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Automated Testing of PCM
Communications Equipment with a Single
Self-Contai ned Instru ment
Microprocessor control of multiple sources and detectors
within this compact instrument achieves a new level of
automation for voice-channel measurements in PCM
multiplex equipment.

by Robert Pearson, Mark Dykes, Virgil Marton, Andrew
Batham, and Mike Bryant

I  N RECENT YEARS, the telephone network has seen a

I substantial growth in both the number of subscribers
I and the rate at which subscribers use i ts services. This

has prompted telephone operating companies to look to
transmission and switching systems based on pulse code
modulat ion (PCM) to provide the needed extra capacity.
As a result,  there has been a rapid growth in the manufac-
ture and instal lat ion of PCM mult iplex equipment, and
a corresponding demand for instruments that can test i t .

A  la rge  number  o f  per fo rmance charac ter is t i cs  tha t
should be met between the analog input and analog output
terminals (A-A) of a PCM mult iplex system has been rec-
ommended by the International Telegraph and Telephone
Consultat ive Committee ICCITT) and other international

bodies working on the standardization of PCM systems. In
addit ion, discussion continues on the digital aspects ofthe
mult iplex and although recommendations have so far been
limited mainly to the encoding and decoding characteris-
t ics and the digital interfaces, i t  is clear that performance
criteria for the transmit (A-DJ and receive (D-A) halves wil l
soon be defined. The development of an instrument that
addresses i tself  to this large range of measurements-
including many that are unique to PCM systems-has re-
quired a new approach to instrument design.

The Hewlett-Packard Model JzTgAlB Primary Mult iplex
Analyzer, Fig. 1, is the result of this new approach. I t  is a
comple te  measurement  sys tem conta in ing  bo th  ana log
transmitter and receiver sections packed into a sinsle en-

Fig. 1. Model 3779AlB Prrmary
Mult iplex Analyzer provides
multimeasurement capability for
tes t lng  PCM equ ipment  The
37794 shown here rs intended
primartly for European 30-channel
PCM sys tems.  The 37798 ac-
commodates the North American
24-channel system.
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The telephone network has tradit ional ly been an analog transmls-
sion system, but since the mid-1960's digital transmission systems
based on pulse code modulat ion (PCM)have become establ ished as
an alternative to, or a substi tute for, analog systems. The advantages
of PCM are clear:

Because of pulse regeneration in the repeaters, there is l i t t le pro-
gressive deteriorat ion of a signal on long-haul transmisstons,
bringing long-distance telephone cal ls up to the standard of local
calts.
Signal ing information (dial pulses, r inging and engaged tones,
etc.) is easi ly handled, as is data traff ic.
Many channels (speech or data) can be t ime-division mult iplexed
to share the same cable pair,  result ing in substantial savings in
outside plant and an increase in netvvork capacity to meet today's
rapid growth in demand.

PCM Transmission Svstems

Exchange B
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Multiplox
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Fig. 3, Ihe European 3l-channel system uses a f rame align-
ment signal in time slot 0 to identify eachspeech channel' and
a multiframe alignment stgnal tn time slot 1 6 to allow signaling
information assoclated with each channel to be distributed
throughout a l6Jrame multiframe. The 3779A ls designed to
interface with this syslem.

dc power to be fed down the signal cable (Fig 2).
A modern prrmary level mult iplex samples each of 24 (North

America) or 30 (Europe) audio speech channels at an B-kHz rate. The
samples are digit ized and combined by t ime-division mult iplexing
into a serial digital pulse stream. On the receive side, the samples are
demult iplexed and decoded back to analog signals.

A great deal of standardization has taken place on the detai ls of the
PCM equipment, l  and two dominant systems have emerged,both
based upon an B-kHz rate for sampling the audio signals. Clearly,
there have to be some identi f icat ion bits in the PCM stream that
enable the receive half of a PCM mult iplex to decode the serial bit
stream. Figs. 3 and 4 i l lustrate howthis is achieved. In each case, only
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Fig. 1 .  i  n a bastc PCM transmrssion system, the digital signal
(PCM stream) between the multtplexes ts regenerated at ap-
proximately one-mtle (1.6-kilometre) intervals.

A basic PCM transmission system is shown in Fig. '1 .  The cable pair
that used to carry one speech channel between two exchanges now
carries 24 or 30, Since this cable was original ly designed to handle
signals that have a bandwidth of 3.4 kHz and now carries digital
signals at 1.5 or 2 Mb/s, the l ine equalization networks have been
removed and replaced by digital regenerators. The coding permits

1 1 0 1 0 0 0 0 0 0 0 0 1

Einary Rz

Ternary AMI

HD83

Fig.2. The AMI (alternate mark rnversion) line code elimtnates
the dc component tn the srgnal, ailowrng dc power to be f ed to
the regenerators. Where no external clock is supplied, clock
recovery from the signal is helped by usrng HDB3 (high
density bipolar) coding, whtch elimrnates /ong slrlngs of 0's.
Any four consecutive 0's are replaced by 000V or B00V where
V is a recognizable code vtolation and B is a mark that ts
inserted to force successlve violattons to alternate tn sign. ln
North Ameilca, it is more common to use AZS (all zero sup-
pression) which replaces any digitrzed sample of eight 0's by
0000 0010 at the btnary level.
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Fig.4. ln the North Amencan 24-channel system, frame align-
ment and multiframe alignment tnformatton (more commonly
referred to as terminal f raming, F7, and srgnahng framing, Fs)

are both carrted tn a one-bit-per-f rame sequence. Signaling
information can be accammodated by stealing one bit per

channel everv 6th frame. The 37798 has been developed for
thls syslem.
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eight bits per t ime slot are transmitted, but this represents the output
ot a 12- or 13-bit  A-D converter that has been compressed to eight
bits in a pseudo-logarithmic fashion. A complementary expansron (B
bits to 12 or 13 bits) is performed prior to D-A conversion in the
receive half of a mult iplex. In this way, the number ol bits transmitted
per channel sample is minimized while good signal{o-noise perfor-
mance is maintained for a wide range of signal levels.

References
1. CCITT Orange Book Recommendations G 71 1, G.732, G.733
2. K.W Cattermole, Principles of Pulse Code Modulation,' l l i t fe Books Lld. 1969

closure. Send signals include single tones, mult iple tones,
and band-l imited noise. The receiver section has tunable
narrow-band f i l ters, a notch f i l ter, several bandpass f i l ters,
and both average and rms detectors. Level control is by a
programmable attenuator in the transmitter and autorang-
ing in the receiver. The analog measurement capabil i t ies of
the 3779AlB are thus applicable to any voice channel, in-
cluding FDM (frequency division mult iplexed) equipment,
although i t  is anticipated that the main use for this instru-
ment wil l  be in PCM systems.

Optional digital transmitter and digital receiver modules
provide for A-D and D-A measurements. The digital trans-
mi t te r  genera tes  a  comple te  PCM f rame fo rmat  w i th
selected t ime slots loaded with test patterns, whlle the
digital receiver can al ign onto a PCM stream and extract
information from the pert inent t ime slots. These options
also f i t  into the mainframe.

By having this hardware designed around a microproces-
sor ,  the  ins t rument 's  measurement  capab i l i t y  has  been
much enhanced. The microprocessor controls the circuitry
so as to perform a whole str ing of dif ferent act ions (signal
routing, f i l ter select ion, etc.) that together form a ful ly au-
tomatic measurement routine, such as swept frequency re-
sponse.  More  than 60  d i f fe ren t  measurement  rou t ines ,
l isted in Table I,  are preprogrammed. The 377SA/B readi ly
switches modes between A-A, A-D and D-A tests and a
buil t- in data modem makes end-to-end (E-E) measurements
between two distant instruments possible. Extensive self-
tes t  rou t ines  are  a lso  inc luded.

The ins t rument  i s  ava i lab le  in  two vers ions .  Mode l
3779A provides measurements according to CEPT (Confer-
ence of European Post and Telecommunications) recom-
mendat ions  wh i le  Mode l  3779B prov ides  measurements
according to Bell  recommendations. Either one is powerful
enough to automate production and acceptance test ing
while being suff iciently portable for use in commissioning
and maintenance. Yet, they retain a f lexibi l i ty in manual
control that makes them useful to R and D personnel in the
continuing development of PCM systems.

Mult ichannel Operation
PCM mult iplex systems, usually cal led PCM mult iplexes,

are, by their very nature, mult ichannel devices and so the
3779AlB has been designed to drive the HP Model 3777A
Channel Selector, a bidirect ional 30-way switch, through
the HP-IB.* An init ial  programming stage defines the
parameters of each channel independently in respect of
impedance, balance, relat ive levels at input and output, and
*HP-lB: the HP interlace bus, Hewlett-Packard s mplementation of ANSI/IEEE 4BB-1978.

whether 2- or 4-wire. The instrument's processor refers to
this l ist each t ime a channel is selected. Up to 256 channels
may be specif ied this way, requir ing control by the 3779A/B
of nine or more 3777A Channel Selectors.

Although there are many ways of using the 3779A/B, a
common measurement configuration for test ing a PCM
mult iplex is shown in Fig. 2. During A-A tests, the PCM
stream at the terminal output is looped through the 377SA1B
from the optional digital receiver to digital transmitter back
to the terminal input. By making the connections in this
way, the 377SAIB can perform A-A, A-D and D-A tests
without the need to recable for each mode.

Simpli f ied Control
As a result of the advance of technology in recent years, i t

is now possible to gather in one instrument a large amount
of measurement hardware. Just as in the case of an LSI chip,
where the capabil i ty of the device becomes l imited by the
number of pins avai lable rather than the internal circuitry,
so does front-panel control of the functions of a modern

Table l. Measurement capabilities of the 3779A/8.

Measurements A-A A-D D-A E-E

G a i n ' . . . .
High-accuracy gain .
Gain using peak codes .
Digi ta l  mW gain .

Ga invs f requency  .  .  .  .
Gain vs level  using noise (3779A only)  .  .

Gain vs level  using tone .  .  .  .
Gain vs level using peak codes .
Gain vs level  using sync 2-kHz .
Pedestal (coder offset) .
Id le channel  noise psophometr ic

(3779Aon l y )  .  .  .  .
Id le channel  noise C-message

( 3 7 7 9 B o n l y )  .  .  .  .
Id le channel  noise 3-kHz f lat  .  .  .  .
Id le channel  noise select ive .  .  .  .
Noise-wi th- tone .  .

Quant iz ing distor t ion using tone .  .  .

Quan t i z i ng  d i s t o r t i on  us i ng  no i se

[3779A only)  .  .
Inte l l ig ib lecrosstalk .  .  .  .
Intermodulat ion using two tones .  .
Intermodulat ion using four tones

(37798 only)  .  .
Discr iminat ion against

out-of-band inputs . .

Spur ious out-of-band outputs .  .
Spur ious in-band outputs .  .  .

Return loss (Tx and Rx) .
Impedance balance (Tx and Rx) .
Signal  balance .  .
E & M s i g n a l i n g d i s t o r t i o n  .  .
Analog level  .
Digital level .
Remote alarms (3779,{  only)  .
Mul t i f rame al ignment (3779A, only)  .
Frame al ignment (37794. only)  .
Local  a larms (3779,4,  only)  .
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HP 37794/8
Pdmary x Anrlyzer

complex instrument become a real problem. The 377SAlB
avoids the need for a potential ly confusing array of dials
and switches by using a special-purpose keyboard and an
interactive CRT display. Ease of use is a major benefi t  result-
ing  f rom th is  approach.

An important concept is that control of the 3779A/B is at
the measurement level rather than the functional level.  The
user selects GAIN, for example, and enters frequency, level
and so on instead of tuning an osci l lator and sett ing an
attenuator. An area ofthefront-panel keyboard (see Fig. 3) is

designated MEASUREMENT. When the GAIN key is pressed,
for example, a display is presented on the CRT that de-
scribes the measurement in terms of i ts parameters, in
this case the number of channels to be tested, the signal
frequency and level, and the result l imits (Fig. 4). These

default values for the parameters are preprogrammed, as is

the structure of the measurement defining the selection of
hardware functions and the sequence of act ions within the
measulement. Although the default values are stored in
ROM the user can modify any parameter to suit  the specif ic

test procedure by using the cursor control keys to posit ion

PCM
Stream

Fig. 2. A typical measurement
configuration for A-A, A-D, and
D-A testing of a PCM terminal.
Control of the 3777A Channel
Selector and a printer ts entirely by
the3779AlB by way of the HP inter-
face bus.

the cursor alongside the number of interest and pressing the
numeric ENTRY keys.

