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Attenuator Calibration

1206

This paper will discuss the accuracy considerations of
power measurement techniques that provide both high
accuracy and wide dynamic range. Two specific appli­
cations of this technique are signal generator level cali­
bration and attenuation measurements.

Signal generator calibration generally requires high per­
formance measurement equipment to verify the modu­
lation, frequency, and output level performance. Output
level performance has typically been the most difficult
specification to verify, especially with today's micro­
processor controlled signal generators. Using amplitude
correction, many signal generators achieve output level
accuracy as good as ±1 dB down to -127 dBm. Verify­
ing this output level accuracy requires an extremely
wide dynamic range power meter with exceptional
accuracy. Attenuator calibration is another application
that requires an accurate measure of power and wide
dynamic range. Attenuators commonly have more than
100 dB of attenuation and accuracy better than ±0.5 dB.
The accuracy required to verify the performance of
these attenuators is beyond the capability of most con­
ventional instrumentation.
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Applications for Low Level
Power Measurements
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- 127 dBm
± 1 dB
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Power Measurement Sensitivity A power meter using either a thermocouple, thermistor,
or diode detector power sensor is the most commonly
used instrument for measuring power. Power meters
provide exceptional accuracy, necessary for many appli­
cations, but they don't have the dynamic range or sen­
sitivity necessary for signal generator calibration or for
characterizing attenuators with large attenuation values.

Note that any given sensor has only 50 dB range and
the lowest sensitivity possible is -70 dBm.

Different techniques are required when extremely wide
dynamic range power measurements are necessary. The
technique of IF substitution can provide sensitivity to
very low power levels.
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Low Level Measurement
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Two popular methods are single-channel and dual­
channel IF substitution. Both methods require linear
mixing in the down-conversion stage, accurate IF gain,
and linear detection.

Dual-channel IF substitution depends on an IF refer­
ence attenuator 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 to
the signal level from the reference attenuator. Dual­
channel IF substitution can only be used to make rela­
tive power measurements.

Single-channel IF substitution is 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 substitution can make extremely
accurate relative power measurements over a wide
dynamic range and, when calibrated with a power ref­
erence, can also make wide dynamic range absolute
power measurements.

The combination of a power meter and IF substitution
gives the widest range of accurate absolute power mea­
surement capability.
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IF Substitution

Limitation

* Gain Accuracy

* Mixer CompressIon

* Noise

* Unearlty

* Signal Instability

Solution

Precision High Stability
Gain Elements

RF Attenuator
(Calibration Required)

Low-Noise Preamp
Narrow Band Detector

Synchronous Detector

Tracking Detector
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The process of down conversion and IF gain substitu­
tion can introduce significant accuracy errors, summa­
rized here.

With proper design, it is possible to reduce these errors
to a small fraction of the total measurement error.
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Both a power meter and a single-channel IF substitu­
tion receiver are implemented in the HP 8902A Mea­
suring Receiver. By a process of internal calibrations,
the best features of both techniques are available as
one function mode called "Tuned RF Level." The
HP 11722A Sensor Module includes a thermocouple
power sensor and an RF switch to allow a single input
connector.

A single down-conversion to an IF of 455 kHz allows
use of precision components and electronic switching.
As a result, a high degree of accuracy in the 10 dB IF
gain steps was possible without the need for expensive,
elaborate attenuation standards.

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 IF gain are selected to adjust
the IF signal level into the detector's most linear range,
while avoiding mixer overload.
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Depending on the input signal level, three different
overlapping RF ranges can be selected. Tuned RF Level
(TRFL) range 1 corresponds to 50 dB of attenuation,
TRFL range 2 corresponds to 10 dB of attenuation, and
TRFL range 3 corresponds to 24 dB of gain. In each RF
range, 60 dB of IF gain is available in 10 dB steps.

The overlapping RF Power and TRFL RF ranges allows
for cross-calibration between ranges. This calibration
information is used to achieve absolute calibration to
the 0 dBm reference.

TRFL Range 3

SWR =1.5

24 dB
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This is the HP 8902A Measuring Receiver. Using the
TRFL function, the level of an RF signal can be mea­
sured from 0 dBm to -127 dBm with typical linearity
better than 0.5 dB (rss) over the frequency range of
2.5 MHz to 1300 MHz.

The combination of the RF Power and TRFL modes
allows the HP 8902A to measure absolute power with
157 dB dynamic range.

