


Universal Counter Resolves Picoseconds in
Time lnterval Measurements
A new triggered phase-locked oscillator and a dualvernier
interpolation scheme provi de 2)-picosecond resolution
without averagi ng. Microprocessor architectu re adds
flexibility and processing power.

by David C. Chu, Mark S. Allen, and Allen S. Foster

fTr HERE WAS A TIME when the typical precision
I  s ingle-shot  t ime interval  measurement  was

made by a nuclear physicist working with transient
subatomic particles. Today, single-shot t ime mea-
surements are needed in circumstances that are not
so esoteric. To measure, for example, the j itter in the
period of a pulse train, the frequency of a short RF
burst, the frequency drift of an oscil lator immediately
after turn-on, or the best and worst-case delays of a
circuit, or to detect phantom glitches in a regular
pulse t ra in,  s ingle-shot  t ime measurements are
necessary, for in each case, the time information must
be extracted precisely without the benefit of averag-
ing. Single-shot measurement is also used in mea-
surements of repetit ive signals where averaging is
not practical.* For example, the oscil loscope trace of
a fast pulse that occurs at a low rate may be too dim for
viewing on a standard oscil loscope, and measure-
ment by time interval averagingl could take too long.

Model 5370A Universal Time Interval Counter is
designed with many such applications in mind. It has
a  s ing le -sho t  t ime  i n te rva l  r eso lu t i on  o f  ZO
picoseconds and typical internal rms jitter of aS ps,
far better than any previously available instrument.
This powerful measurement capabil ity is augmented
by sophisticated architecture. Flexible arming con-
trols make it possible to extract t ime intervals from
streams of input events, and internal processing con-
verts raw time data to more useful information.

Model 5370A (Fig. r) measures time intervals from
-10 seconds to +10 seconds wi th l0O-picosecond
accuracy. It also measures period and frequency up to
100 MHz, giving 11-digit resolution for a one-second
measurement time. The exceptional 20-ps single-shot
time interval resolution is achieved by means of a new
triggered phase-locked oscil lator and a digital dual
vern ier  in terpolat ion scheme that  e l iminates the
-f 1-count uncertainty inherent in electronic counters.
A microprocessor makes the technique economically
feasible and adds features such as statistical computa-
. l t should be noted that the term "single-shot" may be misleading. The single event from which
timing information is extracted is seldom lsolated but one among a stream in most applications.
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tions for characterizing jitter. Other new features are
the positive and negative time interval capabil ity,
useful for differential measurements, display of trig-
ger levels, and automatic calibration of systematic
errors. Programmability via the HP-IB (IEEE 4BB-
1975,  ANSI MC1.1J is  s tandard.

Model 5370A is expected to find applications in
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accurate component  test ing,  radar  and laser  ranging
systems,  nuclear  systems,  d ig i ta l  communicat ions,
and cal ibrat ion.

Dual  Vernier  In terpolat ion
The t radi t ional  method of  measur ing t ime is  by

count ing cyc les of  a t ime base c lock.  The unavoidable
quant izat ion error  of  *1 count  is  usual ly  larger  than
the j itter of many circuits to be measured, even for a
very h igh- f requency c lock (e.g. ,  2  ns for  a 500-MHz
clock) .  To achieve subnanosecond precis ion,  in terpo-
lat ion between c lock pulses is  necessary.

The 5370A uses a dual  vern ier  method to in terpo-
late wi th in the 5-ns per iod of  a 200-MHz t ime base
clock. In this method of t ime interval measurement,
the star t  and stop pulses,  which may be tota l ly  unsyn-
chronized wi th the 2OO-MHz t ime base c lock,  s tar t  the
osci l la t ions of  two separate osci l la tors.  These osci l -
la tors both have a per iod of  prec isely  5x2571256 :

5.01953 ns and are phase-coherent  wi th the star t  and
stop pulses,  respect ive ly .  The outputs of  these osci l -
la tors are mixed wi th the 200-MHz t ime base c lock
and the phase crossover points (coinc idences)  be-
tween the oscil lators and the time base are detected.
As Fig.  2 shows,  the number of  s tar t  osc i l la tor  pulses
up to s tar t  co inc idence is  counted as N1,  the number
of  s top osci l la tor  pulses up to s top coinc idence is
Nr,  and the number of  200-MHz c lock pulses between
the two coinc idences is  counted as N^.  The unknown
t ime interval  is  T* .