Since the 377SAlB can perform so many measurements in

each mode (A-A, A-D, D-A, E-E) a CRT display is used to
permit a reduction in the number of MEASUREMENT keys.

Each of the seven most-often-used measurements has a

unique key while the OTHER MEAS key brings up the dis-
play of a l ist,  or menu, of other measurements that are
probably used less often. Fig. 5 shows the l ist for the other

*,1il::il#ments. 
similar lists existforA-D, D-A, and E-E

Microprocessor Control
The use of processor control in the 3779A/B gives several

benefi ts in the running of measurements:
r The complete measurement runs automatical ly, perform-

ing a series of act ions at each of a number of measurement
points (e.g. dif ferent frequencies in a GAIN V. FREQ test)
and, i f  required, repeating for each of a number of chan-
ne ls .

PCM
Terminal

t I l  l I  tLJ  t - , l*

Fig. 3. Ihe keyboard of the 3779AlB Primary Mult iplex
Analyzer.
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Fig.4. The display of the measurement parameters for a GNN
measurement in the A e mode. The white square ls a cursor
that is used to change parameter values.



Fig. 5, Typical orum urrc display /ists the measurements
available in addition to those rncluded rn the urnsuarurNr
section of the keyboard.

r Ari thmetic is performed automatical ly by the micro-
processor to convert results to the most useful units, e.g.
dB relat ive to ideal for a GAIN measurement. or dBm0p

for psophometrical ly weighted idle channel noise.
Testing is against programmed l imits, with an indication
of PaSS or FAIL for each result.
Pressing the PRINT key generates a ful ly formatted print-
ou t  o f  resu l ts  on  any  B0-co lumn,  HP- IB  compat ib le
printer connected to the 3779,{/8.
A nonvolat i le memory in the 3779A/B al lows for storage

of a sequence of up to 68 measurements. By use of the
INSERT key, any measurement with either default or mod-
if ied parameter values can be added to a sequence. WAIT,
REPEAT, PRINT and GO TO instruct ions, condit ional on mea-
surement results, can be programmed (see Fig. 1) making
the 377SA|B a self-contained automatic test system. Since
the storage is nonvolat i le, any programmed sequence is
retained indefinitely, even with the instrument switched
off.  Measurements may be modif ied, deleted, or added to a
sequence to suit  a user's changing requirements, but for
program security, this edit ing capabil i ty can be inhibited by
using a four-digit  numeric entry as a combination lock in
conjunction with the PROGRAM LOCK key.

For cases where 68 measurements are insuff icient, the
contents of the memory can be transferred to and from the
backup memory of an external control ler (e.g., a cassette in a

Faster Results with Automatic
Measurements

T he automating of measurements is one of the main beneli ts to be
gained from processor control in an intel l igent instrument. The
operator can be rel ieved of such tasks as sett ing frequencies, levels,
etc,,  and these tasks can be strung together into a preprogrammed
measurement routine.

Consider the quantizing distort ion measurement outl ined in Fig 1.
This measurement is performed accordrng to the CCITT methodl
which is, brief ly, to measure the noise present in a bandwidth of 800
Hz to 2300 Hz result ing from the quantization of a noise signal that is
l imited to a band of 350 Hz to 550 Hz. The result is the rat io of signalto
total distortion power, with an appropriate correctlon factor to relate
this to the ful l  PCM channel bandwidth of 300 Hz to 3400 Hz. The
recommended l imits vary with the signal level.

With the measurement parameters defined in Fig. 1 the fol lowing
steps are performed automatically by the 3779A/B for each of 30
soeech channels:

Fig.'1. Measurements can be defined in terms of a mixture of
spol polnts and sweeps.

1. lnstruct the 3777A Channel Selector to select the appropriate
cnannet.

2. Set up the interface condit ions for that channel ( i .e.,600O or
900O, balanced or unbalanced) and select the band-l imited noise
source as the st imulat ing signal.

3. With reference to the dBr levels* of the channel under test, set the
output signal level to -55 dBm0, the f irst point in the measurement
"mask".

4. In the analog receiver hardware, select the reference f i l ter (350 Hz
to 550 Hz), the rms detector, and a suitable gate time for the
voltage-tojrequency converter, then measure the signal level at
the output of the channel under test.

5. Select now the measurement filter (800 Hz to 3400 Hz) and mea-
sure the level of distort ion power at the channel output.

6. Perform the appropriate ari thmetic, including a bandwidth correc-
t ion factor, and display the result in d B with an indication of pess or
rnrt,  relatrve to the mask l imit.

7. Repeat steps 4 to 6 for transmit signal levels of -50 dBmo, -45

dBmO, etc.,  as defined by the measurement mask, displaying the
result for each signal level.

For measurement points lying within a sweep, e.g. -55 to -40

dBmO and -25 to - 10 dBmO in Fig. 1 ,  the appropriate measurement
l imit for each point within the sweep is calculated by the processor by
interpolat ing between the l imits specif ied for the sweep end points.

This measurement, running automatical ly, del ivers results at the
rate of about one every five seconds and will, therelore, characterize
a channel with respect to the complete CCITT recommended quanti-
zation distort ion mask in about one minute. This represents a consid-
erable improvement over exist ing manual test arrangements.

Reference
1.  CCITT Orange Book Fecommendat lon  0 .131.

-[.4u]tiplex equipment signal levels are described in dBm0, where zero dBm0 s the levelof a
standard signa at that point in the system. The dBr level at, say, the input or oulput ol a
channel, is the difference between 0 dBm and 0 dBmo a1 that polnt.
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desktop computer), giving the abi l i ty to store an almost

inf inite number of sequences of measurements.

Analog Transmitter and Receiver
The analog measurement circuits, i l lustrated in the block

diagram of Fig. 6, are simple in concept. Modular arrange-
ment and bus-structured processor control provide f lexibi l-
i ty of hardware configuration, al lowing eff icient use of cir-
cuits for many dif ferent measurements. Signal routing at
medium impedance is by means of bipolar transmission
switches fabricated in thick f i lm to HP design.

T h e  t r a n s m i t t e r  s e c t i o n  p r o v i d e s  b a n d - l i m i t e d
pseudorandom no ise  (CCITT 0 .131)  in  the  3779A or  a  four -
tone s igna l  (Be l l  Pubn.  41009)  in  the  37798,  in  add i t ion  to
single and double tones. The chosen output may be ad-
jus ted  in  leve l ,  impedance,  and ba lance.  I t  may a lso  be
routed to the receiver for cal ibrat ion measuremenrs.

The tones are generated by a synthesizer that is similar in
concept  to  the  syn thes izer  used in  the  HP Mode l  377oA
Amplitude/Delay Distort ion Analyzer, l  but provides three
programmable  f requenc ies  s imu l taneous ly .  These are  a
MAIN and an AUXILIARY signal, for use in 2- and 4-tone
intermodulat ion tests, and a local osci l lator signal for the
first mixer of the selective detector in the analog receiver.
Equally spaced samples of each waveform are calculated
and converted to an analog voltage that is retained in a

sample-and-hold circuit  unti l  the next sample for that
waveform occurs. The frequency is changed by altering the
incremental change of phase between samples. A single
digital-to-analog converter operates on a sample every 750
ns to generate a signal that is switched sequential ly to
separate sample-and-hold circuits for each output. Each
sample-and-hold is fol lowed by a suitable f i l ter.

The noise output originates in a pseudorandom binary
sequence genera tor  and has  a  spec t ra l  l i ne  spac ing  o f
4 . 7 7  H z .

In the receiver section, after impedance matching and
autoranging, the raw input signal is passed through f i l ters
specif ied for the measurement. Tunable '12-Hz and 4o-Hz
bandwidth f i l ters use three stages of mixing u' i th a local
osci l lator signal and f i l ter ing and provide an output at 326
Hz. Notch and bandpass f i l ter characterist ics are specif ied
by measurement standards.

The output from the f i l ters is restored in level by an
autoranging ampli f ier and converted to dc by squaring rms
or averaging detectors with selectable t ime constants. De-
tection is fol lowed by a voltage-to-frequency conversion
that involves gating a 1-MHz clock to produce a count
proport ional to sigr.ral level.

A sine-to-square-wave converter that operates on the
output of the autoranging ampli f ier, together with f lexible
counter control logic, provides combinations of clock and
gating period that enable the counter to measure the level,

Analog Transmitter

Cal ibrat ion
Path

-Sell-Test Inpuls

Fig. 6. Simplrfred block dtagram of the analog Tx and Rx secllons of the 37794lB Pnmary
Multiplex Analyzer.
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End-to-End Measurements

Production or acceptance testing of telephone channel banks is
usually done with the banks looped on themselves back{o-back.
This anangement, illustrated in Fig. 2 on page 6, requires only one
3779N8.

Some installation and maintenance procedures require instead the
testing of an actual channel between two points without far-end
loop-around. This configuration involves separate transmitting and
receiving ends with communication between the two. A pair of
3779N8 instruments can work together this way automatical ly,
communicating over the channel under test. Measurements may be
made in either direction and results may be displayed and/or printed
at the master end (see Fig. 1).

ln the 37791/8, almost all A-A measurements may also be made
end{o-end. The mult ichannel, sequence, and HP-lB control faci l i t ies
are the same as for other modes. When the master instrument is given
a RUN command, execution of an entire sequence can proceed
automatically without operator intervention. The slave instrument may
be unattended.

In the E-E modes, all software operations take place in the master
instrument, which actual ly executes the measurement routines (Fig.
2). When a run begins, the master instrument Jirst attempts to estab-
l ish two-way communication with the slave, scanning al l  avai lable
channels unti l  i t  receives a response. From the direct ion of test ing, the
master decides whether i tselt  or the slave instrument is the transmit-
ter, and accordingly directs the hardware commands eitherto itself or
via communications routines to the slave. Commands, results and
test srgnals are passed back and forth to complete the measurement.
The slave instrument simply executes hardware commands as they
are received and is unaware of the particular measurement berng
performed. No software operations are needed in the slave.

E-E Communication
The end{o-end capability of the 37791/8 requires no extra mea-

Fig. 3, End-to-end communications circuits

Fag. 1, End-to-end measurement
selup.

surement circuits. Rather, it is based on informatron processing and
control, and in a processor-based instrument these are easily pro-
vided.

Two standard lC chips and a simple filter are enough for the
processor to transmit and recerve asynchronous 600 bps FSK signals
on the channel under test, using exist ing measuring circuits for level
adjustment, channel matching, autoranging, f i l ter ing and sine/
square conversion (Fig. 3).

The data carrier is detected by a software routine that exploits the
flexibility of the analog receiver to check the level and frequency ol
the incoming signal.

Signal paths within the instrument are switched back and forth ior
measurement or communication as required, under processor con-
trol.

At the data-link level, the job of the processors at either end is to
ensure rel iable communication of messages. The l ine protocol is
designed to tolerate delays and errors in transmission but i f  the noise
or loss in a channel is too bad to permit communication, then both
instruments wil l  t ime out, re-establ ish communication on channel 1,
and continue the measurements on the next good channel. A "chan-
nel skipped" message is printed for the faulty channel.

Fig. 2. Automati c sy nch ron i zation
of E-E measurements.
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period, or frequency of the incoming signal.
Two forms of averaging are present in the receiver: the

time constant of the detector, and the gating time during
which the counter is enabled. For signals of known fixed
period, e.g., pseudorandom noise or the 326-Hz output of

the selective filters, measurements can be significantly
speeded by using a short detector time constant and allow-
ing the counter to integrate the varying detector output over
an integral number of periods.

End-to-end communication over the channel under test is

very simply added to the instrument since the existing
measuring circuits are already under microprocessor con-

trol and are thus capable of being controlled by another
instrument that communicates with the processor via

bui l t- in modems.
Measurement Accuracy

The instrument is designed to compare signals, for

example the signal received with that originally sent.
Therefore, the receiver's gain linearity defines the accuracy
of the instrument. The absolute level of the transmitter
output and the absolute gain of the receiver chain are both
irrelevant. The combination of primary autorange, averag-
ing detector, and voltage-to-frequency converter together
yields a basic accuracy of 0.0+ dB for the comparison of two
signals.

The instrument measures a signal in absolute terms by
comparing it with a built-in ac reference available at the
receiver input. This source is nominally 1 kHz at 3.535V
rms, but if the user can measure its actual level to better than
0.02 dB, that value can be entered by way of the instru-
ment's front panel for enhanced accuracy.

For self test, the circuit arrangements needed for mea-
surement provide for back-to-back tests within the instru-
ment. Extra signal paths are included for fault isolation.

