Measuring SSB/CW Receiver

Sensitivity

The ability of a communications receiver to copy very weak
radio signals is one of its most important attributes. Here’s how
to quantify this particular fundamental specification of basic

receiver performance.

By William E. Sabin, WoIYH

1400 Harold Dr SE
Cedar Rapids, 1A 52403

cations receiver specification. Intui-

tion suggests that this is the receiver’s
ability to distinguish a weak signal
(produced by a lab signal generator having
a specified temperature and output im-
pedance) from background noise. When
the receiver is connected to an antenna, the
system sensitivity may be much different,
but the spec-sheet sensitivity value is still
a useful baseline for designing a receiving
system. This article examines the more pre-
cise meanings of sensitivity and describes
some methods of measuring it. It also
describes in detail 2 simple home-brew
instrument—a true-RMS-to-de converter—
which is especially useful for making
accurate sensitivity measurements. The
instrument can also be used for other valu-
able measurements.

S ensitivity is an important communi-

Sensitivity, Noise Figure and Noise Power
Bandwidth

FExcess noise power (noise in “excess’’ of
thermal noise power} is generated at
various locations within a receiver. This
power appears at the receiver output with
a magnitude and power-spectrum shape
which is determined by the various band-
pass filters (RF, IF and AF) through which
it passes, by the magnitudes of these excess
noise sources, and by the gain following
each excess noise source. The output also
contains a thermal noise power component
which is a basic natural phenomenon,
generated all along the receiver signal path
and also by the output impedance of the
signal generator connected to the receiver
antenna jack. These sources of thermal
noise are also processed in various ways
and the spectrum of thermal noise at the
receiver output can be quite different from
that of the excess noise.

At the receiver outpwt, the fotal noise
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power is the sum of thermal noise power
and excess noise power. The noise factor
of the receiver is simply the ratio of the
total noise power to the thermal noise
power {if we somehow know the value of
the thermal noise power}. The receiver
noise figure is 10 times the base 10
logarithm of its noise factor and is ex-
pressed in decibels (dB). The measurement
of noise figure will be discussed later.

Noise figure is a widely accepted figure
of merit for a receiver. But we also need
to know the receiver sensitivity—the value
of the weakest signal that can be copied
correctly. Historically, for conventional
SSB/CW receivers this signal is quite often
assumed to be such that the sum of signal
and total noise is 10 dB greater than the
noise alone. This means that the signal is
9.54 dB greater than the noise.!

The noise level is proportional to the
product of the receiver’s noise factor and
bandwidth. This implies that the best sensi-
tivity is achieved when the bandwidth is no
greater than that required for the signal (for
example, 2.4 kHz for SSB and 150 to
5300 Hz for CW). It also implies that a

'Notes appear on page 34,
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Fig 1—A receiver's noise power bandwidth
is defined as the width of a fictitious
perfectly rectangular spectrum that
contains ail of the significant noise power
in the receiver output spectrum. The output
spectrum itseif may take a wide variety of
shapes. )

receiver which is equipped with switchabl
IF filters of equal insertion loss is more sen
sitive in narrow-band communicatiol
modes. A properly designed receiver wil
copy significantly weaker CW signals thas
SSB signals, even when antenna noise i
very small.

The noise power bandwidth, exemplifier
in Fig 1, is defined as the width of a ficti
tious perfectly rectangular spectrum tha
contains all of the significant noise powe
in the receiver output spectrum. The outpu
spectrum itself may have a wide variety o
shapes, as mentioned above. The flat tg
of this fictitious response can be viewed a
an averaging process for the noise spectra
density. Later discussion shows a simpl
method (subject to certain limitations} fo
measuring the approximate noise band
width of a receiver.

Noise figure, noise bandwidth and 10-di
sensitivity for SSB/CW are neatly tie
together by the following formula:

S= — 174 +9.54 + NF + 10 X log;o(BW
(Eg 1

where S is the 10-dB sensitivity (dBm)
~ 174 is available thermal noise powe
density (dBm in 1.0 Hz at room tempera
ture), 9.54 is signal-to-noise ratio (dB), N
is noise figure (dB) and BW is noise powe
bandwidth (Hz). To get S in terms of volt
age, use the formula

E = 0.4467 x 0¥ {Eq 2

where B is the open-circuit voltage (calle
“*hard’” signal level} from a 50-ohm signa
generator (twice the reading indicated o
the generator’s output meter with th
generator operating into a 50-ohm load?
and 8 is in decibels relative to a milliwat
(dBmy}. An exception to the validity of Eqg
will be discussed later.

