and the cable charac-
teristicimpedance.) RadioShack RG-8M isused here becauseit iseasy to get, hasrelatively low lossand
has an almost purely resistive characteristic impedance. Prepare the calibration cable as follows:

1. Cut alength of coaxial cablethat isslightly longer than A/4 at 10 MHz (about 20 ft for RG-8M). Attach
a suitable connector to one end of the cable; |eave the other end open circuited.

2. Connect the 0-Q load to the noise bridge unkNOwN connector and set the receiver frequency to 10
MHz. Adjust the noise bridge for anull. Do not adjust the reactance control after the null is found.

3. Connect the calibration cable to the bridge unkNown terminal. Null the bridge by adjusting only the
variable resistor and the receiver frequency. The receiver frequency should be less than 10 MHz; if
it is above 10 MHz, the cable is too short and you need to prepare alonger one.

4. Gradually cut short lengths from the end of the coaxial cable until you obtain a null at 10 MHz by
adjusting only the resistance
control. Then connect the
cable center and shield con-  Table 26.6

ductorsattheopenendwitha  Noise Bridge Calibration with Coaxial Cable

short length of braid. Verify  This data is for RadioShack RG-8M cable (R, = 52.5 Q) cut to exactly
thatthebridgenullswith Zero A4 at 10 MHz; the reactances and capacitances shown correspond to

reactance at 20 MHz. this frequency.

5. The reactance of the coaxial  Capacitance Reactance

cable (normalized to 10 c@pF) f(MHz) C(pF) f(MHz)  Xi f(MHz)  Xi f(MHz)

MHz) canbecalculatedfrom: 10  9.798 10 10.219 10  3.318 10  19.376

¢ ¢ 20  9.612 20 10.459 20  4.484 20 18.722

X = R tan=PT—— 30  9.440 30 10.721 30  5.262 —30 18.048

i(10) = o7y 400 (23) 40 9280  -40 11.010 40 5838  —40 17.368

50  9.130 50 11.328 50  6.286 50 16.701

where 60  8.990 60 11.679 60  6.647 60 16.063

- 70  8.859 —70 12.064 70  6.943 —70 15.472

Xjao) = cablereactance at 10 g o735 gy 12484 80 7491 80 14.938

MHz 90  8.618 90 12.935 90  7.404 90  14.459

Ro = characteristic resistance 100 8.508 -100 13.407 100 7.586 -100 14.045
: 110 8.403  -110 13.887 110 7.747  -110 13.683

of the C(.)ax'a] cable (52.5€Q 120 8.304 -120 14.357 120 7.884  -120 13.370
for Radio Shack RG-8M) 130 8209 -130 14.801 130 8.009 -130 13.097

f = frequency in MHz. 140 8.119  -140 15211 140 8.119  -140 12.861
150 8.217  -150 12.654

160 8.306 -160 12.473

Theresultshavelessthan 5% 170 8.387 -170 12.313
error for reactances less than 180 8.460 -180 12.172
500 Q, aslong as the test-cable ;gg g-ggg —%88 ﬁ-ggg
loss is less thqn 02 dB. This 210 8.645 210 11.831
error becomessignificantly less 220 8.697  -220 11.739
at lower reactances (2% error at 228 S-;g? —gig ﬁg?g
The lossin 18 ft of RG-8M is 260 8.872 —260 11.446
0.13 dB at 10 MHz. Reactance %8 2-82523 —%8 ﬂgg;
dgtafqr RadioShack RG-8M is 290 8975  -290 11283
givenin Table 26.6. 300 9.005 -300 11.236

With the prepared cable and 350 9.133 -350 11.045

o 400  9.232 400 10.905
calibration values on hand, go 450 9311  -450 10.798

on to calibrate the reactance 500 9375 -500 10.713
scale. Tune the receiver to the
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appropriate frequency for the desired reactance (given in the table or found using the equation). Adjust
the resistance and reactance controls to null the bridge. Mark the reactance reading on the front panel.
Repeat this process until all desired reactance values have been marked. The resistance val ues needed
to null the bridge during this calibration procedure may be quite high (more than 100 Q) at the higher
reactances.

This calibration method is much more accurate than using fixed capacitors across the UNKNOWN
connector. Also, you can calibrate a noise bridge in less than an hour using this method.

Finding the Null

In use, areceiver is attached to the rcvr connector and some load of unknown value is connected to
the unkNOwN terminal. The receiver allows us to hear the noise present across the bridge arms at the
frequency thereceiver istuned to. The strength of the noise signal depends on the strength of the noise-
bridge battery, the receiver bandwidth/sensitivity and the impedance difference between the known and
unknown bridge arms. The noise is stronger and the null more obvious with wide receiver passbands.
Set the receiver to the widest bandwidth AM mode available.

When the impedances of the known and unknown bridge arms are equal, the voltage across the
receiver isminimized; thisisanull. In use, the null may bedifficult to find becauseit appearsonly when
both bridge controls approach the values needed to balance the bridge.

To find the null, set C1 to midscale, sweep R1 slowly through its range and listen for areduction in
noise (it’ salso helpful to watch the S meter). If no reduction is heard, set R1 to midrange and sweep C1.
If thereis still no reduction, begin at one end of the C1 range and sweep R1. Change C1 by about 10%
and sweep R1 with each change until some noise reduction appears. Once noise reduction begins, adjust
C1 and R1 alternately for minimum signal.
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A SIGNAL GENERATOR FOR RECEIVER TESTING

The oscillator shown in Fig
26.48 and Fig 26.49 was de-
signed for testing high-perfor-
mance receivers. Parts cost for
the oscillator has been kept to a
minimum by careful design.
Whilethestability isslightly less
thanthat of awell-designed crys-
tal oscillator, the stability of the
unit should be good enough to
measure most amateur receivers.
In addition, the ability to shift

frequency is important when

Fig 26.48 — A low-cost LC oscillator for receiver measurements.
Toroidal cores are used for all of the inductances.

u1
a 78L05 c4
2N5486 Reg 1000

T

o1 c2 ™ 1N914 Q.01 0.01
270
150

O+12 Vv

39

C3 56

150

470

Except as indicated, decimal

|
'W
Q2 c5 ceé c7 - C8
2N5109 470 1200 1200 470
5.6
values of capacitance are r77
in microfarads ( uF); others

are in picofarads (pF); 0.1
resistances are in ohms; /J;
k=1,000, M=1,000,000.

Fig 26.49 — Schematic diagram of the LC oscillator operating at 3.7 MHz. All resistors are 1/4 W,
5% units.

Cl— 1.4t0 9.2-pF air trimmer (value and type L1 — 31t #18 enameled wire on T-94-6 core. Tap 8
not critical) turns from ground end (7.5 pH).
C2 — 270-pF silver-mica or NPO capacitor. Value L2, L4 — 21t #22 enameled wire on a T-50-2 core
may be changed slightly to compensate for (2.5 pH, 2.43 pH ideal).
variations in L1. L3 — 23t #22 enameled wire on a T-50-2 core. (2.9
C3 — 56-pF silver mica or NPO capacitor. Value HH, 3.01 pH ideal).
may be changed to adjust output power. T1 — 7t #22 enameled wire bifilar wound on an
C4 — 1000 pF solder-in feedthrough capacitor. FT-37-43 core.
Available from Microwave Components of Q1 — 2N5486 JFET. MPF102 may give reduced
Michigan (see References chapter). output.
C5-C8 — Silver-mica, NPO disc or polystyrene Q2 — 2N5109.
capacitor. Ul — 78LO5 low-current 5-V regulator.

D1 — 1N914, 1N4148.
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dealing with receivers that have spurious responses. More importantly, LC oscillators with high-Q
components often have much better phase noise performance than crystal oscillators, because of power
l[imitations in the crystal oscillators (crystals are easily damaged by excessive power).

The circuit is a Hartley oscillator followed by a class-A buffer amplifier. A 5-V regulator is used to
keep the power supply output stable. The amplifier is cleaned up by a seven-element Chebyshev low-
pass filter, which is terminated by a 6-dB attenuator. The attenuator keeps the filter working properly,
even with areceiver that has an input impedance other than 50 Q. A receiver designed to work with a
50-Q system may not have a 50-Q input impedance. The +4 dBm output is strong enough for most
receiver measurements. It may even be too strong for some receivers. Note that sensitive components
like crystal filters may require a step attenuator to lower the output level.

