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ln this Issue
lf "fiberoptics"wasn'ta householdword before,it's aboutto becomeone.
In the U.S.A.,where several long-distancetelephonecompaniescompete,
we're now seeing televisioncommercialspromisingclearer,quieter communicationsthanks to fiber optic transmission.This is indicativeof the explosivegrowth rate of fiber optic communicationlinks in the last few years.
Applicationshave expandedfrom multimodepropagationat a wavelength
of 850 nanometersto single-mode(moresuitablefor longdistances)at 1300
and 1550 nanometers.To meet the need lor versatile,preciseinstruments
to test fiber optic receivers, transmitters, and components at these
wavelengths,HP designershave come up with a new familyof fiber optictest instruments(page
4). The family includesan opticalaveragepower meter (pages8 and 12) that works with either
of two opticalheads (page 22), dependingon the wavelength.The opticalheads have individual
calibrationdata stored in ROM and a high-precisionoptical interface.Two models of variable
opticalattenuator(page 31) cover the three wavelengthwindows;one model is distinguishedby
Three modelsof opticalsource(page
its usabilityin bothsingle-modeand multimodeapplications.
6) provide highly stable optical power for testing componentsand receivers.An optical switch
(page36) providesflexibilityin buildingtest setups.Becausetest instrumentshaveto be connected
and disconnectedhundredsof times during their lifetimes,the new fami[ is equippedwith a
specialconnector(page28) designedfor high stability,repeatability,and lifetime.A crucialdesign
considerationfor the opticalheadswas the choiceof a detectorto convertopticalpowerto electric
current.The articleon page 16 presentsa surveyof detectorcharacteristicsthat illuminatesthe
reasoningbehindthe choice of differentdetectorsfor the two optical heads.
Accurate,repeatabledeviceand componentmeasurementsbecomemoredifficultat frequencies
in the microwaverange. As a result, microwavedesignershave always had a problemgetting
circuitsdesignedusing measureddata to work as expected.HP microwavedesignershave now
addressedone aspect of this problern-the need for a standardfixture, capable of accurate
calibrationand high repeatability,for measuringtransistorsin a varietyof packagestyles.Their
solutionuses the error-correction
capabilitiesof the HP 8510 MicrowaveNetworkAnalyzer,and
consistsof a speciallydesignedtransistorfixtureand some softwarefor an HP 9000 workstation.
The article on page 39 explainsthe theory and applicationsof the HP 850144 Active Device
MeasurementsPac.
-R. P. Dolan

Cover
The detectorassemblyof the HP 81520A Optical Head.

What's Ahead
Architecture.
There'll
be
ln March,
we continue
ourseriesof issuesonthenewHPPrecision
an articleon the first two productsbasedon the architecture-theHP 9000Model840 and HP
for the Series930,thetestsystemfor both
Theterminalcontroller
3000Series930 Computers.
products,
issueswillalsobe covered.
andcompilerperformance
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A New Familyof Precise,Reliable,and
VersatileFiberOptic Measurement
Instruments
Thefamilymembersare an averagepowermeter,two
opticalheads,threeLEDsources,twoopticalattenuators,
and an opticalswitch.
by Michael Fleischer-Reumann

INCE THE FIRST CAREFUL STEPSin fiber optic
communicationtechniques,it hastakenonly a short
time for this fast-developingmarket to reach a 30%
annual growth rate and an installed base of s00,000 km of
fiber core in the U.S.A. in 1985. The shift from multimode
first-window (I : 850 nm) components to single-mode
second-window (1.3 pm) and third-window (1.55 pm) components occurred earlier than expected, as soon as reliable
and reasonably priced components became available. The
end of this rapid development is not yet in sight.
Of course, the more that fiber optic links come into use
replacing old copper communications links or opening new
paths, and the more megabytes of information are transmitted, the more dependent we become on the reliability and
serviceability of these systems. Systems and components
manufacturers and telecommunications companies are demanding accurate, precise, and reliable measurement
equipment to ensure this high reliability.
A new family of Hewlett-Packard fiber optic measure-

ment instruments takes some new approaches to achieve
the high goals of reliability and honest accuracy that customers expect and need. The family includes the HP 8152A
Optical Average Power Meter (see article, page B), which
is used with the HP 81520A and 815218 Optical Heads
(seearticle, page 22), the HP B1548 LED Sources(seearticle,
page 6), the HP B15BB Optical Attenuators (see article, page
31), and the HP 8159A Optical Switch (seearticle, page 36).
The fiberless technique used in the HP B15BB Option
002 Optical Attenuator makes it, to our knowledge, the
only variable optical attenuator usable in both single-mode
and multimode systems. The HP 81520A and atSztB Optical Heads for the HP 8152A Power Meter feature individual wavelength calibration stored in EEPROM and a
specially designed high-precision optical interface.
All of the instruments have HP-IB (IEEE 4BB/IEC 625)
capability for computer-controlled operation in production. R&D. or maintenance.

Fig. 1. HPs new family of programmable, fully specified, fiber
optlc tesf instruments includes
(clockwise from top left) the HP
815BB Optical Attenuator,the HP
81548 LED Source,the HP8152A
Optical Average Power Meter, the
HP 81594 Optical Switch,and the
HP 81521B Optical Head (two
shown in foreground).
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A Color-Coding Scheme for Fiber
Optic Instruments and Accessories
lmagineyou are workingin R&Dor a productionenvironment
and you are dealingwith both 850-nmMM and 1300-nmSM
components.You want to select the right accessoriesfor your
measurement
setup(let'ssay patchcordcables,lensand connector adapters, a splitter,or attenuators).Many accessories
and measurementinstrumentsare only usable for a special
wavelengthor fiber core diameter.HP marksits accessorieswith
a user-friendlycolor code to show the purpose of each device
clearly.For example,in Fig. 1, the HP 8.10508LLensAdapter's
colorcode readsas follows:
r Red/orange:
secondand third wavelengthwindows(1.3 pm
a n d 1 . 5 5p m )
r Green/blue:50 to 62 &m core diameter.
The comoletecode is listed below:
Wavelength:

brown
red
orange

1st window
2nd window
3rd window

CoreDiameter:

white
green

9pm (Sl-SM)
5 0 p m( G l - M M )
62 pm (Gl-MM)
85 pm (Gl-MM)
> 100pm (Sl-MM)

DIUE

gray
black
wnere:

Sl
Gl
SM
MM

:
:
:
:

step-index
graded-index
single-mode
multimode.

MeasurementStandards Needed
The more communication networks expand, the more
systemsof different manufacturershave to work together.
Here two problems can arise,both related to standardization issues.
First, it is important that everyonemeasureand specify
according to the same standards.In developing the new
family of fiber optic instruments, HP has worked extensively with standards laboratories such as NBS in the
U.S.A. and PTB in Germany, and has installed its own
state-of-the-artfiber optic standards laboratory.The goal
has been to increasenot only the relative accuracyof the
instruments(many measurementsin fiber optiqsarepurely
relative),but especiallyto increasetheir absoluteaccuracy,
particularly that of the HP 8154B LED Sourceand the HP
81524 PowerMeter. The HP 815204 and Bts2tB Optical
Heads' flexible optical interface is an advantagein this
effort, becauseit allows calibration with either parallel or
divergentbeams.
Second,there is a needfor standardizationin other areas,
from seemingly trivial things like connectors to more
sophisticatedmeasurementprocedures.
Becauseof the number of different fibers, wavelengths,
and connectorsin use, HP has adopted a color-code approachto help the userwork with HP equipmentand accessories (seebox, this page).
Acknowledgments
To the family of instruments introduced in this article,
many people contributed either directly as R&D engineers
and project leaders, marketing engineers,or production
and QA personnel,or indirectly, by offering their ideas as
valuable inputs. I would especially like to mention Peter
Aue, fiber optics sectionmanager,and ChristianHentschel,
who is a member of severalcommitteesthat are involved
with laser safety or standardization of measurement
methods,tools, and terms.

Fig.1. HP B1050BLLensAdapter,showingcolor coding.
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StableLED Sourcesfor a Wide Range
of Applications
by Michael Fleischer-Reumann

HARACTERIZATION OF PASSIVE fiber optic components like connectors, splitters, patchcord cables,
attenuators, and other devices usually requires a
stable light source. The absolute value of its power output
is not critical. Stability is the main feature. For fewer problems from interference or modal noise, a light-emitting
diode (LED) is preferred over a laser diode.
The newHP 81548 Optical Sources(Fig. 1)provide stable
optical power for testing fiber optic components. The HP
17 dBm (20 pW) at 850 nm,
8154B Option 001 provides
the HP 81548 Option 002 provides - 20 dBm (10 pW) at
1300 nm, and the HP 8154B Option 003 provides - 23 dBm
(sp.W) at 1550 nm. Short-term stability is better than 0.02
dB within a +2oC window for one hour. Stability for one
year over the entire operating range of 0"C to 55'C is better
than 0.3 dB. The HP 8154A/B/C output is CW, but can be
externally modulated at frequencies up to 1 MHz. Each
source also has a built-in 27O-Hz square-wave generator.
All of its functions can be controlled via the HP-IB IIEEE
4BB/IEC 625).

The Diamond@ HMS-1O/HP connector used in the HP
8154B and other HP fiber optic instruments, patchcords,
and other accessories (see article, page 28) meets these
requirements. The mechanics of this connector are independent of whether it is used with a 50/125-!,m or 621'1.25pm graded-index multimode fiber or a 9/125-trrmstep-index
single-mode fiber. This means that without loss of stability
one can couple light into a variety of fibers. Only the absolute power changes, for example from - 20 dBm into a
501L25-LLmfiber to - 36 dBm into a 9i12S-pm single-mode
fiber for the long-wavelength sources (HP 81548 Options
002 and 003).
The HMS-10/HP connector offers high stability and repeatability and tolerates a large number of mating cycles.
Another major advantage of the connector and the HP 8154B
front-panel design is that the connector is easily cleaned.
This is essential for reliability of the optical contact. No
tools for opening the instrument are required. Simply unscrewing the outside part of the connector gives direct access to the instrument's inside connector for cleaning.

Factors lnfluencing Stability
Two major factors influence the stability of an optical
source. The first, of course, is the stability of the light that
is generated by the LED and launched into the internal
fiber available at the connector on the front panel. The
second factor, which is usually ignored, is the stability of
the mechanism used for coupling the light into the fiber
that the user connects to the light source. The user is generally interested in the amount and stability of the power
at the end of the connected fiber. This means that a precise,
reliable, very stable connector with low temperature dependence is reouired.

LED Stability
Fig. 2 shows the LED output power as a function of
temperature relative to the power at 25'C, for a current of
Ilpp : 100 mA. The temperature coefficient (TC) for shortwavelength devices (850-nm) is rather small, about - 0.02
dB/"C, which is not far from the design goal. It also does
not vary much between individual devices, so that a typical
amount of compensation is possible. This is provided in
the HP 8154B Option 001. The TC of long-wavelength devices (-r300-nm and 1550-nm) is much larger, about - 0.05
dB/"C, which is far from the desired specification. It also
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Fig. 1. The HP 81548 LED Sourcesprovrde stable optical
power at 850 nm (Option001), 1300 nm (Option002), and
1550nm (Option 003).
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Fig.2. Typical temperaturecoefficient of LED output power
as a functionof temperaturefor ltro:100 mA.

varies considerablyfrom one device to another.
To create a stable long-wavelengthsource, there is no
other way than to operatethe LED at a controlled temperature. For this reasonthe LEDs in the HP 81548 Options
002 and 003 aremounted on a thermoelectricPeltiercooler
and are regulatedto about 25oC,so that the desiredspecifications are achieved over the full temperature range of 0'C
to 55'C.
Holding the LED chip at a constant temperature,however, does not result in a zero TC becauseof two effects.
First, there is a small but well-known TC of the front-panel
HMS-IO/HP connector. Second, the coupling efficiency
from the LED into the fiber changeswith temperature.Both
effectstogetherresult in a positive TC of about 0.01 to 0.02
dB/"C.Since theseeffectsare of the order of magnitude of
the design goal, very well-known, and without large variationsbetweenindividual devices,temperaturecompensation is possible.In the HP 81548 Options 002 and 003 it
is implemented by measuring the ambient temperature
with a negativetemperaturecoefficient (NTC) sensor(see
block diagram,Fig. 3). This sensoris outside the LED case,
and supplementsthe primary NTC sensorwhich is inside
the case,mounted on the Peltier cooler. The outside sensor's output is used to changethe input value to the temperature regulator slightly, so that the LED chip temperature is not constant,but is a function of the ambient temperature.This results in excellent stability for the overall
instrument.
In addition to thesetechniques,a five-turn mandrel wrap
is usedinside the instrumentto achievenearly ideal optical
conditions (i.e., an equilibrium mode distribution) at the
front-panel fiber connector.
Absolute Output Power and lts Calibration
Although many applicationsdon't dependon knowledge
of the absolutevalue of the output power, its calibration
and the related accuracyare physical measurementproblems of generalinterest.
Fig. 4 showsthe typical power distribution of a 1300-nm
LED and the responsivity of a germanium detector diode
as functions of wavelength. The detector is a type commonly used by measurement instruments like the HP
815218Optical Head.
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Fag.4. Typical power distributionof a 1300-nmLED and the
responsivity of a germanium detector diode.

The absolute amount of power representedby the LED
curve in Fig. 4 is

Prrr:fr1r;al

(1)

and the current output of the detector in use is

r"= jp(r)r(r)dr

(2)

where r()t) is the responsivity of the detector. There are
two ways to make a correct measurement of the absolute
power of this LED.
First, and this is the way the HP standards laboratory
calibrates all HP 81548 LED Sources. one can use a
wavelength independent detector,that is, r(I) : 1,1i1" u
thermopile or a pyrometer. The second way is to do an
integration according to equation 2. This is not a simple
user-friendly method, although r()t) can be read out of the
HP 8152A Optical Power Meter via the HP-IB and each
LED can be measured with an optical spectrum analyzer.
Hewlett-Packatd measures all LEDs in the factory. The
wavelengths )r, and \, where Por. : 7zPor.*o are measured
(see Fig. 4), and FWHM - 12
N, and CWL : )rr +
%FWHM are computed and supplied to the customer on
a rear-panel label on each source. Note that CWL is not

User
lntertaces

External
Modulation
Input

lnternal
Modulation
Output

Fig.3. HP 81548 Option 002/003
block diagram.
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necessarily the wavelength of maximum peak output
power.
If the tIP 81548 is used in a stimulus/responsetest setup
with the tIP 8152A Optical Power Meter, and if the value
of C\AIL supplied with the HP 81548 is entered into the
HP 8152A as the wavelength of the source, the absolute
power measurement error (depending on the symmetry of
the LED's power distribution and the linearity of the detector's responsivity) is less than 7 to zyo (0.05 to 0.01 dB)
compared with a measurement done in our standards laboratory. The error comes from the inaccuracy of the mathematical model, which assumes a Gaussian LED power
distribution. This error is well below the tolerancesin connector loss and is therefore negligible.
Versatile Modulation Gapabllltles
The HP 81548 LED Sourcesare not only CW light sources
but also have internal and external modulation capabilities,
easily selectable by a keystroke on the front panel or a

simple HP-IB command. The internal 27O-Hzmodulator is
useful if you have a large amount of attenuation in a system
and your detector is not sensitive enough, so that you have
to deal with a lock-in amplifier (a trigger signal is available
at the front panel). External modulation with TTL signals
up to 1 MHz is possible. Also, the light output can be
disabled by a keystroke. This is helpful, for example, when
zeroing an optical detector without a shutter (like the HP
815218 Optical Head), so that no optical disconnectionis
necessary.
Acknowledgments
Wilhelm Radermacher did the electronic design of the
HP 81458 Option 002.Manfred Wacker,test supervisorin
fiber optic production, made the necessarychanges in design and environmental testing for the t{P 81548 Option
003. Michael Goder evaluated the 850-nm LED devices and
designedthe compensationmethodsfor the HP 81548 Option 001. Rudi Vozdecky did the mechanical design.

