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This paper will discuss the accurscy considerations of

power measurement technigues that provide both high
accuracy and wide dymamic range. Two spediic appl-
casbons of this technique are skanal generator level cali-
bration and attenuation messurements,

Signal generator calibration generally requires high
Lrinance measurenent equipment o verify the
modulation, frequency, and outpat lavel periormance.
Output level performance has typically boon the most
difficult specification to verify, especially with today's

microprocessor controlled sip'u]jmnwrﬂ. Ulsim,
amplilude correction, many signal generators achieve
ourpat level accaracy as good as +1 48 down o
—127 dBm. Verifying this output level acouracy requires
an exrrm'l}r wide ﬂ}r:um'iv: TANEE POWET dveter with
enceptional accuracy, Attenuator calibeation is another
application that requires an accurate measure of power
and wide dynamic range. Attenustors commonly have
more than 100 dB of attenuation and accuracy hetter
than 2+0.5dB. The accuracy required to verify the
rmance &f these attenuators bs bayond the capa-
ility of most conventional instrumentation,
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A powaer mater 1.n:||15 wither a mnmu'ph:, thermisior,
or diode detector power sensor % the most commonly
used instrument for measuring power. Power meters
provide exceptional accuraey, necegsary for many appli-
cations, but they don’t have the dynamic range or
sensitivity necessary for signal generator calibration ar
for chamcterizing attenuaton with large attenuation
values.

Mote that any glven sensor has only 50 dB range and
the lowest sensitvity posslble b= —70 dBm.

Drifferent technigues are required when extremely wide
dynamic range power measurements are necessary, The
techmique of [F substitution can provide sensitivity to

vory low power levels.
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Two popular methods are single-channel and dual-
channel IF substinsiion. Both methods require linear
mixing in the down-conversion stage, accarate [F gain,
and lincar detection,

Dual-chanmel [F substitution depends on an IF refer-
ence attenuatos in a second parallel channel to the
DUT, The detector does not need to operate over a
wide dynamic range since the reference attenuator is
adjusted so the signal level from the DUT compares o
the signal tevel from the reference attenuator. Dual-
channel IF substitution can only be used to make
redative POWET MEASUTErMETIES,

Single-channel IF substifution |s the easiest technique
to implement. Instruments that use single-channel IF
substitution are basically superheterodyne receivers
with a very precise IF gain stage and very linear detec-
tors. Single-channel IF substiution can make extremely
accurate relative power measurements over a wide
dynamic range and, when calibrated with a power
reference, can also make wide dynamic range absolate
POWEr MEasurements,

The combination of & power meter and IF substitution
gives the widest range of accarate absolute power
measurement capability,
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The process of down converson and [F gain substitu-
tion can introduce significant acouracy errors, summa-
rized here.

With proper design, it is possible to reduce these ermors
to & small fraction of the total measurerment error,
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Both a power meter and a single-channel [F substitu-
tion receiver are implemented in the HI' 89024
Measuring Receiver, By a process of intemnal calibra-
tioms, the best features of both sechniques ame available
a= gne function mode called “Tuned KF Lewel.” The
HF 11722A Sensor Module incdhedes & thermocouple
POWH SENSOr and an RF switch to allow a single input
CORNMECTOr

A sInB'h.-. down-conversion to an IF of 455 kHz allows
use af precision components and electronic switching,
As a result, a high degree of accuracy in the 10 dB [F
gain seps was possible without the need for expensive,
elaborate attensation standands,

Since the range of the input signal is much greater than
the linear range of the mixer and IF detector, various
combinations of RF and [F gain are selectad to adjust
the IF signal level into the detector’s most linear range,
while avedding miver overload,
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Lh_-p;-mllng on e input Hsnnl lewvel, three different
overlapping RF ranges cam be selected. Tuned RE Level
{TRFL) range 1 cormesponds to 50 dB of atteniation,
TRFL range 2 corresponds to 10 4B of attenuation, and
TRFL range 3 currcsp-umis to 24 dB of zain. In sach RF
range, 60 4B of IF gain is available in 10 4B steps.

The overlapping RF Power and TREFL RF ranges allows
for cross-calibration between ranges. This calibration
information is used to achieve absolute calibration to
the 0 dBm referames.
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This Is the HP 8202A Measuring Receiver, Using the
I'REL function, the level of an RF signal can be
measured from 0 dBm to —127 dBm with typical line-
arily better than 0.5 4B (rss) over the freguency range
of 2.5 MHz to 1300 MHz.

The combination of the BF Power and TRFL maodes
allows the HP §902ZA to measaure absolute power with
157 dB dynamic range.