Construction

This unit is built in a box made of double-sided circuit board. Itsinside dimensionsare 1 x 2.2 x 5
inches (HWD). The copper foil of the circuit board makes an excellent shield, whilethe fiberglass hel ps
temperature stability. Capacitor C2 should be soldered directly across L1 to ensure high Q. Since this
is an RF circuit, leads should be kept short. While silver mica capacitors have slightly better Q, NPO
capacitors may offer better stability. Mounting the three inductors orthogonal (axis of the inductors 90°
from each other) reduced the second-order harmonic by 2 dB when it was compared to the first unit that
was made.

Alignment and Testing

The output of the regulator should be +5 V. The output of the oscillator should be +4 dBm (2.5 mW)
into a 50-Q load. Increasing the value of C3 will increase the power output to a maximum of about
10 mW. The frequency should be around 3.7 MHz. Additional capacitance across L1 (in parallel with
C2) will lower thefrequency if desired, whilethetrimmer capacitor (C1) specified will allow adjustment
to a specific frequency. The drift of one of the first units made was 5 Hz over 25 minutes after a few
minutes of warm up. If the warm-up drift is large, changing C2 may improve the situation somewhat.
For most receivers, adrift of 100 Hz while you are doing measurements is not bad.
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HYBRID COMBINERS FOR SIGNAL GENERATORS

Many receiver performance measurementsrequiretwo signal gen-
erators to be attached to a receiver simultaneously. This, in turn,
requires a combiner that isolates the two signal generators (to keep
onegenerator from being frequency or phasemodul ated by the other).
Commercially made hybrid combiners are available from Mini-
Circuits Labs (see the Address List in the Refer ences chapter).

Alternatively, a hybrid combiner is not difficult to construct. The
combiners described here (see Fig 26.50) provide 40 to 50 dB of
isolation between ports (connections) while attenuating the desired
signal paths (each input to output) by 6 dB. The 50-Q impedance of
thesystemiskept constant (very important if accurate measurements
are to be made).

The combiners are constructed in small boxes made from double-
sided circuit-board material. Each piece is soldered to the next one
along the entire length of the
seam. Thismakesagood RF-tight
enclosure. BNC coaxial fittings
areused ontheunitsshown. How-
ever, any type of coaxial connec-
tor can be used. Leads must be
kept as short as possible and pre-

Generator
"A" 50
500

50
Qutput

m 500
[ ]
50 H

HYBRID COMBINER

Generator
g

cision resistors (or matched units
fromthejunk box) should beused.
The circuit diagram for the com-
binersis shown in Fig 26.51.
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Fig 26.50 — The hybrid com-
biner on the left is designed to
cover the 1 to 50-MHz range;
the one on the right 50 to 500
MHz.

Fig 26.51 — A single bifilar
wound transformer is used to
make a hybrid combiner. For
the 1 to 50-MHz model, T1 is 10
turns of #30 enameled wire
bifilar wound on an FT-23-77
ferrite core. For the 50 to 500-
MHz model, T1 consists of 10
turns of #30 enameled wire
bifilar wound on an FT-23-63
ferrite core. Keep all leads as
short as possible when con-
structing these units.



Return Loss Bridges

Return loss is a measure of how closely an impedance matches a reference impedance in phase
angle and magnitude. If the reference impedance equals the measured impedance level with a 0°
phase difference it has a return loss of infinity. Fig A shows basic return-loss measurement setups.
Return-loss bridges are good for measuring filter response because return loss measurements are a

more sensitive measure of passband response than insertion-loss measurements.
A 100 Hz to 100-kHz Return-Loss Bridge

Ed Wetherhold, W3NQN,
has developed a low-
frequency return-loss bridge
(RLB) that can be adapted to
different impedance levels.
(See Fig B.) This bridge is
used primarily for testing
passive-LC filters that have
been designed to work at a
certain impedance level.
Return-loss measurements
require that the signal genera-
tor and RLB match the specific
filter impedance level.

The characteristic impedance
of this RLB is set by the values
of four resistors (R1 = R2 = R3
= R4 = characteristic imped-
ance). Ed mounted the four
resistors on a plug-in module
and placed their interconnec-
tions on the socket. Additional
modules may be built for any
impedance.

Table A provides computed
values of return loss for
several known loads and a
500-Q RLB. If you build this
RLB, use the values in the
table to check its operation.
For this frequency range, use
an ac voltmeter in place of the
power meter shown in Fig A.
Choose one with good ac
response well above 100 kHz.

Ed originally described this
bridge circuit in an article
published in 1993. That article
provides complete construc-
tion details. Reprints are
available from Ed Wetherhold,
W3NQN (for $3). (For contact
information, see the Refer-
ences chapter Address List.)
The RLB shown is useful from
100 Hz to 100 kHz.

Return—Loss | X )
Bridge (

Zy

i

Power

L

Meter

Generator

Signal In
Generator
Detector
(A)
Step
Attenuator
Pad
Signal In | Return—Loss | X

Bridge

Filter

Detector Load

+

Power

®

Meter

Matched

Fig A — A shows a setup to measure an unknown impedance
with a return loss bridge. B is for measuring filter response.

Unknown

Except as indicated, decimal values of
capacitance are in microfarads ( uF);
others are in picofarads ( pF );

resistances are in ohms; k=1,000, M=1,000,000.

Fig B — An active low-frequency RLB. U1l is an LM324 quad op
amp. R1, R2, R3 and R4 are 1/4-W, 1% resistors with the same
value as the output impedance of the signal generator and the

input impedance of the test ci

rcuit.
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An RF Return-Loss Bridge

Table A . :
At HF and higher frequencies, return-loss

Performance and Test Data for the 100-Hz to bridges are used as shown in Fig A for making
1QO-kHz RL_B _ measurements in RF circuits. The schematic
Bridge and signal-generator impedance = 500 Q of a simple bridge is shown in Fig C. (Notice
Bridge Directivity that the circuit is identical to that of a hybrid

combiner.) It is built in a small box with short
Frequency Return Loss

leads to the coax connectors. Either 49.9-Q
1% metal-film or 51-Q 1/,-W carbon resistors
igokﬂz to 10kHz >45 may be used. The transformer is wound with
zto 80 kHz 40 o . .
80 kHz to 100 kHz 30 10 bifilar turns of #30 enameled wire on a high
permeability ferrite core such as an FT-23-43
or similar.
Apply the output of the signal generator to
the rRF INPUT port of the RLB. It may be neces-

(dB, Unknown = 500-0Q)

Return Loss of Known Resistive Loads

Rioap = LF X Zgripce

Whg[iAD = Load resistance, ohms sary to attenuate the generator output to avoid
LF = Load factor overloading the amplifier under test. Connect
Zgripce = Characteristic bridge impedance, ohms. the bridge pETECTOR port to a power meter

LF Return Loss (dB) through a step attenuator and leave the uN-

5848 3 KNOWN port of the bridge open circuited. Set

3009 6 the step attenuator for a relatively high level of

1.925 10 attenuation and note the power meter indica-

1.222 20 tion.

1.065 30 Now connect the unknown impedance, Z,,, to

the bridge. The power meter reading will
decrease. Adjust the step attenuator to pro-
duce the same reading obtained when the
UNKNOWN port was open circuited. The differ-
ng; ";OQ ence between the two settings of the attenua-
SOURCE tor is the return loss, measured in dB.

The unknown impedance measured by this
technique is not limited to amplifier inputs.
Coax cable attached to an antenna, a filter, or
any other fixed impedance device can be
characterized by return loss. Return loss is
measured in dB, and it is related to a quantity
known as the voltage reflection coefficient, p:

RL =-20 log |p|
-RL
|p| =10 20
where
RL = return loss, dB
p = voltage reflection coefficient.