OpticalAverage
An AccurateTwo-Ghannel
PowerMeter
by Horst Schweikardt
I N COMBINATION \MTH the HP B1520Aor 815218OpI tical Head, the FIP 8152A Optical Average Power Meter
I (Fie. 1) is useful for both absolute and relative power
measurementsover a wavelength range of 450 to 1700 nm.
Two optical inputs are available for power measurements
on two channels or for power ratio measurements.The two
channels are useful for such applications as checking the
insertion loss or attenuation of optical connectorsor cables.
For automatic test system use, the power meter is programmable via the HP-IB (IEEE4S8/IEC625). A flexible optical
interface connectsquickly and easily to all common optical
connectors.
The HP 8152A is designed for both single-mode and
multimode applications. With the HP 815218 Optical
Head, it measurespower levels between + 3 dBm and - 70
dBm with 10-pW resolution. -f 0.15-dBaccuracyis achieved
between + 3 dBm and - 50 dBm over the temperature range
of 0 to 40oC.Accuracy derating is an additional lo.2 dB
at 55oC.At 25a5"C, the accuracyis 10.05 dB between + 3
dBm and -60 dBm. To extend the measurementrange beyond + SdBm, additional attenuationfilters canbe inserted.
A high-performance optical splitter, the HP 8100085, is
a useful companion instrument. It provides a 1:10 power
split ratio. The splitter works with fiber core diameters
between I pm and 85 pr.m,and is mode independent within
7o/o.
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Mainframe
This article describes the hardware design of the HP
8152A mainframe. The HP 8125A firmware is described
in the article on page 12 and the optical head is the subject
of the article on page 22. The main functions of the mainframe are to provide the interface for two optical heads
and to serve as the user interface.
Head Interface
As the head interface, the mainframe delivers the power
for the head electronics (5 lines) and the Peltier current for
temperature stabilization of the detectorchip (2 lines). Nine
control lines are used for analog feedback of the chip temperature, feedback of head status, data and mode control,
range control, head on/off information, and the read/write
signal for the head EEPROM.There are two lines for signal
and signal ground, for a total of 18 pins at each head input
connector.
User lnterface
On the front panel are LEDs for units indication of absolute average power (mW, pW, nW, pW), and to indicate
an averagepower measurementrelative to 1 mW (dBm) or
relative to a user-defined reference value (dB). Switches
are provided for setting the referencepower and for setting
the wavelength equal to the wavelength of the source. The

lute or relative power at the selected channel, A or B:
P (dBm) : Measured Power + Calibration Factor
or

P [dB)

€+==
Fig. 1. Ihe programmable,two-channelHP 81524 Optical
AveragePowerMeter has accuracyas high as !0.15 dB for
both absoluteand relativepower measurements.lt operates
with the HP 81520A Optical Head from 450 to 950 nm and
with the HP 81521B Optical Head from 850 to 1700nm.
selected wavelength must be within the wavelength range
of the connected head. Wavelength resolution is 1 nm. The
user-defined reference power can be set in watts (mW, pW,
nW, pW) or in dBm (-199.99 dBm to +199.S9 dBm). A
calibration factor can be set in dB ( - 19S.99 dB to + 199.99
dB). The CLR button clears the parameters to default values
(I : 1300 nm, calibration factor : 0.00 dB, and reference
power : 0.00 dBm or 1000 pW).
The warning HEADin the display indicates that no head
is connected to the selected channel. CRL*o indicates that
the calibration factor is not 0.00 dB for the selected channel.
REF#Oindicates that the reference value is not 0 dBm when
making relative measurements on the selected channel.
Overflow and underflow indications are also provided.
In measurement mode, the HP 8152A displays the abso-

: MeasuredPower + CalibrationFactor *
Reference Value

Alternatively, it displays the measured power at channel
B relative to the power at channel A according to the reference setting and the specific channel settings for calibration
factor and wavelength. The user can select autoranging, a
filter (2 Hz or B Hz), and zeroing to compensate for offset
errors in each range.
The XDCR OUT (transducer output) connector provides
an analog head output signal with head dependent
bandwidth and an output impedance of 0oo ohms. 1999
display counts equals 2.00V into an open circuit, independent of the wavelength setting. This makes it easy to build
a synchronous detection system by using an external chopper and a lock-in amplifier with the standard head (HP
815218) and mainframe (HP 8152A). All modes and parameters are programmable via the HP-IB connector on the rear
panel. HP-IB address information is displayed when the
LCL button is pressed. The default address, 22, results in
a display of. ezz.
Analog Section
Fig. 2 is a simplified block diagram of the HP 81524
mainframe showing one of the two channels. Fig. 3 is a
block diagram of the analog section. The head input signal
Vpu is fed to an input amplifier of gain G1 via the input
switch. If no head is connected, the input switch is connected to signal ground. The output V1 of the input
amplifier and the output of the offset DAC (0 volts before
activation of the zero routine) are summed and fed to a
variable-gain amplifier of gain G2(},) to compensate for the
wavelength dependence of the detector signal. The output
V2 of the \ DAC is buffered and sent to the front-panel
XDCROUT connector. After the mainframe offset and gain
adjust switch, V2 goes to a fixed x 4 amplifier and then to

Analog Part
Analog
Control
Preamplifier
Signal

Fig.2 Simplifiedblock diagram of
one channelof the HP 81 52A OPtical Average Power Meter.
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one of two filters. Depending on the amount of averaging
d esired, eitherthe 8-Hz or Ihe 2 -Hz filter canbe selected.
The filter output signal goesto a CMOS switch, which
selectsone out of eight input signals(four for eachchannel).
The switch output is shifted down by 3.901V to adapt the
level to the requirementsof the ADC. Referencevoltages
for the offset DAC and the gain and offset adjustmentcircuits for the ADC are taken from a referenceIC. which
delivers10.00V.
For self-test and troubleshooting purposes, the analog
outputs of the offset DACs and the attenuatedhead input
signalsare fed to inputs of the CMOS switch and thus can
be measuredwith the ADC. For a visual indication of the
power input level, the B-Hz filter output controls an LED
array on the front panel that acts as a trendmeter.
DAC
The responsivity of a detectoris the ratio of output current to absorbed optical power and is a function of
wavelength. For the germanium detector used in the HP
815218 Optical Head, Fig. 4 shows a typical curve of responsivity versus wavelength.If the responsivity at 1300
nm is defined to be 0 dB, typical relative responsivity is
- 5 . 5 d B a t 8 5 0 n m , - 4 d B a t 1 7 0 0n m , a n d + 1 . 3 d B a t
1520 nm. To compensatefor this variation, the HP 81524
mainframe should have a wavelength calibration range
from -G dB to +2 dB, and a calibration point at 1300 nm
and 0.00 dB.
Theserequirementsare met by a variable-gainamplifier-a
multiplying DAC-in the signal path of the mainframe.
The input signalof the I DAC is relatedto the optical input
power Poptby the equation
V 1 : G 0 x G 1x R r x r ( I ) x P o p t
where G0 is total head gain, R1is the feedbackresistor of
the transimpedanceamplifier, G1 is the input amplifier
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Fig.4. Typical responsivity
of thedetectorin theHP 81521B
OpticalHead.
gain (1, 10, or 100), and r()t) is the responsivity of the
detector in AAIV.The output of the )r,DAC is given by
Y2:

G2xY7

which is independent of wavelength and equal to KPoo.if
G2()r)= r(1661)/r(I).
Each head has individual G2 values stored in an EEPROM. When a head is connectedto the mainframe,these
values are read into the mainframe RAM for wavelengths
from 850 nm to 1700nm in 10-nm stepsfor the HP 815218.
The wavelength resolution of the mainframe is 1 nm, and
all values for wavelength settings not on the valid 10-nm
grid are calculated by linear interpolation.
The resolution of the I DAC should be <0.01 dB for all
wavelength settings.This meansthat the minimum number
of I-DAC counts is 434. For a total compensationrangeof
8 dB, which correspondsto a gain factor G2 : 10-o B Multiplexera

Signal
Vrr

Input
Switch

Input
Amplifiel

Varable
Gain
Amplitiel

Multiplexerb

a
b
c
d
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Fig. 3. Block diagram of the
analog signal path.
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n=2'

Fig. 5, Head off set compensation
citcuitry.

(21 oo = Ti iufi.' x dx - dv1
0.1585, the maximum number of counts must be greater
than 43410.1585: 2739.Therefore,a 12-bit DAC is necessary. G2 at the calibration point (1300nm) then should be
10-oo : 0.2572.The actual value used is 0.2500and a
postamplifierwith a gain of 4 reestablishesV1. The specifications of the operational amplifier limit the maximum
dynamic input signal to 12.5V,so at the calibration point,
a full-scalesignal of Vr : 12.5x L0-o'2 : 7.BB7Vis allowed. The actual full-scale voltage of the input signal at
the calibration point is +8.000V. Thus the actual upper
Iimit of the compensationrangeis +1.94 dB (i.e.,10 log
1,2.518)
and the actual lower limit is - 6.02 dB (i.e., 10 log
2lB).
Analog-to-Digital Gonverter
For the ADC, better than 0.01-dB resolution at 1/10 of
full scaleis needed.This leadsto n > 43410.1: 4340.The
choice, therefore, was a 13-bit ADC, the AD7550 from
Analog Devices(or equivalent).For the AD7550,the following equation holds:
n:ArNx40g6NFS+4096,
where n is the number of ADC counts, At* is the analog
input voltage,and Vps is the full-scaleinput voltage.Thus
n : 0 gives A61 - -Vr.s, and n : 4096 gives ArN : 0.
For convenience, the transfer function of the ADC should
be 1 count per millivolt of Vr. From the equation
dn/dA61 : 4096Ay'rs-- 1/1 mV
we get Vp5 :
relations:

*4.096V. Thereforewe have the following

vrff)

ArN(v)

ADCCounts

DisplayCounts

>7.996
7.996
4.000
3.901

4.0S5
0.0s9
0.000

overflow
8191
4195
4096

+1
1999
1000
975

0.000 - 3.901
- 0.195 - 4.096
< - 0.195

195
0
underflow

0
-49
- ').

This is why Vs is shifted down by 3.901V as explained
above.
Offset Compensation
For offset compensation,or zero adjustment,there were
two requirements.First, the resolution had to be less than
or equal to 1 display count at minimum responsivity ( - 6
dB from the calibration point). The full-scale value of V1
is 2.000V,so 1 display count equals dV1 : 1 mV.
Fig. 5 shows the head offset compensation circuitry.
From equation 2 in Fig. 5, dA : 0 and dX : 1 gives
ndVl : VREFXR/Ri..
The second requirement was that the compensation
range be at least 10% of full scale at maximum responsivity
(1.94 dB from the calibration point). Here the full-scale
value of V1 is 12.5V,and therefore10% of full-scale equals
Vr.,r- 1.3V. From Fig. 5, equation 1, with A : 0 and X :
1.,we get
zVM : VREFxR/R1.
Combining these results gives
n>2VrldVi.:26oo<212.
Thus the offsetDAC is also a 12-bit DAC. With n : 4096.
dVr: r mV, and Vnrr : 10.00V,RlRl : 0.4096.With R
: 10 kO, we get R1 : 24.3 kO and VM > 2.057V. Thus
the offset compensation range is >16% of full scale and
the resolution is <1 mV.
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OpticalPowerMeterFirmware
Development
by Bernhard Flade and Michael Goder

BIECTIVES FOR THE DEVELOPMENT of the HP
8152A Optical Power Meter firmware (which the
design team thought of as software, since it was
not yet installed in ROM) were as follows:
! To provide a human interface with a friendly operating
concept, that is, it should be easy to program via the
HP-IB, the front panel should be self-explanatory,and
the operating modes should offer great flexibility.
I To provide effective software support for the hardware
designers,without interfering with the software development.
r To complete the software with no known bugs in a very
short time.
The softwarealso had to meet a number of requirements.
These included:
I Ability to work in a "dumb" mainframe until intelligence
is provided by connectedheads.
r Data processingin rangesnot known by the mainframe
until a head is connectedin the active channel.
r Resultsin either linear or logarithmic units. Single-channel or ratio measurementswith no or little difference in
processingspeed.
I Independenceof the channelspecific parametersfor one
channel from those of the other channel during ratio
measurements.
I Productionsupport for adjustments,troubleshootingand
individual head calibration.
r Extensive self-testcapabilities.
The HP 81,52Aprocessorsystem includes a Motorola
68094 microprocessor,a TexasInstruments 99144 HP-IB
controller, an Intel 8279A keyboardand display controller,
and the following memory:
32K bytes of ROM
BK bytes of static RAM
8K bytes of I/O RAM
16K bytes configurableas:
8K bytes of ROM + BK bytes of static RAM or
BK bytes of ROM + BK bytes of EEROM or
16K bytes of ROM, etc.

inputs as possible from anyone knowledgeablein fiber
optic measurements.Subsequently,a completesimulation
of the front-panelfunctions, the resulting displays,and the
signal processingwas written on an HP 9000 Series200
Computer. Working with this simulation, the last refinement of the ERS was done. From that time, the ERS was
not altered in any detail.
A by-product of the simulation, in conjunction with a
mini-HP-IB software driver, was the ability to accessany
hardware device directly. This turned out to be a very
powerful tool. It could perform any front-panel function
needed for testing or modifying any latch or DAC, or for
readingout ADC values.Since no working front panel was
available in the early project stages,this capability was
invaluable. The only effort required to solve any hardware
demand was to write a small sequenceof direct-access
commands and insert it after a simulated key recognition
or replace a simulated data input with it. This software
was so useful that it was still being used through the first
environmental test and until the lab prototype was completed.
To save time and effort, software was leveraged from
other projectsas much aspossible.For example,the operating system and the HP-IB kernel software were leveraged
from the HP 8175A Data Generatorproject. The software
was divided into independent modules that could be de-

The software development tools consisted of an HP
64000 Logic DevelopmentSystemand C, SPL, and assembly programming languages.SPL6B09is a dedicatedcompiler for the 6809 processor,developedfor the HP 1630A
Logic Analyzer project and later used in the HP 8175A
Data Generatordevelopmentproject. SPL6809runs on the
HP 64000 system.
Meeting the Obiectives
Once the first definition of the members of the new fiber
optic instrument family was done, a complete external referencespecification(ERS)was worked out, using as many
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Fig. 1. Layer model of the HP 8152A software. lnteractions
betvveenmodules are alwavs in the radial direction.

veloped without interfering with one another. Newly written software was shared among the members of the new
instrument family as much as possible. Time was also saved
by decoupling the hardware and software designs as long
and as much as possible, and by working with good and
easy-to-use software tools.

UsingC
The motivation for using C was to get some experience
to see how this language might meet our needs, and of
course, the everlasting dream of universal, portable, and
ready-to-use software packages. The results were different,
depending on the assignment.
The tasks written in C are the keyboard and display management, the output data formatter, and the lin/log/lin conversions. The data formatter and the conversions were written, tested, and debugged on an HP-UX system and transferred to the HP 64000 after completion.
Writing a keyboard and display driver is an instrument
specific and especially hardware-oriented task. It needs
on-line debugging in the emulator environment with
single-stepping, memory examination, and program tracing. The advantage of being freed from memory allocation,
memory organization, problems of parameter passing, and
other tasks during program development is paid for dearly
in the debugging phase, because follorving all the steps the
compiler did for you is a very tedious and bothersome job.
On the other hand, writing a conversion program is an
instrument independent task, and commonly needs no debugging on the emulation level. Debugging this kind of
software is more of a high-level job, where commands like
WRITE, WRITELN,READ, Or READLNfrom Pascal or a short
test program allow easy tracing of program flow and data
manipulation. In such cases, if you can remain in the C
environment, we feel that C is a good tool for increasing
the efficiency of software development.