Consider receiver intermodulation (IM
distortion: caused by two or more stron,
CW signals on nearby frequencies. A
bandwidth is reduced and sensitivity i
thereby increased (8 becomes smaller) thes
IM products become much more notices
ble (they peek above the noise level). Thi



is a very common effect in CW receivers
that have poor IM performance, It is es-
pecially noticeable in a CW contest where
band occupancy is very high. When the CW
interferers are simultaneously *‘key down,”
a momentary beep is heard in the receiver.,
I have found myseif actually trying to copy
these phantom signals!

Signal, Noise and Sensitivity
Measurements

The instantaneous veltage amplitude of
the random noise output of the SSB/CW
receiver which uses a product detector has
the Guaussian probability density (the
familiar bell-shaped curve). If this noise
voltage has a certain RMS value (the same
as its standard deviation, or sigma [T]), its
peak value exceeds four times its RMS
value only about 0.01% of the time, The
crest factor is the ratio of this peak value
to the RMS, in this case 4, A volimeter that
measures the RMS value to this accuracy
must not compress these occasional peaks,
50 its crest-factor rating must be at least 4.
Also, the voltmeter’s 3-dB bandwidth
should be at least 20 times the width of the
spectrum being measured to keep the error
within 0.2 dB. (This assumes a simple one-
pole frequency response.)

During receiver sensitivity measurements
the receiver output also contains a sine
wave test signal. We want to measure the
ratio (noise + sine wave) / noise. To do
this accurately, we should use a frue RMS
voltmeter. A conventional rectifier-type ac
voltmeter which performs an averaging
operation on the rectified voltage and dis-
plays the result on a scale calibrated for the
RMS value of a sine wave does not indicate
the correct RMS value of noise, The rule
1s that the RMS value of noise is 1.05 dB
greater than the value indicated on a con-
ventional averaging ac voltmeter. Although
it's possible to use such a meter and make
this simple correction, it is often neglected.
The indicated RMS value of sine wave plus
noise is also slightly inaccurate.

A true-RMS voltmeter is the correct in-
strument to use. The meter should have
sufficient damping so that its noise reading
can be visually averaged easily. Commer-
cial digital multimeters tend to be unsuita-
ble in this respect. High-pass filtering to
remove receiver-noise components below
I Hz or so is also desirable,

The proper place to connect the volt-
meter is in the audio section—after all of
the audio selectivity circuits, but ahead of
the loudspeaker. (Variations in speaker im-
pedance with frequency may introduce sub-
stantial measurement errors.) It's best to
use a resistor as a temporary load, with a
guick-connect/disconnect headphone or
speaker hookup to allow audio monitoring
by ear. Many receivers have a 500-ohm
phone-patch output jack; this can serve as
a test point if loaded with a 500-ohm resis-
tor. 1t is informative to measure sensitivi-
ty before and after the receiver’s audio

filtering (if any), to see the difference. Be
careful not to let hum and/or BFQ energy
contaminate your measurements.

It’s very important that the receiver sig-
nal path be linear, with no compression.
This invariably means that the AGC must
be turned off. The signal path, without
AGC, must be linear over the full peak-to-
peak range of signal plus noise, with RF
gain at maximum. Suppose the noise has
a reference RMS value of 1.0 with a crest
factor of 4. Added to that is a sine wave
whose RMS is 9.54 dB greater than 1.0.
The peak-to-peak voltage swing is then
16.48 times as great as the RMS noise.

You can verify linearity with a simple
test. Increase the test signal by 2 dB. The
RMS voltmeter indication should increase
very nearly 2 dB; if it doesn’t, there is com-
pression in the signal path. This 2-dB
margin is called headroom.