Fig C — An RLB for RF. Keep the lead lengths

short. Wind the transformer on a high-perme- The relationship of return loss to SWR is:
ability ferrite core. Use either 51-Q carbon or 1+|o|
49.9-Q 1% metal-film resistors. SWR=1_—|p|
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Receiver Performance Tests

Comparing the performance of onereceiver to another isdifficult at best. The features of onereceiver
may outweigh a second, even though its performance under some conditionsis not as good asit could
be. Although thefinal decision onwhich receiver to purchasewill morethan likely be based on personal
preference and cost, there are ways to compare receiver performance characteristics. Some of the more
important parameters are sensitivity, blocking dynamic range and two-tone IMD dynamic range.

Instrumentsfor measuring receiver performance should be of suitable quality and calibration. Always
remember that accuracy can never be better than the tools used to make the measurements. Common
instruments used for receiver testing include:

e Signal generators

» Hybrid combiner

* Audio ac voltmeter

 Distortion meter (FM measurements only)

* Noise figure meter (only required for noise figure measurements)
» Step attenuators (10 dB and 1 dB steps are useful)

Signal generators must be calibrated accurately in dBm or pV. The generators should have extremely
low leakage. That is, when the output of the generator is switched off, no signal should be detected at
the operating frequency with asensitivereceiver. Ideally, at |east one of the signal generators should be
capable of amplitude modulation. A suitable lab-quality piece would be the HP-8640B.

While most signal generators are calibrated in terms of microvolts, the real concern is not with the
voltagefrom the generator but with the power available. The unit that isused for most low-level RFwork
is the milliwatt, and power is often specified in decibels with respect to 1 mW (dBm). Hence, 0 dBm
wouldbel mW. ThedBm level, ina50-Q load, can be cal culated with the aid of thefoll owing equation:

dBm =10logy, [20 (VRMS)Z] (24)
where

dBm = power with respect to 1 mW

V = RM S voltage available at the output of the signal generator.

The convenience of alogarithmic power unit such as the dBm becomes apparent when signals are
amplified or attenuated. For example, a—107 dBm signal that is applied to an amplifier with a gain of
20 dB will result in an output increased by 20 dB. Therefore in this example (=107 dBm + 20 dB) =
87dBm. Similarly, a—107 dBm signal applied to an attenuator with alossof 10 dB will resultinan output
of (-107 dBm — 10 dB) or —117 dBm.

A hybrid combiner is athree-port device used to combine the signals from a pair of generators for all
dynamic range measurements. It has the characteristic that signals applied at ports 1 or 2 appear at port 3
and are attenuated by 3 dB. However, asignal from port 1 is attenuated 30 or 40 dB when sampled at port
2. Similarly, signals applied at port 2 are isolated from port 1 some 30 to 40 dB. The isolating properties
of the box prevent one signal generator from being frequency or phase modulated by the other. A second
feature of a hybrid combiner isthat a 50-Q impedance level is maintained throughout the system.

Audio voltmeters should be calibrated in dB aswell asvolts. Thisfacilitates easy measurements and
eliminates the need for cumbersome calculations. Be sure that the step attenuators are in good working
order and suitable for the frequenciesinvolved. A distortion meter, such asthe Hewlett- Packard 339A,
is required for FM sensitivity measurements and a noise figure meter, such as the Hewlett-Packard
8970A, is excellent for certain kinds of sensitivity measurements.
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Receiver Sensitivity

Several methods are used to determine receiver sensitivity. The mode under consideration often
determines the best choice. One of the most common sensitivity measurementsis minimum discernible
signal (MDS) or noise floor. It is suitable for CW and SSB receivers.

This measurement indicates the minimum discernible signal that can be detected with the receiver.
Thislevel isdefined asthat which will produce the same audio-output power astheinternally generated
receiver noise. Hence, the term “noise floor.”

To measure MDS, use asignal generator tuned to the same frequency as thereceiver (see Fig 26.56).
Withthegenerator output at O or with maximum attenuation of itsoutput notethevoltmeter reading. Next
increase the generator output level until the ac voltmeter at the receiver audio-output jack showsa3-dB
increase. Thesignal input at thispointisthe MDS. Be certain that thereceiver is peaked on the generator
signal. The filter bandwidth can affect the MDS. Always compare MDS readings taken with identical
filter bandwidths. (A narrow bandwidth tends to improve MDS performance.) MDS can be expressed
in uV or dBm.

In the hypothetical example of Fig 26.56, the output of the signal generator is—133 dBm and the step
attenuator is set to 4 dB. Here is the calculation:

Noise floor = —133 dBm — 4 dB = —-137 dBm (25)

wherethe noisefloor isthe power available at thereceiver antennaterminal and—4 dB isthelossthrough
the attenuator.

Receiver sensitivity isalso often expressed as 10 dB S+N/N (a 10-dB ratio of signal + noise to noise)
or 10 dB S/N (signal to noise). The procedure and measurement are identical to MDS, except that the
input signal isincreased until the receiver output increases by 10 dB for 10 dB S+N/N and 9.5 dB for
10dB S/N (often called “10 dB signal to noise ratio”). AM receiver sensitivity isusually expressed in
this manner with a 30% modulated, 1-kHz test signal. (The modulation in this case is keyed on and off
and the signal level is adjusted for the desired increase in the audio output.)

SINAD isacommon sensitivity measurement normally associated with FM receivers. [tisanacronym
for “signal plus noise and distortion.” SINAD is a measure of signal quality:

signal + noise+ distortion

SINAD=
noise+ distortion (26)

where SINAD is expressed in dB. In this example, all quantities to the right of the equal sign are
expressed in volts, and the ratio is converted to dB by multiplying the log of the fraction by 20.

g NAD(dB)z 2Ologﬂagnal (V)+ Nmse(\_/)+ plaortlon(v)
H N0|se(V)+ Dlstort|on(V)
Let’slook at thismore closely. We can consider distortion to be apart of the receiver noise because
distortion, like noise, isan un-

wanted signal added to the de-
sired signal by the receiving signa || stee || receiver || Audio
SyStem. Then |f we assume Generator Attenuator Under Test Voltmeter
that the desired signal is much

. —133 dBm —4 dBm = —=137 dBm
stronger than the noise, Output at Receiver Input
SINAD closely approximates

the signal to noise ratio. The Fig 26.56 — A general test setup for measuring receiver MDS, or
common 12-dB SINAD speci-  noise floor. Signal levels shown are for an example discussed in

ficationthereforecorresponds  the text.
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toa4:1 S/N ratio (noise + dis-
tortion = 0.25 x signal). saa | se | e e
The baS| C teSt Setup for mea- Generator Attenuator Receiver Meter
suring SINAD isshownin Fig
. . —122 dBm —4 dBm = —126 dBm
26.57. Thelevel of Input Slgnal Output at Receiver Input
isadjusted to provide 25% dis-

tortion (12 dB SINAD). Nar-  gig 26.57 — FM SINAD test setup.
row-band FM signals, typical
for amateur communications,
usually have 3-kHz peak deviation when modulated at 1000 Hz.
Noise figure is another measure of receiver sensitivity. It provides a sensitivity evaluation that is
independent of the system bandwidth. Noise figure is discussed further in the Transceiver s chapter.

Dynamic Range

Dynamic rangeis the ability of the receiver to tolerate strong signals outside of its band-pass range.
Two kinds will be considered:

Blocking dynamic range (blocking DR) isthe difference, in dB, between the noise floor and a signal
that causes 1 dB of gain compression in thereceiver. It indicates the signal level, above the noise floor,
that begins to cause desensitization.

IMD dynamic range (IMD DR) measures the impact of two-tone IMD on a receiver. IMD is the
production of spurious responsesthat results when two or more signalsmix. IMD occursin any receiver
when signals of sufficient magnitude are present. IMD DR is the difference, in dB, between the noise
floor and the strength of two equal incoming signals that produce a third-order product 3 dB above the
noise floor.

What do these measurements mean? When the IMD DR is exceeded, false signals begin to appear
along with the desired signal. When the blocking DR is exceeded, the receiver beginslosing its ability
toamplify weak signals. Typically, theIMD DR is20dB or more below theblocking DR, sofalsesignals
appear well before sensitivity is significantly decreased. IMD DR isone of the most significant param-
etersthat can be specified for areceiver. It isgenerally aconservative evaluation for other effects, such
as blocking, which will occur only for signals well outside the IMD dynamic range of the receiver.