A Digital Attenuator with l-dB Steps

One of the requirements in D-A (digital{o-analog) testing in a
primary multiplex is a digitized sine wave for frequency response and
level testing. The frequency synthesizer in the 3779r'i/B generates
digitized samples of a sine wave that are processed through a
digital{o-analog converter for use as the strmulus in analog tests. The
digitized samples are used directly for the D-A tests.

A second requirement is to manipulate the digitized samples to
synthesize attenuation of the prototypal sine wave. In the digital
domain, left-to-r ight shif ts of each sample would synthesize
attenuation in 6-dB steps. However, a meaningful test ol a PCM
decoder reouires finer resolution than this. Level control over a 70-dB
range in 1-dB steps was desired for the 37794i/8.

For a digital sample S, consider the fol lowing equations:

S  -  1  d B : 0 . 8 9 1 2 5 : 0 8 9 1 5  ( 1 )

" -  
1  . -  1  ' l

-  
16 

- 
32 

S - 
64 

S : 0.89065 -0.8915 (2)

Thus, attenuation by 1 dB ( i .e.,  mult ipl icat ion by 0.891) can be
achieved by subtracting from sample S a series of words that are
themselves shifted versions of S. Expressions similar in form to
equation (2) can be derived for other values of attenuation and, by
accommodating up to 8 shifts (i.e. 3/256), an accuracy of 0.03 dB can
be real ized. In the 3779FVB, the samples S are 12-bit  words, so 20-bit
ari thmetic is used to handle the sample and i ts 8-bit-shif ted versions.

Input
Sample

From
Processor

Fig. 1. Hardware organization for attenuating by shifting and
adding.

To cover  the  la rge  range o f  a t tenuat ions  requ i red ,  a
"coarse-plus-fine" approach is used. Input samples are initially
shif ted to give a coarse attenuation in 6-dB steps, and a t ine
correction ( +2 dB to -3 dB) is then applied. The complete operation
can be defined mathematically as:

o U T P U T : S s [ 1  t @ , ]  * " r [ *  * " u Z * l ]

Where Ss is the original sample S after shifting, and coefficients
ct to c8 have the value 0 or 1 as appropriate. lt is worth noting that
cumulative errors due to the approximation to 6 dB of each one-bit
shift (instead of 6.0206 dB) can be cancelled in the fine attenuation
stage.

Fig. 1 shows how the digital attenuator hardware is organized in the
3779N8. An attenuation code word (Fig. 2) is generated by the
processor for use by the control logic. The code word for 15-dB
attenuation is shown in Fig. 2.

The control logic operates as follows:
1. Load register 2 with input sample S.
2. Right-shift register 2 according to the coarse attenuation field.
3. Clear register 1 and perform an ADD. Registers 1 and 2 both

now hold the shifted sample Ss.
4. Right-shift register 2 and scan the fine attenuation coefficients

(cr, cz . . .)  unti l  a 1 is encountered.
5. Perform an addition or subtraction as defined by the ADD/SUB bit

in the attenuation code word.
6. Repeat steps 4 and 5 until attenuation is complete.

fAdd/Subtract
I

* t Fine Attenuation Field I

I  o  o l
t @ N r N o l

lS rS t= lS tS t= tS l

Coarse: 2 Shifts = 2 x "-6d8" = -12.041 dB
Fine: 'l - (114 + 1/32 + 111281 = - 2.963 dB

-15.004 dB

Fig.2. The format of the attenuation code word, shown here

for 15 dB. The 1/2term is never needed and is not included.

coarse Attenuation
Field
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Digital Transmitter and Receiver
Adding the optional digital transmitter and receiver to

the 3779AlB provides the capabil i ty within one instrument
of characterizing the analog-to-digital and di gital-to-analog
halves ofa channel band separately. The digital ports ofthe
instrument are designed to interface with the digital pulse
stream conforming to the framing structures outlined in
"PCM Transmission Systems," page 4.

Because of the marked dif ferences between the European
and North American systems it was necessary to define two
different digital transmitters and receivers. Where the op-
portunity arises, however, as much commonali ty as feasible
has been designed in. In a number of places wire l inks are
used to program operation at the circuit-board level to
either the European or North American standard, thus pro-
viding common boards for the 3779A and 3zzgB.

In both versions of the instrument, the digital receiver is
designed to accept the digital pulse stream in the ternary
alternate mark inversion form. The buffer amplifier on the
digital inputs enables Ihe 3779AlB to operate with cable
losses of up to 6 dB. In addit ion, an extra 30 dB of gain may
be inserted by means of a rear-panel switch to al low the
instrument to operate with signals from a low-level monitor
point.

The incoming pulses are buffered and converted from
their ternary form to binary by means of two high-speed
comparators. This binary stream is then fed to a clock ex-
tract ion circuit  consist ing of an inject ion-locked osci l lator
whose output may be used both to extract the data from the
pulse stream and as the master clock for the digital receiver.
Alternatively, the master clock may be derived from an
external clock input appl ied to the rear panel.

In many European primary-level PCM systems, a form of
data encoding cal led HDB3 is used to suppress str ings of
zeros. The 3779A decodes this format in i ts digital receiver.
North American primary level PCM systems do not use
HDB3-type l ine codes. Instead, an AZS (al l  zeros suppres-
sion) binary code is used which, because i t  is binary rather
than ternary, does not involve l ine code violat ions and is
not detectable at the receive end.

Framing
The digital pulse stream in a PCM system has a very

definite format or frame structure. Before any useful infor-
mation can be extracted from the data stream it  is necessary
to al ign the receiver to the framing of the incoming signal.
This is achieved by a synchronous state machine that can
handle common channel signal ing [CCS) or channel as-

E & M Signaling Measurements

Before any two subscribers can talk to each other over atelephone
system, a signal path must be establ ished between them. Information
on the number dialed, along with r inging and busy signals and
metering, has to be passed betlveen exchanges. In a PCM l ink this is
done by using the signal ing channel associated with each voice
channel.

Several types of signal ing are in common use. The 3779A/B is
designed to interface with the most common form, cal led E & M
signaling. This form is a teletype-l ike signal based on two states: oN
(input and output sink or source current) and orr ( input and output
open circuit).  Since a lot of signal ing equipment is bui l t  with relays,
the voltage level used is the full exchange battery voltage (about
50V). The battery voltage can be positive or negative, depending on
the system, and the oN state may be asserted either by pul l ing the M
input of the mult iplex to ground, known as ground signal ing, or pul l ing
the M input to the battery voltage, known as battery signal ing.
Likewise the E output of the multiplex may go to battery or ground
potential,  depending on the system in use.

The 3779A/B tests the sional ino channels of a PCM mult iolex bv

Exchange 1
Signal ing Uni l PCM Transmission

System

sending a square wave into the mult iplex Tx input, M, and comparing
it  with the square wave received at the Rx signal ing output, E. Any
difference in the mark/space rat io of the received signal is regarded
as signal ing distort ion which, i l  i t  becomes too high, could cause
errors in the received data.

To avoid having the operator program into the 3779A,/B exactly
what voltage levels i t  should transmit and expect to receive, the
3779N8 carries out several tests automatically to ascertain the
characteristics of the system under test before the actual measure-
ment. These tests are as fol lows. First,  the 3779N8 Tx output, M (on
the rear panel),  is set open circuit  and the state of the 3779lVB Rx
input, E (also on the rear panel),  is monitored and stored as the oFF
level. Next, the M output is pul led to ground. l f  the E input changes
state, then the mult iplex uses ground signal ing and the new state ot
the E input is stored as the oN level. However, i f  there is no reply, then
the M output is pul led to battery potential.  l f  the E input now changes
state, then the mult iplex uses battery signal ing and the new state of
the E input is stored as the on level.

l f  there was no change of state for either of the above then there is a

Exchange 2

Signaling Unit

Battery

Fig. 1. Simplified E & M system
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l f  a satisfactory reply to one of the transmitted levels is received,
then the signal ing measurement begins. A square wave program-
mable in frequency and mark/space rat io is transmitted from the
3779AlB M output using either ground or battery as the oN state
depending on the result of the earl ier test. The E input of the 3779A/B
looks only for the oN and oFF levels i t  previously remembered, thus
el iminating spurious results due to spikes or relay contact bounce.
The mark/space rat io of this reconstructed square wave is t imed and
calculated by the processor and the result displayed on the CRT.

Because of the low data rate in the signal ing channels--each
channel is selected once every 2 ms in CEPT systems and once every
1.5 ms in Bell  systems-there wil l  be j i t ter in the r ising and fal l ing
edges of the square wave. By averaging over several samples, the
delay in both the r ising and fal l ing edges wil l  converge towards the
same l imit,  thus tending to cancel out this source of error.

A simpli f ied E & M system rs shown in Fig. 1 ,  When the M input of
Exchange 1 is connected to the battery voltage (battery signal ing),
the signal ing bits in the PCM send l ink for that channel are set. These
bits are decoded in the mult iplex of Exchange 2 and the output
transistor is turned on, pul l ing the E output high. Exchange 2 signals
back in a similar fashion.

A simple test setup is shown in Fig. 2. This arrangement can be
extended to mult ichannel measurements by using a3777A Channel
Selector. The equivalent circuit  of the 3779A/B signal ing tester is
shown. The processor selects either ground or battery signal ing by
enabling either S1 or 52, and generates the required code by turning
the output on and off at the required rate using 53. The 3779N8
signaling receiver consists of two comparators that inform the pro-

Fig. 2. E & M test set up in the
37794t8.

cessor of the voltage level at the E input.
To allow for posrtive or negative battery voltages, each switch is a

sol id-state bidirect ional swrtch of the type shown in Fig. 3. The control
l ine in Fig. 3 turns on the transistors by way of the optoisolator. FoI
posit ive voltages atthe input, the current f low is through diode D1,
transistor Q2, and diode D4 to the output. For negative voltages,
current flow is by way of D3, Q2 and D2.

+5V

Control
L ine

Fig. 3. Bidirectional switch accommodates battery voltages
of either Dolaritv.

sociated signal ing (CAS) formats, depending on the posi-

t ion of an internal l ink.
Because of the dif ferences between the European and

North American frame formats, this is one area that requires
two separa te  c i rcu i ts .  For  European PCM sys tems,  the
cri teria for determining gain and loss of frame and mult i-
frame al ignment are exactly defined in CCITT recommen-
dat ion  G.732 and these c r i te r ia  a re  adhered to  in  the  377sA.
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For North American PCM systems, no such well  defined
standard exists. In the 37758, i f  three or more al ignment bits
are in error in a group of eight al ignment bits, frame al ign-
ment is then considered lost and is regained only af ier a run
of six correct al ignment bits. In the case of channel as-
sociated signal ing, mult i frame al ignment is also moni-
tored and is considered lost i f  frame al ignment is lost or i f
two consecutive mult i frame al iqnment bits are in error. I t  is



regained only after a run of twelve consecutive multiframe
bits are received correctly.

Once frame al ignment, and i f  necessary mult i frame
alignment, has been achieved in the receiver, data may be
extracted from the time slot of interest. This data can be
analyzed in digital form by the instrument's processor or
can be passed to the analog receiver via a D-to-A converter
that operates on the bits corresponding to low-level signals.

Converting the low-level signals to analog form has the
advantage that the complex weighting filters already pres-

ent in the analog receiver may be fully used for "digital

measurements" on noise and crosstalk.
In addition to extracting the data from the PCM pulse

stream, the digital receiver also provides a number of flags

to the processor so that the status of the incoming signal
may be monitored. These include flags for loss of signal,
loss of clock, loss of al ignment, and the alarm indication
signal (AIS) from the system under test, any of which could
result in an invalid measurement if not detected.

Test Signals
To perform D-A measurements, the digital transmitter

can generate a ternary PCM stream to the required format:
2.O48-MHz 30-channel for the European 3779A, or '1,.544-

MHz 24-channel for the North American 37798. Test data
may be inserted into this PCM stream depending on the
measurement to be made.

For tone-based tests (GAIN, GAIN V. FREQ., etc.) a digital ly
encoded sine wave is obtained from the frequency synthe-

sizer before the digital-to-analog conversion. It is selectable
in frequency and level (see "A Digital Attenuator with 1-dB

Steps," page 10) and may be inserted into any one t ime slot

under processor control. Alternatively, data generated di-
rectly by the processor may be inserted into the time slot.
This latter facility is used for such measurements as CCITT
1-kHz GAIN or 2-kHz GAIN V. LEVEL where the coded audio
signal must be synchronous with the frame rate, or in frame
and mult i frame al ignment tests (3775A only) where a
number of different data strings are required and the reac-
tion of the equipment under test must be monitored.