Code Efficiency
Execution time
for typical OS activities
Interrupt processing:
Signal a semaphore:
Wait for a semaphore:

Pascal OS

SPLOS

4297 bytes code
+ 2533 bytes library

3109bytes

6 . 5m s
1 . 7m s
955 ps

465 prs
2781rs
294 tls

Theseresultscausedus to abandonplans to write a Pascal
software systemfor the fiber optic family.

UsingSPL
Duringour searchfor a suitableoperatingsystemfor the
fiber optic instruments, we determined that the one used
in the HP 8175A Data Generator, which is the same as the
one in the HP 1630A Logic Analyzer, would meet our needs
in a nearly ideal way. In addition, since the processor
hardware is similar, adapting this system for the fiber optic
instruments promised to be an easy task.
This operating system was written in SPL. SPL programs
have the readability of Pascal programs. Also, SPL provides
data structures and a modular program structure very simiIar to Pascal, and allows easy assembly code embedding
(if the need for it is unavoidable). In conjunction with an
optimizer, which is also available to reduce the amount of
final code, it seemed to be an ideal tool, if only it had not
been dedicated to a single processor (6809).
To get away from this processor dependence, and because of the resemblance with Pascal. we rewrote this
operating system in Pascal with a very small amount of
assembly code. A comparison between the SPL version and
the Pascal version produced the following results:
Fig. 2, RAM test algorithm. fhe lest is not destructive althouoh it overwrites the entire RAM with lest oatterns.
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Usingthe Assembler
From our experience in assembly language programming
in earlier projects we knew that it is best to avoid assembly
language. The portion of assembly code in the HP 81524
software is less than 1%. It is only used for interfacing SPL
with C and vice versa and for direct accessing of the processor's condition code register.

Structure of the Software
The heart of the HP B'152A software is the operating
system leveragedfrom the HP 8175A and modified for the
needs of the fiber optic instruments.The attributesof this
operatingsystemare control of nine competitive processes
(multitasking),priority-controlled preemptionby intei'rupt
or signal and wait mechanism,no dynamic priorities, and
no special task communication.
The tasks are:
r Idler process.Does the measurementif there is nothing
elseto do.
r Command processing.Synchronizesand schedulesany
activity or command initiated by an interrupt.
I Keybord management.Recognizeskeystrokes,performs
the autovernier function, and sends commandsaccording to any keystroke.
r HP-IB I/O. Handles communication via the HP-IB and
activates the command interpreter.
I HP-IBtalker initialization. Loadsthe HP-IB outputbuffer
with the instrument messagessent by the HP-IB I/O processif the instrument is addressedto talk.
I Measurementresult processing.Works up measurement
results and provides results display.
I Hardware interrupt handler. Recognizeshardware interrupts and sendscommands accordingly.
r Hardware I/O. Driver routines manage data transfer to
and from the hardware.
I Soft timer. Providestimer functions for time-outs,repetitive actions, etc.
Fig. 1 (page12)showsthe layerednatureof the software.
Self-Test
A self-test procedure runs at power-on or whenever a
TST?command is received via the HP-IB. The self-testincludes testing RAM, the keyboardand display, the device
bus, the offset and I DACs, the filters, the ADC, and the
opticai headsif present.A SYSTEM
FAILURE
bit and an error
number Exxxshown on the display indicate that a defect
has been detected while testing the HP 8752A. This error
number can be interrogated by a controller or thrown away
by pressinga key or sendingany commandto the HP 8152A.

State of DSC = Valid or lnvalid

Fig. 3. Ihe RAM testls bytewise.Awork areaisusedlo save
the data at each RAM location during testing.
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In the latter casethe displayed error number is transferred
into a LASTERROR
registerwhich can be interrogatedlater.
A 3-digit error number is used to indicate the error state.
The coding is as follows:
J-Specific
I
:TED DD
Errorlndicatorl I

ErrorCode

:ChannelA
ChannelSelector:t
2 : ChannelB
3 : ChannelsA
andB

For example, -E 1 50 meansthat zero calibration failed in
the -50 dBm range of channel A.
An error track in the HP 81524 is used to savethe complete hardware status of the defective state. A valuable
feature for production and service is that this hardware
statuscan be restoredby sendinga specialHP-IBcommand,
even if the error statehas been left. Once this command is
sent, the HP 8152A holds the defectivehardware stateas
long as no key is pressed.Pressinga key causesthe HP
81524 to do a power-on restart.
A special algorithm, shown in Fig. 2, is used in the RAM
test.The test is not destructive,althoughthe completeRAM
is overwritten by test patterns, including the stack area.
This is accomplishedby a bytewise test: a work area (Fig.
3) is used to save the data and its correspondingaddress
while testingeachRAM location.A datasecurecode (DSC)
is used to indicate that data in the work areais either valid
or invalid. If there is a valid data byte in this area at the
beginning of the test, it is restoredbeforetesting the RAM
from addressSTART.
This could occur, for example,if the
HP 81524 is powered off while a test pattern is being written into a RAM location.
Self-Calibration
The HP 8152A has a self-calibrationprocedure,which
eliminatesundesirableoffsetvoltagescausedby the optical
head and/or other active and passive components in the
mainframe. The calibration routine is activated by pressing
the ZEROkey or by the ZER1 command on the HP-IB. After
activation,the HP 8152A is either in autozeroor single-zero
mode. This is determined by the attached optical head.
Autozero means that the calibration is repeated automatically after a time determined by the optical head. Singlezero means that the function has to be activated every time
the user wants to calibrate the instrument.
The HP 8752A is capable of eliminating an offset of one
quarter of full scale.The offset is measuredin each range
and the compensation values are stored in the internal
memory. Each time the measurement range changes, the
corresponding compensation values are applied to the
offset DACs of both channels.
When the calibration is initiated while an optical head
with internal shutter is connected, the shutter moves into
the disable position so that incident light is blocked. This
causes the offset to be the only signal remaining in the
system.If an optical head without shutter is applied, the
user has to darken the sourceto avoid an erroneousabort
of the calibration. The offset compensation is done by

MainframeControlby the Heads

XDCR
OUT

Fig.4. Block diagram for offset compensation.
measuring the offset voltage twice with different settings
of the offset DAC. The compensation value programmed
into the offset DAC is the complement of the measured and
calculated offset voltage.
The offset voltage is calculated by the following equation
(see Fig. 4):
V:Vnac*Vorr
where V : voltage measured by the ADC on the signal
path, Vp66 : voltage of the offset DAC, and Voir : offset
voltage to be compensated.
The first measurement is done with the offset DAC set
to its maximum output voltage. That leads to the first compensation value:
Vco*pr :

-Vorrr

:

Vonc-o

- V'

The second measurement is done with the offset DAC
set to V6o*or. This leads to the final compensation value:
Vco-p:Vco-pr-V,
The compensation error is less than 1. display count.

Mainframe hardware control and parameter limiting depend on what optical-to-electrical transducer is connected
to the mainframe. All of the head dependencies (center
wavelength, range limits, etc.) are stored in a nonvolatile
memory in every head. Problems of data loss protection (a
head connection is never a controlled power-on to the head
electronics because of contact bouncing, sequence of pin
connections from mechanical tolerances, etc.) are solved
by using a special write adapter when programming the
head EEROM and then pulling the write enaEie input of
the EEROM to V66 during normal operation.
Each time a head is connected to the HP 81524 this data
is read out and stored in a RAM copy of the head memory.
After testing for a complete data transfer without errors,
all the information the mainframe needs to modify its control software is transferred. In case of erroneous or invalid
head data all specials are set to defaults, and an error message is initiated and sent to the display and the HP-IB.
The defaults are selected so that, despite the erroneous
condition, the measurement can continue, although it may
be out of specification.

Measurement
Modes
The HP 8152A provides two different measurement
modes, continuous and single. The single mode is available
only under remote control. In this case, measurements are
only done when a GROUP EXECUTETRlccER or the TRG
command is received via the HP-IB.
This is a useful feature for synchronizing measurements
by the HP 81524 with other operations within a measurement system. Another important feature is single mode in
conjunction with autoranging. This ensures that erroneous
measurement results such as overrange and underrange
during ranging are suppressed and not output over the
HP-IB.
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Detectors
for OpticalPowerMeasurements
by Josef Becker
LTHOUGH MOST OF TODAY'S intelligent optical
power meters are found in fiber optic measurement
setups,they are not genericfiber optic instruments.
Design and characterization of an optical power meter detector are more'easily understood if one considersthat its
parents are the photometer for chemical analysis and the
radiation detector in physics Iabs or national bureaus of
standards.
In a fiber optic communicationslink, the detectorhas to
respond to fast and weak digital signals,so its speedand
noise performanceare optimized, while linearity and stability are of secondary interest. A typical detector for this
application is the avalanche photodiode, mounted straight
onto the fiber end.
A power meter, on the other hand, must give accurate
information about the beam intensity radiating onto its
detectorfrom a fiber end, an LED, a laserdiode, or any sort
of freely propagating light beam. If the beam intensity is
not constant with time, it is generally accepted that the
power meter reads the averageintensity. From this we see
that, for a detector in a power meter, wide dynamic range
with good linearity, low aging and temperature dependence,and spectralresponseare of primary interest,while
speedis of no concern.For thesereasons,typical detectors
arelarge-areaphotodiodes(2-mmto 10-mmdiameter),thermopiles, or pyroelectric detectors.
Detector Physics
All of the detectorsmentioned abovefor optical radiation
(ultraviolet, visible, infrared) are either tiny thermometers
or make use of the photoeffect.
Thermol detectorsmeasurethe heat generatedwhen radiation power is absorbed(AT : 1K for P. : 250 p.W).The
small temperature rise can be converted into a dc voltage
by a thermopile, that is, a seriesarray of 10 to 50 thin-film
thermoelements (Fig. 1a). In a bolometer, the change of
resistanceof a gold film or a thermistor is measured.In a
pyroelectric detector,a capacitor with temperature dependent electret material as dielectric produces a measurable
charge/dischargecurrent into a high-impedance load when
it is struck by alternating or pulsed radiation. To measure

(a)

(b)

Fig. 1. fwo gpes of thermal deteclors. (a) Thermopile.(b)
Pyroelectric detector.
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constant light intensity, this type of detector needs a chopper (Fig. 1b).
A black coating is applied to the thermal detector'ssurface to achieve a broad spectral rangeof constant sensitivity
(Fig. 2). Spectral responseis limited, and can be tailored
by the window material in front of the detector.
Quontum detectorsfor measurementpurposesarephotodiodes, photoresistors,and photocathodesin photomultiplier tubes. Photocathodesare favorable in the ultraviolet
and for very large-areadetectors, while in the visible and
near infrared parts of the spectrum, silicon, germanium, or
ternary (GaInAs)photodiodesare the first choice.
In a quantum detector, an electron-hole pair is generated
for every radiation energy quantum (hf) absorbed in the
depletion layer (Fig. 3). If all quanta striking the detector
surfacewere exploited, the ideal response(dashedline in
Fig. 2) would be
ino/t
ria,"r(i)=
F:: ffi:

o,\

i;:

0.807^A/w

where ,\ is in pm.

rt' :

rf,\)
^'"1,
ria"^ttij

iscalledthequantumefficiency.

Two effects causerl to be less than 100%: surfacereflection
(some30%) and wavelengthdependenceof the absorption
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temperature.
Homogeneityand AngularResponse
As a result mainly of passivation and antireflection coating imperfections, photocurrent will vary to some extent
if a photodiode is scanned with a small light spot. It is
common practice to adjust the scanning beam diameter
and step size to 1/10 of the active detector diameter. Then,
with Si diodes of 1-cm diameter, inhomogeneities in the
detector response of less than +O.5o/ocan be expected over
the central area or at least 7O1" of the active diameter. This
causes no problems. But with Ge diodes, inhomogeneities
of several percent are normally found (Fig. 5). Recently
introduced SiO passivation on Ge can reduce the problem
to a0.5% or less. To reduce the influence of local inhomogeneities to a negligible level, the light beam should
cover at least 50% of the detector diameter.

0.1

o.2

0.5

12
r (pm)
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l| I| I|
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Ultraviolet

Visible
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Fiber
Optic
Bands

lntrared

Fig.2. Spectral responses of silicon and germaniumphotodiodes,520photocathodewithMgFrwindow,and thermopile
with CaFt window.
depth. Only carriers generated in the depletion layer d
contribute to photocurrent in in the external circuit. At the
short-wavelength end of the useful spectrum, most of the
energy is absorbed in the front layer of the diode, where
minority carriers are quickly lost by recombination.
At the long-wavelength end, there is a sharp cutoff when
the quantum energy hf falls below the bandgap qVs6 of
the diode material. In Si, with Vsc : 1.2V, I. : 1.05 ,r.m.
In Ge, V"s -- O.7V and )r" : 1.8 F.m. Photons of longer
wavelength cannot provide the energy to release an electron
into the conduction band. For them, the diode is a transparent window.
Spectral response is temperature dependent. Technological progress in the last three years has made it possible to
design photodiodes for fiber optic applications with zero
temperature coefficient at the wavelength of interest. In a
power meter, however, where a broader spectral range is
needed, Fig. 4 shows a clear demand for constant detector

Y
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F
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I (r4m)
Fig. 3. fwo lpes of quantum detectors. (a) Germanium
photodiode. (b) Silicon pin diode. d is the depletion layer.

Fig.4. Temperaturecoefficient of the responsivityof silicon
(top) and long-wavelength(bottom) photodiodes.
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forms nearly ideally with monomode fibers; a lens with
NA : 0.2 is sufficient to collect all the light emitted from
the fiber end. With multimode fibers, Fig. 7 shows that the
collimator should have a useful apertureof 0.4 to 0.5.However, spherical abenation of a planoconvexlens produces
marginal rays at NA : 0.a that are inclined 7" to the axis.
Therefore,the accuracyproblem shown in Fig. 6 is only
partly solved by the simple planoconvexlens.
Two collimators for higher aperturesare shown in Fig.
B.The molded asphericallens and the two ground spherical
lenseshave comparableprice and aberrationperformance.
The latter is preferredbecauseof looseroptical manufacturing tolerances,and becauseof smaller refraction anglesfor
edgerays.This reducesvariationsin the spectraltransmission of the lens coating with incident angle.
mapof a S-mmdiameterGephotodiode
Fig.5. Fesponsivity
of !37".
showinginhomogeneities
withpolyimidepasslvatlon,
Attention to the detector properties discussedso far is
sufficient for accuratemeasurementsof the intensity of a
collimated (parallel)beam that is perpendicular to the detector surface.If divergentradiation out of a fiber is coupled
to the detector,we have to considerthe detector'sresponsivity for oblique rays.Surfacereflectionwill increasewith
growing apertureangleaccordingto Fresnel'sformulas.On
the other hand, the absorptionpath in the detectorcrystal
is longer, thus giving better absorption efficiency. Both
effects cancel to some extent. Therefore,in a Si diode at
850 nm, responsivity remains constant within +0.3% for
incident anglesfrom 0 to 115', and is down llo at!2O".
With Ge diodes, coating layers may introduce large errors
(Fig. 6) and there is a distinct dependenceon wavelength.
However,technologicalprogressin detectorsurfacefinishing within the last year has made it possibleto reducethis
effect to well below t1%.
Optical lnterface
To couple optical fibers to a detector head of the HP
81,52AOptical Average Power Meter, a collimating lens
adapter is used, eliminating possible inaccuraciescaused
by slanting rays. The required aperture of the lens-or of
the detectoritself, if no lens is used-depends on the angular radiation pattern (far field) of the optical fiber. Fig. 7
shows the collecting efficiency for a typical 501L25-pm
graded-indexfiber.
The simplest optical collimator, a planoconvexlens, per-