With the P 117224, the BF Power function can
measyre power from +30 dBem to —20 dBm at frequen-
cles from 100 kHz to 2.6 CHz with accuracy e-qu! b o
better than the HF 4364 Power Meter, The HP B#12A
also accepts all the BABD series power densors,




Effects of Thermal Noise

Iratremant neiss Mpure = W 48 SHR In 10 Tz =

= | ~a 4m
Mo [~ pp T [ —-|+
3 - e | >—| — ™
T h_;—*} Y el 11—
| M W' A 4 Wil oaiesaen
nalna Basdwidih
Ty

e,

f | Pmom =TT ol

N -\\"'.-I By m T kit
e

1209
Synchronous Detector
Loap Fitier HEBY
e (S, -
ogreas -j___h“ ks - Locksd Lsap
wa - v ()
!:-_ L]

T BEEA Valtmater

1210

Slide 9

Measuring low level power accurately is complicated by
the degradation of the predetection signal-to-noise ratio
due to thermal noise. This is one of the factors that
limits the sensitivity of broadband power sensors,

Another source of noise that complicates low level
power measurements s the noise added by the BF
frant end of the instrument and image noise from the
mixer, The HFF BI902A uses a thick-flm microcircuit RF
amplifier specifically designed for minimum noise
figure, The noise figure of the RF front end of the

HF 89024 i1s <i0 dB {when using the RF amplifier).

Overcoming the effects of these sources of noise when
measuring low level signals requires narrow measure-
ment bandwidths and unique detection techniques. To
show the need for narowiband detection, consider the
following example measutng a signal at —127 dBm
with an average detector in the IF. The basic level of
kTB thermal noise is =174 dBm/Hz. This results in an
input slgnal-to-noise (SMNE) of 47 dB in a 1 Hz band-
width (174-127), The 10 48 noise figure of the

HP B902A decreases the SNR to 37 dB, The 30 kHz
equivalent noise bandwidth in the IF further decreases
the SNE by a value of 10°LOG (30 kHz) or 45 dB, As a
result, the SNR in the IF is —8 dB (174-127-10-45).
Because the SNHE is s0 low, standard detection tech-
nigues cannot be used,

Slide 10

Dne of the key contributions of the HP BR02A is it
narmowhband synchronous detector. The synchronous
detector has the ability to make accurate low level
power measurements under extremely noisy conditions
because of its approximately 200 Hz equivalent noise
bandwidth.

Synchronous detection is accomplished by mixing
the IF signal down to DN with another signal having
the same frequency and phase. The output of the
detector Is lowpass filtered, leaving a DC component
that is proportional to the IF signal level. If the
input signal happens to be amplitude modulated, the
demodulated audie will also appear at the output of
the synchronous detector.

Most of the detector's cirouitry is used to generate the
high-level LO input signal required by the mixer. This
signal must be in phase with the input signal and must
be capable of tracking an input that may be drifting
over several kHz. In order to accomplish this, the VCO
that generates the LO signal is phase locked to the
input signal which causes the LO signal to be in phase
quadrature with the input signal, In order to create the
proper zero-degree phase relationship between the LO
and the input signal, the output of the VCO is phase
shifted by 90 degrees.

One problem assocated with the design of the PLL
phase detector is that the equivalent loop bandwidth is
proportional to the input signal level. As the level of
the signal decreases, the bandwidth decreases, causing
mure of the signal’s spectral energy to fall outside of
the lnop bandwidth (and vice versa). This causes
nonlinearities in the datector’s DC output,
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The solution ﬂﬂ.ﬂp‘bﬂd in the HF B92A to evercome
these nonlinearities was to implement a PLL filter with
dynamically variable gain. The microprocessor continu-
ously adjosts B2 according to the input signal level to
hold the PLL bandwidth constant, thereby aliminating
this source of error.

Synchronous detection provides other advantages that
are beneficial in making low level measurements in the
presence of noise, With synchronous detection, nodse
adds an AC component to the DC outpat, in contrast to
the multiplicative effect of nolse in an envelope
detector. As a result, the desired signal can always be
recovered throwugh the use of averaging Output nokse
can be reduced whenever necessary simply by adding
low-pass filtering. Another advantage in using synchro-
nous detection is that only the in-phase noise compo-
nent is translated to DC - the quadrature component is
rejecked, which further reduces the effects of noise.