Fig. 1. Model 5370A Universal
Time lnterval Counter measures
time intervals from -10 to +10
spnnndc wt th  2O-nc  r  e<o l t t t ion  in

c t n o l c - c h o l  m c a s t  t r c m p n l e .  l t  C a n

compule  [he  mean.  s landatd  de-

viation, maximum, and mtnimum of
r a ^ A t i l ; \ / o  t ; m o ; n l o r , / ) l e  l t  t r ^ -
' v p u t ' . , r  e a  J .  ' L  t t t Y d -

sures Irequency to 100 lu4Hz giv
ing 11 digit  resolutton rn one sec
ond. HP lB interface and remote
programmability are slandard tea-
tures.

The time interval AB in Fig. 2 can be expressed in two
different ways, which must be equal:

N 1 x ( 5 . 0 1 9 5 3  n s ) + N o x ( 5  n s )  :  T * + N 2 x ( 5 . 0 1 9 5 3  n s J

Thus the unknown time interval T* is given by:

T *  :  5No  +  5 .01953 (N ,  -  N r )  ns

Assigning a negat ive s ign to No whenever the stop
coinc idence precedes the star t  co inc idence makes
th is  equat ion val id  under a l l  condi t ions.  The star t  and
stop pulses need not  be synchronous wi th the t ime
base,  nor  must  they arr ive in  a f ixed order .  A negat ive
sign wi l l  be generated automat ica l ly  for  T*  i f  the stop
pulse arr ives ahead of  the star t  pulse.

Not ice that  the star t  co inc idence s ignal  must  s imul-
taneously terminate the N,  count  and in i t ia te the No
count  wi thout  ambigui ty .  For tunate ly ,  the coinc i -
dence s ignal  appears only at  phase crossovers and is
therefore synchronous with both pulse trains, so gat-
ing to generate the bursts can be accompl ished wi th-
out  ambigui ty .  The same goes for  the stop coinc i -
dence.

As an added benef i t ,  s ince only the d i f ference
(N-, - Nr) appears in the computation, systematic off-
sets in  these counts are sel f -cancel l ing.  This property
al lows addi t ional  f reedom in the design of  the vern ier
oscil lators as long as the start and stop channels are
treated the same wav.
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There are some difficulties in using the dual vernier
method. The most fundamental is the extremely
stringent requirement on the stability of the oscil-
lators, particularly the triggered vernier oscil lators.
To interpolate by a factor of ZS0, as in the 5370A,
requires a timing error of less than 1/256 of one period
in a maximum of 256 periods, or 0,0015% absolute
stabil ity under changing environmental conditions.
Furthermore, detection of the coincidences between
the vernier and the main clocks had to be done with
timing discrimination better than 20 ps. These prob-
lems are solved by the triggered phase-locked oscil-
lators,2 also known as phase-shiftable, phase-lockable
oscil lators, which were developed especially for this
counter and related instruments (see box, page 8).
These oscil lators eliminate long-term drift and post-
trigger short-term drift, and generate the necessary
vernier burst and coincidence signal for main time
base gating.

Two triggered phase-locked oscil lators are used in
the 5370A. as shown in the measurement section
block diagram, Fig. 3. Reference 2OOMHz is derived
from an internal 1O-MHz time base oscil lator or from
an external S-MHz or 1.0-MHz standard. Input events
are conditioned and triggered by matched 500-MHz-
bandwidth input amplif iers with digitally display-
able trigger levels. An arming control selects the cor-
rect t ime interval for triggering the vernier oscil lators.
The vernier bursts N, and N, are counted and data
made available through the microprocessor bus. The
start and stop coincidences (CO1 and CO2) are used to
gate the 2OO-MHz clock to generate the No count,
which is also accessible to the bus. The arming con-
trol circuit also counts the number of input events
during time interval holdoff and during frequency
measurements.