Photodiode Circ,Jit
The irradiated pn or pin structure of Fig. 3 is described
by the equivalentcircuit of Fig. 9a. The diode symbol representsthe pn junction's v-i characteristic,in parallel with
the junction capacitanceCp.

io : l" ("xo$n- t )
R" is the spreading resistance in the outer layer (10 to 100
ohms). R1is the external load. Fig. 9b shows the v-i characteristics of this circuit. Irradiation, like thermal motion,
generates electron-hole pairs that appear as reverse current
io, driven by the inner diffusion voltage across the depletion
layer.
For high-speed applications, an additional reverse bias
voltage is applied in series with R1to reduce diode capacitance and speed up carrier collection, at the expense of
added dark current noise. For wide dynamic range down
to the lowest possible noise level, no bias should be
applied. The diode then operates in the photovoltaic mode
(Vo > o).
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Fig. 6. Responsivityof a coated Ge photodiode varies up to
xST" with wavelength and beam incidence angle.
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Fig. 7. Percentage of light reaching the detector from a
graded-index fiber with NA : 0.2. d : /ens ot detector diameter. d : distance of lens or detector from fiber end. NA
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In this mode, neglecting the voltage drop across R", the
short-circuit current (i"no.t : i for R1 : 0) increases linearly
with incident radiation power P., that is, ishort : ie. With
a high-impedance load, io : ip, and the detector voltage
varies logarithmically with Iight intensity:

t"1-Ly:
voo.. : II I.,
26mV x h

f

i o = 4 r 1 x eI,

atroomtemperature.
(a)

metersmakeuseof thisoperating
Photographic
exposure

ip=6oo PA

mode. For solar energy conversion, R1 is chosen to make
vi a maximum at a given light level.
In optical power meters, photodiodes are loaded with a
virtual short by a transimpedance amplifier to provide a
linear response to light intensity. Vp is always very small,
so we can represent the diode by its small-signal parameters, Rp and Co, where

ip=4oo PA

ip=2OO ttA

1_f
oV^\
: dip)
:ro:_ e l "
R " t T v , ) r,:o : Imrse xPkf J.," -o *or

Ro:

KT
qI"

26 mV
I"

R'+R.= 1 kf,l: Solar Energy
Conversion

Photoconductive
Operation
(b)

Fig. 9. (a) Photodiodeequivalentcircuit.(b) v-i characteristicsof a siliconphotodiode.
From analysis of the linearized circuit (Fig. 10), we learn
that diode dynamic resistanceRp is the key parameterthat
determinesthe noise level and dc error of the detectorunit.
Diode noise is essentiallyshot noise,not thermal (fohnson)
noise. But a short-circuiteddiode generatesan amount of
shot noise equalto the thermal noise producedby a resistor
of magnitude Rp.
Responselinearity at high light-power levels is Iimited
by R":
ishort: ip-iD : to-t" ( -,.p9\felr-

t)

To extendthe rangeof linear responseof a Ge diode from
a few milliwatts to severaltens of milliwatts. it has been
proposed to measure high intensities with the detector
slightly biased(about - 1V). The argumentof the exponential is thereby shifted far to the negative,thus making the
diode current term ip negligible.
ip is strongly dependent on temperatureand bandgap,
since

I" = +-

x r'exl ( Constant

Typical Rp values at room temperatureare 500 MO and
5 kf,l for Si and Ge diodes,respectively,of 5-mm diameter.
From this, we calculatethat with bandgapvoltagesof t.zV
and 0.7V, respectively,the Ge detector would have to be
cooled down to approximately - 60'C to perform as well
as its silicon counterpart does at + 23'C, or room temperature. Practical results are even worse for the Ge diode
becauseof surface effects that have been neglected in this
estimation.
DG Stability and Noise Level
The low end of the useful dynamic range is reached at
a radiation power level that producesan output signal Vo
(Fig. 10) equal to either dc drift or to the rms noise voltage
produced at the output of the amplifier.
With RD : 100kO in Fig. 10 (Ge,5-mm diameter, - 10"C)'

#u"").

Fig. 8. fwo collimators for higher apertures. (a) Molded
aspherical lens. (b) Two ground spherical /enses.

Fig. 1O. Linearized photodiode with transimpedance
amplifier, including dc and noise error equivalent sources.
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Rr : 50 Mf,), and an OPA111BM operational amplifier, the
drift over 0 to 55'C is
Vodrirt( 55K(1pvlK)(1+
Vo drirt:

*)+

sm4
(r pA)(R1)(z
+ z ff)

125mvt
1
_
P . p - p(
aro
[*anru

(14 mV is typical.)
Offset voltage is the predominant error source with the Ge
detector. If the responsivity is r(\) : 0.5AM, this corresponds to a drift equivalent power of

1.
6-AA,V

--'1"'l'2nWmaximum'

Zeroing the instrument after warm-up will depress this
error below the fluctuations caused by flicker noise.
If any leakage current has a chance to reach the summing
node, it might increase the effective bias current from femtoamps to nanoamps. Careful guarding on the printed circuit board will prevent this.
The noise voltage at the output is (for low frequencies):

\

.
: 5 o p_l v. m
ax.

J

(2apW is typical.)
Noise equivalent power (NEP)is usually measuredwith a
chopping arrangementat 1-kHz chopping frequency and
1-Hz bandwidth. The circuit of Fig. 10 then delivers

t'o'nt'*
+tr: t+"t.T*(on3.-,*I]
(

nV \'.

t
I *'J

pV

(
. " :12o.54\E;
Y
(501)'
)

The rms noise of 20.54 pV corresponds to a noise equivalent
power of

(==:^,'l : o.urpw
NEP:'9-'=u!,tl
50MO

v 3 ": g i o+ Ii r + tfl o l n+vfro
f (t.# )'

[0.5^,"" 7

With the same circuit elements as above, and substituting
6 times the rms value for the peak-to-peak noise of the
"white" resistive sources, peak-to-peaknoise at the output
measured over 0.1 to 10 Hz comes out as

<
viop-p
.+:)
t t+,t

(0.60 mV is typical.)
The peak-to-peak noise output oI t.ZS mV corresponds to
an input signal fluctuation of

27 .56 nV + (50 pV)(B + 0.16) : 28 mV max.

28 mV
t
to N.{O

: ( 1 . Z S Z m V ) 2m a x .

(s.e
Hz)(6'?)
+(12rA)'z(50Mo)'z
]

+ (2.5rru'z[501)'z
: (7.64pA)'z(50
MO)'z+ (1.25mV)'z

: -90.9dBmtypical.
The noise levels calculated above are in full agreement
with measured results. They reveal that NEP specifications
may be misleading when the real resolution of an optical
dc power meter has to be determined. The performance of
nonchopped long-wave detectors with large-area diodes
having low Rp is limited by amplifier flicker noise voltage.
The circuit of Fig. 10 will resolve radiation powers down
to the detector NEP, if I"DRr is the predominant noise term
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Fig, 11. Noise equivalentpower
(NEP)and noisefigureF of photodiode detector circuits.
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Fig. 12. Measurementuncertaintyis the sum of tnstrumentinaccuracyand calibrationuncertainty (traceabiIity).
in the rms noise formula. This can be achieved, even with
large-area Ge detectors, using a chopper. Fig. 11 shows the
NEP of the whole circuit and of the detector alone (with
an ideal noise-free circuit) as a function of diode impedance
Rp. The modulation (chopper) frequency is 30 Hz. Noise
figure, F, is the ratio of total NEP to detector NEP.
Calibration and Standards
The total uncertainty of a value displayed by a measuring
instrument is composed of the instrument's inaccuracy
plus the absolute uncertainty of its calibration.
Instrument inaccuracy includes variations of its transducer gain with intensity and other input signal parameters, temperature dependence, aging, noise, and errors introduced by digitizing and processing.
Calibration uncertainty, often called traceability, usually
refers to a specified signal level at fixed environmental
conditions. Fig. 12 explains its meaning for radiation power
medsurements. Listed numbers are tolerance limits, or 3o
statistical uncertainties, which correspond to a 99.7% confidence level.
One step in the calibration chain-the
working standard----can be eliminated if all instruments are (re)calibrated in the manufacturer's standards laboratory. This procedure, used within HP, reduces the traceability and the
uncertainty specifications of the instrument to +'1..7o/oand
-+5.2o/ofor 850-nm wavelength and to +2.5o/o and t0.0%
for 1300-nm wavelength.
Lowest possible uncertainty is achieved if the power
meter itself is used as a secondary (transfer) standard and
has a calibration certificate from a national bureau of standards. The uncertainty margins in Fig. 12 then shrink from
' 6.20/0and t7.zo/" for 850 and 1300 nm, respectively, to
-r 4.60/0and t 5.2% over the full specified operatingrange.
Primary standards for radiation power measurements
today are blackened absorber discs with a thin-film heater
network added for electrical simulation of the radiation

power. This element is coupled to a thermopile or a
pyroelectric crystal to detect equality of absorbed radiation
and electrical heating power. Sophisticated but bulky and
slow-reacting constructions, at high power levels, are estimated to yield uncertainties down to O.2o/o.Practical calibration procedures at national standards laboratories require one or more copying steps, so the calibration certificate comes out with about i1% uncertaintv, based on a
95% confidence level.

Conclusion
Today's fiber optic links use one or more of the three
near infrared bands around wavelengths of 850, 1300, and
1550 nm. A universal power meter transducer with
adequate sensitivity and spectral range for these applications can be built with a large-area Ge detector.
For applications in the short-wavelength band only
(\<1 g.m), a silicon diode offers broader dynamic range.
A drawback of both detectors in broadband applications
is the considerable and nonlinear variation of their responsivity with wavelength. For instance, when measuring the
total radiation of an LED source at 1300 nm t50 nm, the
spectral response curve of Ge and GaInAs may introduce
inaccuracies of several percent. A thermal detector, with
its inherently flat response, seems preferable. However, the
sensitivity and dynamic range of these detectors are 100
to 10,000 times worse than those of the quantum detectors.
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PrecisionOpticalHeadsfor 850 to
1700and 450 to 1020Nanometers
by HansHuning,EmmerichMUller,SiegmarSchmidt,and MichaelFleischer-Reumann
HEREARE TWO OPTICALHEADSforthe HP 8152A
Optical Power Meter. Dependingon the wavelength
of the optical source,eitherthe HP 815218,for 850
to 1700 nanometers,or the HP 815204, for 450 to 1020
nanometers,can be used.
HP 815218 Optical Head
The HP 8'152LBOptical Head is characterizedby a wide
dynamic rangefor averagepower measurementsfrom * 3
dBm to - B0 dBm, wide spectralresponsivityindividually
measuredin 10-nm stepsfrom 850 nm to 1700 nm and the
values stored in each optical head, high stability over a
temperaturerangefrom 0'C to 40oC,a well-cooled detector
chip for operationup to 55'C, a noise floor well below - 70
dBm, user-friendly optical interfacing, and availability of
a large variety of optical adapters and other accessories
including a filter holder, a beam splitter, and a bare fiber
adapter.
The head consists of three main functional blocks, as
shown in Fig. 1. The optical detector device includes a

Transimpedance
Amplitier

Range Control
Low-Frequency
Outpul

3v/mW
0.3V/pW
3V/nW

two-stage Peltier cooler, a temperature sensing device, and
a transimpedance amplifier. A Wheatstone bridge for temperature measurement is followed by a PI (proportional
integral) regulator and a current limiter. An EEPROM stores
head specific data and calibration factors. The cooler current control and the EEPROM are included in the head to
guarantee maximum flexibility in future heads.
The germanium photodiode has an active area of S-mm
diameter. When struck by incident light it generates a current proportional to the absolute optical power with a conversion factor of typically 0.6An/V at 1300 nm. It operates
in the photoconductive mode, as described in the article
on page 16.
The transimpedance amplifier, Fig. 2, converts this current into an equivalent voltage depending on the selected
feedback resistor. The amplifier chosen for this application
is the OPA111BM, which exhibits very small input offset
voltage drift (maximum 1 g.V/K).
Depending on the mainframe gain (x 100, x 10, x 1J,the
head has to deliver a full-scale input voltage of 0.08V, 0.8V,
or BV to the mainframe.
The following table shows the head gain, feedback resistor (R1),mainframe gain, and switch positions (Fig. 2) for
each input power range. Total gain is the product of head
gain and mainframe gain.

Adlust

+Cooler Current
-Cooler Current
Pl Regulator
Cooler
Current
Control
(100 mviA)-l

Power On/Off

-)

Data ln/Out
Write Enable
Read Enable

Fig. 1. Block diagram of the HP 815218 Opticat Head The
HP 81520Ais similar.
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Fig. 2. Transimpedanceamplifier of the HP 815218 Optical
Head. Bt, the effective feedback reslslance, depends on the
settlngsof K1 and K2.

Range
0 dBm
10 dBm
20 dBm
30 dBm
40 dBm
50 dBm

-

&
sk0
5 kf)
500kO
500kO
500kO
50M()

HeadGain
3V/mW
3V/mW
0.3V/pW
0.3V/pcW
0.3V/pW
0.03V/nW

K1

K2

1.
1.
1

1
1.
0
0
0
0

1

'1.
0

Mainframe
Gain
't
a 1.0

10
1
10
100
10

.g

-

With the internal gain adjust control, eachhead is individually adjusted so that its gain is 0.400V/pW at - 20
dBm. In the lowest range(full scale : -47 dBrn: 19.99
nW) the feedbackresistor is 50 MO and the photocurrent
at - B0dBmis6 pA. At -47 dBmthephotocurrentis12nA.
Surfaceleakagecurrents causedby contaminatedsurfaces
will produce offset errors, so guarding is used to prevent
this kind of failure.
HP 81521B Detector Temperature Control
As describedin the article on page 16, the absolutetemperature is the dominant parameterinfluencing the noise
behavior and parallel impedanceof a Ge detector.The heat
pumping capacity of the two-stagePeltier cooler required
a trade-offbetweenachievingthe lowest possiblechip temperature and a maximum ambient operating temperature
of 55'C.The operatingchip temperatureselectedis - 10'C.
The temperatureregulatorconsistsof two parts,a driver
and a regulator.The driver is installed in the mainframe
and supplies the head with a current of + t.SA maximum
for cooling or - 0.8A for heating.The mainframe also has
a slew rate limiter to increasethe lifetime of the cooler
element.
The dominant time constantof the regulator,which con-

5.0

I
I
I

0.5

0

Time (s)

Fig. 4. Typical temperature regulatol settling behavior
25"C.
sists of the resistor bridge, the PI regulator, and the current
limiter, is fixed by the thermal coupling between the cooler
stage and the thermal sensor, which has a negative temperature coefficient (NTC). This time constant is typically 25
seconds at 25'C ambient temperature. Fig. 3 shows typical
behavior at 40'C ambient temperature. The whole system
is optimized for minimum overshoot and ringing, and
stabilizes the chip temperature within a few hundredths
of a degree Celsius.
Settling behavior at 25'C is shown in Fig. 4. Typical
cooler current and offset are shown in Fig. 5 as functions
of the ambient temperature.
HP 81520A Optical Head
The HP 815204 Optical Head is designed for optical
average power measurements at shorter wavelengths, including the spectral window from 450 nm to 1020 nm. A
wide dynamic range from * 10 dBm down to - 100 dBm
for average power measurements, spectral responsivity individually measured in 10-nm steps from 450 nm to 1020
nm and the values stored in each head, high stability over
a temperature range from 0'C to *55'C, and a noise floor
well below - 90 dBm are features of this head.
The detector device of the HP 815204, in contrast to the
HP 815218, is a silicon chip. However, it has the same
active area of 5-mm diameter. When struck by incident
light, it generates a current proportional to the absolute
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Fig. 3. Ihe dominant time constant of the temperature regulator is fixed by the thermal coupling between the cooler
and the thermal sensor (NIC,). This diagram shows typlcal
sensorresponseto a step change in cooler currentat40"C.