For all measurements the data in the channels not under
test-the "background PCM"-may be derived from one of
two sources. Either the digital transmitter generates the
complete PCM stream or it takes the signal presented to the
digital receiver and retransmits it with the required test
signal inserted in it. Internally generated background PCM
usually is a pattern nominally equivalent to that generated
by an idle channel, but for frame alignment tests, it consists
of a pseudorandom binary sequence to simulate traffic.

The ability to retransmit the received PCM stream allows
the user to generate any other background analog signal
that may be desired, such as when measuring crosstalk.
More importantly, it allows the digital path to be accessed
for A-D and D-A tests or looped for A-A tests without the
need to recable the instrument and equipment. With the
transmitter running in this looped mode, its crystal oscil-
lator is disabled and the transmitter clock is derived from
the receiver clock to maintain synchronization.

A further feature of the 3779A digital transmitter is its
abi l i ty to generate the HDB3 l ine code i f  required. Similarly,
the 37798 can suppress the al l-zeros codes for North

American systems.

Single-Channel Codec Testing
In anticipation of the needs of current developments in

single-channel codecs and TDM (time division multiplex)
switching equipment, a TTL interface is provided in the
digital option. The data (Tx and Rx) is arranged as an B-bit
parallel or serial signal together with a synchronization
signal at an B-kHz rate. This general-purpose form enables
simple external interface circuitry to be built for specific
applications.

Self Test
For self-test purposes, a means of automatically looping

the transmitter output back into the receiver is provided. By
using this looped signal along with the various flags gener-
ated in the digital receiver, the instrument processor is able
to test both the digital receiver and digital transmitter to a
high level and isolate most malfunctions to a section of
circuit .

The Processor System
The processor chosen to control the PMA is HP's CMOS/

SOS 16-bit parallel microcontroller chip (MC'), a high per-
formance, low power consumption device.2 Due to the rela-
tively large number of real-time tasks involving manipula-
t ions of the PCM data performed by the 3779A18, this pro-
cessor  rep laces  a  la rge  amount  o f  ded ica ted  d ig i ta l
hardware.

The processor section of the 37 7 I A/B cons ists of the basic
units of any computer system. The internal storage consists
of:
r 768 words of fastRAM (1word : 16 bits), which is part of

the processor board.
t 1.O24 words of nonvolat i le RAM consist ing of well-

proven ferrite cores, housed on a separate board.
t '1O24 bytes of DMA display RAM.
r 32K words of 2K x B PROMs for system control and

measurement routines.
t 2O4B words of ROM available on the processor board for

self-test purposes.
The 3779A/B is programmed manually from a keyboard

using an interactive display as a visual feedback device.
The keyboard was implemented as a scanned matrix and
uses the interrupt system to communicate with the proces-
sor. The display is based on a character generator that trans-
lates the ASCII characters contained in the 1K-byte memory
(to which the processor writes using the DMA technique) to
a g x 7 dot matrix. The display memory provides the
character codes needed for printing any display dump.

The processor controls the rest of the instrument via an
instrument bus that is completely buffered from the proces-

sor bus. The instrument bus consistb of six address l ines, 16
data l ines and one control l ine (strobe) and is regarded as
part of the processor's I/O bus.

The 3779A/B can also communicate with the outside
world. There are two basic means of establ ishing this com-
munication:
1. By way of the HP-IB, using the processor-to-HP-IB inter-

face chip (PHI).3 This LSI device is part of the same
CMOS/SOS family as the microprocessor i tself .  The
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HP-IB enables remote control of the 3779A/B as well  as
al lowing the 377sAlB to control i ts own satel l i te devices
(scanners, printer).

2. By way of the modem. An asynchronous, 600-bit /s
modem is used by the 3779AlB to communicate with
another 377SA|B on the l ine under test in order to per-
form the END-END class of measurements. A commer-
cially available FSK modulator/demodulator (MC1,441,2)

is used in conjunction with an asynchronous communi-
cation interface adapter (MC6B50).

The HP-IB communicates with the processor using the in-
terrupt system, whereas the modem input is continual ly
scanned while the processor is in i ts idle loop.

Al l  processor boards communicate via the processor bus
which consists of 16 address l ines, 16 data l ines, and I
control I ines. This bus is completely self-contained to en-
sure microprocessor avai labi l i ty for fault  detection and lo-
cation for the rest of the instrument. The microprocessor

chip itself together with 2K words of ROM is buffered from
the rest of the processor bus so i t  can be used to check the
remaining components of the processor system individu-
al ly. In this case, tests are control led from a set of dual- in-
l ine switches on the processor board while four LEDs en-
code the results of dif ferent tests.
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A B R I D G E D  S P E C I F I C A T I O N S
HP Model 3779AlB Primary Multiplex Analyzer

Standard inslrument provides analog-analog and end-end measurement capability. Analog-
digital and digital-analog capabil it ies are optional. The rieasurements are summarized in
Table I, page 5.

Analog Transmitter
SINGLE TONE:40 Hz lo 40 kHz, t50 ppm; 10-Hz resolution.
PAIRS OF TONES: 40 Hz lo 4 kqz, 150 ppm, lo-Hz resolution.
HARMONICS. SPURIOUS TONES: <-55 dB.
FLATNESS; 10.01 dB (200 Hz to 4 kHz);

10.05 dB (40 Hz to 10 kHz);
a0.3 dB (40 Hz to 40 kHz).

NOISE SOUBCE (3779A only): Meets CCITT Rec.0.131.
4-TONE SOURCE (37798 only): Meers BSTR 41009.
MAXIMUM OUTPUT LEVEL: + 13 dBm 10.2 dB (tones);

+5 dBm 10.2 dB (noise).
MINIMUM OUTPUT LEVEL: -76.9 dBm.
LEVEL RESOLUTION: 0.1 dB.
IIIPEDANCE (balanced or unbalanced): 600() or 900(}.
MAXIMUM DC ISOLATION: J56V.

Analog Receiver
MAXIMUM AC LEVEL: 12V p-p.
MAXIMUM DC LEVEL: t56V.
IMPEDANCE: 600() or 900f).
NOISE FLOOR; <-100 dBmo.
SELECTIVE FILTER: 12-Hz or 40-Hz bandwidth.
3-kHz FLAT FILTER: Meets BSTR 41009.
OUANTIZING DISTORTION: Meet CCITT Rec.0.131. I
PSOPHOMETRTC FTLTER: Meers CCTTT Bec. P.53. ) 37794 only.
NOTCH FILTER: 810 Hz.
4-TONE INTERMOD FILTERS: Meet BSTR 41009, I
C-MESSAGE FILTER: Meets BSTR 41009. ) 37798 onty.
NOTGH FILTER: 1010 Hz. J
INTERNAL STANDARD SOURCE:3.535V rms i0.2%.

E & M Signaling
OUTPUT

SIGNAL FREQUENCY: 5 Hz to 20 Hz, 1-Hz resolution.
DUTY CYCLE RANGE: 20% to 80%. 1o%-steDs.
MAXIMUM DC RANGE:  t56V,
MAXIMUM CUBRENT OUTPUT:  t lOO mA.

INPUT
INPUT IMPEDANCE: 50 kO to %Vbatterv.
DC OPERATING FIANGE: :56V (maxir;um), =2OV (minimum).
INPUT SIGNAL FREQUENCY: 5 Hz Io 20 Hz.
ALLOWABLE CONTACT BOUNCE: 3 ms (maximum).

Digital Transmifter
PCM FRAME FORMAT: Meets CCITT Recommendation G.732 (37794) or Recommen-

dation G.733 (3779B).

SIGNALING: CAS or CCS.
GODING: HDB3 or AMI (3779A); AMI or AZS (37798).
OUTPUT IMPEDANCE:75O unbalanced (3779A); 100O balanced (37798).
SYNTHESIZED TONE TEST SIGNAL:

FREQUENCY RANGE:40 Hz to 3.5 kHz, =50 ppm, lo-Hz resolution.

LEVEL RANGE: +3 to -64 dBmo, 1-dB resolution.
COMPBESSION CHARACTERISTIC: A-law (37794); plaw 137798)

OTHER TEST SIGNALS: Processorgenerated 8-bit words at mdimum word rate 1 word/frame.
TEST SIGNAL LOCATION: Any one time slot.

Digital Receiver
PCM FRAME FORMAT: I
SIGNALING: t
CODTNG: I 

As for Digital transmitter.

INPUT IMPEDANCE; t

RECEIVER CLOCK: Recovered or external.
FRAME ALIGNMENT: Aulomatic.
MULTIFRAME ALIGNMENT (CAS only): Automatic.
TEST SIGNAL SELECTION: Contenls of any one timeslot.
MAXIMUM WORD RATE: 1 word/frame.
TIMESLOT TRANSLATION MAPPING:

3779A: Contents TS(n), TS(n+16) exchanged.
37798: Conlents TS(n), TS(n+ 1 ) exchanged, for n an odd number.

Single-Channel Interface
FORMAT: I bits serial (or parallel) + sync signal.
WORD RATE: 1 word/lrame.
LEVELS: TTL.
INPUT IMPEOANCE (each line): 100O to 3.5V.

General
POWER SUPPLY: 115/230V ac, +1O 22o/o,48 to 66 Hz, 150 VA.
SIZE: 234 mm H x 426 mm W x 603 mm D (9.3 x 16.8 x 23.8 in).
wEtGHT: 25 kg (55 tb).
OPERATING TEMPERATURET 0 to 55"C.
CONNECTORS;

ANALOG TX, RX (front and rear):3-pin Siemens (37794); WECO 310 (37798).
E & M SIGNALING: Binding posts.
STANDARD SOUBCE OUTPUT: 50O BNC.

Options
3779A OPTTON 00r;

As 37794 standard, plus digital TX, RX.
CONNECTOBS: 75O BNC (all PCM interfaces); 37-way D-type (Singte Channel

lnterface).
37794 OPTTON 002:

As 37794 Option 001, excepl replace all 75O BNC connectors with Siemens 1.6 mm 75O.
3Z9B OPTTON 001:

As 37798 standard, plus digital TX, RX.
CONNECTORS: WECO 310 (all PCM interfaces); 37-way O-type (Single Channel

Interface).
PRfCES fN U.S.A.i Model 3779&8, $22,810; opts ooj and 0O2, $2285.
MANUFACTURING DIVISION: HEWLETT-PACKARD LTD.

South Oueensterry
West Lothian EH309TG
Scotland
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(analog circuits) helped ease the instrument into produc-
t ion. Continuous support in a variety qf tasks came from
Andy Horsburgh and Dave lelfs with Stuart Ross and, Iat-
terly, Colin Deighton covering production engineering
considerations. Of the many others who contr ibuted, men-
t ion must be made of Peter Huckett,  who was involved in
the definit ion stage and has covered the market aspects, and
of George Cooper for his many inputs regarding the test ing
of the instrument.
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Software for an Automatic Primary
Multiplex Analyzer

Measurement
Tables

Current Entry
Memory lndexes

Current Entry
Type

r*--t
Current Entry

Position

State
Variables

Measurement Tabls
Pointer (MTPI

the control program.

The Keyboard-Display Operating System
The 3779AJB is capable of more than 60 measurements

with dif ferent types and numbers of parameters ( i .e.,  level,
frequency, l imits, etc.).  I t  can contain descript ions of ZSO
channels, store up to 68 measurements in user-defined se-
quences, and keep information on the test and HP-IB con-
f igurations. Because of the volume of information to be
handled, the entry and display system is cursor-control led
and highly interactive.

Information is entered by cal l ing up the appropriate dis-
play and moving the cursor alongside the f ield of interest.
As a value is keyed in, the numeric entry routines continu-
al ly check i t  against upper and lower l imits, and prompt the
user with a message containing the relevant l imit value i f  a
mistake is made. In this case, the cursor freezes and f lashes,
and display changes are inhibited i f  necessary unti l  a cor-
rect entry is made.

Keys are provided to edit  parameter masks and measure-
ment sequences, and a FROM-STEP-TO format is avai lable
for swept parameters.

The mode and control states of the 3779AlB are always
present in inverse video at the bottom of the screen.

Data Tables
The details of display formats are held in ROM in the form

Scratch
Pad

RAM

Fig. 1. Display recipes dtrect the
assembling of data for presenta-
tion on the CRT.

by Mark Dykes

HE SOFTWARE in the 3779N8 had to meet two ob-
jectives: (1) to add intell igence to the powerful hard-
ware to furnish high-level solutions to specific mea-

surement problems: and (z) to provide a fr iendly front
panel that nevertheless al lows the operator access to the
full potential of the instrument. The control program is
therefore quite complex, occupying 34K words of 16-bit
memory. The main elements of the program are:
r The keyboard/display operating system
r Data tables
r The measurement package
r The self-test package
r The HP-IB package.