Slicde 12

Accuracy
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All power measurement accuracy is based on transier-
ring calibration from one standard o another, This
process starts at a primary standard. The HP 89024
power measurement accuracy is derived in exactly this
same way. The power meter réference ascillater oitpit
and power sensor calibration factors are callbrated
against standards traceable to USA MNatlonal Bureau of
Standards. The power reference oscillator is used to
calibrate the power meter/ power sensor combination,
The power meter i3 then used to accurately measure
the level of a al source. This signal source then
becomes the reference oscillater used to calibrate the
frequency-dependent uncertainties of Tuned RF Level
range 1. TRFL range 2 and range 3 are calibrated simi-
larly, First the source is measured and then used as the
reference oscillator to calibrate the next range. In each
case the process ls the same; 1) determine the power of
a al, Z)use the signal as a reference osdillator to
calibrate the next range (of course, the signal amplitude
must be held fixed during the callbration process).

Calculating the total uncertainty of this process is
simply a matter of determining how accurately the
signal source can be measured and how acourately it
can be used to calibrate the next range.
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Two different approaches can be taken when calculating

r measurement uncertainty; worst case and res
uncertainty. Worst case uncertainty assumes every
source of error is at its extreme value and in the worst
possible direction. The possibility of this actually
happening is essentially zero since most sources of
errors are independent of each other. Summing all
sources of error to determine the accuracy of a particular
measurement i3 a very conservativie approdach and does
not give a realistic indication of the Instrument’s
expected performance,

A method that is much more popular and realistic is
the root-sum-of-the-squares (rss} approach. Since the
sources of error in & power measurement are indepen-
dent, they are random with respect to each other and
combine like random variables. When calculating the
85 uncertainty, each term must be expressed in frac-
tional form. Each error term s then squared, summed
together, and then the square root taken.

The example that follows will show both the worst
case and rss uncertainty for the measurement.
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Understanding the uncertainties that occur during the
calibration process allows a user to detérmine measire-
ment accuracy for different measurement conditions,
This example will describe each step in the calibration
process to make an absolute power measurement on a
signal generator sat to —120 dBm. The signal generator
will initially be set to 0 dBm and will be stepped down
in 10 dB steps to —120 dBm.
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The first step in the calibration process is to calibrate
the power sensor, This is done by reroing the sensor
and calibeating it with the 50 MHz reference oscillator.
This causes the power meter to read zéero when no
signal is present and accurately sets the one milliwat
point £0 that the power meter has the dght gain for
displaying power. The uncertainty of this calibration is
determined by the reference oscillator uncertainty,
instrumentation uncertainty, and the mismatch uncer-
tainty that occurs between the referénce osdllator and
power sensor while the calibration 8 being made

In the following discussion, these uncertainties will be
accounted for as part of Inatrurnentation Errors
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After the power sensor is calibrated, the HE 117224
Sensor Module is connected to the signal generator,
which is set to 0 dBm, and the TRFL function is
selected on the HF 89024, To calibrate the measure-
ment for absolute power, the “CALIBRATE" key is
pressed on the fromt panel of the HP B902A, The

HP §502A then automatically switches the input signal
to the power sensor, takes a reading, switches back to
TRFL range 1, takes another reading, then generates a
calibration factor for TRFL range 1.

Let’s first determine how acourately the output level of
the signal generator is measured by the gansoT
power meter combination during this calibration process.

Measiiring the output power of the signal generator
with the power sensor /power meter combination has
the uncertainty of calibrating the power sensor
[discussed in the previoos slide) plus the mismatch
uncertainty between the signal genecator and power
sensor, power sensor calibration factor uncertainty, and
inatrumentation uncertainty.

Each source of error in making the power meter
measurament will now be determined. The mismatch
uncertainty and power sensor calibration factor unecer-
tainty will be determined first, then the various instru-
mentation errors that the affect the power mcter
aceuracy will be determined. All spedifications are
taken directly from the HP 89024 Technical Data Sheet
{November 1885},
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The mismatch uncert.inty is generally the single langest
source of ervor. For this example, the mismatch uncer-
tainty batween the signal generator and power sensor
will effect the determination of accuracy by approxi-
mately .12 dB. To simplify the calculation ul!
accuracy for this example, it is assumed that the
complex impedance of the signal generator remains
constant over its entire cutput level range to

=120 dBm. If the source impedance remains constant,
the only mismatch that affects the measurement is
between the source and power sensor. The mismatch
uncertainty between the source and TRFL is eliminated
in the calibration process.