Both dynamic rangetestsrequiretwo signal generatorsand ahybrid combiner. When testing blocking
DR (see Fig 26.58), one generator is set for aweak signal of roughly —110 dBm. The receiver istuned
to this frequency and peaked for maximum response. (ARRL Lab procedures require this level to be
about 10 dB below the 1-dB
compression point, if the AGC

can bedisabled. Otherwise, the
. Signal —110 dBm
|eVe| IS Set tO 20 dB above the Generator
MDS.) S
. Hybrid St Recei Audi

The Second generator IS SEt Combri:'ner Bl Attenzztor Bl UnZ:fIYrZ;t Bl Volt;;c;er
to a frequency 20 kHz away
from the first and its level is Sno \
. . . enerator
increased until the receiver T7dm  m3dB 10.dB = 20 B Blocking Leve
output drops by 1 dB, as mea-

. Blocking DR = Noise Floor — Blocking Level

sured with the ac voltmeter. 2117 dB = —137 dBm — (=20 dBm)

In the example shown, the

output of the generator is —7 Fig 26.58 — Receiver Blocking DR is measured with this equip-
dBm, thelossthroughthecom-  ment and arrangement. Measurements shown are for the example
biner is fixed at 3 dB and the discussed in the text.
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step attenuator is set to 10 dB. The 1-dB compression level is calculated as follows:
Blockinglevel =—=7dBm-3dBm-10dBm
=-20dBm

To express this as a dynamic range, the blocking level is referenced to the receiver noise floor
(calculated earlier). Calculate it as follows:

(27)

BlockingDR = noisefloor — blockinglevel
=-137dBm- (- 20dBm) (29)
=-117dB
Thisvalueis usually expressed as an absolute value: 117 dB.

Two-Tone IMD Test

The setup for measuring IMD DR is shown in Fig 26.59. Two signals of equal level, spaced 20-kHz
apart are injected into the receiver input. When we call these frequenciesf1 and f2, the so-called third-
order IMD products will appear at frequencies of (2f1 — f2) and (2f2 — f1). If the two input frequencies
are 14.040 and 14.060 MHz, the third-order products will be at 14.020 and 14.080 MHz. Let's talk
through a measurement with these frequencies.

First, set the generatorsfor f1 and f2. Adjust each of them for an output of —10 dBm. Tunethereceiver
to either of the third-order IMD products. Adjust the step attenuator until the IMD product produces an
output 3 dB above the noise level as read on the ac voltmeter.

For an exampl e, say the output of the generator is—10 dBm, thelossthrough the combiner is3 dB and
the amount of attenuation usedis30dB. Thesignal level at the receiver antennaterminal that just begins
to cause IMD problemsis calculated as:

IMD level =-10dBm-3dB-30dB
=-43dBm
To express this as a dynamic range the IMD level is referenced to the noise floor as follows:
IMD DR = noisefloor—IMD level
=-137dBm-(-43dBm) (30)
=-94dB
Therefore, the IMD dynamic range of this receiver would be 94 dB.

(29)

Third-Order | ntercept

Another parameter used to
quantify receiver performance Signal | 10 ¢Bm
is the third-order input inter- Seneratr .
cept (IP3). This s the point at o L 5o 1 e Lo
whichthedesired response and Combiner Attenuator Under Test Voltmeter
the third-order IMD response — \
intersect, if extended beyond Generator
. . . . -10dBm -3dB -30dB = —43 dBm
their linear regions (see Fig ot Receter ot
26.60). Greater |P® indicates perene

better receiver performance.
Calculate IP8 like this: Fig 26.59 — Receiver IMD DR test setup. Signal levels shown are
for the example discussed in the text.
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Mmunications receivers.

Evaluating the Data

Fig 26.60 — A plot of the re-
ceiver characteristics that
determine third-order input
intercept, a measure of receiver
performance.

,n;’f,‘{d,;f’;,‘li;t\ o IP3 = 1.5 (IMD dynamic range in dB) + (MDS in dBm) (31)
s For our example receiver:
Desired ,’, /
Response < IP3 =15 (94 dB) + (-137 dBm) = +4 dBm

The example receiver we have discussed here is purely imagi-
nary. Nonetheless, its performanceistypical of contemporary com-

Thusfar, afair amount of data has been gathered with no mention
of what the numbers really mean. It is somewhat easier to under-
stand exactly what is happening by arranging the data as shown in
Fig 26.61. The base line represents power levels with avery small
level at the left and a higher level (0 dBm) at the right.

The noise floor of our hypothetical receiver isat =137 dBm, the
IMD level (the level at which signals will begin to create spurious responses) at —43 dBm and the
blocking level (thelevel at which signals will begin to desensitize the receiver) at —20 dBm. The IMD
dynamic range is some 23 dB smaller than the blocking dynamic range. This means IMD products will
be heard long before the receiver begins to desensitize, some 23 dB sooner.

SPECTRUM ANALYZERS

A spectrumanalyzer issimilar to an oscilloscope. Both visually present an el ectrical signal through graphic

representation. The oscilloscope is used to observe electrical signalsin
the time domain (amplitude as a function of time). The time domain,
however, gives little information about the frequencies that make up

complex signals. Amplifiers, mixers, oscillators, detectors, modulators

and filters are best characterized in terms of their frequency response.
This information is obtained by viewing electrical signals in the fre-
guency domain (amplitude as afunction of frequency). Oneinstrument
that can display the frequency domain is the spectrum analyzer.

Time and Frequency Domain
To better understand the concepts of time and frequency domain,

see Fig 26.62. The three-dimensional coordinates show time (asthe

117 dB
"Blocking”
Dynamic Range

.

94 dB
-~ IMD

Dynamic Range

| | | | |
[ I I I |
—174 dBm —137 dBm —43 dBm —20 dBm 0 dBm
(Noise Floor) (IMD Level) (Blocking
Level)

Fig 26.61 — Performance plot of the receiver discussed in the text.
This is a good way to visualize the interaction of receiver-
performance measurements.
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Amplitude—

Amplitude— Frequency

Time
f1+2f1 1
2f4 2fy
fi

A(t) A(f)
(8) (©)

Fig 26.62 — A complex signal in
the time and frequency do-
mains. A is a three-dimensional
display of amplitude, time and
frequency. B is an oscilloscope
display of time vs amplitude. C
is spectrum analyzer display of
the frequency domain and
shows frequency vs amplitude.
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line sloping toward the bottom right), frequency (as the line rising toward the top right) and amplitude
(asthevertical axis). Thetwo discretefrequenciesshown areharmonically related, sowe’ |l refer tothem
asfl and 2f1.

In the representation of time domain at B, all frequency components of asignal are summed together.
Infact, if thetwo discrete frequencies shown were applied to the input of an oscilloscope, we would see
the solid line (which correspondsto f1 + 2f1) on the display.

In the frequency domain, complex signals (signals composed of more than one frequency) are sepa-
rated into their individual frequency components. A spectrum analyzer measures and displaysthe power
level at each discrete frequency; this display is shown at C.

Thefrequency domain containsinformation not apparent in the time domain and therefore the spectrum
analyzer offers advantages over the oscilloscope for certain measurements. As might be expected, some
measurements are best made in the time domain. In these cases, the oscilloscopeis avaluabl e instrument.

Spectrum Analyzer Basics

There are several different types of spectrum analyzers, but by far the most common is nothing more
than an electronically tuned superheterodynereceiver. Thereceiver istuned by meansof aramp voltage.
Thisramp voltage performstwo functions: First, it sweepsthefrequency of theanalyzer local oscillator;
second, it deflectsabeam acrossthe horizontal axisof aCRT display, asshowninFig26.63. Thevertical
axis deflection of the CRT beam is determined by the strength of the received signal. In this way, the
CRT displays frequency on the horizontal axis and signal strength on the vertical axis.

M ost spectrum analyzers use an up-converting technique so that afixed tuned input filter can remove
theimage. Only thefirst local oscillator need be tuned to tune the receiver. In the up-conversion design,
a wide-band input is converted to an IF higher than the highest input frequency. As with most up-
converting communicationsreceivers, it isnot easy to achievethe desired ultimate sel ectivity at thefirst
IF, because of the high frequency. For this reason, multiple conversions are used to generate an IF low
enough so that the desired selectivity is practical. In the example shown, dual conversion is used: The
first IF is at 400 MHz; the second at 10.7 MHz.