Time Interval Measurements
The abil ity to measure both positive and negative

Fig.2. Dual vernier method inter-
polates within the S-ns period of
the 5370A's 200-MHz time-base
clock to obtain 20-ps resolution.
The start and stop pulses start
the oscillations of two triggered
phase-locked osci l lators. Coin-
cidences of the oscillator wave-
forms with the time base clock de-
fine the counls No, Nr, and Nr,
as shown. The unknown time in-
terval is computed from these
cou nts.

time intervals presents an ambiguity problem when
the time intervals occur repetitively. To illustrate,
suppose a 30-ns time interval is fed to the counter
every 100 ns as shown in Fig. 4. Depending upon
exactly when arming occurs, there are two possible
time interval measurements. 30 ns and -70 ns.

If an external arming signal is available, this signal
can be used on the nxtunxaL input ofthe 5370A, and
the appropriate time interval will be measured with-
out ambiguity. In many applications, a separate
arming signal is not available, and arming is done
internally by the start and stop events themselves.
The ambiguity problem must then be resolved to
avoid random fluctuation between the two possible
readings.

A simple way to resolve this ambiguity is to imitate
a conventional counter and require that the start event
come before the stop event. The 5370A offers this
feature as +TI oNLy mode. The +TI oNLy arming
scheme is used to make simple time interval mea-
surements as well as frequency and period measure-
ments. The major disadvantage to requiring that the
start event come first is that it takes a finite time for the
information about the occurrence of the start event to
reach the stop channel. In +TI oNLy the 5370A will
measure any time interval less than ten nanoseconds.

Hysteresis Arming
To eliminate this disadvantage, and to allow mea-

surement of both positive and negative time intervals,
special circuitry was added to keep track of thg start
and stop channel events. Essentially, this adds hys-
teresis to the time intervals being measured so that
once either the positive or the negative time interval
has been selected, the 5370A tracks this interval unti l
the signals drift out of range or the user selects other-
wise. For example, to measure the 30-ns or -70-ns

time intervals depicted in Fig. 4, the user selects *TI,

and the 53704 chooses either 30 ns or -70 ns. To
select the other answer, the user presses the front-



s-MHz or 1o-MHz

panel PERIoD coMPLMNT button.
To understand how the hysteresis circuitry works,

refer again to Fig. 4. In *TI, both channels are armed
simultaneously. If the arm signal arrives at B, the time
interval measured wil l be from E to C. Similarly, if the
arming signal arrives at D, the time interval measured
will be B to E. To control the arming, it is only neces-
sary to select one input channel or the other as the
source of the arming signal,

Fig. 5 shows the hysteresis circuitry that controls

Start
Events

Stop
Events

Fig. 4. Because the 5370A can measure both positive and
negative intetvals, repetitive time intervals present an am-
biguity problem. For example, if a 30-ns time interval is fed to
the counter every 100 ns, the result can be 30 ns or -70 ns,
depending on when arming occurs. Hysleresls arming keeps
the reading from fluctuating between the two values.

Fig. 3. Measurement section ot
the 53704 Counter. The two
tri g gered phase- I ocked osci llators
feed two vernier-burst counters.
Counts go to the microprocessor,
which computes the unknown time
interval.

selection of the arming source. The left portion is a
rudimentary phase detector that generates a logic low
if the start event came before the stop event, and a
logic high if the stop event came first. The right por-
tion of the circuit allows useful control of the phase
detector's output. The phase detector locks onto and
follows the input signals, and the user control allows
selection of the positive or negative time interval by
changing the sense of the phase detector's output.

When the time interval is zero, the two pulse trains
are in phase, and it does not matter which channel is
selected as the arming source because the start and
stop events are simultaneous. The phase detector it-
self is unable to determine exactly which event came
first. As the pulse trains drift in either direction, the
phase detector recognizes this and chooses the cor-
rect source. The result is a consistent t ime interval
reading from minus one period to plus one period
going smoothly through zero. The reading wil l not
jump between periods within this range.

Frequency and Period Measurements
Frequency and period are measured by the 5370A

Counter by measuring the time interval of a number of
events. Frequency f and period T are then computed
internally as follows:
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The time interval is measured to a typical rms re-
solution of 35 ps (100 ps maximum) whereas the
number of events is measured without ambiguity.