Additional mismatch uncertainty terms must be

accounted for if the impedance does change during the
measurement, which is generally the case. The various
sotrees of mismatch will be discussed after this section,
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This table of power sensor calibration uncertaimtes is
from the HP B#0ZA Technical Data Sheet. The
frequency dependent calibration factors (Kb) compen-
sate for the effective efficlency and mismatch loss of
the power sensor, The cal factor uncertainty is due to
inaccuracies in the measurement of Kb by the manufac-
turer or standards laboratories. For this example, the
signal generator is set to 900 MHz. At 900 MHz, the rss
cal factor uncertainty 5 1.1%.
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Mow that the mismatch and power sensor cal factor
uncertainty have been determined, the instrumentation
errors will be determined.

This a partial list of the specifications, taken from the
data sheet, that are necessary to determine the instru-
mentation errors that affect the accuracy of the power
meter,/power combination, The specifications for the
power meter can be divided into two catagories, magni-
fication and offset errors, Magnification errors combine
like the gain of amplifiers in cascade and are generally
specified as a function of reading (versus a function of
full seale). Offset errors are described in the next slide.

The specifications describa the accuracy of the reference
oscillator, RF range linearlty, RF rirql;: change errors,
power sensor linearity, and SWR of both the reference
cacillator and power sensor. The RF range change
errors described here are for the power meter and
should not be confused with the RF range change
errors for TRFL, which is a separate specification.
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This is a summary of the specifications that are consid-
ered offset errors. Dffset errors combine like voltage
generators in series and are generally specified as a
function of full scale (versus a function of reading).

Since these errors are a function of full scale, it ks
impartant to know which RF Power range was used to
make the measurement (this can easily be determined
using the SPCL key on the HP B902A; see the opera-
ting manual for more information ).

Mow that the various sources of instrumentation ervor
have been summarized, the accuracy of the power
meter measuremnent can fow be caleulated.
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This is a summary of the instrumentation errors
{magnification) that affect the accuracy of the power
meter measurement (offset emors will be summarkzed
in the next slide).

When performing the calibration process, the power
meter only measures the owtput level of the signal
source at one level, which is 0 dBm for this example.
This eliminates RF range-to-range change errors, power
sensor linearity, and RF range linearity errors. The anly
magnification errors that affect the acouracy of the
measurement are reference oscillator accuracy, reference
oscillator mismatch uncertainty, and plus and minus
ane display digit. The reference oscllator mismatch
uncertainty 15 between the power reference oscillator
output and the power sensor.

The RF Power magnification ervor k3 +1.27% (rss). This
equated b0 approximately 0055 dB {rss).
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This is a summary of the instrumentation errors (offset)
that affect the accuracy of the power measurement, To
caleulate the fractional offset ercor (required to tss), first
determine the full scale power for the RF Power Range
used to make the measurement and then calculate the
individual offset errors as a fraction of the power
fasurement.

Themn: % = fractional offset emor
AX (% of F5) (Pfs) ES5. = full acale
X P Pz = full s=ale powes
Pm = measured power

For this example, RF Fower Range 2 was used to make

the measurement at 0 dBm (1 mW). Full scale power for
range 2 is also 1 mW so the fractional component used

156 the offset errors is just the fractional specification.
The 155 offset error for this example is 0.13%.,

To calculate the contribution in 48, the total offser error
must first be determined. For this example, the total
offset is 1.5 gW (D07 4W + 0.03 W + 0.1 pW¥ +

1.3 W), The dB contribution, which ls «0.0065 dB for
this emmp]e, is calculated from:

L
tﬂ—lnLuEl:_'i:ﬁ:I

The total power meter measurement uncertainty can
now be summarized,
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This is the tofal uncertainty when messuring the output
power of the signal generator, set (o 0 dBm, with the
power meter (HP BS02A RF Power function). [t
includes the mismatch uncertainty between the signal
generator and power sensar, power sensor cal factor
uncertainty, and instrumentation emor. The toml power
measurement uncertainty is 3.26% (rss). This equates to
=014 dB (rss).
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Now that the output level of the signal generator has
been accurately measured by the power meter, the cali
bration process is completed by using it as the sefer-
ence wicillator and making a measurement with TRFL
range 1. The measurement taken with TRPFL range 1 is
compared to the measurement taken with the r
meter, From these two readings, a calibration factor is
genetated that will make the reading taken with TRFL
range 1 compare exactly with the power meter
measurement (the calibration process was inltiated by
pressing the "CALIBRATE® key on the HP 89024},

The calibration process that's performed compensates
for the frequency dependent uncertalntles in the RF
fromt end of the TRFL circuitry, These include the RF
attenuator and RF amplifier ancertainties, and mixer
conversion loss. The calibration process also compen-
sates for the mismatch uncertainty between the signal
Eemerator and TRFL range 1 [muming the mmp]zx
impedanoe remains constant from calibration o
measurement).