Low—pass Tst 2nd
Filter IF Filter IF Filter Log IF
400 MHz 10.7 MHz Amp
0-300 MHz —] & = = ‘*—D
—~ —~ —~c
400—700 MHz 410.7 MHz
\
Voltage—
Controlled
Oscillator
Tuning Detector -
Voltage

CRT
Display

Ramp - |1

Generator - \ 1 | /

Fig 26.63 — A block diagram of a superheterodyne spectrum analyzer. Input frequencies of up to 300
MHz are up converted by the local oscillator and mixer to a fixed frequency of 400 MHz.
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In the example spectrum analyzer, the first local oscillator is swept from 400 MHz to 700 MHz; this
convertsthe input (from nearly 0 MHz to 300 MHz) to thefirst IF of 400 MHz. The usual rule of thumb
for varactor tuned oscillators is that the maximum practical tuning ratio (the ratio of the highest fre-
guency to the lowest frequency) is an octave, a2:1 ratio. In our example spectrum analyzer, the tuning
ratio of the first local oscillator is 1.75:1, which meets this specification.

Theimagefrequency spans800 MHzto 1100 MHz andiseasily eliminated using alow-passfilter with
acut-off frequency around 300 MHz. The 400-MHzfirst I Fisconverted to 10.7 MHz wherethe ultimate
selectivity of the analyzer is obtained. The image of the second conversion, (421.4 MHz), iseliminated
by the first IF filter. The attenuation of the image should be great, on the order of 60 to 80 dB. This
requires afirst IF filter with ahigh Q; thisis achieved by using helical resonators, SAW resonators or
cavity filters. Another method of eliminating the image problem isto use triple conversion; converting
first to an intermediate IF such as 50 MHz and then to 10.7 MHz. As with any receiver, an additional
frequency conversion requires added circuitry and adds potential spurious responses.

Most of the signal amplification takes place at the lowest | F; in the case of the example analyzer this
is 10.7 MHz. Here the communications receiver and the spectrum analyzer differ. A communications
receiver demodulates the incoming signal so that the modulation can be heard or further demodulated
for RTTY or packet or other mode of operation. In the spectrum analyzer, only the signal strength is
needed.

In order for the spectrum analyzer to be most useful, it should display signals of widely different
levels. As an example, signals differing by 60 dB, which is a thousand to one difference in voltage or
amillion to one in power, would be difficult to display. Thiswould mean that if power were displayed,
one signal would be one million times larger than the other (in the case of voltage one signal would be
athousandtimeslarger). Ineither caseit would bedifficult to display both signalsonaCRT. Thesolution
tothisproblemisto usealogarithmic display that showstherelative signal levelsin decibels. Using this
technique, a 1000:1 ratio of voltage reduces to a 60-dB difference.

The conversion of the signal to a logarithm is usually performed in the IF amplifier or detector,
resulting in an output voltage proportional to the logarithm of the input RF level. This output voltage
is then used to drive the CRT display.

Spectrum Analyzer Performance Specifications

The performance parameters of a spectrum analyzer are specified in terms similar to those used for
radio receivers, in spite of the fact that there are many differences between areceiver and a spectrum
analyzer.

The sensitivity of areceiver is often specified as the minimum discernible signal, which means the
smallest signal that can be heard. In the case of the spectrum analyzer, it is not the smallest signal that
can be heard, but the smallest signal that can be seen. The dynamic range of the spectrum analyzer
determines the largest and smallest signals that can be simultaneously viewed on the analyzer. Aswith
areceiver, there are several factorsthat can affect dynamic range, such asIMD, second- and third-order
distortion and blocking. IMD dynamic range is the maximum difference in signal level between the
minimum detectable signal and the level of two signals of equal strength that generate an IMD product
equal to the minimum detectable signal.

Although the communications receiver is an excellent example to introduce the spectrum analyzer,
there are several differences such as the previously explained lack of a demodulator. Unlike the com-
municationsreceiver, the spectrumanalyzer isnot asensitiveradioreceiver. To preserveawidedynamic
range, the spectrum analyzer often uses passive mixers for the first and second mixers. Therefore,
referring to Fig 26.63, the noise figure of the analyzer is no better than the losses of the input |ow-pass
filter plus the first mixer, the first IF filter, the second mixer and the loss of the second IF filter. This
often resultsin acombined noise figure of more than 20 dB. With that kind of noise figure the spectrum
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analyzer isobviously not acommunicationsreceiver for extracting very weak signalsfrom the noise but
ameasuring instrument for the analysis of frequency spectrum.

The selectivity of the analyzer is called the resolution bandwidth. This term refers to the minimum
frequency separation of two signals of equal level that can be resolved so there is a 3-dB dip between
the two. The IF filters used in a spectrum analyzer differ from a communications receiver in that the
filtersinaspectrum analyzer havevery gentleskirtsand rounded passbands, rather than theflat passband
and very steep skirts used on an IF filter in a high-quality communications receiver. This rounded
passband isnecessary becausethe signal s passinto thefilter passband asthe spectrum analyzer scansthe
desired frequency range. If the signals suddenly pop into the passband (as they would if the filter had
steep skirts), the filter tends to ring; afilter with gentle skirtsislesslikely to ring. Thisringing, called
scan loss, distorts the display and requires that the analyzer not sweep frequency too quickly. All this
means that the scan rate must be checked periodically to be certain the signal amplitude is not affected
by fast tuning.

Spectrum Analyzer Applications

Spectrum analyzers are used in situations where the signals to be analyzed are very complex and an
oscilloscope display would be an indecipherable jumble. The spectrum analyzer is also used when the
frequency of the signals to be analyzed is very high. Although high-performance oscilloscopes are
capable of operation into the UHF region, moderately priced spectrum analyzers can be used well into
the gigahertz region.

A spectrum analyzer can also be used to view very low-level signals. For an oscilloscope to display
a VHF waveform, the bandwidth of the oscilloscope must extend from zero to the frequency of the
waveform. If harmonic distortion and other higher-frequency distortions are to be seen the bandwidth
of the oscilloscope must exceed the fundamental frequency of the waveform. This broad bandwidth can
also admit alot of noise power. The spectrum analyzer, on the other hand, analyzesthe waveform using
anarrow bandwidth; thusit is capable of reducing the noise power admitted.

Probably the most common application of the spectrum analyzer is the measurement of the harmonic
content and other spurioussignalsinthe output of aradio transmitter. Fig 26.64 showstwo waysto connect
thetransmitter and spectrum analyzer. The method shown at A should not be used for wide-band measure-
ments since most line-sampling devices do not exhibit aconstant-amplitude output over abroad frequency
range. Using a line sampler is
fine for narrow-band measure-
ments, however. The method pp———
shownat B isusedinthe ARRL Analyzer
Lab. The attenuator must be ca-
pable of dissipating the trans- —— Line Doy
mitter power. It must also have or Amplifier Someler Load
sufficient attenuation to protect ()
the spectrum analyzer input.
Many spectrum analyzer mix-

Transmitter Power Step Spectrum
ers can be damaged by only a or Amplifier Attenuator Attenuator Analyzer
few milliwatts, so most analyz-
ers have an adjustable input at-

tenuator that will providearea-
sonable amount of attenuation Fig 26.64 — Alternate bench setups for viewing the output of a

" . high power transmitter or oscillator on a spectrum analyzer. A uses
to' protect the sensitive input a line sampler to pick off a small amount of the transmitter or
mixer from damage. The power amplifier power. In B, most of the transmitter power is dissipated in

l[imitation of the attenuator it- the power attenuator.

(8)
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self isusually on the order of awatt or so, however. This means that 20 dB of additional attenuation is
required for a 100-W transmitter, 30 dB for a 1000-W transmitter and so on, to limit the input to the
spectrum analyzer to 1 W. There are specialized attenuators that are made for transmitter testing; these
attenuators provide the necessary power dissipation and attenuation in the 20 to 30-dB range.