The gate time for counting the events is either gen-
erated internally or externally supplied. The typical
fractional rms frequency resolution is 35 ps divided
by the gate time. For example, a 35O-pcs gate wil l yield
an rms resolution of 1 part in 107, or 1-Hz resolution
for a 10-MHz signal, or 10-Hz resolution for a 100-
MHz signal. Such high resolution with a short gate is
highly desirable for pulsed RF measurements, since
the long gate times needed by some counters to obtain
equivalent resolution may be longer than the RF
pulses.

Used in conjunction with a precision time delay
generator such as the 53594 Time Synthesizer fsee
article, page 12) the 5370A can be used efficiently for
frequency profi l ing, as shown in Fig. 6. A pulsed
excitation source causes a step change in the input to
a vol tage-contro l led osci l la tor  (VCO).  The t ime
synthesizer is triggered by the leading edge of the
excitation pulse and generates a delayed window that
is used as an external measurement gate for the
counter. By varying the delay, the VCO output fre-
quency at different locations relative to the leading
edge of the excitation gate can be sampled.

A novel feature of the 5370A Counter is that the
number of events within the gate in a frequency or
period measurement can be displayed by simply

Auto Select

Fig. 5, Hysteresis arming clrcult conslsts of a rudimentary
phase detector (left) that indicates whether the start event or
the stop event occurred first, and a user control section (right)
that allows the user to se/ect either of the two possible time-
interval readings. The 5370A will track one reading until the
user se/ecls the other.

Fig.6. With the 5359ATime Synthesizer generating precision
time delays and gate times, the 5370A can be eff iciently used
for frequency profiling. Here a pulsed excitation source
causes a step change in the input to a voltage-controlled
oscillator. The 53594 delay is varred to obtain a profile of the
VCO frequency yersus time following the change.

pressing the osp nvts switch. This feature is available
in both internally and externally gated frequency and
period measurements, as well as in time interval mea-
surements with holdoff. In the latter, stop channel
events are ignored unti l the end of the external gate.
By applying the same signal to the start and stop
channels and using an external gate one can simul-
taneously measure both the number of events and the
time frame they occupy.

By changing the width of the delayed gate in Fig. 6,
a profi le of t ime versus events can be obtained even
for a complicated signal such as a fast-switching VCO
waveform. For convenience, signal conditioning is
provided for the 5370A's external input channel as
well as for the start and stop channels.

Microprocessing and Digital Hardware
A 6800 microprocessor in the 5370A performs the

calculations for the basic time interval measurements
and for additional features l ike frequency measure-
ments and statistics. It also provides control of the
instrument via the front-panel pushbuttons or the
standard HP-IB interface. and assists in instrument
service in both factory and field.

The processor section (see Fig, 7) is modular, with
each board functioning independently. These boards
plug into a backplane section consisting of eight
bidirectional data l ines, 16 address l ines, and ten
control l ines. Each board does its own address decod-
ing using memory mapped inpuUoutput, allowing
flexibil i ty in design and implementation. The proces-
sor board contains a clock generator, 384 bytes of
RAM (read/write memory), and data and address buf-
fers. Other buffers and eK bytes of ROM (read-only
memory) for program storage are housed in the ROM
assembly. Strobing for the 16-digit display is pro-
vided by the display interface board assembly. The
same board provides logic for scanning the front-
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Fig.7, 53704 processor section is modular. Provision is made for self test, troubleshooting by
signature analysis, and use of the HP-lB for testing. An optional seryice accessory package

tncludes a service aid board that provides access lo many of these features.

panel switches to notify the processor of changes in
status.

The pulse bursts Nr, Nr, No and events from the
measurement section are counted by the count chain
assembly up to L6 bits. Software counters are used to
extend the count range up to 40 bits for longer mea-
surements. When the instrument is under remote con-
trol, two digital-to-analog converters (DACs) are used
to set the trigger levels of the input amplif iers. The
same DACs are used with software control to measure
the trigger levels set from the front-panel when the
instrument is under local control.

Programmability via the HP interface bus (IEEE
488-1975, ANSI MC1.1) is standard. All front-panel
functions except input attenuation, coupling, and
impedance are programmable. Arbitrary sample size,
teach/learn, and fast data dump modes are available.
The HP-IB interface assembly handles most HP-IB
protocol with minimum processor intervention. This
reduces processor overhead and allows the processor
to do internal chores during the measurement cycle.