Mow that TRFL range 1 is calibrated to the power
meter, the signal can be reduced in level until it is
necessary to switch to TRFL range 2 to increase its
measurement sensitivity (the HP 89024 changes 1o
TRFL range 2 at approximately =40 dBm and o TRFL
range 3 at approximately —80 dBm). During a range
change, the same calibration process takes place: 1)
determine the power of the signal, 2) use the signal as
a reference oscillator to calibrate the next range, The
only difference in calibrating TRFL range 2 is that TRFL
rarige 1 will determine the power of the signal, not the
power meter, as was the case uﬂlbﬂl‘inﬂ TRFL range 1.

The instrumentation accuracy using TRFL will now be
determined using the specifications from the HP 8902A
Technical Data Sheet. It is assumed that the signal
generator has been stepped down in level to

— 120 dBm
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This is & summary of the errors associated with
measuring a signal with TRFL. As the signal level &=
reduced, various combinations of RF and IF gain are
selected to keep the signal in the most linear region of
the detector. For a particular measurement sktuation, it's
impoartant to keep track of the various states of the

HF 89024 so that the an accurate calculation of uncer-
Lainty is possible. This can easily be done by wsing the
SPECIAL key to determine the state of the instrument
and Special Functions to determine the detectors output
voltage (see the operating manual for more
information).
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Az the level from the signal genesator ks reduced From
0 to =120 dBm, instrument errors affect the Accuracy of
the TRFL. measuremant (as they did using the power
meter measurement). These sources of error include
detector linearity, IF and RF range-to-range change
errors, frequency drift error, and noise, For this
measurement example, it is assumed that the voltage w
thie detector varied 3 dB, there were twelve IF range
changes, and three RF range changes (RF power to
TRFL1, TEFL1 to TRFLZ, and TRFL2 to TRFL3). It is
also assumed that the signal did not drift, so there is
no frequency drifl error.

Whin calculating the IF range-to-range rss uncertainty,
the IF range changes for each RF range must first be
raa’d together because each IF range error is indepen-
dent of each other. The IF gain uncertainty for each RF
range is then added together, not rs’d since each IF
gain stage repeats for each BF range, making them
dependent errors.

For this example, the total rss uncertainty for Tuned RF
Lewel s =3.38%. This equates to approximately +0.14 4B,

Slide 2B

The rss uncertainty in measuring a signal generator
with SWR of 1.5 at an output level of —120 dBm is
+4.70%, This equates to approximately +(.2 dB.

MNow that the accuracy of measuring a shgnal at

—120 dBrm has been determined, a typical graph of the
uncertainty in measuring an HP 86408 Signal Gener-
ator is showm,
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This graph shows the absolute and relative power
measurement accuracy measuring the output level of an
HP 88408. The curves show l‘ﬁEh:H |.|.1'||:Erta.'i11l'.v than
our example because we assumed 2 nonvariant seurce
impedance, which is mot vakid.

Calculating the uncertainty in making a level measure-
ment is [airly straight forward when only the instru-
mentation errors are considered. The caloulation is
complicated by the mismatch uncertainty, especially
when the complex impedance of both the analyzer and
sS0iTCE are d‘mn.ging. Let's now see how the various
sources of mismatch can affect the accuracy of a power
measurement.
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As 'prEvlr:u.lsJ}r deseribed, POWET Measurement accuracy
i% based on transfeming calibration from one standard
to another. To show the effects of mismatch when
transferring power measurement accuracy, consider a
system consisting of a signal source with cutput imped-
ance p, a reference power with input impedance 2,
and a lest meter with input impedance p,.
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The Impedances are vector quantities but only their
miagnitudes are known, The calibration constant, k,
between the test meter and the reference meter can be
measured only to the degree of accuracy given by the
uncertainty calibration term [Mc],
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When making low-level power measurements using the
range-to-range calibration technique previoushy
discussed, the impedance mismatches are considered as
given in the example. One mismatch uncertainty that
exists between the power reference oscillator and the
power sensor (when calibrating the sensor) was previ-
ously included as an instrumentation error term and
will not be considered here. The definitions are:

Mp. M1, M2, M3 — mismatch between souzee and
power sensor, range 1, 2, or 3
when making a measurement on
that particular range.

Mile, M2e M3e — range calibration uncertainties
incurred when that range is
calibrated,

During the range-fo-range calibration process, the
source output level remaing constant (the impedance of
the source does not change) while the analyzer makes
power measurements with bath ranges. Since this
process is basically a ratio of power measurements, the
calibration factor that is generated compensates for any
differences in the measured power from one range to
the next. This means that the measurement accuracy of
the previous range is transferred fo the new range,
within the accuracy limits of the [Mc] term.