With the HP 11722A, the RF Power function can mea­
sure power from +30 dBm to -20 dBm at frequencies
from 100 kHz to 2.6 GHz with accuracy equal to or
better than the HP 436A Power Meter. The HP 8902A
also accepts all the 8480 series power sensors.

www.HPARCHIVE.com
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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 is the noise added by the RF
front end of the instrument and image noise from the
mixer. The HP 8902A uses a thick-film microcircuit RF
amplifier specifically designed for minimum noise fig­
ure. The noise figure of the RF front end of the
HP 8902A is <10 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 narrowband detection, consider the
following example measuring a signal at -127 dBm
with an average detector in the IF. The basic level of
kTB thermal noise is -174 dBmjHz. This results in an
input signal-to-noise (SNR) of 47 dB in a 1 Hz band­
width (174-127). The 10 dB noise figure of the
HP 8902A decreases the SNR to 37 dB. The 30 kHz
equivalent noise bandwidth in the IF further decreases
the SNR 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 SNR is so low, standard detection tech­
niques cannot be used.

1209
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One of the key contributions of the HP 8902A is its
narrowband 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 DC 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 audio will also appear at the output of
the synchronous detector.

Most of the detector's circuitry is used to generate the
high-level La 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 La signal is phase locked to the
input signal which causes the La signal to be in phase
quadrature with the input signal. In order to create the
proper zero-degree phase relationship between the La
and the input signal, the output of the VCO is phase
shifted by 90 degrees.

One problem associated 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
more of the signal's spectral energy to fall outside of
the loop bandwidth (and vice versa). This causes
nonlinearities in the detector's DC output.
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The solution adopted in the HP 8902A to overcome
these nonlinearities was to implement a PLL fIlter with
dynamically variable gain. The microprocessor continu­
ously adjusts R2 according to the input signal level to
hold the PLL bandwidth constant, thereby eliminating
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, noise
adds an AC component to the DC output, in contrast to
the multiplicative effect of noise in an envelope detec­
tor. As a result, the desired signal can always be recov­
ered through the use of averaging. Output noise can be
reduced whenever necessary simply by adding low­
pass filtering. Another advantage in using synchronous
detection is that only the in-phase noise component is
translated to DC - the quadrature component is
rejected, which further reduces the effects of noise.

1211
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cy
Accuracy
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All power measurement accuracy is based on transfer­
ring calibration from one standard to another. This
process starts at a primary standard. The HP 8902A
power measurement accuracy is derived in exactly this
same way. The power meter reference oscillator output
and power sensor calibration factors are calibrated
against standards traceable to USA National Bureau of
Standards. The power reference oscillator is used to cal­
ibrate the power meter/power sensor combination. The
power meter is then used to accurately measure the
level of a signal source. This signal source then
becomes the reference oscillator 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 is the same; 1) determine the power of
a signal, 2) use the signal as a reference oscillator to
calibrate the next range (of course, the signal amplitude
must be held fixed during the calibration process).

Calculating the total uncertainty of this process is
simply a matter of determining how accurately the
signal source can be measured and how accurately it
can be used to calibrate the next range.
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Calculating Total Uncertainty

Worst Case Uncertainty

e1 + e2 + ea + ... +en

Root Sum Square Uncertainty

+ V~ + e~ + e~ ...+ e~
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Measurement Example
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Frequency'" 900 MHz
Initial output leYel '" 0 dBm
Final output leYeI '" -120 dBm
SWR of source'" 1.6
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RF Power Accuracy
Power Sensor Calibration
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HP 11722A

I
Refe,ence I •
O.clll.lo' It•OI t.1."-!len'-;;;', Power Meter

* Reference Oscillator Uncertainty

* Instrumentation Uncertainty
* Mismstch Uncertainty
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Two different approaches can be taken when calculating
power measurement uncertainty; worst case and rss
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 hap­
pening 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 measure­
ment is a very conservative approach 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 a power measurement are indepen­
dent, they are random with respect to each other and
combine like random variables. When calculating the
rss uncertainty, each term must be expressed in frac­
tional form. Each error term is 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 determine measure­
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 set 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 zeroing the sensor
and calibrating it with the 50 MHz reference oscillator.
This causes the power meter to read zero when no
signal is present and accurately sets the one milliwatt
point so that the power meter has the right 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 reference oscillator and
power sensor while the calibration is being made.