When using a spectrum analyzer it is very important that the maximum amount of attenuation be
applied before a measurement is made. In addition, it is agood practice to start with maximum attenu-
ation and view the entire spectrum of asignal before the attenuator is adjusted. The signal being viewed
could appear to be at a safe level, but another spectral component, which is not visible, could be above
the damage limit. It is also very important to limit the input power to the analyzer when pulse power is
being measured. The average power may be small enough so the input attenuator is not damaged, but
the peak pulse power, which may not be readily visible on the analyzer display, can destroy a mixer,
literally in microseconds.

When using aspectrum analyzer itisnecessary to ensurethat the analyzer does not generate additional
spurious signals that are then attributed to the system under test. Some of the spurious signals that can
be generated by a spectrum analyzer are harmonics and IMD. If it is desired to measure the harmonic
levels of a transmitter at a level below the spurious level of the analyzer itself, a notch filter can be
inserted between the attenuator and the spectrum analyzer as shownin Fig 26.65. Thisreducesthelevel
of thefundamental signal and preventsthat signal from generating harmonicswithin the analyzer, while
still allowing the harmonicsfromthetransmitter to passthrough to the analyzer without attenuation. Use
caution with thistechnique; detuning the notch filter or inadvertently changing thetransmitter frequency
will allow potentially high levels of power to enter the analyzer. In addition, use care when choosing
filters; some filters (such as cavity filters) respond not only to the fundamental but notch out odd
harmonics as well.

Itisgood practiceto check for
the generation of spurious sig-
nals within the spectrum ana- Transmitter g —  atiene - = w Spectm
lyzer. When aspurious signal is
generated by a spectrum ana-

lyzer, adding attenuation at the  Fig 26.65 — A notch filter is another way to reduce the level of a

analyzer input will cause thein- transmittehr’s fundamenthal siﬁnal S(I) that the fundamentgl doesknot
. : generate harmonics within the analyzer. However, in order to know

ternally generated spurious sig- the amplitude relationship between the fundamental and the

nals to decrease by an amount  {ransmitter's actual harmonics and spurs, the attenuation of the

greater than the added attenua-  fundamental in the notch filter must be known.

tion. If attenuation added ahead
of the analyzer causes al of the

Notch Filter

visiblesignalsto decreaseby the
same amount, this indicates a \
spurious-free display.

The input impedance for 51k 014 Jp— Spectrum
most RF spectrum analyzersis ~—AWN—Q) ) ) et
50 Q; not all circuits have con- Carbon / D ch % 500
venient 50-Q connections that Connector
can beaccessed for testing pur- OND
poses, however. Using a probe
such as the one shown in Fig

26'66aIIOWStheana|y_Zer tobe Fig 26.66 — A voltage probe designed for use with a spectrum
used as atroubleshooting tool.  analyzer. Keep the probe tip (resistor and capacitor) and ground

The probe can beused totrack  leads as short as possible.
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down signals within atransmitter or receiver, much like an oscil-
loscopeisused. The probe shown offersa100:1 voltage reduction
and loads the circuit with 5000 Q. A different type of probe is
shownin Fig 26.67. Thisinductive pickup coil (sometimes called
a“sniffer”) isvery handy for troubleshooting. The coil isused to RG_58
couplesignalsfromtheradiated magneticfield of acircuitintothe N Coax
analyzer. A short length of miniature coax is wound into a pick- Comn
up loop and soldered to alarger piece of coax. The use of the coax
shieldstheloop from coupling energy fromtheelectricfieldcom-  Fig 26.67 — A “sniffer” probe
ponent. The dimensions of the loop are not critical, but smaller  consisting of an inductive pick-
loop dimensions make the loop more accurate in locating the ~ UP- It has an advantage of not
. . . loading the circuit under test.

source of radiated RF. The shield of the coax providesacomplete  gqe text for details.
electrostatic shield without introducing a shorted turn.

The sniffer allows the spectrum analyzer to sense RF energy
without contacting the circuit being analyzed. If the loop is brought near an oscillator coil, the oscillator
can be tuned without directly contacting (and thus disturbing) the circuit. The oscillator can then be
checked for reliable starting and the generation of spurious sidebands. With the coil brought near the
tuned circuitsof amplifiersor frequency multipliers, those stages can be tuned using asimilar technique.

Even though the sniffer does not contact the circuit being evaluated, it does extract some energy from
the circuit. For thisreason, the loop should be placed as far from the tuned circuit asis practical. If the
loopisplacedtoo far fromthe circuit, the signal will betoo weak or the pick-up loop will pick up energy
from other parts of the circuit and not give an accurate indication of the circuit under test.

The sniffer isvery handy to locate sources of RF leakage. By probing the shields and cabinets of RF-
generating equipment (such astransmitters) egress and ingress points of RF energy can beidentified by
increased indications on the

analyzer display.
SIGNAL BANDPASS
One very powerful charac- GENERATOR FILTER
teristic of the spectrum n, — SPECTRUM
analyzer is the instrument’s o ANALYZER

capability tomeasurevery low-
level signals. This characteris-

tic is very advantageous when e

very high levels of attenuation ® 500
are measured. Fig 26.68 shows TONING THE BANDPASS

the setup for tuning the notch

and passband of a VHF du- BANDPASS o
plexer. The spectrum analyzer, FILTER

being capable of viewing sig- = 4®
nals well into the low micro-

volt region, is capable of mea- *on

NOTCH FILTER

suring the insertion loss of the NOTCH FILTER

notch cavity more than 100 dB ~ SPECTRUM
: (B) ~ ANALYZER

below the signal generator out-

TUNING THE NOTCH

put. Making a measurement of

thissort requirescareinthein- Fi 26.68 — Block di . . | 4 sianal

. . ig 26.68 — Block diagram of a spectrum analyzer and signa
terconnection O,f theequipment generator being used to tune the band-pass and notch filters of a
and a well designed spectrum  duplexer. All ports of the duplexer must be properly terminated and
analyzer and signal generator. good quality coax with intact shielding used to reduce leakage.
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RF energy leaking from the signal generator cabinet, line cord or even the coax itself, can get into the
spectrum analyzer through similar paths and corrupt the measurement. This leakage can make the
measurement ook either better or worsethan the actual attenuation, depending on the phaserelationship
of the leaked signal.

Extensions of Spectral Analysis

What if a signal generator is connected to a spectrum analyzer so that the signal generator output
frequency is exactly the same as the receiving frequency of the spectrum analyzer? It would certainly
appear to be a real convenience not to have to continually reset the signal generator to the desired
frequency. It is, however, more than a convenience. A signal generator connected in thisway is called
a tracking generator because the output frequency tracks the spectrum analyzer input frequency. The

tracking generator makesit possibleto make swept frequency mea-
surements of the attenuation characteristics of circuits, even when
the attenuation involved is large.

Fig 26.69 shows the connection of atracking generator to acir-
cuit under test. Inorder for thetracking generator to create an output
frequency exactly equal to the input frequency of the spectrum
analyzer, the internal local oscillator frequencies of the spectrum
analyzer must beknown. Thisisthereason for the interconnections
between the tracking generator and the spectrum analyzer. The test
setup shown will measure the gain or loss of the circuit under test.
Only the magnitude of the gain or loss is available; in some cases,
the phase angle between the input and output would also be an
important and necessary parameter.

The spectrum analyzer is not sensitive to the phase angle of the
tracking generator output. In the process of generating the tracking
generator output, there are no guaranteesthat the phase of thetrack-
ing generator will be either known or constant. This is especially
true of VHF spectrum analyzers/tracking generators where a few
inches of coaxial cable represents a significant phase shift.

One effective way of measuring the phase angle between the
input and output of adevice under test isto sample the phase of the
input and output of device under test and apply the samples to a
phase detector. Fig 26.70 shows ablock diagram of thistechnique.
An instrument that can measure both the magnitude and phase of a
signal iscalled avector network analyzer or simply anetwork ana-
lyzer. The magnitude and phase can be displayed either separately
or together. When the magnitude and phase are displayed together
the two can be presented as two separate traces, similar to the two
traces on a dual-trace oscilloscope. A much more useful method of
display isto present the magnitude and phase as a polar plot where
thelocusof the pointsof avector having thelength of the magnitude
and the angle of the phase are displayed. Very sophisticated net-
work analyzers can display all of the S parameters of a circuit in
either a polar format or a Smith Chart format.
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Spectrum
Analyzer

Device
Under
Test

Local
Osc

RF Out

Tracking
Generator

Fig 26.69 — A signal generator
(shown in the figure as the
“Tracking Generator”) locked to
the local oscillator of a spec-
trum analyzer can be used to
determine filter response over a
range of frequencies.