The eguation for measuring power at any arbitrary
level on Range 1 relative to the first high-level power

measurement can now be writben as:

% - k] [Mi1c] M1} k = calibration constant;

and for range 3;
TE =k M1 24 M3

Typically the power sensor provides the best receiver
match and the most sensitive range provides the worst
match, since it is generally a low-noise amplifier,

Cur purpose now will be to examine the magnitude of
these errors and ways to reduce or eliminate them.
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If we write the input impedance of any range in terms
of an impedance change from the previous range, we
can derive the uncertainty term;

rAp
M| 14—
i= II::'eﬁ'r|-1

which can be quantified if Ap can be measured, since
2 and p,_, are available as specified values.

A method to determine &g is to use a network analyzer
such as the HP 85104 to make vector reflection coeffi-
clent measurements on each TRFL range and use trace
math to obtain the vector impedance difference
between the two ranges. The maximum value of this
term, along with the specified source SWR and the
spedified TRFL range SWR, can then be osed to calou-
late range-to-range uncertainty.

Measured values of &p are:

dp_ ., = 0.06 [power meter to TREL range 1)
Ap o= 001 (TRFL range 1 to TRFL range 2}
dpy 4 = 0.25 {TRFL range 2 to TRFL range 3)

v
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This graph shows the typical range-to-range uncer-
tainky terms (dotted lines) and the measurement uncer-
tainty term for ranges 1 and 2 of the HP 8902A with an
HI* 11722 Sensor Module. The botal mismatch uncer-
tairity i the ras summation of MI1C and M1 for range
1, and M1C, M2C and M2 for range 2. Simee M2C is 50
small, ity effect i negligible and therefore ranges 1 and
1 have the same total uncertainty. Mote that there is
veTY little contribution 'b:,r the ramge-to-range calibration
terms.
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This graph shows the uncertainty terms for range 3.
MNote that M3C ls much larger than the other range-to-
range terms because of the significant change in input
impedance from range 2 to range 3. Also, on range 3
the input SWR ks not as good, so the measuremnent
term M3 is also significantly larger.

A% an example of how to use this graph, consider the
measurement of a souree set to =110 dBm (TRFL
range 3) with an SWR of 1.5 (#=0.2). It is assumed that
the complex impedance of the source does not remain
oofstant {H:‘LE calibration prOsCEss does not compensate
for the mismatch uncertainties). The mismatch uncer-
tainty would then consist of the follewing terms:

Sensor to range 1 calibration = =0.1 dB {2.3%)
Range 1 to range 2 callbration = =(0.02 dB {0.4%)
Range 2 to range 3 calibration = =0.43 4B (10.5%)
Range 3 measurements = =.35dB (8.5%)

To rss the uncertainties, the linear terms must be
squared, summed, then square root taken. This resulis
in an rss mismatch uncertainty of £13.7%. This equates
to approximately =0.56 dB.

These graphs are derived on the assumption that there
are no restrictions on the source SWER except that its
total magnitude i= specified. In many instances, source
S5WR is held fixed over a large part of the dynamic
measurement range. It is instructive to examine the
total mismatch uncertainty using some special cases
that commonly oocur.
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Consider making 8 measurement on the most sensitive
range, which has the most uncertainty terms {and alsa
the largest in magnitude). The full expression is shown
here for our examination of special cases, The “p "
terms represent the source cutput Impedance at the
time that a particular Tange "n” is calibrated. Assume
our first special case; 4 constant source impedance (Le.,
fgn ™ Py over all n). Note that identical terms now
appear in the numerators and denominators of the
uncertainty terms, and all cancel, leaving only the
measurement mismatch of a high-level power maasure-
ment! There is #o mismatch contribution from funed RF

level ranging,

A second special case to consider s to use a 10 dB or
20.dB pad with a low SWE on the source only when
doing the range-ro-range calibration. This would
require a source that could supply at least +10 dBm
output power. Mote that it need not be the same
source under test, but it must be at the same
frequency. Assuming the pad SWR is substantially
better than the SWE of

the source under kest, the two terms (1 +p [P)" and
{1 =g, pq)® will be negligible compared wi.rﬁp'l tpmp_.l]’
and we again have only one mismatch uncertainty,