0102030405060
("C)
AmbientTemperature
Fig.5. Typical cooler current and offset as functions of ambient temoerature.
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optical power with a conversion factor of typically 0.5A/VV
at 850 nm. It operates in the photoconductive mode.
The HP 81520A Optical Head has the same three main
functional blocks as the HP 8L5219. Fig. 6 shows the transimpedance amplifier of the HP 81520A.
Depending on the mainframe gain ( x 100, x 10, x 1) the
head has to deliver a full scale input voltage of 0.08V,0.8V,
or BV at the mainframe input. The following table shows
the head gain, feedback resistor (R1),mainframe gain, and
switch positions (Fig. 6) for each input power range. Total
gain is the product of head gain and mainframe gain.

Range

+ 10 dBm
OdBm
-10dBm
-20dBm
-30dBm
-40dBm
-50dBm
-60dBm
- 70 dBm

R,

Mainframe
HeadGain K1 K2 K3 K4 Gain

1.01ko 0.5v/mw
1.01kO 0.5V/mW
100ko 50v/mw
100ko 50v/mw
10MCl sV/pW
10MO
5V/pW
10MO sV/pW
1GO500V/p.W
1GO 500V/g.W

1. 1
7 1
1,0
1.0
10
01
10
01
10
01
0 0 0
0 0 0
1
1.
1,
't

7
't
1
1

0
0

1
10
'1.
10
1
10
100
10
100

With the internal gain adjust control, eachhead is individually adjusted so that its gain is 0.04VM at - 20 dBm.
Becauseof the large tolerance of the r-G,fl chip resistor
('+.1O%),
it is also necessaryto adjustthis head in the lowest
two rangesto get the specified accuracy.
To reach a resolution of - too dBm (that is, 0.1 pW or
10-13 watt) with acceptablestability and noise floor, the
detectorchip and other parts areenclosedin a hermetically
sealed TO-B housing filled with dry argon. To achieve a
constant, controlled temperatureof 20'C, the packageincludes a one-stagePeltier cooler and a temperaturesensing
resistor (NTC). Also in the packageare the detecting and
amplifying devicesthat are sensitiveto temperature.These
include the silicon detector chip, whose dynamic resis-

Fig.7. HP 81520AOpticalHead detectorassembly.
tance changes with temperature, the 10e-ohm chip resistor
(R1), and the operational amplifier, whose offset voltage
drifts with temperature. The chip resistor is also sensitive
to contamination and humidity, and is protected from these
influences by the package.
The one-stage thermoelectric cooler is soldered onto a
standard TO-B header at 125'C using In-Sn solder paste.

Head

Output
Voltage
dBm
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Fig.6. Transimpedanceamplifier
of the HP 815204 Optical Head.
The effective R1is a combination
of the four resistorsso labeled, depending on the switch posltlons.

Optical Power Splitter
The HP 81000AS/BSOptical PowerSplittersare used in combinationwith the HP 8152A Optical Power Meterto measure
of passiveopticalcomponentsor
insertionlossand attenuation
to controlpowerlevels,
The HP 81000AS/BSpower splittersare three-portdevices,
Theyhaveone fiberconnectorinput,one fiberconnectoroutput,
and one parallelbeam output to the optical head of the HP
techniqueis used.
opticalbeamsplitting
8152A.A conventional
A high-precision
opticalsystemwiththe sameobjectivelensas
collimates
the divergentlight
in the HP 81588OpticalAttenuator
of the inputfiber to an expandedparallelbeam and retocuses
it into the outputfiber.A beamsplitterplate,locatedbetweenthe
two lens systems,reflectsone part of the light intensityto the
photodiodeof the optical head. The beamsplitteris low-angled
to the optical axis to reduce the polarizationsensitivityof its
ensures
reflectionf actorto lessthan+4%. Physicalbeamsplitting
in multimodeapplications.
that thereis no mode selectivity
Fig. 1 showsthe optical systemol the splitter.The light is not
fiberguidedand so difierentfibertypeswithnumericalaperture
NA lessthan or equalto 0.3 can be used.The HP 81000ASis
and acceptsfibercore didesignedfor multimodeapplications
ametersfrom 50 pm to 100 pm. The HP 81000BSis designed
for single-modeand multimodeapplicationsand acceptsfiber
\

'\l1:*

core diametersfrom 9 pm to 100 pm. The HP 81000AScovers
the first fiber optic window, that is, the wavelengthrange from
600 nm to 1200nm, and the HP B1000BScoversthe second
and third fiber optic windows,the wavelengthrangefrom 1200
t o 1 6 5 0n m .
The opticalsplitterscombinethe advantagesof low insertion
loss,stablesplittingratio,and good environmental
characteristics.Thetypicalinsertion
loss,includingthe two Diamond@
HIVS1O/HPconnectors,is 1 dB for multimodeand 2.5 dB for singlemode operation.The splittingratiodependson the insertionloss
of the fiber inputto fiberoutputcouplingand is about 10 dB for
single-modeand 12 dB for multimode.Thermalstabilityof the
splittingratiowithina *2"C temperature
windowis betterthan
+0.06 dB for single-modeand +0.01 dB for multimode.
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The top of the Peltier cooler serves as a mounting base for
all the temperature stabilized detector parts (Fig. 7). A
thick-film hybrid on an AlrO. ceramic substrate is glued
to the cooler with heat-conductive epoxy. The hybrid contains the op amp IC chip, the 1-Gf,l chip resistor, and the
thermal sensor (NTC chip), which are attached with conductive epoxy. All of these chips are connected with
wedge-wedge bonds to the substrate or to the TO-B header
pins.
To achieve more component mounting space, a second
floor is generated by mounting the detector chip carrier
hybrid on a ceramic heat stud. This design provides a very
good temperature stabilized environment for the electrical
and optical components, which are responsible for the high
stability and sensitivity of this detector assembly. To
achieve the MTBF design goal, the whole assembly is hermetically sealed with a laser-welded window cap under
an argon atmosphere.

Fig. 1. Optical system of the HP
87000AS/BSOptical Power Splitters with the HP 81520A and HP
815218OpticalHeads.

EEPROM
To give the systemthe flexibility to acceptdifferent
heads, head specific data is included in the head and not
in the mainframe.
Each head contains an electrically erasable programmable read-only memory (EEPROM) that has a capacity of
2K x 8 bits, although only 2K x 2 bits are used. The amount
of memory used represents a compromise between short
reading time and a minimum of head-mainframe connections. This memory is split into 512 head bytes of 4 x 2 bits
each.
Fig. B shows the memory map. The control bytes include
checksum b1'tes to detect errors and prevent data manipulation, a data valid byte, and a compatibility identifier indicating which mainframes the head is compatible with.
There are pointers to several start locations, and head specific data consisting of the following:
I Head specials: zero repetition times, chopper wait time,
shutter wait times, etc.
I Range table: gain factors for the head and the mainframe

FEBRUARy
1987HEWLETT-pAcraRo
lounrur 25

Head Byte

EEEE

x=0011

EEPROMOrganization

Eili

______l_
Header
Bytes+l+Polnter+l+x.eaa-+l
'

F"."trol

Numbers:o

1

2

g

esonm

tr catibration
Dara___+l
1300nm
1700nm

sPecificData'

4

511

IIIIJI/f--f--f'/-J-rJrttff

rl

I

tirtooo
oooodEd

=ae8

6
- isiri{
B
-H S
6'6_6'gqg

1?E

3

;

H

9l,d8o
='GIJ

r Calibration identifier: head serial number, date of calibration. calibration channel. etc.
r Calibration description: start wavelength,center wavelength, stop wavelength,number of calibration points,
distancebetween two calibration points, field length
r Calibration data:individually measuredgain factorsdepending on the wavelength (seearticle, page B).
Calibration
Each head is calibratedin a homogeneous,parallel beam
with a spot of 2.5-mm diameter at -2o dBm. Spectralresponsivity is measured with a high-resolution monochromator in 10-nm stepsusing a pyroelectric detectoras
a standard.
Precision Optical Interface
The HP 81520Aand 815218 Optical Headsare precision
optical-to-electrical converters. To maintain their high
overall accuracy,a precise optical interface had to be estabIished between the detector surfaceand the point at which

Fig. 8. Organization of the
EEPROM containing head specific data in the HP 81520A and
815218 Optical Heads.

the power of the incoming light is to be measured.
The first design goal was to gather onto the detector a
certain (and constantwith temperature,mechanicaltolerances, and other parameters) amount of power from the
user's light emitting device,regardlessof the nature of this
light, whether it be spatial or fiber guided. In the latter
case,the power has to be independent of fiber type and
core diameter,and connectortype, if any. With spatiallight
of unknown beam diameter, the "certain amount" mentioned aboveis 100%of all the light it is possibleto capture.
The second design goal was to minimize the interference
between the measurement instrument and the system to
be measured.This means that neither the optical head nor
the optical interface should produce reflections back into
the system or device under test. This system or device
might be a light source in a parallel beam system on an
optical bench, which is typically rather uncritical, or the
end of a fiber connectedto a laserdiode, which, especially
in a single-modesystem,can be very sensitive.
The third goal was to make accurate absolute calibration
possible in spite of the wavelength dependenceof the chosen detectors(Ge and Si pin diodes).
The best trade-off between the desired sensitivity and
versatility was a s-mm diameter for the pin diode detectors.
But once thesesemiconductordetectortypes were chosen,
it was necessaryto deal with their high reflection factor of
about 20%,
Connector
Adapter
Connectol

Absorbing
Paint
Optical
Head
Reflected Beam
- Direct Beam
Fig.9. Diagram of the precision optical interface for the HP
81520A and 815218 Optical Heads, showing detector tilt
angle.
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Fig. 10. Reflection-reducinginner surface deslgn of the connector adaDter.

In terms of calibration this is no problem, becausethe
light that hits the detector surface and is reflected does not
generateelectronftrolepairs inside the detectoror a voltage
at the output of the optical head, and can be calibratedout
as long asthe amount is constant and the light never returns
to the detector surfaceagain. For calibration with spatial
light in a parallel beam system,we only had to preventreflections back into the light source or any optical component, which was easyto achieveby slightly tilting the detector, as can be seenin Fig. 9.
When dealing with fibers, a category that includes the
main applications of this instrument, some different requirements arise.First, as describedin the article on page
16, a collimating lens system between the fiber end and
the detector surface is necessary.This is to ensure that
nearly 100% of the light reachesthe detectorwith reasonable distancebetween fiber and detector,and that the illuminated spot on the detector surfaceis independent of
fiber type and core diameter.The collimating lens system
also ensures the same conditions----angleand spot diameter-in actual serviceas during calibration,either in-house
or at the German PTB or other standards laboratory.
Another requirement in a fiber optic system is that the
optical systembe closed, so that no ambient light reaches
the detector. This includes the requirement that the 2oo/o
of the incident light that is reflectedfrom the detectorsurface never return to the surfaceagain in any nonnegligible
amount. Surrounding parts have to be highly absorbing,
and return to the detectormust only be possibleafter several reflectionsto reducethe returning power to a negligible
value. Coating with optical absorbingpaint is one way to
achievethis, and again,angling the detectoris another.By
these methods,not only is instrument accuracyimproved
by avoiding internal back reflections to the detector,but
alsoreflectionbackinto a connectedfiber is totally avoided,
so interferencebetweenthe device under test and the measurementinstrument is no longer a problem.
The last remaining location of reflections is the front
surface of the customer'sconnector.Its reflection coefficient is unknown and totally out of the instrument designer'scontrol. The tilting angle would have to be larger
than 13ofor a 3.5-mm diameter connector to ensure that
reflected light missesthe connector.Such a large angle is
not practicable becauseit reduces the efficiency of the detector in terms of conversionfactor (AAIV).It also decreases
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Fig. 12. Posslb/e back reflection into the fiber.
the usable parallel beam diameter and thereby increases
the sensitivity to mechanical tolerances. This is because:
d.1i :

dpcos ct,

where dp is the diameter of the detector and a is the tilting
angle.
With reasonable angles (<5") the only way to avoid possible inaccuracies is to shade the (unknown and reflecting)
front surface of the connector with a specially shaped, absorptive painted surface inside each connector adapter (see
Fig. 10).
Uncoated glass lenses usually reflect about 4% of the
light at each surface (Fig. 11), so that an optical nonreflective coating is necessary. This can reduce reflections well
below 0.5%, so the power reflected back into the fiber is
small enough not to be a problem.
Fig. 1,2shows a simple approach for estimating the percentage of power that might return into the fiber. Let's
assume the typical multimode case with a fiber-core diameter D : 50 pm and a distance between the fiber and the
front surface of the lens system of s : 2.5 mm (not the
focal length). Then the cone angle for possible back reflections into the fiber core, according to the formula arctan
(0.5D/2s), is about 0.28". With the NA of this fiber being
0.2, the 95% power radiation angle is 11.5o. Assuming a
Gaussian power distribution, less than 3.5% of the emitted
power has to be taken into account. Since the lens only
reflects O.sVoof this power, direct back reflection is really
negligible (<200 ppm).
Nevertheless, although negligible in terms of back reflection, this reflection has to be taken into account for the
measured power, because 0,5% reflection at each surface
means 99% transmittance for a single lens, or 0.04-dB attenuation. This value is not negligible. Therefore, each lens
is delivered with a calibration factor, which easily can be
entered into the HP 8152A Optical Power Meter mainframe.
Because of possible variations of the nonreflective coating,
the transmittance of each lens is measured individually
and is engraved as a calibration factor on the lens housing
(for example, -0.04 dB for a single-mode HP B1010BL).
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A High-Precision
OpticalConnectorfor
OpticalTestand Instrumentation
by WilhelmRadermacher
IGH-PERFORMANCECONNECTORSare an important part of fiber optic test instrumentationand systems. The performanceof fiber optic instruments
and systems depends to a large extent on the performance
of the optical connectors. In fact, in many casesthe specifications of instruments depend more on the connectors than
on other factors. For example, the stability of a source depends more on the stability of the connection than on the
stability of the emitting device if the circuitry is designed
properly.
High-performance fiber optic connectors are used not
only in a direct connector-to-connector scheme like a utility
connector. but also as an interface to instrumentation containing bulk optical modules. What are the requirements
for a high-performance optical connector for instrumentation and why is a high-performance connector different
from a utility connector?
Utility connectors are used in large quanitities in optical
links. Therefore, they should be small and inexpensive,
and have low insertion loss. It is an advantage if they are
field-installable, especially in single-mode applications.
High-performance connectors, on the other hand, require
careful optical alignment which cannot be done in the field
and is expensive.
The key characteristics of an optical connector for instrumentation are:
High reliability and long lifetime. Utility connectors are
specified for 500 to 1000 cycles. In an optical communications link, this is more than sufficient, because connections occur only during manufacturing, installation, and
occasional maintenance. In instrumentation, especially
in a production environment, connecting cycles occur
very often, perhaps as many as 100 times per day on one

instrument. Lifetimes of 500 or 1000 cycles are not acceptable in this application.
r Repeatability of insertion loss on successive connecting
cycles. Although the overall insertion loss of a connection can be calibrated out in many applications, it is
essential that a measurement that is repeated lead to the
same result each time.
r Temperature stability of the insertion loss must be excellent to ensure repeatable measurements, especially during environmental testing of modules and components.
r Overall insertion loss is important to maintain the power
budget of a measurement. Since 1-dB maximum insertion loss is a common specification for good single-mode
connectors this is seldom a problem.