If compression oceurs, it’s probably hap-
pening in the receiver’s last IF stage. All
is not lost if you run into last-1F-stage com-
pression, because the gain of a receiver’s
last IF stage can almost always be tem-
porarily reduced as much as 10 dB without
significantly affecting the receiver sensiti-
vity. This must be done by a means that
does not disturb other stages or IF-
transformer tuning. The linearization
method you use will probably have to be
worked out on a case-by-case basis.
Receiver linearity should be verified at each
test frequency.

An additional test that tells something
about the receiver’s dynamics is to connect
a variable dc supply to the AGC bus,
reduce the receiver’s gain in 5-dB steps and
measure sensitivity at each step. You can
use the receiver’s RF gain control to do this
if it controls gain in the same manner. If
the receiver’s gain and AGC are properly
distributed, sensitivity will fall off gradu-
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Fig 2—A single noise-floor measurement
may give misleading results if significant
passband amplitude variation is present.
Averaging readings taken at sevaral spots
throughout the passband can reduce this
error. The value of noise power bandwidth
is influenced by the choice of reference
frequency.

ally for the first 20 dB or so and more
rapidly thereafier.

Measuring Receiver Noise Performance

The following procedures assume the use
of the RMS-to-dc converter described in the
sidebar. You can use some other true-RMS
voltmeter as long as it adheres to the
specifications described above. Instead of
changing attenuation setfings as called for
in the instructions for using the converter,
you could read the necessary 3- and 10-dB
level shifts directly on your meter’s decibel
scale. But the 3-dB and 10-dB switch posi-
tions in the RMS-to-dc converter complete-
Iy eliminate any meter calibration errors.
This is recognized as a superior measure-
ment technique.

All of the procedures assume that the
receiver BFO is offset from the [F passband
in the normal SSB/CW manner. They also
assume (for reasons to be explained) that
the receiver’s IF passband ripple (amplitude
peaks or valleys) is less than one dB or so.
[f these assumptions are true, the measure-
ment accuracy obtained should be suffi-
cient for most purposes.

Measuring noise level, This test also
measures minimum discernible signal
{MDS). Connect a signal generator to the
receiver. Verify the receiver’s linearity with
its AGC off. Connect the converter’s in-
put to the receiver output via a 10:1 probe.
Turn the signal generator’s output off. Set
ATTENUATOR (52} to 0 dB and adjust
LEVEL so that the converter’s dc output
with noise onfy is 200 mV. Set
ATTENUATOR to 3 dB. Turn on the signal
generator RF and increase its level until the
converter output is again 200 mV, The RF
level in dBm at which this occurs is referred
to as the receiver’s noise level or noise floor
and is equal to the total receiver noise
power (thermal plus excess). If the receiver
is connected to a noisy antenna or a noise
generator, the excess noise power of these
sources can be measured using the signal
generatot, From the total noise power (con-
vert dBm to watts), subtract the receiver
noise (also watts) and convert the difference
back to dBm. The value thus measured is
correct for the particular receiver noise
bandwidth in use. The RMS-to-dc conver-
ter is the correct instrument to use when
making these measurements.

Be sure to make this measurement at the
audio frequency that corresponds to signals
near the center of the receiver's IF/AF
passband, and use this frequency consis~
tently throughout your measurements, An
audio frequency counter is recommended.

This single-measurement procedure
assumes that the receiver’s passband is free
of sharp peaks or dips. If one or both of
these are present, a single noise-floor
measurement may give results that are
misleadingly high or low depending on
whether you measure at a passhand dip or
peak, respectively (see Fig 2). The measured
noise floor would be incorrect, for
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A True-AMS-to-DC Converter

The main text mentions that conventional
rectifyingfaveraging ac¢ voltmeters can give misleading
indications when measuring receiver noise. Accurate oo
voltmeters are inexpensive and easy to come by, however.
Fig A shows a circuit that turns & de volimeter into a trus-
AMS voltimeter, The circuit uses an Analog Devices
AD636JH RMS-to-de converter |G which costs under $20
per unit in small guantities. It delivers a pasitive-going de
which is egual to the RMS input with better than 1%
accuracy for input signais with & crest factor of 4 or lsss.
The device is lasertrimmed for optimum accuracy at an
input signal of 200 millivalts RMS (! use it in that manner
for most measuremants} but at 50 mV and 500 mV its
accuracy degrades very litthe, And its frequency response is
more than adequate for SSB/CW receiver audia
meastrements.