Apart from the table area, the memory contains two kinds
of code. Central service, speed-cri t ical,  and processor self-
test routines are assembled into machine code. The mea-
surement package and instrument self-test routines are
writ ten in a high-level language and compiled into inter-
mediate code that is interpreted as i t  is run.

Tradit ional instruments measure continual ly, and their
controls can be altered while they are running. The 3779AJ8,
by contrast, is a menu-controlled instrument with RUN and
STOP keys. After switching the instrument on, i t  is normal
to program it  as desired ( in the STOp state), and then to press
the RUN key. The measurement(s) specif ied are carr ied out
( in the RUN state), and afterwards the instrument reverts to
the STOP state. This division is basic to the organization of

Common
Tables

ROIII

Display Recipe

H
-

1
t
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of display recipes that are designed to be eff icient for the
more common types-al lowing sharing of str ings and so
on-but that are also f lexible to accommodate exceptions.

The f irst step in cal l ing up a new display is to create a l ist
of the requisite numeric values in a scratchpad area of RAM
(Fig. 1). For a new measurement display, these values are
default parameter values extracted from ROM via the dis-
play recipe, also in ROM. Thereafter, a common routine
reads the display recipe in conjunction with the parameter
l ist associat ing str ings and numbers on the CRT screen.
After the display is complete, keyboard modif icat ions to the
numbers displayed are also recorded in the scratchpad.

If  a measurement display is present and a RUN command
is  g iven,  the  re levant  measurement  rou t ine  is  found
through the measurement table, and run in accordance with
the associated descriptor.

A measurement in the scratchpad can be run as described,
or saved by storing i t  in the sequence area in nonvolat i le
memory [Fig. 2), This area is organized as four sequences of
17 measurements that can be l inked together to make one
long sequence. Because sequences vary in length and mea-
surements have dif ferent numbers of parameters, the se-
quences are stored as records of arbitrary length. The num-
ber of measurements that can be stored depends on their
complexity, because the size of the nonvolat i le memory
(NVM) is l imited. The sequence area is repacked when-
ever a measurement is deleted from a sequence.

A port ion of the NVM is used as a system area. This area
contains information l ike the HP-IB address of the instru-
ment, the user-measured value of the instrument's standard
source, channel descript ions, and other test configuration
data. An interesting feature is the soflware lock mechanism,
des igned to  p revent  unauthor ized  a l te ra t ion  o f  user -
defined information. Combinations can be entered to con-
trol access to individual sequences, or to disable al l  keys
except RUN, STOP and DISPLAY keys. Locking the keyboard
in this way l imits the operator to executing exactly the
stored sequence, a valuable feature in a production-test
environment.

The NVM contains in i ts system and sequence areas al l
the user-defined information in the instrument. This infor-
mation or parts of i t  can be transferred over the HP-IB to and

Current
Sequence/Measuremsnt

RAM

Fig.2. The nonvolatrle read-write
memory holds variable-length
scd//cn.cs lhat c.en be linked to
make one long sequence.

from an external control ler, so that the entire "character" of
the instrument can be saved, restored, or copied.

Having both scratchpad and sequence areas gives the
user several ways of working. Pressing a MEASUREMENT
key or extract ing a measurement from a sequence creates a
record in the scratchpad that the user can modify and/or run
on i ts own without affect ing the contents of the sequence.
New measurements can be added to the end of the sequence
and measurements already in the sequence can be ex-
tracted, modif ied and replaced in the same order (Fig. 3).

Measurement Routines
The 3779AlB makes measurements on voice frequency,

signal ing, and f irst-order PCM signals. Most of the mea-
surements need only a l i t t le processor bandwidth, so i t  was
possible to write them in a slow, interpretive high-level
language. They had to be read and understood by hardware
designers and test engineers, so legibi l i ty was useful at the
writ ing stage. I t  was also helpful to have the complex mea-
surement hardware interactions amenable to debugging by
means of the software trace embedded in the interpreter.

The quantizing distort ion measurement described on
page 7 under "Faster Results with Automatic Measure-
ments" shows what a typical measurement routine does.
Each pass through the routine represents a single measure-
ment point, whi le the run-t ime system processes loops for
point repeti t ion, parameter sweeps and channel sweeps.
When a sequence is run (Fig. 4), measurement records are
brought from the sequence area to the scratch pad one by
one as required.

Each type of measurement, for example GAIN, can run in
up to four modes (A-A, A-D, D-A and E-E). The routines for

dif ferent modes share as many subroutines as possible, and
in fact A-A and E-E routines are combined since A-A mea-
surements are made up of transmitter and receiver opera-
t ions that can be viewed separately even though they are
carried out in one instrument.

In A-D measurements, an analog st imulus is appl ied to a
channel bank and the received signal is a stream of PCM
words at frame rate, i .e.,  one every 125 pts. The 377SA|B
processor calculates the power represented by these words
in real t ime. Although this is a high-bandwidth task, writ-
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Parameter Modifications
via the Keyboard

- cutrent
Measurement

1."0"""""
I ̂ *"

Tables

Fig. 3. Ihe keyboard can be used fo se/ect, modify, and run
measurements either from the sequence area or f resh f rom the
tables. New measurements may be added to the sequence or
existing ones modifi ed.

ten in assembly language with attention to execution times
and interrupt handling, the software implementation saves
hardware in the digital receiver and allows the measure-
ment algorithms to be adaptive. Some D-A measurements
are made using tones at a submult iple of the PCM sampling
frequency. These measurements use the processor in real
time, generating a pattern of PCM words that is synchron-
ous with the frame structure of the digital signal.

Submultiple frequency digital tones must be synchro-
nous, otherwise phase beating occurs and results are not
repeatable. The programming problem here is that the main
analog receiver routines cannot accommodate the simul-
taneous generation of a PCM word every L25 1ts. Accord-
ingly, a dedicated analog receiver routine is used, writ ten in
the form of an assembly language loop. It generates a PCM
word every frame. The processor can generate flexible digi-
tal output signals to test the framing, error, and alarm logic
of the receive sections of channel banks. These capabilities
would be difficult to match in hardware.

Analog Receiver Routines
At the heart of the measurements are the receiver

routines. These have a software resolut ion of o.oozs dB.
The main analog receiver routine is drawn in Fig. 5. Its first
job is to have the input signal amplified to the level required
by the receiver, without overloading. This in i tself  is a
substantial task, since the instrument has to cope with
badly asymmetric signals and face either polarity of a dc
signal ing voltage of up to 56V across i ts input. Higher and
lower posit ive and negative threshold detectors show
whether or not the signal has settled symmetrically and
whether it is the right level. With the kind of time constants
involved, the routine has to wait up to 7.5 seconds for
asymmetry to disappear to be able to accommodate twice
56V.If  symmetrical sett l ing takes place within this t ime, the
routine proceeds immediately. Otherwise, i t  assumes the
signal itself is asymmetric and downranges if necessary.
Once the receiver filter has settled to some extent, the sec-
ondary autorange operates on its output, and after a further

delay for the final settling of filter and detector, the counter
is read.

Digital Receiver Routines
Readings of digital level are made in real time by the
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Software Development

At the time the HP SOS MC2 was chosen as the processor tor the
3779N8, no software development tools existed that would run on
the lab computer system at Hewlett-Packard Ltd. in Scotland, where
the instrument was designed. Starting from scratch, therefore, we
developed our own home-grown support tools that included Jeatures
designed to ease software development.

A large program must be generated in blocks so that changes can
be made with a minimum of rework. This is true during development,
where a 1K word reassembly is feasible (5 minutes) but a 34K word
one is not, and in production where the number of ROMs atfected by a
change must be kept down. The need is most simply met by generat-
ing absolute code, provided there is a sound method of linking blocks
together. Linkage is one of the processes supported by a f ile substitu-
tion facility, transferring to and from different source files during
assembly or compilation. Source files containing entry point declara-
tions exiSt for each block; the entry point tiles for all externals refer-
enced by a block are attached to it as it is assembled or compiled.

File substitution is a powerful tool. lt also allows different versions of
software to share files containing common sections, thereby avoiding
duplication and problems in making software changes (a shared
routine needs to be changed only once without having to remember
every place that uses it).

Large programs present another problem in the enormous number
of names to be handled by the support software: variable names,
procedure names, and named constants, lt is much better to name
obscure bit patterns for switch settings, for example, and then re{er to
them by symbols so that programs are legible and easy to change.
Support software that restricts naming is a nuisance; a 1000-name
capabil i ty is not overki l l .

The 3779A/B source program includes tables, assembly lan-
guage, and high-level language. The importance of data structures in
instrument control programs is not always recognized in currently
available software development tools, but our assembler (which is
written in Algol) includes powerful table generation features. For a
high-level language, we substantial ly modif ied an exist ing compiler.
The STAB- l language developed at Strathclyde University, Glasgow,
Scotland, ls in the Algol/Pascal iamily; it generates virtual machine
code for interpretation by the target processor. Our modifications
oriented the language towards the application (new standard func-

tions), towards the target processor (new byte/digit operations, op-
t imized 16-bit  instruct ions) and towards a microprocessor environ-
ment for which we added flexible mapping of pointers and code,
rmproved l inking, cal ls with parameter passing to and from machine
code routines, in-line machine code instructions, and treatment of l/O
ports as ordrnary variables in the source program. Despite shortcom-
ings, the resulting language was adequate for the task.

Software development took place on an HP 2100 disc-based sys-
tem (DOS l l l ) ,  thefinal product being absolute papertapesthatwere
either read into RAM boards in the prototype instrument, or later
burned into EPROMS. For a hardware development aid, we were
agarn  compel led  to  go  our  own way,  bu i ld ing  a  hardware
breakpoinVstep machine sitting on the processor bus and able to
take complete control of it. Our debug aid had extra memory space
for utility programs, a tape-reader interface, and a built- in 16-bit wide
EPROM programmer.

In the instrument itself, there is a trace embedded in the interpreter
loop for debugging STAB programs, with run{ime program error
checking, breakpoinVstep facilities and access to utility programs.
Final ly, there are diagnostics bui l t  into the main analog receiver
routine and the end-to-end communication routines that show on the
instrument display the levels measured or the messages conveyed.
These are invaluable aids to real-t ime debugging and fault{ inding.
Access to the trace, the ut i l i t ies and the diagnostics is control led by a
switch inside the 3779P/8.

The use of the STAB language improved development productivity
because, line for line, it generates more code than assembly lan-
guage and it is easier to maintain. Leaving aside the service pack-
age, the table below shows the makeup of the source. During the
software development, productivity was over 40 lines per man-day.

Source type Source lines Object words Words/line

Data tabies
Assembly
language

STAB

TOTAL

4092 5937 1.5

20165 16059 0.8
6000 13015 2.2

30257 3501 1

processor as described above. There is no time in software
for digital filtering of the samples, so the results are essen-
tially broadband. Some measurement routines use the peak
posit ive and negative PCM codes observed in 800 samples,
which give only a coarse measure of level but usefully show
up offsets in the PCM encoder. However, most high-level
A-D measurements use the rms routine that measures the
rms voltage by squaring and summing the received samples
to obtain a measure of the total received power (ac+dc), and
measures the average voltages by summing without squar-
ing, which yields the dc values. Thus, a simple calculat ion
can find the rms value resulting from the ac components
alone. The number of samples taken is 800, increasing for
lower levels to 4000. Low-level digital signals are passed
through a limited-range expanding D-A converter to be
measured in the analog receiver.

Run-Time Error Processing
If the level to be measured is too low for any one of the

stages in the process to work properly, a f lag is set causing a
< ( less than) sign to be displayed in front of the result.

However, some measurements, l ike the reference point of a
GAIN V. FREQUENCY test, must be correctly made. In this
case, a low level causes a run-time error to be flagged.

Errors during a run are processed in different classes.
Some operator programming errors can only be detected at
this stage. Some instrument fai lures are trapped in the mea-
surement routines, and measurements can be prevented by
bad operation of digital interfaces. For these three classes,
the run is aborted and a message is displayed. In contrast, i f
a measurement routine cannot continue because the test
channel fails-when a reference measurement cannot be
made, for example-then a message is printed, the channel
is skipped, and the run continues on the next channel.

The Self-Test Package
The 3779AlB is a complex instrument, made with many

hundreds of integrated circuits and large numbers of other
components. Processor control means that things happen
rapidly inside, and that measurement circuits cannot be
directly set up from the front panel. Fault detection and
location under these circumstances might well  be a night-
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mare were it not for the built-in self-test and service aids,
which take up fully one third of the software.