Needfor PhysicalFiberContact
The insertionlossof an opticalconnectoris causedby
two main factors. One is misalignment of the fiber cores.
The use of good high-quality parts with tight tolerances
and good workmanship in the connector production process can reduce the influence of core misalignment to a
minimum. The other main influence on the insertion loss
is the spacing between the ends of the glass fibers if they
are not in physical contact. At the wavelengths of coherent
infrared light used for information transfer in the fiber,
standing waves are caused by distances between fiber ends
of more than one tenth of the wavelength, which can be
as little as 100 nm. Minimal changes in this distance, which
are mostly caused by ambient temperature changes or
mechanical stress in the connectors, will cause large variations in insertion loss (see Fig. 1).
The only solution to this problem is a connector scheme
that assures physical contact between the fiber ends under
all circumstances. Only a physical-contact connector
makes it possible to reach low insertion loss under the

1.0
0.9
0.8

Measured
Values

t o.z

o.u
E
o

Spec

Average

variance

J 0.5
.9 o.l
E

E o.g
o.2
0.1
0

Insertion
Loss (dB)

1
0.6

0.2
0.1

0.1
0.05

Temperature
Stability
0 to 60'C (dB)

0.5
0.3

0.15
0.1

0.05
0.03

Repeatability(dB)

o.2
0.1

0.08
0.03

('C)
Temperature
Fig. 1, Temperature sensitivityof a connector without physical contact. At approximately 35", the fiber has expanded
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Fig. 2. Speclllcationsand measuredvaluesfor the mainperformance characteristicsof DiamondoHMS-10lHPconnectors. fop number in.each box is for single-mode operation;
bottom number is for multimode.

following conditions:
I Changes of ambient temperature of the connection. This
is very important if one connector is built into an instrument and exposed to the internal temperature rise caused
by power dissipation.
r Variations of insertion loss between connector pairs if a
large number of connector combinations are tested.
A number of precautions are necessary to ensure physical
contact:
I The front face of the connector must be polished at a
very precise 90" angle to the connector ferrule.
r The diameter of the mating surfaces must be small
enough to ensure that resilient deformation of the material leads to physical contact, and must be large enough
to ensure that no permanent deformation of the material
occurs. A well-defined spring force can ensure physical
contact and prevent permanent damage.
r A loose connector sleeve bushing is needed to prevent
mechanical stressesin the connector ferrule and bushing
when the connector is tightened.
The Diamond@ HMS-I0/HP Connector
The high-precision, high-performance connector used in
the new family of fiber optic instruments described in this
Diamond HMS-1o/HPvs. Reterence
Single-Mode
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issue is the Diamond HMS-10/HP, developed jointly by
Diamond and HP, and assembled by HP. This connector
meets all of the requirements discussed above. Also, since
many of the instruments described in this issue are intended for use in single-mode as well as multimode applications, it is necessary that the connector meet the requirements of both applications and that single-mode and multimode connectors are fully compatible. The Diamond HMS1O/HP also meets this requirement.
Both the connector ferrule and the connector bushing
are made of tungsten carbide. Tungsten carbide is a very
hard material and it was expected that in spite of the very
tight tolerances involved it would wear less than any other
material. Extensive lifetime tests of more than 1.0,000cycles
have shown that the connector has a very long lifetime.
All connectors tested were well within soecifications after
these tests.

ConnectorCharacterization
of opticalconA majorproblemthateverymanufacturer
nectors faces is the definition of a worst-case specification
of the insertion loss and other parameters. This is because
only a small number of connectors are available and can
be characterized at any time, since most connectors from
previous production lots are at customer locations and not
available. The insertion loss is a characteristic of a particular connector pair, not of one connector only. The only
way to guarantee quality is to make measurements on a
limited sample base using statistical methods.
The margin between the average measured insertion loss
and the maximum specification depends on the variance
and the desired probability of meeting the specifications.
It was our goal to reach a probability oI gg.7o/othat any
HMS-10/HP connector would meet the specified insertion
loss measured with any other HMS-10/HP connector. Assuming that the measured values fit a Gaussian distribution, this means that desired maximum specification is
equal to the average value plus three standard deviations.
Fig. 2 shows the main performance characteristics of the
HMS-1O/HP connector, comparing measured values with
maximum specifications. Fig. 3 shows the distribution of
insertion loss measurements and compares it with a Gaussian distribution. Fig. 4 shows the temperature sensitivity
of a typical HMS-10/HP connector.
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Fig.4. Temperature sensitivityof a typical Diamonda HMS10lHP connector. The two curves are the resultsof cycling
up and down.
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Fig.5. Principal fiber core alignment procedure.

Alignment
Core-to-Core
opticalfibers
of single-mode
Althoughthecharacteristics
have been improved over the last few years, eccentricity
of the corecan lead to excessinsertion lossunlessa core-tocore alignment is done. The production process of the
HMS-10/HPincludes this alignment.
The principal method of core alignment is as follows.
The hole in the ferrule, which will eventually hold the
fiber, has a diameter of nominally 135 pm. It is, therefore,
quite easyto insert the fiber, which has a cladding diameter
of nominally 125 y,m. Another advantageof this connector
is that only one type of ferrule is usedfor different cladding
diameters(theycan vary approximatelya 2 pm evenwithin
one batch of fibers). The fiber is centeredin the hole by
applying force on the front face of the connector with a
special tool, which stamps a circular V-groove into the
front faceof the nickel-silver insert of the tungstencarbide
ferrule (Fig. 51.After this, however, the core of the fiber
may be slightly out of center.
The eccentricityof the fiber core is then measuredusing
a TV camera and visible light. An adjustment tool then
stamps a larger V-grooveinto a segmentof the previously
stampedgrooveand moves the fiber such than the core is
exactly centered(Fig. 6),
The area inside the circular V-groove is later polished
and used as the contact area.This ensuresa reproducible
diameter and consequentlya reproducible size of the contact area.
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DesignApproachfor a Programmable
OpticalAttenuator
by Bernd Maisenbacher, Siegmar Schmidt, and Michael Schlicker

ITH INCREASINGDATA RATES and wider repeater spacing, requirements on optical fiber
transmission systemshave become more stringent and tolerances have become smaller. Better test equipment, especially on the optical side, is needed to measure
performance and ensure that specifications are met.
At the same time, the demand for high-performance
transmission equipment grows rapidly. Production capacities mustbe built up and test procedures generated. Shorter testing times are needed to keep up with demand. One
strategy for achieving these goals has been the increasing
use of computer control and automation. Computer-aided
testing and HP-IB (IEEE 4BB/IEC 625) programmable test
equipment are solutions to the problem of longtesttimes.
In general, electrical test instrumentation can be operated
under computer control. This trend, however, has not yet
penetrated the area of optical measurement equipment to
the same extent. In the case of optical attenuators, there is
quite a variety of manual attenuators available, but only a
handful of programmable models for single-mode applications. This availability is important for high-performance
transmission systems, which are now almost exclusively
implemented with single-mode technology.
The new HP B15BB Option 002 Optical Attenuator (Fig.
1) is believed to be the first variable optical attenuator
suitable for both single-mode and multimode applications.
It handles all fiber core diameters from 9 to 100 pm and
is calibrated at both 1300 nm and t550 nm. For other
wavelengths between 1200 nm and 1650 nm, it automatically calculates adjustment factors.
The HP 81588 Option 001 Optical Attenuator is designed
for the wavelength range from 600 to 1200 nm and is cali-

Flg. 1. The programmable HP 81588 Option 002 Optical
Attenuatoris designed for multimode and single-modeapplications and is calibrated at 1300 and 1550 nm. Another
model, the HP 81588 Option 001, is calibrated at 700, 850,
and 950 nm.

brated at 850 nm. It handles fiber core diametersfrom 50
to 100 pm.
The maximum attenuation range of both attenuatorsis
60 dB. Resolution is 0.01 dB and typical insertion loss is
1.0 dB for multimode and 2.0 dB for single-mode.Precise
calibrationand a digital display ensurerepeatabilitywithin
0.04 dB over a temperaturerangeof 0 to 55"C.
The HP B15BBhashigh-precisionDiamond@HMS-10/HP
connectors(seearticle, page28) and is fully programmable
via the HP-IB.
Optical System
Commerciallyavailablefiber optic attenuators,both programmable and manual, use a range of techniques for
achieving the optical attenuation.Many use a technique
based on some angular, lateral, or axial displacementbetween the two fiber ends. Others use some sort of filter or
dispersive element. The HP 81588 uses two filter wheels
and various bulk optical components.
As shown in Fig. 2, a high-precisionoptical systemcollimates the light of the input to an expandedparallel beam
and refocusesit onto the output fiber, Fixed filters, a reflection prism, and a continuously variable0-to-10-dBcircular
filter arelocatedbetweenthe two lens systems.Fig. 3 shows
the optical block.
There are five fixed filters in 10-dB stepsfrom 10 to 50
dB to cover the attenuationrangeup to 60 dB. Thesefilters
are coated with a metallic neutral density layer, which
reducesthe wavelength dependencyof the optical density
of the filters.
All optical surfacesarecoatedwith multilayer broadband
antireflection coatingsto prevent interferencemodulation
and to achieve low insertion loss. The filters are angled to
the optical axis to prevent back reflection into the fibers.
The expanded-beam
technologywith attenuationfilters ensures that there is no mode selectivity in the caseof multimode fiber applications, and reduces the sensitivity of
the instrument'sperformanceto dust particles.In addition,
the attenuator optical blocks are produced and mechanically adjustedin a flow box and are sealedunder this same
condition to ensurea high level of dust-freeair inside the
blocks.
Both filters are aligned in the optical path, and eachhas
its own drive motor and optical encoder.
The digital design of the motor control circuits guarantees fast realignment for any changein attenuation setting.
Realignmenttime is typically 50 ms, so short measurement
cycles can be achievedwith automatic test systems.
Automated Callbratlon wlth Wavelength Correction
Linearity of attenuation characteristics is achieved by
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individual calibration in production. Using an HP 9000
Series 200 Computer, an automatic calibration program is
run on each unit. The attenuation of the fixed filters for a
given setting is measured at 1300 and 1550 nm forthe HP
8L5BB Option 002 and at 700, 850, and 950 nm for the HP
B15BB Option 001. Within the same measurement cycle, the
dynamic attenuation of the circular filter is also measured.
The measured data is processed by the computer and
transferred via the HP-IB to an EEPROM in the attenuator.
Any errors caused by the manufacturing tolerances of the
optical filters are calibrated out. In addition, the waveIength characteristics for the metallic filter coatings are
stored in the EEPROM. This permits the microprocessor
to calculate correction factors for each wavelength/attenuation combination. As a result, automatic correction is performed for the wavelength and attenuation settings made
by the user.

ConnectorConsiderations
In a sense, this approach to designing an optical attenuator can be described as an optical feedthrough connector with attenuating filters located along the optical path.
With single-mode operation selected, the optical coupling
is approximately characterized by a Gaussian distribution
curve.
Fig. 4 shows how the coupling loss varies with misalignment of two fibers. To minimize connector loss, the fiber
ends must be exactly positioned in the X, Y, and Z axes.
The HP B15BB uses connector adapters that can be precisely
adjusted at the focal point of the lens system with better
than 0.2-pm repeatability. To maintain this precision over
the instrument's operating life, a hard metal bushing and
a hard metal Diamond HMS-1O/HP connector are used for
each part. This approach minimizes wear and resultant
misadjustment.
Loss resulting from off-axis connector coupling can be
evaluated quantitatively. Two Gaussian beams can be
coupled without loss when they have identical beam
shapes. This means that the propagation axes must coincide
and that the spot radii must be the same. These conditions
must be fulfilled in all directions perpendicular to the prop-

Fig. 3. fhe opticalblock of the HP 815BBOpticalAttenuator
has two connectors, each with a /ens system.

agation axis. If these conditions are not fulfilled, the loss
can be calculatedas follows:1'2
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Fig.2. The optical systemof the
variable attenuator includes a
fixed filter wheel with 1)-dB increments, and a continuously variable filter wheel.
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The aboveformulas also apply to the Y direction, so that
the total loss then can be determined by the formula:

Vr.:Vu*Vlv.
Hardware
Both servo loops are closed in one of the two microprocessorsof the HP 815BB(Fig. 5). The other microprocessor
controls the display and the keyboard,handles the HPIB,
and calculates and transmits the positions for the motor
controller via the device bus.
Microprocessor. The heart of the digital motor controller
is an B-bit CMOS microprocessorwith 128-byteinternal
RAM and a 16-bit internal timer. The firmware is resident
in a standardEPROM.
Pulse Width Modulator and Motor Driver. To extract the
DeviceBus Interface

012345678910
FiberOflset(pm)
Fig. 4. Plot of coupling lossversusmisalignmentof two f ibers
follows a Gaussian distribution.

best possible performance at minimum cost, the digital-toanalog converter for the motor driver is a simple pulse
width modulator and the motor driver itself consists of an
inexpensive transistor full bridge. Therefore, the HP B15BB
needs only a unipolar 15V power supply for the motors
and a 5V supply for the digital logic. Fig. 6 shows the
design of the motor driver circuitry.
The control processor sets the PWM register. A 7-bit
comparator compares the content of the PWM register with
a 7-bit free-running counter. Whenever the PWM register
value is higher than the value of the free-running counter
Pulse Width Modulator

Fig. 5. HP 81588 digital motor controller diagram.
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the transistor bridge is enabled. The high-order bit of the
PWM register determines the turn direction for the motors.
The period of the PWM is 31.25 kHz, high enough to prevent audible noise.
Position Sensing System. The optical filter wheels are fixed
on the front of the motor shaft, so no mismatch between
the filter position and the position sensing system is possible. For the variable filter wheel, a 1024-track incremental
encoder is used, and for the fixed filter wheel. a 512-track
incremental encoder is used. Both encoders are standard
HP products. To get better resolution, the encoders are
driven in quadrature mode. In this mode, the effective resolution is 4096 (2048) tracks per revolution. This technique
is explained in the HP Optoelectronic Designer's Catalog.
The complete logic for the encoder driver including the
microprocessor interface is integrated in a gate-array-based
VLSI IC,
Device Bus Interface. The interface between the two microprocessors consists of three B-bit latches. Two latches are
used by the main microprocessor to transfer a command
and if necessary a bit value to the motor controller. The
third latch indicates the status of the motor controller and
is readable by the main microprocessor. It is also used to
acknowledge receipt of a command on the device bus. The
latches are software debounced.