In the following discussion, these uncertainties will be
accounted for as part of Instrumentation Errors.
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After the power sensor is calibrated, the HP 11722A
Sensor Module is connected to the signal generator,
which is set to 0 dBm, and the TRFL function is
selected on the HP 8902A. To calibrate the measure­
ment for absolute power, the HCALIBRATE" key is
pressed on the front panel of the HP 8902A. The
HP 8902A 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 accurately the output level of
the signal generator is measured by the power sensor/
power meter combination during this calibration process.

Measuring the output power of the signal generator
with the power sensor/power meter combination has
the uncertainty of calibrating the power sensor (dis­
cussed in the previous slide) plus the mismatch uncer­
tainty between the signal generator and power sensor,

1217 power sensor calibration factor uncertainty, and instru­
mentation uncertainty.

Each source of error in making the power meter mea­
surement will now be determined. The mismatch
uncertainty and power sensor calibration factor uncer­
tainty will be determined first, then the various instru­
mentation errors that the affect the power meter accu­
racy will be determined. All specifications are taken
directly from the HP 8902A Technical Data Sheet
(November 1985).
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HP 11722A
HP 8t02A

I
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The mismatch uncertainty is generally the single largest
source of error. For this example, the mismatch uncer­
tainty between the signal generator and power sensor
will effect the determination of accuracy by approxi­
mately ±0.12 dB. To Simplify the calculation of accu­
racy for this example, it is assumed that the complex
impedance of the signal generator remains constant
over its entire output 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
sources of mismatch will be discussed after this section.

SWR of tha aourca = 1.6

""-~-02r· (1.60+1) •

RF Power Accuracy

Source-Sensor Mismatch (Mu)

Mu 20 Log (HI papll)

Error oeacrlp1lon

SWR of tha HP 11722A = 1.15

pl - ~-ooe"(1.16+1) •
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RF Power Accuracy
Calibration Factor Uncertainty (Kb)

Freq.IIHz RSS Wor.t ca••
Un...""'nty Un...rt.lnty

0.1 0.7% 1.'"
0.3 0.7% 1.'"
1.0 0.'" 1.7%
3.0 0.'" 1.7%

10.0 O.K 2.~

30.0 O.K 2.~

50.0 0.0" Rei. 0.0" Rei.
100.0 1.1" 2.2"
300.0 1.1" 2.2"

1000.0 1.1" 2.2"
2100.0 1.2" 203"

E,ro, Deac,lption dB
+ -

Kb Unce""lnty t 2.2" (wor.t c...) 0.011' I 0.0145
t 1.1" (r••) 0.0480 0.04711

RF Power Specifications
Instrumentation Errors ( Magnification)

* Ret OIC Accur.cy :
t1.2" Wor.t ca••

to.K RSI

* RF R.ng. Un••rlty:
t 0.02 dB, RF R.ng. 2 .nd 5

t 0.03 dB, RF R.ng. 1

t1 Counl 01 LI.D

* RF R.nge-to-R.ng. Ch.ng. Error:
t 0.02 dBiRF R.nge Ch.nge fro'" _ ..n... R.ng.

* Po..r lIen.o, Un••,lty:
+ 2", -""; +30 dB'" to +20 d8llt

Negllglbl. Dewl.tlon, Lay.l. < +20 dB'"

* IWR Rete..nce o.m.tor: 1.05

* SWR Po••, Sen.o,: 1.15

RF Power Specifications
Instrumentation Errors ( Offset)

* zero lIet:
.0.07% of full .ul. on lo•••t r.ng••

Deere••• by • f.ctor 01 10 for ••ch
hlgh.r r.ng•.

* zero Drift 01 1I.ter:
.0.03" of full .c.l. l'c on I....at r.nll••

Deere••• by • f.ctor 01 10 for ••ch
higher r.nge

* zero DrIft 01 sen.or:
• 0.1" 01 full .c....

Deere••• by • f.ctor of 10 for ••ch higher rang••

• NoI••: t 0.13" 01 full .c." ( for r.nge 2 )

1219

1220

1221

www.HPARCHIVE.com

Slide 19

This table of power sensor calibration uncertainties is
from the HP 8902A Technical Data Sheet. The fre­
quency dependent calibration factors (Kb) compensate
for the effective efficiency and mismatch loss of the
power sensor. The cal factor uncertainty is due to inac­
curacies in the measurement of Kb by the manufacturer
or standards laboratories. For this example, the signal
generator is set to 900 MHz. At 900 MHz, the rss cal
factor uncertainty is 1.1 %.
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Now 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 scale). Offset errors are described in the next slide.