Spectrum | RF Out

Analyzer

Device
Under
Test

Local Phase
Osc Reference

Tracking
Generator RF In

Fig 26.70 — A network analyzer
is usually found in commercial
communications development
labs. It can measure both the
phase and magnitude of the
filter input and output signals.
See text for details.
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Transmitter Performance Tests

The test setup used in the ARRL Laboratory for measuring an HF transmitter or amplifier is shown
inFig 26.71. Ascan be seen, different power level sdictate different amounts of attenuation between the
transmitter or amplifier and the spectrum analyzer.

Spurious Emissions

Fig 26.72 shows the broadband spectrum of atransmitter, showing the harmonicsin the output. The
horizontal (frequency) scaleis5 MHz per division; the main output of the transmitter at 7 MHz can be
seen about 1.5 mgjor divisions from the left of the trace. A very large apparent signal is seen at the
extreme left of the trace. This occurs at what would be zero frequency and it is caused by thefirst local
oscillator frequency being exactly the first IF. All up-converting superheterodyne spectrum analyzers
have this IF feedthrough; in addition, this signal is occasionally accompanied by a smaller spurious
signal, generated within the analyzer. To determine what part of the displayed signal is a spurious
response caused by IF feed-
through and what is an actual

input signal, simply removethe manswitier | % [ oo oo w 1™ [ sreomon
input signal and observe the e | son | ATTENUATOR [0l ANaLYZER
trace. It isnot necessary or de-
sirable that the transmitter be @
modulated for this broadband 100W 100mw 10mw
TRANE';'TTER | 30d8/100 W " 10dB/10 W m‘ SPECTRUM

test. avirer | son | ATTENUATOR [“son | ATTENUATOR [Tsoq | ANALYZER

Other transmitter tests that
can be performed with a spec- @ chuTY FLTER
trum analyzer include mea- 000w ” .
surement of two-tonelMD and TRANE';'TTER »| 30d8/2000 W s0a8/100 w | »| SPECTRUM
SSB carrier and unwanted side- AMPLIFIER 500 | ATTENUATOR | 500 | ATTENUATOR | s0q ANALYZER
band suppression. ©
Two-Tone IMD

Fig 26.71 — These setups are used in the ARRL Laboratory for

Investigating the sidebands testing transmitters or amplifiers with several different power levels.

from a modulated transmitter
requires a narrow-band spec-
trumanalysisand producesdis-
plays similar to that shown in
Fig 26.73. In this example, a
two-tone test signal is used to
modulate the transmitter. The
display showsthetwotest tones
plussomeof theMD produced
by the SSB transmitter. Thetest
setup used to produce this dis- I TR R 0

play is shown in Fig 26.74. (A) (B)

In this example, atwo-tone  Fig 26.72 — Comparison of two different transmitters on the 40-m
test signal with frequencies of band as seen on a spectrum analyzer display. The photograph at A
700 and 1900 Hz | sed t shows a relatively clean transmitted signal but the transmitter at B

an z IS. u O shows more spurious signal content. Horizontal scale is 5 MHz per
modulate the transmitter. Set  division; vertical is 10 dB per division. According to current FCC
the transmitter output and au- spectral purity requirements both transmitters are acceptable.
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Two—Tone
Audio Generator

Step Spectrum
Attenuator Analyzer

Transmitter Attenuator

Fig 26.74 — The test setup used in the ARRL Laboratory to mea-
Fig 26.73 — An SSB transmitter sure the IMD performance of transmitters and amplifiers.

two-tone test as seen on a
spectrum analyzer. Each
horizontal division represents

1 kHz and each vertical divi- . , e . .
sion is 10 dB. The third-order dio input to the manufacturer’s specifications. Each desired toneis

products are 30 dB below the adjustedto beequal inamplitude and centered onthedisplay. Thestep
PEP (top line), the fifth-order attenuators and analyzer controls are then adjusted to set the two
products are down 37 dB and  gegjred signals 6 dB below the 0-dB reference (top) line. The IMD
seventh-order products are . . . w

down 44 dB. This represents products can then be read directly from the display in terms of “dB
acceptable (but not ideal) below Peak Envelope Power (PEP).” (In the example shown, the
performance. third-order products are 30 dB below PEP, the fifth-order products

are 37 dB down, the seventh- order products are down 44 dB.)

Carrier and Unwanted Sideband Suppression

Single-tone audio input signals can be used with the same setup to measure unwanted sideband and
carrier suppression of SSB signals. In this case, set the single tone to the 0-dB reference line. (Once the
level is set, the audio can be disabled for carrier suppression measurements in order to eliminate IMD
and other effects.)

Phase Noise

Phase/composite noiseis also measured with spectrum analyzersinthe ARRL Lab. Thistest requires
specialized equipment and is included here for information purposes only.

The purpose of the Composite-Noise test is to observe and measure the phase and amplitude noise,
aswell asany close-in spurioussignalsgenerated by atransmitter. Since phase noiseisthe primary noise
component in any well-designed transmitter, ailmost all of the noise observed during this test is phase
noise.

Thismeasurement isaccomplishedinthelab by converting the transmitter output downto afrequency
band about 10 or 20 kHz above baseband. A mixer and asignal generator (used asalocal oscillator) are
used to performthisconversion. Filtersremovethe 0-Hz component aswell asany unwanted heterodyne
components. A spectrum analyzer (seeFig 26.75) displaysthe remaining noiseand spurioussignalsfrom
2 to 20 kHz from the carrier frequency (in the CW mode).

Testsin the Time Domain

Oscilloscopes are used for transmitter testing in the time domain. Dual-trace instruments are best in
most cases, providing easy to read time-delay measurements between keying input and RF- or audio-
output signals. Common transmitter measurements performed with * scopes include CW keying wave
shapeandtimedelay and SSB/FM transmit-to-audio turnaround tests (important for many digital modes).

A typical setup for measuring CW keying waveform and time delay is shown in Fig 26.76. A
keying test generator is used to repeatedly key the transmitter at a controlled rate. The generator
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Fig 26.75 — The spectral-display results of a composite-noise test
in the ARRL Lab. This display is for the ICOM IC-707 reviewed in
April 1994 QST. Power output is 100 W at 14 MHz. Vertical divi-
sions are 10 dB; horizontal divisions are 2 kHz. The log reference
level (the top horizontal line on the scale) represents —60 dBc/Hz
and the baseline is —140 dBc/Hz. The carrier, off the left edge of
the plot, is not shown. This plot shows composite transmitted
noise 2 to 20 kHz from the carrier.

Keying Test DUT RF RF Ch 2 | pual Trace
Generator Transmitter Wattmeter Attenuator Oscilloscope
Key Out Ch1
‘Scope Out Ext Trig

Fig 26.76 — CW keying waveform test setup.

can be set to any reasonable
speed, but ARRL testsare usu-
ally conducted at 20-ms on
and 20-ms off (25 Hz, 50%
duty cycle). Fig 26.77 shows
atypical display. Therise and
fall times of the RF output
pulse are measured between
the 10% and 90% pointsonthe
leading and trailing edges, re-
spectively. The delay times
are measured between the
50% points of the keying and
RF output waveforms. Look at
the Transceivers chapter for
further discussion of CW key-
ing issues.

For voicemodes (SSB/FM),
a PTT-to-RF output test is
similar to CW keying tests. It
measures rise and fall times,
as well as the on- and off-de-
lay times just as in the CW
test. See Fig 26.78 for the test
setup.

“Turnaround time” is the
time it takes for a transceiver
to switch from the 50% fall
time of akeying pulse to 50%

rise of audio output. The test setup is shown in Fig 26.79. Turn-
around time measurements require extreme care with respect to
transmitter output power, attenuation, signal-generator output
and the maximum input signal that can be tolerated by the gen-
erator. The generator’ s specifications must not be exceeded and
theinput to the receiver must be at therequired level, usually S9.
Receiver AGC is usually off for this test, but experimentation
with AGC and signal input level can reveal surprising variations.