Software
The software is designed to reduce the hardware requirements wherever possible. For this reason, a very simple
device bus interface and an inexpensive motor driver interface were possible. The test hardware was also reduced by
intelligent software design.
Self-Test. The self-test is divided into two sections. The
first section verifies the internal RAM after a power-on
reset. If this test fails, the motor controller tries to go into
a defined EXITcondition. Otherwise, the second section of
the self-test checks the internal timer of the CPU, the timer
compare register of the CPU, the external EPROM, the
PWM, motor, and encoder of the fixed filter wheel, the
PWM, motor, and encoder of the variable filter wheel. and
the initial position logic of both encoders.
If an error occurs during the self-test, the motor controller

indicates the enor and transmits the errors by way of the
status latch to the main microprocessor to aid effective
troubleshooting. In this case the motors are disabled to
prevent damage to the optical system.
Initialization
of the Position Sensing System. Since both
encoders are incremental encoders, the HP 815BB does not
know its position at power-on. Therefore, the software enables the initial channel of the encoders, and turns the
motors for a maximum of one revolution. When the index
pulse occurs, the 16-bit position counter is cleared and an
interrupt tells the motor controller that the encoders are
initialized.
Synchronization. After completion of the self-test, or after
an error, the motor controller waits for synchronization
with the main processor. The main processor starts the
synchronization with a special POWERON keyword in the
command register and the value register. The motor controller acknowledges receipt of this keyword by a specific
flag combination in the status register. The main processor
then sends the TRANSFERFINISH command, which is
answered by the READYflag from the motor controller. After
this synchronization procedure, the main processor can
transfer commands and values to the motor controller.
Transfer of a New Command. A command transfer is similar to synchronization. Normally, the main processor sends
TRANSFERFINISHto the command register. The motor controller polls the contents of the command register, waiting
for another command. When it finds a stable command in
the command register, the motor controller fetches the
value register. To acknowledge receipt of the command, it
sends BUSYby way of the status register. The main processor then sends TRANSFERFINISHagain and the motor controller sets the BUSYflag to READYwhen it completes execution of the command.
Motor Control Algorithm
Since the motor has practically no friction, the device
under control is an extremely unstable third-order system.
The transfer function is given by equation 1.
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where G is the gain, r,r, is the mechanical pole frequency
(2 to B Hz), and to, is the electrical pole frequency (16.5
kHr).
Different control algorithms were investigated to find a
solution that could guarantee a step accuracy of t1 step
of the encoders, a short settling time, and an overshoot less
than 1%. One of these algorithms, the deadbeat controller,3
is very fast and simple, but extremely sensitive to parameter
changes. If the temperature changes over a 50'range, the
position error resulting from the corresponding change in
the motor resistance is 25o/".
Another algorithm investigated, the state-variable controller,a is an accurate algorithm, but requires one division,
six multiplications, and four additions per sample and
motor. This needs higher performance than an 8-bit CPU
can offer.
A third algorithm, the standard PD controller, is an accurate solution,s but it tends towards some instabilities on a
third-order system, such as large overshoot and long settling times. For the CPU it is not a problem, requiring only
two multiplications and one addition per sample and
motor. The HP B15BB uses a standard PD controller, but
the software changes the controller gain depending on the
actual position. Equation 2 shows the transfer function of
an ideal PD controller, while equation 3 gives the conesponding output of a PD controller for a time discrete solution.
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Fig.7, Motor servo loop

the difference between the target position and the real position. Depending on these delta positions, the control algorithm selects the PD controller gain. For small delta positions, the PD controller shows aperiodic behavior, so the
system response is free of overshoot. Otherwise, the controller works with low velocity feedback. This would normally produce a large overshoot but a fast rise time. If the
delta position reaches the band with the aperiodic behavior, the higher velocity feedback brakes the motor and
prevents a large overshoot.
Fig. 7 shows the schematic of the motor servo loop.
To minimize the dead time between sampling and
stimulating the system, the motor controller precalculates
the terms involving only the preceding sample.
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yn(n) : Outputof PD controlleratsamplingtimen
xn : InputofPDcontrolleratsamplingtimen
: Deltaposition.
Every 1.048 ms, the CPU timer producesa timer interrupt. On eachinterrupt, the interrupt serviceroutine TIMER
alternately calls the motor controller routine for the variable filter wheel or the motor controller routine for the
fixed filter wheel. Thesemotor controller routines. MOTOR
FINECONTROL
and MOTORCOARSECONTROL,
sample the
motor positions and calculatethe delta position by forming
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A ProgrammableFiberOptic Switch
by Michael Fleischer-Reumann

The HP 8159A Optical Switch is a fiber optic switch
designedto simplify measurementsystemsin production and R&D environments.The main feature
of the switch is its good repeatability, which means that
once its three optical paths are characterized in terms of
insertion loss, many reliable measurements can be performed without having to do a recalibration cycle.
The HP 81594 is designed for applications at 850 and
1300 nm with 5O-trr.m
graded-index fibers. It has two inputs,
I and B, and two outputs, C and D. Three optical paths are
possible, as shown symbolically on the front panel (Fig.
1J: AC, BD, or AD.
The switch has repeatability of O.ZdB, low insertion loss,
HP-IB programmability, and high-precision Diamond@
HMS-1O/HP connectors that can be taken apart for cleaning.

Fig. 1. The HP 81 59A Optical Switchis designed for applicattonsat 850 and 1300nm with 50-pm graded-indexfibers.

Fig. 3. festrng a receivtng element with different sources.
modules. The manufacturer's own transmitter is driven
with the output of a BER (bit error rate) test set, and the
electrical output of the receiver under test is the input for
the BER test set. The purpose of the programmable attenuator is to find the power level where the BER begins
to increase over specified lirr:its.
Since transmitter modules often are not very stable in
terms of output power (not temperature stabilized), the
source might be drifting. Therefore, after finding the attenuation setting where the BER begins to increase, output
power of the transmitter is to be measured. This is easily
done by simply switching the transmitter output to a power
meter (e.g.,HP 8152A) using the HP 8159A Optical Switch.
In this application, a power splitter like the HP 81000BS
would also be helpful.
In Fig. 3, the reaction of a receiving element (for example,
a pin diode or a receiver module) to different types of
sources (a laser and an LED or sources of different wavelengths) is being tested. The HP 81594 is used to switch
the two sources.
Fig. 4 shows a test setup for a completely optical device
(for example, an attenuator). The HP 81594 makes it easy
to measure power with and without this device in the optical oath.

TypicalApplications
Fig. 2 shows a test setup that might be used by a manufacturer of fiber optic links to test the sensitivity of receiver

Connector
(To Take Reference)

Fig. 4. Iestsetup for an opticaldevice such as an attenuator.
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QualityMicrowaveMeasurement
PackagedActive Devices
A specialfixture,theHP 8510 MicrowaveNetworkAnalyzer,
and the conceptof de-embeddingprovidea solutionto a
problem.
formerlydifficultmeasurement
by Glenn E. Elmoreand Louis J. Salz
OMPONENTS AND DEVICES become more difficult to measuredirectly at microwave frequencies.
Although automatic network analyzers such as the
HP 8510 can make direct measurementswhen used with
calibration standardsthat have the same connector type as
the device under test, many times the device cannot be
connected directly to the calibration plane of the analyzer.
This is the casewith packagedtransistors.In the pastthere
has been no uniform way to measuresuch devicesto provide useful and accuratedata that can be verified by measurements made at different times and places by different
operators.As a result, circuits designedusing measured
data did not always operateas expected.This was for two
primary reasons:the measurementswere not sufficiently
accuratebecauseof instrumentation errors or limitations,
and the device environments (the fixtures) were not alike
and were often different from the application.
With the advent of the HP 8510 Microwave Network
Analyzer, instrumentation to make accurate and rapid
error-corrected measurementsis available. The need for a
standard fixture in which to make packagedtransistor measurementsfor a variety of packagestyleshasbecomeapparent. Accurate calibration of such a fixture is necessaryto
provide repeatableand accuratedevice data.
The HP 850144 Active Device MeasurementsPac responds to this need by adapting a suitable fixture for optimum operation with the HP 8510 and providing data
output formatsand archiving capabilitiesto meetthe needs
of those involved in measuringand using packagedactive
devices in the microwave region. The fixture allows the
measurement of the two most common package styles
through the use of specific fixture insertsfor each style of
package.Accurate data is provided through the use of the
precision coaxial calibration standardsavailable with the
HP 8510,togetherwith carefulfixture characterizationand
a techniquecalled de-embedding.De-embeddingcombines
the information a network analyzerobtainsfrom measuring
known standardsat the analyzer'scalibration plane with
known fixture characteristicsto allow fully error-corrected
measurementsright at the desired measurementlocation
inside the fixture.
The HP 850144Active DeviceMeasurements
Pacis a software and hardware applications product designedto harness the speed, power, and accuracy of the HP 8510 for
the measurementof active devices mounted in the HP
85041A Transistor Test Fixture, Fig. 1 (next page) shows
the active device measurementsystemblock diagram.

De-embedding
Conventional calibration standards could be used to
allow fixtured device measurementswith the HP 8510.For
packageddevicemeasurement,such standardswould have
to be device-like,that is, small packagedopens,shorts,and
loads for eachtype of device to be measured.They should
be of quality similar to available coaxial standards. Such
standardswould causeadditional expenseand require particular careto use and protect if accuracywere to be maintained. To avoid these difficulties, a different approach
was taken.
To allow the HP 8510 to make error-correctedmeasurementswithout using in-fixture calibration standards,a process called de-embeddingis provided.l'2'3 After the HP
8510 is calibrated with precision coaxial standards,the
softwaremodifiesthe HP 8510error-correctionprocess.The
analyzerthen operatesin a normal manner, as if a conventional calibrationhad beenperformedat the desireddevice
measurement plane within the fixture.
After measurement,the software acquires the fully errorcorrecteddata from the analyzerand provides a variety of
output formats that are specific to active device measurement and design. The resulting data can also be archived
in formats compatible with computer circuit analysis programs. This ability provides a vital connection between
real device measurementand application product design
or transistorfabrication processengineering.Examplesof
some of the available output formats are shown in Fig. 2.
Distributed Processing
Like many of today's newer instruments, the HP 8510
performs a complex measurementprocessinternally. It is
therefore necessaryto use new methods to interface the
complex system software within the instrument with additional external software. The approach taken with the HP
85014A Active Device MeasurementPac was to use the
capabilities of the HP 8510 whenever possible. This approach has resulted in a number of advantages.
The first and most obvious advantageis vastly improved
performance of the overall system. By taking advantageof
the HP 8510'sability to perform high-speedmeasurements
and error correction in real time, the HP 85014A software
is able to eliminate the need for any postprocessingof the
data before fully corrected s-parameterdata can be displayed. The HP 850144 softwareonly jumps into the measurementprocesswhen the instrument cannot perform the
needed operations.The modification of the HP 8510's internal enor correction is an example of this approach.
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The HP 850144 usesthe HP 8510'sinternal enor-conection algorithms to measurecoaxial standardsand produce
an error-correctiondata set that removes the systematic
errorsin the HP 8510.The HP 85014A softwarethen intervenesby reading these error terms from the HP 8510 and
modifying them to include modeled errors introduced by
the HP 85041A test fixture. Thesemodified error terms are
then returned to the HP 8510 so that the analyzercan perform a fully error-correctedmeasurementusing its built-in
algorithmsand high-speedprocessingcapabilities.The HP
85014A software from this point on only directs the measurementprocesswithin the HP 8510 and reads data from
the instrument after the data has been corrected.
A second advantageof the distributed processingapproach is the reduced complexity of the HP 85014A software packagerelative to what would have resulted if more
of the measurementprocesshad been included in the external computer. All measurement parameters are set
within the measurementpackageand sent to the HP 8510
to be checkedfor validity. They arethen adjustedto values
the HP 8510 can use.
Another benefit is consistencybetweenthe HP 8510 and
the HP 85014A. Since the measurementpac usesmuch of
the analyzer's system software directly, the feature set of
the particular HP 8510 configuration in use is directly apparent to the user of the measurementpac.
Measurement Pac Contributions
Contributions and benefitsof the HP 85014A Active De-

vice MeasurementPac include the following:
r Improved HP 850414 Test Fixture designed for more
accurate,repeatable,and verifiable measurements.Improvementsin fixture repeatability allow precise,controlled measurementsto be made to 18 GHz.By controlling fixturing variations the quality of the measureddata
is improved. Reductionof fixture Iossesalsoallows more
accurate measurement of devices with high reflection.
Another result is improved measurementverification,
assuringthat measurementsmade are correct.
r More accuratetransistor measurementbecauseof calibration by de-embedding.The use of de-embeddingallows precision coaxial standards to be used for calibration. Such standards, along with a carefully controlled and verifiable fixture, yield precisionmeasurements.
This allows leveraging available high-quality coaxial
standards to provide the best available measurement
data.
I Common verifiable measurement environment for industry-wide standardization of transistor measurements.
The controlled and modeledcharacteristicsof the fixture
and verification device permit rapid verification of the
entire measurementsystem.Data taken with one pac can
be verified and directly compared with data taken at
other times and places to allow meaningful analysis.
This allows device manulacturers and usersto communicate more effectively. Better correlation between manufacturers'datasheetsand userdesignsmay be obtained,
t Real-timefully error-correcteddisplay of measureddata.
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Fig.2. The HP 80514A measurement softvvareoffers a variety of output formats. It provides
data specific to the design and analysis of transistor amplitiers and oscillators and more
conventionals, h, y, and z device parameters.
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Since the desired device data is presented in real time
with the errors of the fixture removed from the data. the
effects of varying device parameters such as bias or temperature can be directly observed. This direct observation, along with the human ability to synthesize information, allows fundamentally new information about device performance to be obtained. This is of importance
in, for example, the design of low-phase-noise oscillators
where knowledge of parameter changes as a function of
bias may be useful in determining optimum resonator
design or coupling.
r Output formats appropriate to active device measurements. Although the HP 8510 Microwave Network
Analyzer can, by itself, provide several different formats
of data output, active devices are frequently characterized in additional ways. The active device measurement pac provides amplifier parameters including unilateral, transducer, conjugately matched, and Mason's
gain values. Mismatch gain, group delay, and amplifier
stability are also available. In addition, termination parameters, useful for amplifier and oscillator design, are
provided. These include optimum source and load terminations (to provide maximum available gain) and 1./s'

and1ls' for oscillator design. Unformatted output data
can be stored for later retrieval and comparison by the
measurement pac or stored in a format compatible with
circuit analysis and optimization programs.

AutomaticNetworkAnalyzerError Correction
Normally, an automatic network analyzer makes measurements by first going through a process called calibration. This process consists of measuring a number of known
devices called calibration standards.
Based on the resulting data and a model of how the
characteristics of the microwave hardware in the measurement system contribute to errors in measurement, called
an error model or error adapter, the analyzer corrects future
measurements to remove the systematic measurement errors. Device measurements are then made as though an
enorless network analyzer were located right at the location
FixturedMeasuremenl
Problem
Calibration
Plane

Measurement
Plane

Calibration
Plane

f

oo"n

J

]

"n""

Including Fixture Errors in Network Analyzer Error Adapter

3**
=<J
Eror Adaptel

Calibration
Slandalds

Cascaded
Error Adapter
Measurement
Plane

Fig. 3. For one-port error correction when the measurement
plane is the same as the calibrationplane, known calibration
slandards are measured first (top) and error-termvalues for
an error adapter are automaticallycomputed by theautomatic
networkanalyzer.Whenthe DUTis connected (bottom), these
error-termvalues are used by the analyzer to produce errorcorrected data.
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Measurement
Plane
Fig. 4. ln many cases the device to be measured rc not
located at the calibration plane. Rather,it is separated by a
fixture consisting of adapters, transitions,or other kinds ot
connecting networks.lf thesefixture effectsare included with
the original error terms obtained from calibration and the results returned to the network analyzer, direct measurement
of devices embedded within the fixture can be achieved. This
is termed a de-embedded measurcment.

where the calibration standards were connected.
Fig. 3 shows the network analyzer calibration and measurement process for a one-port test device. The calibration
process provides values for an enor model of the network
analyzer hardware characteristics. Imperfections in connectors and the analyzer's directional device are included
here. The error-correction software in the automatic network analyzer then adjusts the measured data to remove
the effects of these system imperfections.
For an error-corrected one-port measurement, the network analyzer solves the following equation. Since each
term has both magnitude and phase (or alternatively, real
and imaginary) components, the solution is performed in
the complex domain.
(s.t- - ear)
stta

at the measurement point are available. For many microwave measurements, calibration cannot be performed at
the precise location where data is desired. This is the situation addressed by de-embedding. De-embedding consists
of modifying the normal error-correction process of the
automatic network analyzer so that the errors introduced
by the hardware between the point at which calibration
was performed and the desired measurement location can
be removed by the error-correction process of the analyzer.
Referring to Fig. 4 and "Automatic Network Analyzer
Error Correction" above, the necessary error term modification for de-embedding a one-port measurement can be described. In Fig. 4,F..^,F21and Frr,F12 represent the fixture
reflection and transmission s-parameters for port 1 and
port 2, respectively. To allow the network analyzer to make
the de-embedded measurements. new error terms. e'. must
be calculated:

e6*e"1(s11--e41)

where srr.
stt-:
eat
€rf

"sr

actuals-parameterofthedevicebeing
measured
measured(uncorrected)value
error causedby the directional devicein
the system
transmissioncharacteristicsof the
hardware
error attributable to sourcematch of the
systemhardware.