The specifications describe the accuracy of the reference
oscillator, RF range linearity, RF range change errors,
power sensor linearity, and SWR of both the reference
oscillator 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. Offset 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 is
important to know which RF Power range was used to
make the measurement (this can easily be determined
using the SPCL key on the HP 8902A; see the opera­
ting manual for more information).

Now that the various sources of instrumentation error
have been summarized, the accuracy of the power
meter measurement can now be calculated.
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¥ = fractional offset error

F.S. - full scale
Pfs = full scale power
Pm = measured power

RF Power Accuracy
Instrumentation Errors ( Magnification)

Error Ileaorlptlon
dl RIS

+ - AX fX

Ral oee Accuracy '1.2% 0.0524 0.0511 .012

RF Ranaa Unaa,", RF Laval Conatent -- -- -
'1 Count '0.01 dl 0.01 0.01 .0021

RF Range-to-Ranae No Ranaa Cllanaa -- -- -
Powar lenaor Unaarlt, Le••1 <+20 dim -- -- -
Ral Oae IIllamatch IWRg- 1.05, 0.0141 0.0141 .OOM

IWRI= 1.15

Worat C..a Uncer1alnt, 0.0772 0.0711

RSS Uncer1aln1, 0.0547 0.0554 1.27%

RF Power Accuracy
Instrumentation Errors ( Offset )

Error Ileaorlptlon
dl RIS

+ - &l.fX

Zero let :I: 0.007% of F.B. .00007

Zero DrItt - ..- :I: 0.001" of F.1. .ooooa

Zero DrItt - san.or :!: 0.01" of F.1. .0001

Nolea ( Ranae 2 I :I: 0.1'" of F.I. .001'

F.I. = Full Scal.

Worat C..a Uncer1alnt, 0.0015 0.0015

RSS Uncer1alnt, 0.1'"

Total RF Power Accuracy
( Mu, Kb, Instrumentation )

Ileaorlptlon
dl RSS

Error
+ - L'.X fX

lIlu 20 Log(1.1 I'gl' II ) 0.1204 0.1221 .om

Kb Uncer1alnt, 2.2% ( we ) 0._ 0.0t45

1.1" ( raa I .011

Inat Uncar1alnt, lIlagnllleallon ( we ) 0.0772 0.07SI

( r.a I .0127

Inat Uncar1alnt, OI1a.t (wo) 0.0015 0.0015

( raa I .001'
Worat C..a Uncertainly 0.'007 0.2H7

RSS Uneartalnt, un. 0.1411 '.2'"
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This is a summary of the instrumentation errors (mag­
nification) that affect the accuracy of the power meter
measurement (offset errors will be summarized in the
next slide).

When performing the calibration process, the power
meter only measures the output 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 only
magnification errors that affect the accuracy of the mea­
surement are reference oscillator accuracy, reference
oscillator mismatch uncertainty, and plus and minus
one display digit. The reference oscillator mismatch
uncertainty is between the power reference oscillator
output and the power sensor.

The RF Power magnification error is ±1.27% (rss). This
equates to approximately ±0.055 dB (rss).
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This is a summary of the instrumentation errors (offset)
that affect the accuracy of the power measurement. To
calculate the fractional offset error (required to rss), 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
measurement.
Then:
LU = (% of F.S.) (Pfs)
X Pm

For this example, RF Power 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
to rss the offset errors is just the fractional specification.
The rss offset error for this example is 0.13%.

To calculate the contribution in dB, the total offset error
must first be determined. For this example, the total
offset is 1.5IJ.W (0.07IJ.W + 0.031J.W + O.lIJ.W +
1.3IJ.W). The dB contribution, which is ±0.0065 dB for
this example, is calculated from:

t
tdB = 10 Log (1 ± Pm )

The total power meter measurement uncertainty can
now be summarized.

This is the total uncertainty when measuring the output
power of the signal generator, set to 0 dBm, with the
power meter (HP 8902A RF Power function). It
includes the mismatch uncertainty between the signal
generator and power sensor, power sensor cal factor
uncertainty, and instrumentation error. The total power
measurement uncertainty is 3.26% (rss). This equates to
±0.14 dB (rss).
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Tuned RF Level Accuracy
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HP 11722A

TRFL

I
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Tuned RF Level Specifications
Instrumentation Errors

* Iynchronoue Detec10r Unear""
t 0.007 dBidB Change bul nol more

Ih.n 0.02 dBl10 dB Change

* II Range-Ie-Range Error:
t 0.02 dbllO dB

* RF Range-Ie-Range Error:
t 0.04 dBIRF Range Change

t 0.0' dBiRF Power to TRFL

* Frequency DrIft Error:
t 0.05 dBltHz Freq Drift from cenler of IF

* Nol.e Error:
t 0.1' dB for Le••I. < -120 dBm
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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 refer­
ence oscillator and making a measurement with TRFL
range 1. The measurement taken with TRFL range 1 is
compared to the measurement taken with the power
meter. From these two readings, a calibration factor is
generated that will make the reading taken with TRFL
range 1 compare exactly with the power meter mea­
surement (the calibration process was initiated by
pressing the UCALIBRATE" key on the HP 8902A).