A third case to consider is to hold the receives input
impedance, fm, constant over all ranges. In this case,
the range-to-range calibration terms are all unity, and,
as before, there is only one mismatch term.
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This summarizes the situations we have discussed,
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This graph shows the total mismatch uncertainty for
special cases 1 and 2. Mote that the total mismatch
uncertainty is the same as the measurement umcer-
tainty; Le., there are no contributions from range-to-
range calibration! For case 2, the ranges were calibrated
with an HF 84918 10 dB pad with Option B90
(measured SWR data). This pad has a mesgured

SWR < 1.1

The range 3 total mismatch uncertainty drops from
£.54 4B to £.35 4B for a source having an SWR = 15
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The HP B902A/11722A has a special keystroke
function (1.95P) that fixes a 10 dB pad at the input of
all TRFL ranges. This very closely approximates the
fixed receiver special case 3 noted above, This graph
shows the range-to-range calibration unceriainties,
measurement uncertainties, and total mismatch uncer-
tainties when using this key function. Note the
improvement In ra 3 total uncertainty. Also note
that a 10 dB sensitivity loss is incurred on range 3 only,
Operation on ranges 1 and 2 is identical to standard

operation.
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This graph shows the total miamatch uneertainty (for a
source SWR=1.5) over the 157 dB range of the

HFP 82024, The improvement is range-to-range calibra-
tion by using a pacflis clearly evident.

Another power sensos, the HP 117924 covering the

30 MHz-26,5 GHz range, has been developed for use
in microwave systems, It incorporates a low SWER 10 dB
pad ahead of the sensor-RF path switch. Option 001
has a type-N connector for 50 MHz-18 GHz use, and if
this sensor (with its better match) is wsed over the

50 MHz-1300 MHz range, the mismatch uncertainty
can be reduced even further. This, of course, incurs &
10 dB sensitivity loas,
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If the mismatch uncertainty of .35 dB st —120 dBm
[correspending 1o the pad calibratlon) is used in place
of the source sensor mismatch described above in “RF
Power Accuracy” (remember that uncertainky of .12 dB
assumed an invardant source SWR), a final uncertainty
of +9.2% or +.38/—42dB is achieved at =120 dBm,
uging the HP 117224 power densor, Had the

HP 11792A been used, a final uncertainty of +6.4%
+.27 /=29 dB could be achieved at =117 dBm. (An
additional erros of 4.2% is required in this case due to
noise effects at the lowest sensitivity levels.)
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RF range-to-range errors occur because of digit flicker
durlng the calibsation process. This soarce of error can
be minimized or eliminated by either noting the
reading before and after callbration and correcting
future reading by the difference or by increasing aver-
aging time h}r using the 4.X 5.]:||‘.-|:L|l.1 functions.
Measuring a Low moise source inherently minimizes this
source of error since the residual noise of the source 18
the main cause of digit flicker during a TRFL
measurement.

Power meter noise, due to sources within both the
power sensor and power meter clreultry, becomes
significant on the most sensitive range of the sensor, To
minimize this source of ermor, avoid calibrating TREL
range 1 on the most sensitive RF Power range (noise
error decreases by a factor of 10 for each higher range).

Frequency drift can cause an error that is no more than
+0.05 dB /kHz. This souree of ervar is generally not a
factor when measuring synthesized signal generators,
Amy drift that may occur due during wanm-up can be
eliminated by locking both the source and HP B902A 1o
a commen reference,

The most effective technique for minimizing mismatch
uncertainty is to pad both the source and analyzer
during a measurernent (this should always be done for
attenuater measurements uniess more dynamic range is
needed). The next best technique to pad the HP B302A
o keep its impedance constant by padding the

HF 117224, and/or using 1.% Speclal which keeps a
constant 10 dB pad at the input of the HF 2024,
Ancther technique to improve meaburemoent acciracy
for sources with varying output impedance is to first
calibrate TRFL with a source that has been padded so
that the effective source impedance is constant and
then remaove the pad and make the measurements as
normal.
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W now firm our attention 1o another application that
generally is the most demanding in terms of accuracy;
that of measuring attenuation over wide dynamic
range. Mote that in this application the measurements
are relative, Le., no absolute power level is required
[assuming linear devices), as the desired result is the
ratlo of the measure of power with the device inserted
to the measured reference piwer. The error terms
therefore reduce to the tuned RF level instrumentation
errors and mismatch uncertainty,
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The tuned EF level instrumentation inaccuracies
discussed provicusly were derived by taking inte
account all possible errors in the manufactaring envi-
ronmeant, including the accuracies of the production test
systemns, which represent the largest contribution to
instrumentation error,

A recent addition to that test environment, a precision
attenuator, allows the tuned RF level accuracy to be
||'|'|'p;|'nv¢d tir a lewel signil:i-rnnﬂ:r' better than the
standard data cheet figures. This improved specification
will be available as an option to the standard HI* 8902A.