The converter has three input modes, selectable via §1,
input. A 10:1 oscilloscopa probe which has a 10-megohm
input impedance shunted by 12 pF {Tektronix P&109 in my
casa} can be de coupled {pe), of ac soupled (ac) to UTA via
C1. S1's third position, so, selects an ac-coupled low-
impedance mode. R1 sets its impedance; 1 used 48.9 ohms
o propetly load my function generator. Test-select B3 &0
that the probe attenuation ratio is exactly 10.0 to 1.0. This
assures that levels connected directly to J1 (without a
probe)} can be accurately measured without readjusting R4
{tever). This means that 20,0 mV without the probe equates
to 200 mV with the probe—a useful feature.

R4 adjusts U3's drive to 200 mV. R5 establishes this
control’s lower limit. i vou cannot turn the level down far
enough with the A4, reduce.the signal applied to the mput
probe. We don’t want {o overdrive U1TA,

U2, an Analag Devices ADB47JIN wideband op amp, is

" set for a gain of about 10.5. This makes up for probe
attenuation, with a little gain to spars. It is a hipolar device,
50 R6 15 nearly equal to the paraile! combination of R7 and
R8. Set RY, nuLL 1, to zero U2's output with zero signal
present at J1. 52, arrenvaton, Seiects ¢, 3 or 10-dB
positions. These are set by R10, 3.8 apsusT, and R11, 1008
apgusT, More about this {ater,

With the input at pin 4 of U3 at zero, adjust R14, nuoLL 2,
for zero vutput at our. C7 heavily damps U3's output
response s that a DMM switched to its 200 mV dc scale
can be used as an indicator across the out terminals with
very littie flickering of the reading. )

U4 huffers the output of U3 and protacts it from the
outside world,

Fig A—Used in conjunction with a DMM capable of displaying
200 mV tull-scale, this AMS-to-dc converter outputs as dc the
truag RMS value of input signals with a crest factor of 4 or less.
All of its rosistors are Y4 watt, S¥%-iolerance units unless
indicated otherwise, PC-board templates tor the converter and
power-supply circuils are available from ARRL: see Note 3 of
the main text. The Analog Devices 1Cs (U2 and U3} are
available from a number of suppliers, including (among the
suppliers listed in Table 42 0f the 1992 ARAL Handbook's
Chapter 35) (Ocean State Electronics and Allied Electronics.
Other Handbook-listed firms may carry them as well.

D, D2—1 A, 50 PIV {1N40D1 or equivaient).

D3, D4—10-V, 0.4-W Zener diode (1N758 or equivalent).
D5—4.3-V. 0.4-W Zener diade (1N749A or equivalent}.
R3—Test select as described in the text.

R10, Ri1—15-turn polentiometer,

U1, U4--TL082 dual op amp.

U2--Anatog Devices AD847JN op amp.

U3--Analag Devices ADS36JH RMS-to-dec canverter.

A front-panel test point, J3 {caL), supplies a 200-mV dg
calibration voltage as determined by R17, caL ApJusT,
Cannect a DMM to the test point and adjust R17 for
200 mV at the test point. Next, connect the probe to caL
and adjust R4 for 200 mV across the out binding posts. R4
should then be at a little fess than maximum. Once this is
done, the 200-mV scale of a DMM across out will indicate
the RMS value of applied nolse or sine wave, or noise-plus-
sine-wave, energy appiied to J1. Finally, adjust the - 3-dB
and - 10-d8 pots, R10 and R1i1, for an output of 141 mV
and 63.2 mV, raspectively.