The calibration process that's performed compensates
for the frequency dependent uncertainties in the RF
front end of the TRFL circuitry. These include the RF
attenuator and RF amplifier uncertainties, and mixer
conversion loss. The calibration process also compen­
sates for the mismatch uncertainty between the signal
generator and TRFL range 1 (assuming the complex
impedance remains constant from calibration to
measurement).

Now that TRFL range 1 is calibrated to the power
meter, the signal can be reduced in level until it is nec­
essary to switch to TRFL range 2 to increase its mea­
surement sensitivity (the HP 8902A changes to TRFL
range 2 at approximately -40 dBm and to 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 differ­
ence in calibrating TRFL range 2 is that TRFL range 1
will determine the power of the signal, not the power
meter, as was the case calibrating 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 gen­
erator has been stepped down in level to -120 dBm.
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This is a summary of the errors associated with mea­
suring a signal with TRFL. As the signal level is
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 situation, it's
important to keep track of the various states of the
HP 8902A so that the an accurate calculation of uncer­
tainty is possible. This can easily be done by using 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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As the level from the signal generator is reduced from
o to -120 dBm, instrument errors affect the accuracy of
the TRFL measurement (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 mea­
surement example, it is assumed that the voltage to the
detector varied 3 dB, there were twelve IF range
changes, and three RF range changes (RF power to
TRFLl, TRFLl to TRFL2, and TRFL2 to TRFL3). It is
also assumed that the signal did not drift, so there is
no frequency drift error.

When calculating the IF range-to-range rss uncertainty,
the IF range changes for each RF range must first be
rss'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 rss'd since each IF
gain stage repeats for each RF range, making them
dependent errors.

For this example, the total rss uncertainty for Tuned RF
Levelis ±3.380/0. This equates to approximately ±0.14 dB.
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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 ±0.2 dB.

Now that the accuracy of measuring a signal at
-120 dBm has been determined, a typical graph of the
uncertainty in measuring an HP 8640B Signal Genera­
tor is shown.
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This graph shows the absolute and relative power mea­
surement accuracy measuring the output level of an
HP 8640B. The curves show higher uncertainty than
our example because we assumed a nonvariant source
impedance, which is not valid.

Calculating the uncertainty in making a level measure­
ment is fairly straight forward when only the instru­
mentation errors are considered. The calculation is
complicated by the mismatch uncertainty, especially
when the complex impedance of both the analyzer and
source are changing. Let's now see how the various
sources of mismatch can affect the accuracy of a power
measurement.
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Mismatch Uncertainty

~ ~
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Transferring Power
Measurement Accuracy

Mu = 20 Log U±I PgllPI I)
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Mismatch Uncertainty

Slide 31

As previously described, power measurement accuracy
is based on transferring 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 output imped­
ance P , a reference power with input impedance PI'
and a fest meter with input impedance P2'
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Calibration Uncertainty
Reference Meter

Px
Po= -----

Test Meter

k Px
Py= ----

- - .
(1 - PgP2)

The impedances are vector quantities but only their
magnitudes 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].

k= [(1 ±IPgll P21 ).J Py =
(1±IPgIIP1!)· Po

1244
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Mismatch Uncertainties
When making low-level power measurements using the
range-to-range calibration technique previously dis­
cussed, 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, Ml, M2, M3 - mismatch between source and
power sensor, range 1, 2, or 3
when making a measurement on
that particular range.

Mlc, M2c, M3c - range calibration uncertainties
incurred when that range is
calibrated.

During the range-to-range calibration process, the
source output level remains constant (the impedance of
the source does not change) while the analyzer makes
power measurements with both ranges. Since this proc­
ess is basically a ratio of power measurements, the cali­
bration 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 to the new range,
within the accuracy limits of the [Mc] term.