A vital part of testing a processor-based instrument is
testing the processor itself. The 3779A/B processor is de-
signed so that a basic minimum kernel can be verified and
then used to test larger areas. The tests run when the in-
strument is turned on while a switch combination is set on
the processor board; no keyboard/display operations are
required.

It is easy to implement self-test on the measurement parts
of the 3779A/B because it contains transmitter-receiver
pairs that can be connected for back-to-back testing. There
are relays to isolate and loop the analog, digital and signal-
ing circuits, and extra signal paths for injecting the stan-
dard source at intervals along the looped analog path so that
faults can be not only detected but also diagnosed.

After a simple counter check, the standard source can
verify the voltage-to-frequency converter, first on its own,
and then in conjunction with a detector. Progressively, the
overall analog path can in this way be verified against its
specification. The overall test can then be repeated using
the synthesizer as the st imulus.

Once the basic path has been establ ished, back-to-back
testing can be made diagnostic. Provided that only one
element in the signal path is altered at a t ime, faults can
usually be attributed to the last change made.

The basic self-test routines switch in alternative signal
paths and vary signal parameters, extending the area of
circuitry covered as far as possible. The analog routine tests

Table I

Switch set t ing Normal Sel f - tesl
I est routrne

at power-on power-on menu

pP chip X
Tes tROM .  .  X

ProcessorRAM X o X

Ma inROM X  o  X

DisplayRAM X o X
Display character X

Senerator
Keyboardi X

interrupt
Processor bus X

exerciser
NVM (core)2 X

HP-IB/modem X

HP-IB
command

a

a

a

a

Basic analog

Diagnostic analog
Filter masks
Digi ta l
Single channel

interfacel

Signal ingl
Service aids
Utilities

NOTES
1. Requires external connections.
2. Initializes NVM contents on exit

X
X
X
X
X

X
X
X

the continuity and gain of all signal paths, measures the
attenuators, filters, and amplifiers against the detector, and
checks all signal generators against the standard source,
assuming only the accuracy of the standard source and the
flatness and linearitv of the detector. The disital routine

X
X
x

. automatic
X selectable
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attempts to exercise all of the digital transmitter and re-

ceiver, but because they are more interconnected it is harder

to locate faults.
These self-test routines can be run in various ways (see

Table I). When the instrument is turned on normally, a
minute is spent f i rst on the processor, analog, and digital
checks as an automatic confidence test. If a fault arises in
the latter two routines, there is a temporary fault display,
but the instrument returns to normal operation. This is to
ensure recovery from a power failure in a remote unat-
tended Iocation.

The keyboard provides the main access to self  test via a
menu of routines. As a routine is run, many individual
parameters are checked against l imits. I f  there is a fai lure,
the condit ion is held and diagnostic information is dis-
played. The other i tems on the menu are service aids for
t roub leshoot ing  and ad jus tment  in  the  fo rm o f  many
specif ic tests that can be run and repeated individual ly.
Remote control of automatic self-test routines is provided

via the HP-IB, so i t  is possible to diagnose an instrument at a
distance, picking up failure information by requesting an
ASCII dump of the display contents. HP-IB runs always
include the processor basic checks to give confidence in the
results.

The self-test package has been valuable in qual i ty assur-
ance and production test ing, and in service support.  I t  has
made fault  descript ions more specif ic, speeded up trou-
bleshooting and kept the objective of component- level re-
pair within the realm of possibi l i ty.

The HP-lB package
The 3779AJB uses the HP-IB in two ways. First,  the HP-IB

enhances the power of the instrument as a stand-alone
measurement system with automatic channel selection and
print ing of results. Second, i t  al lows the 3779A/B to be an
intelligent part of a distributed surveillance or production
test system. Thus, it is capable of controlling its own sub-
system consisting of printer/scanner(s), or operating under
computer control.

The HP-IB addresses of the 3779A/B and all devices form-
ing its subsystem, together with the address of the system
controller, are defined by entries in the HP-IB CONFIGURA-
TION display. This display is accessed by pressing the HP-IB
ADDR/LOCAL key while Ihe 3779N8 is not under remote
control.

In a system containing a control ler other than the
3779A18, the function of control l ing the printer/scanner(s)

may be handled by either the 3779AlB or the other control-
ler (computer). The assignment of the control ler- in-charge
role then depends on the sett ing ofthe "take control" bits in
the HP-IB CONFIGURATION display.

Whenever the 3779AlB wants to use the bus in order to set
channels or print results, it will first detect the presence of
another controller in the system by sensing the state of the
HP-IB remote enable (REN) l ine. I t  assumes the presence of
another control ler when REN is true [ low). In this case, the
service request l ine ISRQ wil l  be driven true by the 3779A/B
and on serial pol l  from the system control ler, the 3779A/B
will either ask for controller-in-charge status, if the corres-
ponding "take control" bit  is set, or otherwise inform the
control ler of the task reouired and execute i t  under comput-

er control.
Alternatively, if the REN line is false (high), the 3779A/B

will assume the system controller role, execute HP-IB oper-
ation, and relinquish system controller status on comple-
tion. However, the number of tasks it can accomplish while
system controller is limited to those programmed in its
internal ROMs. To extend its measurement and system
capabil i ty, i t  can be placed under computer control.  Some
possible examples are:
r Different scanner configurations can be programmed.
r Measurement results can be processed stat ist ical ly, dis-

played in a graphical format, and so on.
r Additional measurement sequences can be stored by the

system control ler and distr ibuted to other 3779A/Bs in
the system.

r The 3779A/B may be run under remote control.
The 3779AlB bus commands can be divided into three

groups:
r Display select codes; used to select a specif ic display.
r Dump codes; to dump display, parameter, or system data

on to the bus. Parameter or system data may be stored and
subsequently reloaded in any 377SAIB.

r Execute codes; these init iate a specif ic act ion such as run,
stop, functional test, etc.
S ince  the  number  o f  ind iv idua l  parameters  in  the

377SAIB is extremely large, a cursor based solut ion has
been used to program it from the front panel. Consequently,
the group of parameters corresponding to a measurement,
system description, or HP-IB configuration form the basic
programming enti ty for remote control of the 3779A/B.
Also, to increase the level of confidence in a remotely con-
trol led 3779A18, a handshake to each command using posi-

t ive ACKnowledge in addit ion to the usual error f lagging
has been employed.
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Vector lmpedance Analysis to 1000 MHz
This new impedance analyzer measures fourteen
impedance parameters of two-terminal components.
/f's /ast, stable, accurate, and wide-range.

by Toshio lchino, Hideo Ohkawara, and Noriyuki Sugihara

ADIO FREQUENCY impedance measurements ,
tradit ional ly made with manually balanced imped-
ance bridges, have more recently been made with

analog vector impedance meters, Q meters, and network
analyzers. These have not always been satisfactory be-
cause of accuracy or dynamic range limitations. We wanted
to develop an RF impedance meter that overcame the de-
f iciencies of conventional impedance meters and could be
used as a system component covering the HF to UHF mea-
surement frequency range (1 MHz to 1000 MHz). The result,
Model 4191A RF Impedance Analyzer (Fig. r),  is an instru-
ment that is unparal leled in measurement speed, accuracy
and impedance measurement range.

This new analyzer's capabil i t ies depend heavi ly on i ts
powerful microprocessor and ari thmetic/ logic unit .  Mea-
sured data is digital ly corrected according to stored cal ibra-
t ion data and the corrected data is converted to the selected
parameters and displayed. This bui l t- in processing power
makes i t  possible to maintain a fr iendly user interface while
meet ing  today 's  exac t ing  cus tomer  requ i rements .  The
analyzer can serve a wide variety of customer needs, includ-
ing semiconductor and electronic component evaluation,
materials test ing, and communications-related component
measurement.

Probably the key feature of the 4191A is that i t  is not a

C:m LI-{S e
(m[K:j

. . . . ' , - . '
- f--F:-T-:-l
t- LJ-!-:-L:-' ;;;':. ".

l"tL-tl{ffi

conventional impedance meter that measures only imped-
ance. I t  can display any form of impedance including in-
ductance, capacitance, resistance, reactance, conductance,
dissipation factor, and so on. I ts measurable-impedance
range is 1 mil l iohm to 100,000 ohms in impedance or 1
microsiemens to 50 siemens in admittance, wide enough
for most appl icat ions.

Measured parameters can be displayed as lz |  , lV |  ,  e, n,
X, G, B, L, or C. Any measured parameter can also be dis-
played as a percent deviat ion from a reference set on the
front panel or programmed over the HP Interface Bus (HP-
IB).* As in conventional LCR meters, series or paral lel equi-
valent circuit  select ion is provided. This wide selection
al lows the user to choose the most suitable measurement for
the part icular device under test.

A second major feature is the analyzer's accurate fre-
quency settabi l i ty. A frequency synthesizer generates the
test signal, which remains phase-locked to an internal
quartz reference osci l lator. The frequency of the test signal
can be varied in 100-Hz steps from lMHz to 1000 MHz, The
100-Hz test frequency resolut ion is useful for measure-
ments on high-Q devices such as quartz crystals. Frequency
start,  stop, step, and auto or manual sweep controls faci l i -

'Compal ib le  
w th  ANSI / IEEE 488 1978.

: :

Cil3
Fig. '1. Model 4191 RF lmped'
ance Analyzer measures imped-
ances f rom 1 mlb 100 kA at f  re-
quencies from 1 to 1000 MHz.
Measurements are accurate within
0.5"/" to 2"/" of reading The
analyzer has frequency sweep
capabil i ty, 4lz-digit  resolut ion,
built-in dc bias with sweep capa-
bility , high stability , and a selectron
of versatile test ftxtures.
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Fig.2. (a) Capacitance and resis-
tance of a varactor diode as func-
tions of frequency, measured with
the 4191 A lmpedance Analyzer at
tvvo different bias voltages. (b) C'V
characteristics of the varactol
diode at two test freouencies.

tate the measurement of component characteristics.
A sweepable dc bias voltage, controllable in t0-millivolt

steps to +40.00 volts, is also included. This feature permits

a very accurate plot of semiconductor characteristics (C-V
plot).

HP-IB capability is standard and is useful in quality as-
surance tests or automated testing. All front-panel settings
are remotely programmable and the measured data can be
transmitted over the bus for calculation or manipulation.
This feature contributes to lowering the cost of measure-

ment and saving measurement t ime. With a desktop com-
puter on the HP-IB, complex measurement control,  stat ist i-
cal data analysis, and production of graphic plots of the
measured data are possible.

A bui l t- in backuo memorv memorizes al l  the cal ibrat ion

data for error correction and all the measurement settings.
This is an important convenience for making measure-

ments that are repeated daily. The analyzer can store up to
two independent  measurement  se tups .  A  memor ized
front-panel setup, including frequency and bias, can be
recalled instantly by pressing the recall key.

In UHF impedance measurements, test fixture design is

very important. Model 4191A offers a precision coax test

fixture, a convenient spring-clip fixture for holding chip

components ,  and a  convent iona l  Q-meter /R-X meter

binding-post fixture. Transistor impedance measurements

can also be done with a network analyzer fixture by extend-
ing the DUT port with an air line. For circuit probing, a

needle-t ip probe is avai lable.
The optional analog output offers an inexpensive way to

I .hp .  23
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make a permanent record of measured data. This option
provides dc output voltages proportional to the displayed
data. The swept bias or swept frequency capabilities can be
used with this option to plot the bias or frequency charac-
teristics of a component. Figs. 2, 3, and 4 are examples of
typical measurement results.

Gamma Measurement
The basic measurement oerformed bv the 4191A RF Im-

FRESUENCY CHARACTERISTICS
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pedance Analyzer is a reflection coefficient measurement.
The analyzer measures the vector ratio of the incident wave
(from the measurement port to the device under test) to the
reflected wave (from the device under test to the measure-
ment port). The concept and principle are the same as for a
port ref lect ion coeff icient (s11 or s22) measurement made
by a network analyzer. Knowing the reflection coefficient f ,
the impedance of the device under test (DUT) can be found
as fol lows:
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Fig.3. lZ lA characteristics of a
100-MHz fifth-overtone quartz
crystal.