{ recommend powering the converter from the ac-
operated supply shown in Fig A. Batteries can power the
circuit, but an ac supply eliminates the small but ahnoying
calibration changes encountered with battery aging.

i constructed my version of the converter inside a chassis
with a bottorn cover and rubber feet. The adjustment pots
ara accessible from the rear. The converter power supply is
on a separate PC board to keep rippie current off the
converter ground plane. A three-wire line cord is
used —WoryH

The RMB-to-de converter and power supply fit inlc a2 3 » 9%
= G-inch (HWD) chassis. A DMM connects to the converter via
the our binding posts. fWalYH photos)

Separate circuit boards carry the converter circuitry proper
and power supply {right, on the chassis sidewall). Groung-
plane construction would also suffice.
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¢xample, for an 35B signal that occupies
2.5 kHz. You can confirm the presence of
peaks or dips by slowlv tuning the signai
generator through the receiver passhand
and watching for them in the converter out-
put. You can reduce their effect by meas-
uring at several test frequencies (the highest
peak, the lowest dip and some points
between) and averaging the resalts.

With the exception of these effects,
which we assume will be minor in well-
designed communications receivers, the
accuracy of the measurement depends
almost entirely on the accuracies of three
factors: the RF generator’s output level
calibration, the converter’s 3-dB attenua-
tion and the RMS-to-de conversion,

Megsuring 10-dB sensitivity, Instead of
using the ATTENUATOR 3 dB position as in
Part 1, use the 10 dB position (the receiver
AGC must be off). As in the previous sec-
tiom, error can result it the passband is not
reasonably flat.

Measuring noise power bandwidth. The
validity of the method to be described
requires that the shape of the noise spec-
trum at the receiver output be very nearly
the same as the shape of the signal selec-
tivity, which may consist of several filters
in cascade. In other words, all of the sig-
nificant noise must be generated ahead of
the signal seiectivity, and the noise band-
width of the receiver must be virtually the
same as the noise bandwidth of the signaf
seleerivity. If this is not true, i more
complicated method is needed: Measure the
baseband noise speciral density directly,
using an audio spectrum analyzer. A well-
designed SSB receiver has no problem in
this respect, but some narrowband CW
receivers may require special attention. In
such receivers, wideband [F noise generated
after the CW filter is quite often a problem,
This is a direct result of the modern trend
to minimize “‘front end’” gain in order to
maximize dynamic range.

A particular audio frequency must serve
as a reference frequency for the set of mea-
surements necessary to calculate noise
power bandwidth. As we’ll see later, it’s
important to use the same reference audio
frequency that was used to measure sensi-
tivity. With the receiver producing a beat
note at this reference frequency, adjust the
signal generator for 200 mV dc out of the
RMS-to-dc converter. Record this signal
generator reference level. Tune either the
receiver or the signal generator in egual
steps, 50 Hz for S5B or 20 Hz for CW,
from low audio frequency to high frequen-
cy (this is important). At each frequency
step, adjust the RF generator output to
return the converter output to 200 mV.

The next step reguires a computer run-
ning the available BASIC program to
process the test data.* Enter the RF signa!
generator levels (dBm, in frequency order),
and the reference level, into the program.
Tha program computes the noise power
bandwidth that is correct for the reference
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frequency and the existing selectivity. In
modern receivers with steep filter slopes,
it’s usually sufficient to take measurements
down to 20 dB below the reference.

Calculating notse figure. Once you know
the receiver’s 10-dB sensitivity and noise
bandwidth (both measured using the same
audio reference frequency), you can calcu-
late noise figure by rearranging Eq | as
follows:

NFE = 8§ + 174 — 9.54 — 10 % logp(BW)
(Eq 3)
A home-brew noise generator® can also
he used to find NF. Using the procedure
described in measuring noise level, calibrate
the noise generator by comparing its excess
noise power output {within the receiver
bandwidth} with the signal generator, using
the converter. Then apply the 'Y
Method."*»

Conclusions About Receiver Noise

if wideband noise is generated after the
receiver’s SSB/CW filters, the receiver’s
full sensitivity may not be achieved if the
post-filter noise amplitude is comparable
to that of the composite noise from the
antenna and the receiver front end. If
prefilter neise, including antenna noise,
dominates as it should, switching in 2
narrower filter will increase the measured
sensitivity (lower the receiver noise floor).
If postfilter noise is significant, reducing
S5B/CW filter bandwidth will not provide
the expected improvement in sensitivity.
This problem is rewf because, as any HF
DXer knows, at certain times, frequencies
and beam headings, antenna noise becomes
quite small and very weak signals are
present. This is when maximum sensitivity
is appreciated, and when wideband IF noise
can be a problem.