The equation for measuring power at any arbitrary
level on Range 1 relative to the first high-level power
measurement can now be written as:
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M2c

~
tO-80dBm

M2
1.11

M3c L---''-------'

I

I Signal h
. Source ..-----

M1c

t-

PR1 = k1 [Mlc] [Ml]; k = calibration constant;
Po

and for range 3:

P;3 = k3 [Mlc] [M2c] [M3c] [M3]
o

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.

Our purpose now will be to examine the magnitude of
these errors and ways to reduce or eliminate them.
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Lowest Range
Mismatch Uncertainty

Consider making a measurement on the most sensitive
range, which has the most uncertainty terms. It is
instructive to look at the actual reflection coefficient
terms and consider several special cases.

PR3
Po

= k3 [ M1c I [ M2c I [ M3c I [ M3 I

Al3 1<1 ±P9C1P1)2ll(1±P9C2P2)2j
Po =k3 ~1 ±pgC1PP)2J l<1±P9C2P1)2 x

~::~::=:J~, ±p;.P'.']
1246
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Special Cases
Case 1: Conetent Source Impedence:Pg

PR3 = k3 1 =k3 [Mp]
Po (1 tpg Pp)2

Cas. 2: Conetant Rec.lver Impedance:P3

PR3 = k3 __1__--,- k3 [M3]
Po P 2 =(1 ± 9 P3)

Cae. 3: Conetant, Low SWR Sourc. Impedance
During Callbratlon:Pgc« P g

PR3
;;: k3 [M3]

Po
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Measuring Range-to-Range
Calibration Uncertainties

Mnc = [1+ D P ]2 Scalar Quantities
1- Pg Pn-1
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Use Vector Network Analyzer to
Measure Reflection Coefficients

~ ~

* Measure and Store Pnand Pn-1
--.::,.

* Use Trace Math to Find 6 P
~

* Maximum of Envelope of6p is 6P

1249
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Note that if the source has constant impedance at all
power levels, cross cancellation of terms occur, and
there is no more uncertainty than a high-level power
meter measurement, regardless of receiver impedance!

When the receiver impedance is constant at all power
levels, the range-to-range calibration terms are all unity
and, as before, there is no more uncertainty than with
a high-level measurement!

Constant receiver impedance is usually achieved at the
expense of sensitivity, but another way to achieve mini­
mum uncertainty over the full dynamic range is to use
a 10 dB or 20 dB pad with a low SWR on the source
only when doing the range-to-range calibration. This
would require a source that could supply at least
+10 dBm output power. Note that it need not be the
same source under test, but it must be at the same fre­
quency. Calibration can occur at -10 dBm at the
expense of two additional instrumentation errors that
are negligible compared to the possible improvement in
mismatch uncertainty we can achieve. Assuming the
pad SWR is substantially better than the SWR of the
source under test, the two terms (1 ± pgcpp)2 and (1
± pgcp3)2 will be negligible compared with (1 ± pg3p3)2
and we again have only one mismatch uncertainty.
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Even though it may be possible to eliminate the range­
to-range calibration uncertainties in our measurement
technique, we still want to know what their magnitude is.

H we write the input impedance of any range in terms
of an impedance change from the previous range, we
can derive the uncertainty term:

M = [ 1 + t!.p ]2
nc 1 - PgPn- 1

which can be quantified if t!.p can be measured.
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A method to determine t!.p is to use a network analyzer
such as the HP 8510A to make vector reflection coeffi­
cient 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
specified TRFL range SWR, can then be used to calcu­
late range-to-range uncertainty.



Range-to-Range Calibration
Uncertainty using HP 11722A
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This graph shows the typical range-to-range calibration
uncertainties due to mismatch between a source and
the HP 8902A using an HP 11722A Sensor Module.
The dashed lines are the range-to-range uncertainties
derived above. The solid lines are the source-range
measurement mismatch uncertainties.

As an example of how to use this graph, consider the
measurement of a source set to -110 dBm (TRFL
range 3) with an SWR of 1.5 (p=0.2). It is assumed that
the complex impedance of the source does not remain
constant (the calibration process does not compensate
for the mismatch uncertainties). The mismatch uncer­
tainty would then consist of the following terms:

Sensor to range 1 calibration = ±0.1 dB (2.3%)
Range 1 to range 2 calibration = ±0.01 dB (0.23%)
Range 2 to range 3 calibration = ±0.41 dB (9.9%)
Range 3 measurements = ±.35 dB (8.5%)

To rss the uncertainties, the linear terms must be
squared, summed, then square root taken. This results
in an rss mismatch uncertainty of ± 13.3%. This
equates to approximately ±0.58 dB.