Calibration for measurementof two-port devicesrequires
additional calibration standardsand a more complex error
model. Commonly an open, a short, and a load on each
port, as well as a through connection are used. Nine additional error terms are used for a total of twelve error terms
in the error model.
For a description of software signal processing in the HP
8510, including error correction, seethe box on pa9e47.
De-embedding Concepts
Conventional calibration and measurementprovides the
desired data as long as standards that can be attached right
Dielectric
Rod

e'ar:eat-n'f#
,
e.r :

(e.fF12Fz1)

11_";p;
. (e"lFtrFrt)

e*r:rzz*1r_*pr,

Here ei is set to the product of the forward and reverse
terms of the combined network to put the error matrix into
the normalized form required by the error analyzer.
These new error terms must be put into the network
analyzer for use by its error-correction algorithm. Real-time
display o{ the de-embeddedmeasurementis the result. In
the two-port measurementcase,nine additionaltermsmust
be calculated.
For de-embeddedmeasurementsto be possible, errors
caused by the intervening hardware must be known at the
time of measurement.
The HP 85041A Transistor Test Fixture is designed to
play the role of accurately known hardware to make de-em-

Airspace
Pol 1

tl , ,/ ,

/,

Push DUT

Flg.5. lntheHPSS04lAfransistorTestFixture,thetransistorleadsfitintotroughstodetermine
the device location accurately.
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bedding possible. The fixture is shown in Figs. 5 and O.
Fig. 7 shows the results, as first the fixture effects and
then the transistor leads themselves are removed from the
measured data by de-embedding. The device is a 0.5-pm
gate length GaAs FET.
Fixture Characterization for Accurate De-embedding
The function of a fixture is to provide a convenient connection to the measurement system. Often a fixture is used
to provide information about how a device will perform
in a proposed application. In such a situation, it is important that a fixtured measurement be nondestructive of the
device under test and relatable to the application.
A fixture used for network measurement should transmit
energy from the network analyzer to the device under test
with minimum loss and reflection. If the characteristic impedance of the device to be measured is greatly different
from that of the network analyzer, it may be necessary for

DUT

Fig. 7. Measurementof s,, of a
0.5-prmgallium arsenide field effect transistor.(left) A measurement without de-embedding inc/udes /osses and reflectionsintroduced by the entire fixture.
(center) The measurement with
the effects of errorscaused by the
fixture body halves removed.
(right) Errors caused by the entire
fixture-body halves, leads, and
parasitics-removed by de-embedding.

the fixture to provide impedance transformation. In any
case the fixture must efficiently couple the device to the
analyzer while perturbing the measurement as little as possible.
For an error-corrected measurement, careful hardware
characterization is necessary to allow the errors to be removed from the measurement, leaving only device data.
In any measurement, it is desirable to understand not only
the numerical value of errors introduced by the measurement process, but also the fundamental causes of errors
and how they relate to the application as well as the measurement.
This characterization can be performed in a number of
ways. The most common way is through the conventional
calibration process already described. Various types of
standards can be used with a variety of techniques to quantify the errors in the system hardware including the fixture.
An alternative is to calibrate (characterize) the system

Straight Lead.
Good Contact
on Pedestal

\...
Port 1

Fig. 5. (a) Dielectricrods ensurewell-detinedconnectionto the through leadsin the HP 85041A
fixture.Commonleads are grounded very close lo the translsforpackage by sandwiching them
between the top and bottom halvesof the fixture insert. lnsertscan be changed to accommodate
different package s$//es. (b) One body half, showing dielectric rods, center conductor, and
conductive elastomer.
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hardware excluding the fixture with the conventional process and available precision standards. The fixture can then
be separately characterized and the two characterizations
combined to allow error-corrected measurements inside
the fixture. This alternative is termed de-embedding.
In a sense, the fixture offsets the calibration standards
used to characterize the rest of the microwave hardware
iust before the time measurements are to be made. For the
measurement to be accurate, the description (model) of this
offsetting network must reflect reality at the time of measurement. The fixture essentially becomes part of the calibration standards used to arrive at the device measurement.
For high-quality measurements, whether de-embedded or
not, the fixture must be well-controlled and have known,
repeatable characteristics.
The fixture itself can be characterized for de-embedding
in more than one way. Direct measurement is one obvious
method. However. direct measurement of the fixture implies the availability of calibration standards that might be
used to characterize the entire system in a more conventional manner not requiring de-embedding. Also, this approach requires either that the measurements always be at
the same frequencies as the original fixture measurements
or that some kind of interpolation be performed to provide
values based on the original data points. Such interpolation
generally requires smooth, well-behaved performance between the original data points.
Another method is to use a model of the fixture to calcuIate fixture parameters. This model can be an equivalent
circuit model or an analysis based on physical dimensions.
In any case the modeling must produce a sufficiently accurate representation of the fixture's actual performance at
the time it is used for device measurement. Representing
a fixture in this way has the advantage of automatically
providing values at arbitrary frequencies within the valid
range. Additionally, the modeling process may help to uncover discrepancies between intended fixture operation
and actual performance, which simple measurement may
not reveal. This is of great importance in understanding

Fig. 8. fhe final fixturemodel has
good correlationwith the physical
fixture and its measured electrical
characteri stics.(TL indicates trans'
misslon line with imPedance,
length,and loss.)

the overall measurement process and applying the results
to any final application.
The second approach, that of using a circuit model to
represent the fixture, was used with the HP 850414 Transistor Test Fixture.

FixtureDevelopmentand Characterization
At the outset of the project, a commercially available
fixture was selected. This fixture provided a degree of device package flexibility and manufacturing precision important for the project. As can be seen in Fig. 5, the fixture
consists of symmetrical body halves between which is
sandwiched an insert. The transistor or other device to be
tested rests in the insert,which is tailored for the particular
device package style. The through leads of the device contact the coaxial center conductor of the body halves. These
halves effectively act as adapters between 7-mm coaxial
connectors and the device package leads.
The common leads of the device are sandwiched between
the top and bottom halves of the insert to provide a low-impedance ground connection. Good contact to the through
leads is assured by spring-loaded dielectric rods in the lid.
Each rod holds a through lead against the bottom of a trough
in the end of the coaxial center conductor (Fig. 6a).
The top portion of the insert and the top part of the
coaxial body half are hinged. This allows access for device
insertion and removal by simply opening the lid.
Very soon after we set out to characterize (model) the
fixture, the real-time measurement ability of the HP 8510
revealed that there were some fixture nonrepeatabilities.
The connections made by the lid to the fixture body were
not consistent and could result in considerable reflection
and loss. To combat this problem, a cylindrical conductive
elastomer was installed in grooves in the four mating surfaces of the lid to act as microwave gaskets. This significantly improved the fixture repeatability and also reduced
insertion loss.
Fig. 6b shows one body half without insert. The conductive elastomer is visible in the lid.
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To begin the modeling process,the fixture was considered in smaller sectionsrather than as a whole. One half
of the body of the fixture, without insert, was examined
first. Special coaxial devicesthat attachedat the plane of
the insert were available.Although thesedeviceswere not
in themselvesof sufficient quality and design to characterize the fixture adequately,they did provide a starting
point. Problemsnot only with the devicesbut with providing reliable connection to the fixture were obvious and
gave insight about how a better characterization might be
performed.Bestresultswere finally achievedby measuring
a short made from thin shim brass.The flexibility of this
material allowed good contact to be made to the ends of
the coaxial center and outer conductors.Repeatabilityof
measurementnot only for a given fixture half but also from
half to half was ascertained.This was possible since the
entire fixture is symmetrical. These measurementsindicated that differencesbetween shim-shortedhalf fixtures
were at least 40 dB down (lessthan 1%).
Once a good-qualityshort and high fixture repeatability
were obtained,as evidencedby smooth,near-unity reflection coefficientacrossthe entire 45-MHz-to-18-GHzrange,
further measurementswere made. An open-circuit measurementwas madeusing one of the specialcoaxialdevices
as a shield for the open. This shielding was necessaryto
prevent radiation from the open end of the fixture. A twoport measurementwas made of the two body halves connected togetherwith no insert. A small shim was placed
betweenthe center conductorsto assuregood contact.The
outer conductorcontactwas alreadyassuredby the conductive elastomer.The datafrom thesemeasurements
was read
by a computer and a circuit analysisand optimization program was used. This program allowed a tentative circuit
model of the fixture half to be developed and provided
circuit values that best fit the measureddata for all three
measurements.Initial topology for the circuit model came
from physical examination of the fixture. The coaxial structure was representedas series-connectedlossy transmissl l
coxPBRIsoN
REF I Unris

sion lines with discontinuities at their junctures representedby a fringing capacitance,which was allowed to
be frequency dependent.
The model for the open half-fixtureincludes an unknown
fringing capacitance at its end in addition to internal
capacitanceswhich were common to all three models.Initial values,as well as limits for thesevalues.were obtained
through physical examination of the fixture. For example,
the overall physical length of the body half and the locations of discontinuities resulting from supporting beads,
the slotted centerconductor,and the dielectric were easily
measured.Allowing the optimizer to selectvalues for line
impedance,loss, and discontinuity capacitanceyielded a
circuit model that is a good fit to all three setsof measured
data. Examining and optimizing a portion of the complete
fixture instead of the entire fixture as a whole speededup
the process and gave results that more nearly matched
physical reality. Solutions that fit the data but were not
physically accuratewere avoided.Additionally, greaterunderstandingof the nature of the fixture was obtained.
Final results for modeling two connectedfixture halves
yielded a model that fits the measureddata within better
than -40 dB (1%) for all measurements.
Along the way it was possible to use the current best
model to perform a de-embeddedmeasurementof the two
fixture halves connected together without insert. This,
along with measurementof the shim short, gave a direct
indication of the quality of the model, since residue or
error in the model was directly visible in real time. The
through connection looked very nearly like a zero-length,
lossless, reflectionless transmission line. Similarly, the
short appeared as a near-unity reflection at 180" on the
Smith chart over the entire frequency range.
Correspondingcalibrations performed with the special
coaxial standardsmentioned above were typically 15 dB
worse than this. Thus, the effort to characterizeand understand the fixture resulted in a considerable improvement
in measurementaccuracy and, perhaps as important, a
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Flg.9. Modelingandde-embeddingalongwithimprovementsinthefixtureresultinasignificant
improvement in transistormeasurements. lmprovements in trace smoothness over previous
measurements4(black trace) are evident with the HP 85014A(color trace). Thesame packaged
GaAs FET with the same blas conditions is being measured in both examples. The transistor,
which is small in terms of measurementwavelengthsand has a relatively simplestructure, can
be expected to have a smoothly varying response as a function of frequency.
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commensurate improvement in understanding of the fixture's operation,its limitations, and areaswhere additional
work might provide maximum return.
Once a good model for the body was obtained (residue
more than 40 dB below unity reflection for both short and
through connection), the insert and transistor characteristics and parasitics were arrived at in a similar iterative
manner, but this time using special transistor-like stan-

dards inside the inserts. Here again the processinvolved
using measurementsof the best characteristics of available
standards and using an analysis/optimization program to
generatea circuit and values to fit. As before, this iterative
processyielded new understandingof the operation,which
led to modification of the measurementprocessand reoptimization of the circuit model topology and values.
Fig. B shows the final model used for the transistortest

HP 8510 Software Signal Processirrg
Digitalsignal processingin the HP 8510 MicrowaveNetwork
Analyzer(Fig.1) beginsat the outputof the synchronousdetector
pair, which providesthe real (X) and imaginary(Y) parts of the
test and referencesignals.Offset,gain, and quadratureerrors
are correctedfor both of the lFldetectorchains before the test
vector is ratioed againstthe referencevector. The result is an
unprocesseds-parameterstoredintothe raw array.lf requested
by the HP 85.10user,subsequentdata pointstaken at the same
frequency are averaged together using a stable averaging
technique,thus enhancingthe HP 8510'sdynamicrange.
While the @w afiay is continuallyfilled under control of the
data acquisitionsoftware,the data processingsoftwareconcurrently removesdata from the raw array and controlsadditional
signalprocessing.Usingerrorcoefficientsthat modelthe microwave measurementhardware, the data is further corrected
througha set of vectormath operations.Thlscorrecteddata can
be converted from the frequency domain to the time domain
using the chirp z{ransformtechnique.Storageinto a data array
allowsquick responseto the user when makingformator trace
mathchanges.
Data can be stored into memoryand used in vectorcomputations with data from a second device. Comparison is acor simultaneous
complishedthroughvectordivision,subtraction,

display of data and memory.
The vector data is reformattedinto magnitude,phase,group
delay, or other formats.lt is stored into the format array,which
providesconvenientaccessfor scaleand offsetchanges.Scaled
data is storedinto a displaylist,lrom whichthe displaygeneratof
hardwarerepetitivelycreatesa plot on the CRTfor a flicker-free
display.
Input and output access is provided to all the arrays via the
HP-IB (IEEE488/lEC625). S-parameterscan be obtainedfrom
the data array. Direct plotteroutput rs from the format array.
The usercan trade ofl the data updaterateagainstthe number
of data points by selectingresolutionsfrom 50 to 400 points.
A multitaskingsoftwarearchitectureprovidesthe fastestpossibleupdaterate by allowingdata processingto take placewhen
the data acquisitionsoftwareis not busy. Overlyingcommand
and control tasks interleavedata processingwith acquisition
cycles for two-port error correctionand dual-channeldisplay
modes.
Michael Neering
ProjectManager
Division
NetworkMeasurements

Fig. 1. HP 8510 Automatic Network Analyzet software signal
processlng.
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fixture.
Application of the Data
Sincethe transistoror other active deviceis not generally
mounted in the application as it is in the fixture, some
correcting network may be desirable to correlate fixturemeasureddevice parameterswith those of an application.
A correlating network can be obtained using techniques
similar to those describedabove. Such networks depend
upon the application.For example,in a microstrip application, the boardthicknessand common lead groundingtechniques can affect device operation. Once the differences
between the test fixture and the application are known,
these differencescan be included with fixture-measured
data to predict the performanceof the device in the application accurately. Such fixture/application differences are
of most concernat higher frequenciesand for deviceswith
impedances greatly different from 50f,).
The de-embedded measurements that result from the
models developedhave proven themselvesto be considerably better than any available before. Fig. I demonstrates
the results of fixture improvements and de-embedding
calibration techniques.
Even without accounting for differences in mounting
technique in the application, data from the HP 850144
Active DeviceMeasurementsPac has beenusedto achieve
finished amplifier resultsvery closeto computerpredicted
values at 10 GHz. Constructedamplifiers have been measured with results within a few tenths of a dB of those
predicted by fixture-measureddata and a circuit analysis
program.It is believed that the dominant sourcesof variation in measurementsare operatortechniqueand package
characteristics.Bent leads, variations in plating, and the
positioning of the device in the fixture are critical parameters, particularly above 'J.2GHz. This is to be expected
when one considers that a few thousandths of an inch
variation in packageposition can easily causeseveraldegrees of error in the phase of a reflection measurement.
Verification
For the HP S5041ATransistorTest Fixture, the verification standardis a small planar crosssimilar in dimension
to a packaged transistor. Using such a device allows the
fixture's common lead characteristicsto be verified also.
This verification or check device is mechanically simple

and provides a good way to verify system performance.
Although this device is a good conductor, it is not a perfecl
short from the point of view of the measurement planes,
having both length and loss. To make the verification process easier, a special model was developed to de-embed
the check device's nonideal characteristics from the verification measurement. Doing this effectively normalizes the
check device to appear very nearly like an ideal short,
although it in fact has some reactance and loss. The actual
value of the measurement is not of importance, since the
goal is only to verify that the proper data is obtained and
that a calibration is good. This normalization by de-embedding the measurement calibration using the check short
normalizer model and measuring the check short allows
quick and easy verification of the system. The transmission
characteristics of the fixture are effectively verified by the
two one-port reflection measurements, since the stimulus
signal must travel from the connectors to the center and
back for such measurements. Although use of a single standard does not completely characterize (verify) a two-port
fixture, experience has shown that a broadband measurement of the check device provides a high degree of certainty
of fixture performance.
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