If a receiver suffers from significant
wideband 1F noise, an audio “‘cleanup”
bandpass filter is a simple way to improve
it. Its bandwidth should be slightly wider
than that of the [F filter in use. Unlike
single-signal IF filtering, which rejects both
signals and noise on ““the other side of zero
beat’ or opposite sideband, an AF cleanup
filter passes demodulated wideband 1F
noise from frequencies on bot# sides of the
receiver BFQ. An image-reducing product
detector—implementable by means of
BFQ/AF quadrature phasing—is a better
sofution. The preferred approach, how-
gver, i to use a second *‘downstream’” or
“tail-end’’ narrow IF filter to achieve the
desired noise bandwidth. Equations 1 and
3 will be rigorously valid if either of these
single-sideband noise-reduction techniques
is properly implemented.

Finally, if a receiver has considerable
wideband noise after its SSB/CW filtering,
its noise ligure will increuse as filter band-
width is reduced. An easy way to see this
is that i # noise generator is used to
measure noise figure, it must now be
cranked up Aigher to make the noise

through the narrower filter equal to the
constant value of wideband IF noise. An
equivalent statement is that Friis’s noise
factor formula’ for cascaded networks
must now inciude the various bandwidth
factors, usually ignored in systems where
this special problem does not apply.

Notes

1Gurrent practice often substitutes for sensitivify
the term minimum discernible signal (MDS8).
MDS, defined as the signal level that is equal
to tha noise level in a specified bandwidth,
equates to a 3-dB signal-plus-noise to noise
ratio. MDS characterized in this way serves as
the basis for the receiver dynamic tasting dong
in the ARRL Lab. The 10-dB sensitivity specifi-
cation is also commonly used in industry and
government.—Ed.

A signal generator with an internal impedance
of 50 ohms can be thought of as a zero-
impedance signal source in series with a 50-chm
resistor. The generator's output meter indicates
the voltage that would appear across a 5U-ohm
output load. It follows, therafore, that the gener-
ator's open-circuit output voltage ts twice that
indicated on the output meter.-—£d,

3A printout of this BASIC program, NOISEBW, and
PC-hoard templates and component-placement
overlays for the RMS-to-de converter described
in this article, are available free of charge from
the Technical Department Secretary, ARRL, 225
#4ain St, Newington, CT 08111, Send a business-
sizad SASE with your request for the SABIN
RECEIVER SENSITIVITY TEMPLATE PACK-
AGE. NOISEBW can also be downloaded a5 the
file NQISEBW.BAS from the ARRL BBS at
203-665-0090.

<D, DeMaw and W. Hayward, Solid-State Design
for the Radio Amatour {Newington: ARRL, 1877},

187.

?’(g Hutehinson and J. Kleinman, eds, The ARRL
Handbook for Radlo Amateurs, 1992 ed
{Newington: ARRL, 1931), p 12-3.

sW. Hayward, introduction to Radio Frequency De-
'-'192% (sEng[ewood Cliffs, NJ: Prentice-Hall, 1982},

7H, Gok'iberg. “Some Notes on Noise Figures,”
Proceedings of the IRE, Oct 1948, pp 1205-1214.
nEr-|

New Products

NEW CALL SIGN DATA BASE

(.} Keep your Q5L data up to date with the
latest version of HamCall. It now contains
250,000 internationai listings, more than
500,000 US entries (cross-referenced from
old call signs to new ones}, and 2400 club,
military and RACES listings. There are also
6000 public-domain and shareware pro-
grams and data files—thousands new with
this release—contained on the CD-ROM
disk, which is compatible with IBM PC and
Apple Macintosh computers. Updates are
produced each April and October. Retail
price $30, plus $5 s/h. Buckmaster Publish-
ing, ‘‘Whitehall,”” Rte 4, Box 1630,
Mineral, VA 23117; tel 800-282-5628 or
703-894-5777, fax 703-894-9141.
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