Had the ranges been calibrated with an HP 8491B
10 dB pad that had measured SWR data (HP 8491B
Opt. 890) of <1.1, all range-to-range uncertainties drop
out leaving the Range 3 measurement uncertainty of
±.35 dB.

If a 10 dB loss in sensitivity (-117 dBm) can be tole­
rated, the uncertainty can be reduced by choosing an
alternate range in the HP 8902A, which keeps 10 dB
attenuation ahead of the amplifier on range 3. This
improves the range SWR to 1.22, and dramatically
reduces the range-to-range uncertainty. These are noted
by the (1.9 SP) label on the graph. When this range is
used, the rss mismatch uncertainty becomes ±6.3% or
±.27 dB.
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This graph shows the total mismatch uncertainty (for a
source SWR=1.5) over the 157 dB range of the
HP 8902A. The improvement in range-to-range calibra­
tion by using a pad is clearly evident.

Another power sensor, the HP 11792A covering the
50 MHz-26.5GHz range, has been developed for use
in microwave systems. It incorporates a low SWR 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 used over the
50 MHz-l300 MHz range, the mismatch uncertainty
can be reduced even further. This, of course, incurs a
10 dB sensitivity loss.
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Total Measurement Uncertainty
RF Power and TRFL

11722A al -120 dBm 11792A al -117 dBm
Error

dB Ax!x dB Ax!x

RF Power
(excluding .07 .0169 .07 .0169
mllmalch)

Tuned RF Level .15 .0338 .15 .0338

Mllmalch .35 .0839 .13 .0292

Nol.. Effecl. - - .18 .0423
«-120 dBm
al HP 8902A
InpuI)

RSS .42 dB ±9.2% .29dB ±6.4%
Uncartalnly
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Reducing Measurement
Uncertainty

* RF Range-Io-Range Errore

Incre..e Averaging

* Power Meier Nol.e
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Callbrala wllh Paddad Source

* Mixer Compre..lon (Microwave Me..uremenla)

Keap Source Level <--10 dB

1234
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If the mismatch uncertainty of .35 dB at -120 dBm
(corresponding to the pad callbration) is used in place
of the source sensor mismatch described above in HRF
Power AccuracyH (remember that uncertainty of .12 dB
assumed an invariant source SWR), a final uncertainty
of ±9.2% or +.38/-.42 dB is achieved at -120 dBm,
using the HP 11722A power sensor. Had the
HP 11792A been used, a final uncertainty of ±6.4%
+ .27/- .29 dB could be achieved at -117 dBm. (An
additional error 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
during the calibration process. This source of error can
be minimized or eliminated by either noting the read­
ing before and after calibration and correcting future
reading by the difference or by increasing averaging
time by using the 4.X special functions. Measuring a
low noise source inherently minimizes this source of
error since the residual noise of the source is the main
cause of digit flicker during a TRFL measurement.

Power meter noise, due to sources within both the
power sensor and power meter circuitry, becomes sig­
nificant on the most sensitive range of the sensor. To
minimize this source of error, avoid calibrating TRFL
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 source of error is generally not a
factor when measuring synthesized Signal generators.
Any drift that may occur due during warm-up can be
eliminated by locking both the source and HP 8902A to
a common reference.

The most effective technique for minimizing mismatch
uncertainty is to pad both the source and analyzer
during a measurement (this should always be done for
attenuator measurements unless more dynamic range is
needed). The next best technique to pad the HP 8902A
to keep its impedance constant by padding the
HP 11722A, and/or using 1.9 Special which keeps a
constant 10 dB pad at the input of the HP 8902A.
Another technique to improve measurement accuracy
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 remove the pad and make the measurements as
normal.

Mixer compression occurs when using the HP 11793A
to measure microwave source levels above -10 dBm.
When making microwave measurements, TRFL should
be calibrated at approximately -10 dBm to avoid both
mixer compression and power meter noise. Below
-10 dBm, mixer compression errors are negligible.



Extending HP 8902A
Frequency Range
and
Automatic Solutions

Extending HP 8902A Frequency Range and Automatic
Solutions
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aQ02S MICROWRVE
TEST SET J-----------------'---

Rmplifie~ in 117'UA OpMns " LOCRL
001, 011, 021 fo~ ope~ation OSCILLRTDR
above 18 GHz
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The basic frequency range of the HP 8902A Measuring
Receiver is 1300 MHz. The excellent measurement
accuracy of the HP 8902A can easily be extended to
higher frequencies by simply adding an external down­
conversion stage to mix microwave or millimeter-wave
signals down to the range of the HP 8902A.