Fig 26.77 — Typical CW keying
waveform test results. This

Two—Tone
Generator

display is for the ICOM IC-707 DUT

Transmitter

(semi-break-in mode) reviewed

Wattmeter

RF Ch 2 | pual Trace

Oscilloscope

Attenuator

H H Keying Test

in April 94 QST. The upper trace Generator Key Out oh 1
is the actual key closure; the

lower trace is the RF envelope. ‘Scope Out Ext Trig

Horizontal divisions are 10 ms.

The transceiver was being
operated at 100 W output at
14 MHz. transmitters.
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Two—Tone
Generator

DUT

Transmitter

Keying Test
Generator

RF
Wattmeter

RF

Attenuator

Signal
Generator

Audio Out

Ch 2

Key Out

Ch1

‘Scope Out

Ext Trig

Dual Trace
Oscilloscope

Fig 26.79 — Transmit-receive turn-around time test setup.
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Glossary

AC (Alternating current) — The polarity constantly reverses, as contrasted to dc (direct current) where
polarity is fixed.

Analog — Signalswhich have afull set of values. If the signal varies between 0 and 10 V all valuesin
this range can be found. Compare thisto a digital system.

Attenuator — A device which reduces the amplitude of a signal

Average value — Obtained by recording or measuring N samples of a signal, adding up all of these
values, and dividing this sum by N.

Bandwidth — A measure of how wide asignal isin frequency. If asignal covers 14,200 to 14,205 kHz
its bandwidth is said to be 5 kHz.

BNC — A small connector used with coax cable.

Bridge circuit — Four passive elements, such as resistors, inductors, connected as a pair of voltage
dividers with a meter or other measuring device across two opposite junctions. Used to indicate the
relative values of the four passive elements. See the chapter discussion of Wheatstone bridges.

CMOS— A family of digital logic elements usually selected for their low power drain. Seethe Digital
Signal Theory chapter of this Handbook.

Coaxial cable (coax) — A cableformed of two conductorsthat share the same axis. The center conduc-
tor may be asingle wire or astranded cable. The outer conductor is called the shield. The shield may
beflexiblebraid, foil, semirigid or rigid metal. For moreinformation, look inthe Transmission Lines
chapter.

Combiners— See Hybrid.

D’ Arsonval meter — A common mechanical meter consisting of apermanent magnet and amoving coil
(with pointer attached).

DC (direct current) — The polarity isfixed for all time, as contrasted to ac (alternating current) where
polarity constantly reverses.

Digital — A system that allows signals to assume a finite range of states. Binary logic is the most
common example. Only two values are permitted in abinary system: onevalueisdefined asalogical
1 and the other value as alogical 0. See the Handbook chapter on Digital Signal Theory.

Divider — A network of components that produce an output signal that isafraction of the input signal.
The ratio of the output to the input isthe division factor. An analog divider divides voltage (a string
of series connected resistors) or current (parallel connected resistors). Digital dividers divide pulse
trains or frequency.

DMM (Digital multimeter) — A test instrument that usually measures at |east: voltage, current and
resistance, and displays the result on a numeric digit display, rather than an analog meter.

Dummy antenna or dummy load — A resistor or set of resistors used in place of an antennato test a
transmitter without radiating any electromagnetic energy into the air.

DVM (digital volt meter) — See DMM.

FET voltmeter — Seealso VTVM. Anupdated version of aVTVM using field effect transistors (FETS)
in place of vacuum tubes.

Flip-flop — A digital circuit that has two stable states. See the chapter on Digital Signal Theory.

Frequency marker — Test signals generated at selected intervals (such as 25 kHz, 50 kHz, 100 kHz)
for calibrating the dials of receivers and transmitters.

Fundamental — Thefirst signal or frequency in aseries of harmonically related signals. Thistermis
often used to describe an oscillator or transmitter’s desired signal.

Harmonic — A signal occurring at some integral multiple (such as two, three, four) of a fundamental
frequency.
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Hybrid (hybrid combiners) — A device used to connect two signal generators to one receiver for test
purposes, without the two generators affecting each other.

IC (integrated circuit) — A complete circuit built into a single electronic component.

LCD (liquid crystal display) — A low-power display device utilizing the physics of liquid crystals.
They usually need either ambient light or backlighting to be seen.

LED (light emitting diode) — A diode that emits light when an appropriate voltage (usually 1.5V at
about 20 mA) is connected. They are used either astiny pilot lights or in bar shapesto display letters
and numbers.

Loran — A navigation system using very-low-frequency transmitters.

Marker — See Frequency marker.

Multiplier — A circuit that purposely creates some desired harmonic of itsinput signal. For example,
afrequency multiplier that takes energy from a 3.5-MHz exciter and puts out RF at 7 MHz isatwo
times multiplier, usually called a frequency doubler.

N — A type of coaxial cable connector common at UHF and higher frequencies.

NAND — A digital element that performs the not-and function. See the Digital Signal Theory chapter.

Noise (noise figure) — Noise is generated in all electrical circuits. It is particularly critical in those
stages of areceiver that are closest to the antenna (RF amplifier and mixer), because noise generated
in these stages can mask aweak signal. The noise figureisameasure of this noise generation. Lower
noise figures mean that less noise is generated and weaker signals can be heard.

NOR — A digital element that performs the not-or function. See the Digital Signal Theory chapter.

Null (nulling) — The process of adjusting acircuit for aminimum reading on atest meter or instrument.
At a perfect null thereis null, or no, energy to be seen.

Ohmmeter — A meter that measuresthe value of resistors. Usually part of amultimeter. See VOM and
DMM.

Peak value— The highest value of asignal during the measuring time. If ameasured voltage variesin
value from 1 to 10 V over ameasuring period, the peak value would be the highest measured, 10 V.

PL-259 — A connector used for coaxial cable, usually at HF. It isalso known asamale UHF connector.
It isan inexpensive and common connector, but it is not weatherproof, nor isits impedance constant
over frequency.

Prescaler — A circuit used ahead of a counter to extend the counter range to higher frequencies. A
counter capable of operating up to 50 MHz can count up to 500 MHz when used with a+10 prescaler.

Q — Theratio of the reactance to the resistance of a component or circuit. It provides a measure of
bandwidth. Lower resistive losses make for a higher Q, and a narrower bandwidth.

RM S (root mean squar e) — A measure of the value of avoltage or current obtained by taking values
from successivesmall timeslicesover acompletecycleof thewaveform, squaring thosevalues, taking
the mean of the squares, and then the square root of the mean. Very significant when working with
good ac sine waves, where the RM S of the sine wave is 0.707 of the peak value.

Scope — Slang for oscilloscope. See the Oscilloscopes section of this chapter.

Shunt — Elements connected in parallel.

Sinusoidal (sine wave) — The nominal waveform for unmodulated RF energy and many other ac
voltages.

Spectrum — Used to describe arange of frequencies or wavelengths. The RF spectrum starts at perhaps
10 kHz and extends up to several hundred gigahertz. The light spectrum goes from infrared to ultra-
violet.

Spurious emissions, or spurs— Unwanted energy generated by a transmitter or other circuit. These
emissions include, but are not limited to, harmonics.
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Thermocouple— A device made up of two different metalsjoined at two places. If onejoint ishot and
the other cold a voltage may be developed, which is a measure of the temperature difference.

Timedomain — A measurement techniquewheretheresultsare plotted or shown against ascal e of time.
In contrast to the frequency domain, where the results are plotted against a scale of frequency.

TTL (Transistor-transistor-logic) — A logic IC family commonly used with 5V supplies. See the
chapter on Digital Signal Theory.

Vernier dial or vernier drive— A mechanical system of tuning dials, frequently used in older equip-
ment, where the knob might turn 10 times for each single rotation of the control shaft.

VOM (volt-ohm-meter) — A multimeter whose design predates multiple scale meters (see DM M).

VTVM (vacuum tubevoltmeter) — A meter that was devel oped to provide ahigh input resistance and
therefore low current drain (loading) from the circuit being tested. Now replaced by the FET meter.

Wheatstone bridge — See Bridge circuit.
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