Fig. 4. C-G measurements on
glass-epoxy and tef lon-epoxy
printed circuit boards. The con-
ductance curve shows that the
glass-epoxy board becomes lossy
at high frequencies.
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Error Correction in the Impedance
Analyzer

Systematic errors in the 4191A RF lmpedance Analyzer can be
measured by cal ibrat ing the analyzer using the short,  open, and 50O
standards that are provided. Once these errors have been measured
and stored, the analyzer automatically corrects measurements made
on unknown devices under test (DUTs).

lf we write f for the true reflection coefficient of the DUT and f- for
the measured reflection coefficient of the DUT, then:

e"'  I
f ' : € o o * # '  ( 1 )

where e*, 061 and €11 dr€, respectively, the direct ivi ty, tracking; and
mismatch errors of the receiver section,

lf we write f.no,, for f, of the short standard, foo"n for fm of the
open standard, and fo for f .of the 50O standard, then:

fsnon = fm ( f  = -1)  = eoo 
* ;  Q)

Open Capacitance
The open end of a coaxial l ine should look l ike an ideal open circuit ,

but actual ly i t  can be shown that the l ine is terminated in a capacit ive
admittance because of the effect of fringe fields and radiation.

The 4191A's open-circuit  standard is an open termination cap or
shielded open, lt is a short cylinder that mates with the test port
connector, and i ts discontinuity capacitance is approximately 0.082
pF. The reflection coefficient of this capacitance is the factor A used
in the error correction equation (5).

Calibration Data Interpolation
During cal ibrat ion, the 4. ' |91A divides the frequency range entered

by the user into 50 equalor logarithmic intervals. The instrument takes
calibration data at 51 points and stores it in its memory.

When the measurement frequency does not coincide with one of
the cal ibrat ion points, the 4191A interpolates between cal ibrat ion
points and carries out the errorcorrection process. Srnce the simplest
interpolat ion, a l inear approximation, often produces considerable
error, a cubic interpolat ion is done using a Lagrange interpolat ion
formula. A cubic curve that passes through four cal ibrat ion points,
two before the measurement frequency and two after the measure-
ment frequency, is generated. The value of this curve at the mea-
surement frequency is the value used for error correction.

Electrical Length Compensation
When a DUT is mounted at the end ol a 50O transmission l ine that is

extended from the reference plane of the 4191A, the incident wave
travels through the extended line from the test port to the DUT. The
reflected wave travels through the l ine from the DUT to the test port,
Assuming that the extended transmission l ine is a good 50O lossless
l ine, the ref lect ion coeff icient measured at the reference plane dif fers
in phase by twice the electr ical length of the l ine from the true DUT
reflect ion coeff icient. l f  the user enters the length of the l ine via the
keyboard, the 4191A compensates for the phase shif t  of the ex-
tended l ine. The compensating equation is:

i2al

f :  I ,  e T

Where f,  is f  at the reference plane, I  is the length of the extension,
and c is the velocity of l ight,

F  : F  1 F :- o p e n  ' m  \ -

f o : f m ( f :  0 ) : e o o

where A is the ref lect ion coeff icient of the open standard. The open
standard is a shielded open termination, and i ts capacitance
value is derived theoretical ly. There are three unknown factors in
equation . l  ,  and we have three equations (2, 3, and 4), so we can
solve for equation 1:

f =
F, (frnor - Fopun) A

F.no,t . iop"n (1 +A) - F, (Foo"n + A f",,o,,)

Where F., f.6on, and ioo"n are, respectively, f. - fo, f"5on -fo,

and foo"n - fo.
The 4191A solves equation 5 to derive the true ref lect ion coeff i-

cient of the DUT, then converts this value to the required param-
eters for disolav.

(4)

(5)

' - : ] *  s o ( o h m s )

The selection of ref lect ion coeff icient as the basic mea-
surement mode provides the fol lowing advantages:
1,. Easy remote control.  A measurement is done and the

data processed digital ly. There is no need to tune a
variable air capacitor.

2. Extension of the DUT port with 50-ohm transmission
l ine is possible.

3. Traceable impedance standards (0O 50O, 0S) can be
used for system cal ibrat ion.

On the other hand, the measured DUT is not always close to
50 ohms. General ly speaking, measurement accuracy is
poor for purely reactive components or those close to 0C)
and 0S (short and open circuits).

To narrow the gap between i ts theoretical l imits and i ts

actual performance, the 4191A had to be careful ly de-
signed. To maintain a wide measurement range and accept-

able accuracy, severe requirements had to be placed on the

test signal residual noise and the signal-to-noise rat io and

accuracy of the RF-to-IF sampling frequency converter and

receiver. To improve accuracy further, the measured data is

error-corrected using prestored 0O, 50f),  and 0S cal ibrat ion

data. In this way any residual error in the system is el imi-

nated. From this accurate ref lect ion coeff icient measure-

ment, further parameter conversion is done with stored
programs. Thus impedance, admittance, capacitance, or
inductance are easi ly determined,

RF Bridge
The major sections of the impedance analyzer are the RF

bridge, the signal source, the receiver, and the digital sec-
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t ion.
The RF bridge is a direct ional bridge for measuring the

reflect ion coeff icient of the DUT (see Fig. 5). The test signal
from the signal source section is fed to this section and
divided into two halves by a power spl i t ter. One of these
signals, after attenuation and electr ical length compensa-
t ion, becomes the reference channel output signal to the
receiver section.

The other signal from the power spl i t ter is fed to the
direct ional bridge after passing through a 6-dB attenuator/
dc bias circuit .  A balun transformer directs this signal into
two channels. One goes to an internal standard 50-ohm
resistor and the other goes to the DUT port.  The voltage
across the standard resistor and that across the DUT are
combined to form the test channel output. When the DUT
port is terminated in 50 ohms, the bridge is balanced and
the  tes t  channe l  ou tpu t  i s  zero .

The test and reference channel outputs from the RF
bridge go to the receiver section, where they are down-
converted, synchronously detected, and processed by a
dual-slope integrator to measure their vector rat io.

The key component of the RF bridge is the balun trans-
fo rmer  (unba lanced- to -ba lanced t rans format ion) .  I t  i s
wound with f ine semirigid coaxial cable on a toroidal ferr i te
core. This construction maintains suff icient balance over
the frequency range of 1 to 1000 MHz. The entire RF bridge
section is temperature-control led by a heater and a tempera-
ture control circuit .

Signal Source Section
The objective of the signal source is to del iver a O-dBm RF

signal to the RF bridge at frequencies from 1.0 to 1000.0
MHz. For high-resolut ion impedance measurements with
good repeatabi l i ty, the RF signal must be accurate, stable,
and low-noise. Such a signal is generated by indirect syn-
thesis using phase-locked loops and low-noise voltage con-
trol led osci l lators (VCOsl.

The block diagram of the signal source section of the
4191A is shown in Fig. 6. The basic concept is to phase-lock
the 250-to-500-MHz VCO #1 to a harmonic of a 100-kHz
signal derived from a crystal osci l lator and then convert the
VCO output to a 1.0-to-1000.0-MHz signal by mixing, divid-
ing, and doubling.

VCO #1, a high-speed divide-by-N counter, and a phase-
locked loop are used to generate a 250.1-to-500.O-MHz sig-
nal with 100-kHz frequency resolut ion. The frequency
range of VCO #1 is divided into nine frequency bands by
switching inductors in the VCO tuning circuit  under con-
trol of the Iogic section, so that a stable and low-noise signal
can be generated. The division of the frequency range by
switching inductors makes the VCO less sensit ive to noise
(tuning sensit ivi ty is about 2 MHzIY) and improves phase-
lock speed.

The divide-by-N counter, which is composed of a -:10/

+11 ECL presca le r  and h igh-speed TTL programmable
counters, converts the 250-to-500-MHz VCO signal to a
100-kHz pulse signal that is compared to the reference
100-kHz signal in the phase/frequency detector. The phase/
frequency detector output is integrated to produce an error
signal that tunes the VCO unti l  phase lock is achieved.

The 250.1- to -500-MHz phase- locked s igna l  w i th  100-kHz
resolut ion is used to generate other frequencies in three
ways. Test signals from 1.0 to 32.0 MHz are produced by
tuning the phase-locked signal so the output of the f irst +2
circuit  is between 201.0 and 232.O MHz and mixing this
signal with the 200-MHz local osci l lator signal. Test signals
from 32.1 to 250.0 MHz are obtained by selecting and f i l ter-
ing  the  appropr ia te  ou tpu t  o f  the  +2 ,  +4 ,  +B ECL d iv ider
chain with the phase-locked signal tuned so that one of
these three outputs is at the desired frequency. Eight select-
able lumped low-pass f i l ters are used to reduce harmonics
from the dividers. Test signals from 500.2 to 1000.0 MHz are
obtained by f i l ter ing the output of the doubler, which is a
transistor ful l-wave recti f ier. Varactor-tuned bandpass f i l -

Electrical Length Compensation

Directional Bridge

Fig. 5. RF bildge section of the
4 1 91 A lmpedance Analyzer.dc Eias
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ters are used to reduce subharmonics caused by the doubler.

Leveling of the output signal is achieved by feeding back

an ALC (automatic level control) signal to the PIN mod-

ulators in each frequency path. The ALC signal is an error

voltage from the receiver section. Output power level at

the test port is about -20 dBm tr.S dB from 1.0 MHz to

1.0 GHz. Test port power level variat ions are mainly the

result of cable losses in the RF bridge and the conversion

loss of the sampler in the receiver section.
Frequency resolut ion of 100 Hz (Option 002) is obtained

by adding two more lock loops, a low-frequency synthe-

sizer loop and a summing loop. In 100-Hz frequency resolu-

t ion operations, the 250-to-500-MHz VCO #1 is phase-

locked to a harmonic of the 100-kHz reference to produce a

signal between 249. '1, and 499.0-MHz.
In the low-frequency synthesizer loop, the output signal

of the 100-to-11O-MHz VCO, which is phase-locked to a

harmonic of a 1O-kHz reference, is divided by 100 to gener-

ate a low-noise 1.0000-to-1.1000-MHz signal with 100-Hz

frequency resolut ion. This signal is fed to the phase detec-

tor of a summing loop.
The 250-to-500-MHz VCO #2 is phase-locked such that

the difference frequency of VCO #1. andVCO #2 is equal to

the frequency of the low-frequency synthesizer loop, so the

output frequency of VCO #2 is 25O.1,OOO-to-500.0000-MHz
with 100-Hz frequency resolut ion.

100H2 Option
. : r  t . l . r  r .  r  : : ,

The search generator, controlled by the frequency detec-

tor, is used to improve the phase-lock speed of the summing
loop. It rapidly tunes VCO #2 towards the phase-lock fre-

quency. When the VCO #2 frequency is near the lock fre-
quency, the frequency detector stops the search generator

and the loop is al lowed to lock.

Receiver Section
A block diagram of the receiver section is shown in Fig. 7.

The 1.O-to-1000.0-MHz RF signals from the RF bridge are
down-converted to 100-kHz intermediate-frequency (IF)

signals by a precision sampler and low-noise phase lock
I o o p .  t h e  s a m p l e r  a c t s  l i k e  a  h a r m o n i c  m i x e r  i n  a
heterodyne frequency converter. After down-conversion
the reference and test channel IF signals are synchronously
detected and processed by the dual-slope integrator to mea-
sure their vector rat io.

The low-noise VCO, which covers a 60-to-90-MHz fre-
quency range in f ive bands, drives the programmable di-
vider, which divides the VCO frequency by a factor between
B and 60. The 1.1-to-11.25-MHz square-wave signal from

the programmable divider drives a step-recovery diode,
which generates sampling pulses about 300 picoseconds

wide.
Variat ions of the sampling eff iciency of the samplers in

both receiver channels are kept to a minimum by careful

BPF = Bandpass Filter
LPF = Low-Pass Filter
ALC = Automalic Level Control
vCO = voltagecontrolled Orcillaior

F|tq. Aand
S*fich

1.000G1.1@ trltte

From Co{rirol Loglc

r ;;n 'M;

= -lNo 1oo-Hz
Option

1-500 MHz

Ref 10o klk

32.1-250.0 MHz

il=roooqr t0oo

Ref
100 kHz

From Conlrol Logic

'100 MHz

N=2501-5000

P I N
Modulator

1.0-32.0 MHz

Fig.6.4191A signal source secron. Test signal is generated by rndirect synthesls using
phase-locked loops and low-norse oscl//alors.

PIN
Modulator

PIN
Modulator

ALC lrom
Receiver Section
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P from Control Logic

Reference Channel

Test Channel
Port

dc Bias

Temperatu.e Control

design of the samplers and the sampling pulse generator.
An external signal source up to 2 GHz can be phase locked
without degradation of the sampling eff iciency.