This is the block diagram of a typical microwave test
system. The HP 11793A Down Converter contains a
microwave mixer, 15 dB amplifier to compensate for
mixer conversion loss, 800 MHz lowpass filter to mini­
mize feedthrough, and optional 18 to 26.5 GHz micro­
wave amplifier to compensate for local oscillators with
insufficient output power. The HP 11793A also contains
a microwave transfer switch so signals can either be
down converted or passed directly through. With the
HP 11792A Sensor Module, the system performs RF
Power measurements from +30 dBm to -20 dBm at fre­
quencies from 50 MHz to 26.5 GHz. To maximize SWR
performance, the HP 11792A connects a 10 dB pad on
the input. This minimizes the affects of changing com­
plex impedance during calibration and measurement.
The local oscillator used in the system should be syn­
thesized and supply at least +8 dBm (or the optional
microwave amplifier must be ordered).

For a properly configured system, the only additional
instrumentation error is due to mixer compression for
signals greater than -10 dBm. This error is negligible
for signals less than -10 dBm.
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This is a typical configuration of an HP 8902S Micro­
wave Test System. The system consists of the
HP 8902A Measuring Receiver, HP 11792A Sensor
Module, HP 11793A Down Converter, and HP 8673B
Synthesizer local oscillator. This combination of equip­
ment can be used for signal generator calibration for
frequencies up to 26.5 GHz with sensitivity to
-95 dBm.
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This is a typical configuration of a 40 GHz attenuator
calibration system. The system uses an HP 8673B Syn­
thesizer as the local oscillator to drive an HP 11970A
Harmonic Mixer. The millimeter source driving the
attenuator-under-test is a combination of an HP 8673B
Synthesizer, HP 8349B Microwave Amplifier, and
HP 83554A Millimeterwave Source Module.

The dynamic range and sensitivity of both the micro­
wave and millimeter systems depends on the system
configuration. Typically, either of these system can pro­
vide sensitivity to at least -95 dBm.
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HP 8902S TRFL Input
Signal Range

Frequency

< =1300 MHz
< =11.0 QHz
< =21.5 QHz

Using HP 11792A
Signal Range

+ 10 dam to - 117 dim
+ 5 dam to - 100 dam
+ 5 dam to - 15 dam

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
loss of the HP 11792A Sensor Module and 3 dB input
attenuator and conversion loss of the mixer in the
HP 11793A Down Converter. For a millimeter system,
the loss in sensitivity is primarily due to the conversion
loss of the harmonic mixers, matching attenuators,
and/or isolators that may be configured in the system.

Using HP 11970A, U Harmonic Mixers

< =10 QHz - 10 dam to - 100 dam

1236
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Automatic Solutions

HP 11795A Signal Generator Calibration Software

• can Teet lIoet HP Slgnel Genentorllton
• FoI'- Ienloe lIa_1~_ Teet
• F1exlllla .,.... Conllguratlon

HP 11806A AUenuator Calibration Software
• fixed. lIa_l. or Progra_1Ila Attalluaton
••WR ....au~..
• FlexJIIla .,.... ConfIguration
• RF.llicrowa.... or lIilli....
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Software is available from Hewlett-Packard to perform
both automatic signal generator calibration and attenua­
tor calibration. Both of these easy-to-use, menu-driven
software packages will run on either series 200 or 300
controllers. They offer very flexible instrument configu­
rations, and various report formats. Both of these soft­
ware packages will improve your efficiency by saving
time and reducing errors.

'the HP 11795A has options to test eight different
Hewlett-Packard signal generators, both RF and micro­
wave. These include models 8640B, 8656A, 8656B,
8642AjB, 8662A, 8663A, 8672A, 8673AjBjCjDjEjM.
With optional equipment, pulse, phase noise, and spur­
ious measurements are performed in some of the test
packages.

The HP 11806A can easily test fixed, manual, or pro­
grammable stepped attenuators and can perform SWR
tests if configured with an SWR bridge. The software
supports RF, microwave, and millimeter instrument
configurations. For best accuracy, the software also sup­
ports using a splitter and power sensor to monitor the
power applied to the attenuator. This technique allows
the system to correct for variations in the applied
power which result from amplitude instabilities of the
source that drives the attenuator.
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