Because the source impedance as seen by the sensor
maodule never changes, and no connect/disconnect
eyeles are neceasary during this test, there is no
mismaich uncertainty contribution in this relative
accuracy test,
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This is the pradsion test attenuator in its controlled
environment
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This shows the results of the first group of HP 89024’
to be tested using the precision attenuator, Note the
dramatic improvement over the standard data sheet
::Fleci;'iqarims This shows the inherent ACCUTACY thae
HP 8902 A is ra]:lahl-.- of .:lr'h:irl.-'mg.
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Extending HP 8902A Frequency Range and Aotomatic
Solutions
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The basic frequency range of the HP B902A Measuring
Receiver is 1300 MHz. The excellent measurement
aceuracy of the HP B902A can easily be extended to
higher frequencies by simply adding an external down-
conversion atage to mix microwave or millimeter-wave
signals down to the range of the HF 89024,

This i the block diagram of a typical microwave test
syatem. The HP 11793A Down Converter contains a
microwave mixer, 15 dB amplifier to compensate for
mixer conversion loss, 800 MHz lowpass filter to
minimize feedthrough, and optional 18 to 26.5 GHz
microwave amplifier to compensate for local oscillators
with insufficient cutput power. The HP 117934 also
containg a microwave transfer switch so signals can
either be down converted or passed directly through.
With the HF 117924 Sensor Module, the system
performs BF Power measurements from +30 dBm o
—20 dBm at frequencies from 50 MHz to 26.5 GHz. To
maximize SWR performance, the HP 117924 connects a
10 4B pad on the imput. This minimizes the affects of
changlng complex impedance during calibration and
measurement. The local oacillator wsed in the system
should be synthesized and supply at least +8 dBm [os
the optional microwave amplifier must be ordered).

For a properly configured system, the only additional
instrumentation error is due to miker compression for
signals greater than —10 dBm. This ervor is negligible
for slgnals less than —10 dBm.
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This is a typical configuration of an HP B925 Micro-
wave Test System, The system consists of the

HFP B902A Measuring Receiver, HP 117924 Sensor
Module, HF 11793A Down Converter, and HF 86738
Synthesizer local oscillator. This combination of equip-
ment can be wsed for signal generator calibration for
frequencies up to 26.5 GHz with sensitivity to

—05 dBm.
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This is a typical configuration of a 40 GHz attenuator
calibration system. The system uses an HF 86736
Synthesizer as the local oscillatos to drive an

HF 11970A Harmonic Mixer. The millimeter source
driving the attenuator-under-test is a combination of an
HF 86738 Synthesizer, HF 83458 Microwave Amplifier,
and HF 835544 Millimeterwave Source Module.

The dynamic range and sensitbvity of both the micro-
wave and millimeter systems depends on the system
configusation, Typically, either of these system can
provich sensitivity to at least —95 dBm.
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This table shows the input signal range for microwave
and millimeter test systems, For a microwave system,
the loss in sensitivity is primarily due to the insertion
logs of the HP 11792A Sensor Module and 3 dB imput
attenuator and converston loss of the mixer in the

HP 117934 Down Converter. For a millimeter system,
the loss in sensitivity is primarily due to the conversion
loss of the harmonic mixers, matching attenuators,

and for isclators that may be configured in the syszem.
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Software §s available from Hewleti-Packard to perform
both autornatic signal generator calibration and attenu-
ator calibration. Both of these easy-to-use, menu-driven
software packages will run on either series 200 or 304
conteollers. They offer very flexible instrument configu-
ratbons, and vanious report barmats, Both of these
software packages will improve vour efficiency by
saving time anl:gl‘.esrrduﬂng BEIDTE,

The HP 117954 has options Lo test eight different
Hewlett-Packard signal generators, both RF and micro-
wave. These indude models 36408, 36564, Ba5oB,
B64ZA /B, Boo2A, B663A, BATIA, S6TIAMB/C/D/E M.
With optional equipment, pulse, phase noise, and
spurlous measurements are performed in some of the
test packages,

The HF 11806A can easily test fized, manual, or
programmable stepped attenuators and can perform
SWR tests if configured with an SWE bridge. The
software supports RF, microwave, and millimeter
instrument comfigurations, For best accuracy. the
software also supports using a splitter and power
sensor o monitor the power applied to the attenuator.
This technique allows the system to correct for varia-
tions in the applied power which result from amplitede
instabilities of the source that drives the attenuator,