When the RF test frequency is changed, the band of the
60-to-90-MHz VCO and the dividing factor P of the pro-
grammable divider are set to their proper conditions under
control of the logic section. The search generator starts to
sweep the 60-to-90-MHz VCO from high to low frequency.
When the intermediate frequency is about 1S0 kHz, the
frequency detector stops the search generator and the phase
detector takes control of the 60-to-90-MHz VCO to establ ish
phase lock.

An automatic level control (ALC) signal is generated by
the level detector and sent to the signal source section to
maintain a -20-dBm output power level at the test port.
Part of the reference IF signal, which is proportional to RF
power, is ful l-wave recti f ied to a dc level in the level detec-
tor. The ALC signal is the ampli f ied dif ference between this
dc level and a reference dc level corresponding to -20 dBm
at the test port.

The response of the ALC circuit  is relat ively slow com-
pared with the search speed. Therefore, the ALC circuit  is
inactivated during search condit ions. However, with no
ALC signal appl ied to the PIN modulators in the signal
source section, the RF power level at the RF bridge and the
samplers could be excessive, causing the samplers to pro-
duce distorted IF signals that might result in false operation
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Ref 100 kHz

ALC to Signal Source Section

Gs

Polarity from
Control Logic

Detector

of the frequency detector in the receiver section. To avoid
this problem a dc voltage is appl ied to the PIN rnodulators
when a search is in progress, keeping the RF power small ,
but sufficient for frequency detection. When the frequency
detector stops the search generator, this dc voltage is dis-
connected and the ALC circuit  is enabled agarn.

A port ion of the reference IF signal is fed to the Cr-G.
circuit ,  where accurate 0o and g0o reference signals used for
the synchronous detector are generated. The 0o and g0o

components of the test signal and the g0' component of the
reference signal are detected with respect to the 0" compo-
nent of the reference signal. These four analog values are
converted to digital signals by dual-slope integration and
the vector rat io of the test signal and the reference signal is
computed in the logic section.l

Sampler
T h e  1 - t o - 1 0 0 0 - M H z  m e a s u r e m e n t  s i g n a l  i s  d o w n -

converted to a constant 100-kHz IF by the sampling fre-
quency converter (see Fig. B).

The test signal from the RF bridge is terminated by a
50-ohm terminator. This signal is then fed to a sampling
gate consist ing of four Schottky barr ier diodes. This gate
tu rns  on  when a  sampl ing  pu lse  approx imate ly  300
picoseconds wide is appl ied to i t .  The sampled RF signal
charges the hold capacitor and this voltage is held unti l  the
next sampling pulse occurs. The hold voltage is buffered by

LPF = Low-Pass Filter
Att = Attenuator

F,9.7. 4191 A receiver sectlon down-converts and detects the test and ref erence signals f rom
the RF bridge, and measures the vector ratio of lhese slgna/s to determine the reflection

coefficient of the device under test.



BF Signal
Port

Sampling
Pulse Port

Fig. 8. Hybrid-tntegrated circuit sampler acts as a mixer to
down-convert the 1 1o-1 000-MHz measurement slqna/s.

an ampli f ier with high input impedance.

Since the sampler must have a f lat frequency characteris-
t ic over the measurement frequency range, maintain Iow

signal-to-noise rat io over a wide impedance measurement

range, and be stable enough to provide suff icient accuracy,

a thin-f i lm hybrid circuit  is used. For stable propagation

delay between the sampling pulse port and the RF port,  a

semirigid coaxial balun transformer is used instead of the

"orrrr"ntio.rul 
type balun (twisted pair wound around a fer-

rite core).

Digital Section
Fig. I  shows the overal l  block diagram of the digital

section. AII data and analog controls are managed by an

M6800 microprocessor. The control data to the analog cir-

cuits and the front panel is transmitted serially.

The battery memory back-up retains the error correction

data and instrument sett ings when the l ine power is turned

off.

Test Fixtures
Applications of the Model 4191A are extended by care-

ful ly designed test f ixtures and accessories. Four dif ferent

types of test fixtures are available for various measurement

frequency ranges and accuracies. For circuit  probing, a

probe is avai lable.
Model 4191A is cal ibrated at the DUT port by short,  open,

and 50O termination standards. These termination stan-

dards are furnished. The DUT port is the reference calibra-

tion plane for all measurements.
Before using a test fixture, one must enter the electrical

length indicated on the fixture via the keyboard. The open

admittance [stray capacitance) of the test f ixture can then be
measured before the DUT measurement, so that i t  can be

offset by the microprocessor. This signif icantly improves
measurement accuracy in high-impedance measurements.

Similarly, the short-circuit impedance of the test fixture

can be cancelled i f  the furnished short ing bar is used to

make an offset measurement before the DUT measurement.

This signif icantly improves accuracy in low-impedance

measurements.
The 16091A (see Fig. 10) is a coaxial test f ixture. I t  is a

cavity type fixture so that any radiation error is minimized.

To calibrate it, the calibration standard is mounted on the

end surface of the APC-7 connector at the point where the

DUT is connected. The low-potential end of the f ixture ( i .e.,

ground) is shorted by a short ing spring. This short ing

spring slides along the inside wall of the cavity to minimize
the short-circuit  impedance. The cavity configuration

minimizes measutement errors at frequencies up to 1000

MHz. To mount small  DUTs in the f ixture, gold-plated pins

are attached to the DUT.
The 160924 (see Fig. 11) is a spring-cl ip type of f ixture

usable through 500 MHz. I t  is convenient for the measure-

I

Analog-to-Digital
Converter

Analog
Circu its

Front
Panel

Fig.9. 4197A digital section. An
M6800 microprocessor manages
all operations.
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Parameter

The 4191A BF lmpedance Analyzer fundamentally measures the
ref lection coefficient oJ the device under test (DUT) and then converts
thas measurement into other parameters, such as impedance, admil
tance, inductance and capacitance. The conversion equations may
be summarized as follows (Zo = 50 ohms):

lmpedance
1 + I .

5 0  x . ,  _ r , :  R  +  j X

vTr-+R: lzl

Ian ' I
R

:  A Q Z :  A

Admittance
1 - | -002x f f i :G+ jB

vG,  +  B , :  lY l

: a r 9 Y : O

Inductance

Conversion

Capacitance

Dissrpation factor

Ouality factor

The diagram
DUT.

I B I
c-:  o

shows series and parallel

z

equivalent circuits for the
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l ^ l
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t - l
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R
t a n 1 f ,

u

X  _ ,
2nt 

- -s

_  I  _ ,
2 r l B -  

- P ffi
R i x

ment of small  chip capacitors or axial- lead components.
The DUT is mounted by pressing the spring, insert ing the
DUT, and releasing the spring. This fixture is particularly
convenient when minimum dielectric loss in the insulator
and low series loss are desirable.

The 16093A and t6093B (see Fig. L2]| arc conventional
binding post test f ixtures similar to those used with R-X and

Vertical Seclion

30 rewlerr-pacKARD JoURNAL JANUAFy r 980

Q meters. These are useful up to 250 MHz or 125 MHz,
respectively.

The 160944 (see Fig. 13) is a probe fixture that is
mounted at the tip of a precision coaxial cable. It is useful
for measuring impedance in circuits up to 125 MHz.

The extension capability of the DUT port is another im-
portant feature of Model 4191A. Measurement of the

Fig. 10. 16091 Acoaxialf ixtureset
conslsts of cavity-type ftxtures
useful up to 1000 MHz.
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Fig. 12. 16093A and 160938 binding post fixtures are useful
up to 250 MHz and 125 MHz, respectively.

u!r.s

vertical Section

Fig. 11. 16092A spring clip fixture is useful through 500 MHz
for small chip capacttors or axral-lead components.
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Fig. 13. 16094A probe fixture, mounted at the tip of a preci-

sion coaxial cable, is useful to 125 MHz.
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S P E C I F I C A T I O N S
HP Model 4191A RF lmpedance Analyzer

PARAMETERS MEASUREDT lZ l -e ,  lY l -e ,  ] f l ( re f tec t ion  co€t f i c ienr ) -O,  R-X,  c -8 ,
fx-fv (rectangular coordinate display ot f), L-R.G D O, C-R.G D.Q.
olsFLAY: 41h-digil max., max. display 19999 count.

OEVIATION MEASUREMENT: Displays measured value deviation (A) from stored
reference, or deviation in percent (Aol") for all parameters.

MEASURING SIGNAL: Internal Synthesizer:
FBEQUENCY BANGE: 1 MHz to 1000 MHz
FREOUENCY STEPS: 100 kHz (1 to 5OO MHz),2OO kHz (500 to 1OO0 MHz)
FREQUENCY ACCURACY: r3 ppm
SIGNAL LEVEL (terminated with 50{)): -20t3 dBm

MEASUREM€NT MODE:
SPOT MEASUBEMENT: Measures specific frequency (or bias vottage).
SWEEP MEASUREMENT: Linear sweep measurement or logarithmic sweep measure-

ments.
AUTOCALIBRATION: Automatic etror compensalion relerenced to connected termination.

REFERENCE TERMINATIONS: 0o. 50O. 0S.
CALIBFIATION FREQUENCIES: 51 frequencies between start and stop frequencies.

NOTE: Frequency error correction lor olher than calibratio; lrequencies is automatically
done by third-degree interpolation. Automatically compensates for open capacitance ol
0.082 pF with 0S termination.

ELECTHICAL LENGTH COMPENSATION: Automalic compensation for electrical
length 0 to 99.99cm.

DC BIAS: Internal dc Bias:
VOLTAGE RANGE: 40.00V to +40.0OV, 10 mV steps.
SETTING ACCURACY: t(0.1% ol setring + 10 mV).

KEY STATUS MEMORY: Measurement conditions set by front panel keys can be stored
and recalled.

MEASURING TEFMINAL: APC-7 connector.
HP-lB DATA OUTPUT AND REMOTE CONTROL: Furnished.
MEASURING RESOLUTION AND ACCURACY:

f MEASUREMENT:

lf I, fx, fy ACCURACIES: 0.0035 + 0.0000'tf

l f l ,  f x ,  f v  RESOLUTION:0 .0001

lrl, rx, I ' ; TyptcAL AccuRActES: o.oo11 + o.ooooo4Tl
O ACCURACY: (0.0035 - O.OOOOIf)/ f l (rad.)
O MAX. BESOLUTION; 0.01'
where f = measuring frequency in MHz

MEASUBING TIME; < 800 ms. < 250 ms in High-Speed Mode.
SIGNAL SETTLING TIME (when frequency is changed): <200 ms.

General lnformation
OPERATING TEMPEFATURE: 0 to 55'C, Relative Humidity: <95% at 4O'C.
POWER: 100, 120,220V ! 100/o,240V + 100/o -50/",48 lo 66 Hz.
POWER CONSUMPTION: l50VA max.
OIMENSIONS; Aporox.425.5 mm W x 230 mm H x 574 mm D.
WEIGHT: Apptox.24 k9 (standard model).
ACCESSORY FURNISHED: Accessory Case (with Fleterence Terminations OO, 5OO

and 0S).
OPTIONS

OPTION 002: Internal Synthesizer in 1OO/20(r Hz steps.
OPTION 0O4: Recorder Outoul.

ACCESSORIES AVAILABLE:
16091A COAXIAL FIXTURE SET: Measuring frequency: 1 MHz to lOOO MHz.
16092A SPRING CLIP FIXTURE: Measuring frequency: 1 to 500 i{Hz.
J60934 BINDING POST FIXTUFIE: Distance between posts: approx. T mm. Measuring

frequency: I to 250 MHz.
160938 BINOING POST FIXTURE: Distance between posts: approx. 15 mm or'18 mm.

Recommended measuring frequency: 1 to 125 MHz.
16094A PBOBE FIXTURE: Measuring frequency: 1 to 125 MHz.

PRICES lN U.S.A.: 4191A, $14,260. Option 002, $1680. Option 004, 9445.
MANUFACTURING DIVISION: Yokogawa-HewlettPackard Ltd.

9-1, Takakura-cho, Hachioji-shi
Tokyo, Japan, 192

input/output impedance of a transistor is easi ly done using
this capabil i ty. The DUT port is extended with a coaxial
air l ine and attached to the HP 116008/116002B Transistor
Fixture. Calibration is done at the input of the transistor
fixture. Another practical but irnportant application is
temperature tests. By extending the DUT port with a preci-
sion APC-7 coaxial air l ine, the temperature characterist ics
of a DUT mounted in an oven may be taken. Maximum
extendable length depends'upon the measurement fre-
quency and accuracy needed, but generally up to 1 m exten-
sion (approximately) is possible without significant degra-
dation of the measurement accuracy.
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