Service
Because microprocessors are relatively new to in-

strument design, serviceabil ity was one of the main
design concerns. Internal diagnostics are provided.
Upon power-up, a checksum test is performed on the
ROM to check data integrity and a memory test is
done on RAM to verify function. A test failure results
in a front-panel display that designates which ROM
or RAM has failed. Other tests are performed on the
I/O system and a phase lock test is done on the mea-
surement section. Hardware and software are pro-
vided for troubleshooting by signature analysis,3 and

the HP-IB can be used to enter diagnostic routines and
perform additional tests.

These service features are used in a number of
ways. A special extender board is provided with an
optional service accessory package. It has switches
that allow a board to be isolated from the processor
bus to aid in finding stuck data, address, or control
bus l ines. The processor board contains switches that
disable the data buffers and RAM and provide a mi-
croprocessor instruction to allow free running of the
address bus to facil i tate signature analysis. Indicators
are provided for processor clock loss, phase-lock
failure, and the status of various functions on the
HP-IB interface. Switches are provided on the arm
interface to open various loops for signature analysis
and to assist in setting up preset conditions for trou-
bleshooting the measurement section.

The service accessory package includes a service
aid board that has switches to init ialize the processor,
to allow test of the interrupt system, and to place the
processor in a special interface mode that allows di-
rect HP-IB control of any register, memory location, or
I/O port. The service aid board also has a breakpoint
register that can be used to set program interrupts to
aid in functional testing. There are also two DACs for
displaying the lower eight bits of the address bus on
one axis of an ordinary oscil loscope and the upper
eight bits on the other axis to provide a "map" presen-
tation that, to someone familiar with it, gives an in-
stant indication of the behavior of the instrument.

Statistics
One use of the computational power of the proces-

sor is to generate statistical parameters from samples



The Triggered Phase-Locked Oscillator

by David
Prob lem:  des ign  an  osc i l la to r  tha t  can  be  phase-

synchronized with a random trigger pulse. The frequency of
oscillation must be as accurate as that of a frequency reference.

Usually these two requirements are contradictory. Phase lock-
ing for frequency accuracy typically destroys prior phase rela-
tionships, and for this reason, phase{riggerable oscillators
generally run open-loop, unable to take advantage of a stable
reference frequency source.

Our approach to this problem is to run the tr iggered osci l lator
continuously while locked to the reference by the ratio N/(N + 1 )
in frequency. The trigger pulse is used only for phase-shifting
the oscillator. The random phase shift of the oscillator from
being triggered manifests itself in the beat frequency, N times
lower in frequency, but by the same angle. This new phase of the
beat f requency is matched digitally by one of N possible phases
of a divide-by-N counter. Phase locking is then resumed, lock-
ing the beat frequency to its new phase, and by correspon-
dence, the osci l lator to i ts new phase.

Pre-Trigger Operation
The basic osci l lator circuit  is shown in black in Fig. 1. The

triggered oscillator consists oJ one inverting gate with feedback
through a delay 12. lts output, at frequency f, is mixed with the
reference frequency fo to produce a beat frequency fo-1. At the
same t ime, the osci l lator f  requency is divided by N to produce a
signal of frequency f/N. These two signals are inverted and
compared by a frequency/phase detector that develops a
phase error signal based on differences in the times of occur-
rence of positive transitions. The error signal is integrated and
filtered and used to tune the oscillator via the varactor diode.

C. Chu
completing the phase-locked loop.

In this quiescent locked condition, the positive transition of the
mixer output, signifying oscillator/reference phase crossover,
occurs at the same time as the positive transition of the divider,
signifying counter turnover. This condit ion must also be met
after triggering when oscillations will be at a random new phase
determined by the trigger.

By equating the frequency of both phase detector inputs, f/N
and fe-f, the frequency f can be computed to be

f  :  N  
f o .

N + 1

Trigger and Relock
A random trigger pulse sets the lockout flipJlop. The differ-

ence in delay z, between the Q and O transitions at the input to
,the NoR gate generates a pulse of width rl>rz) that stops the
oscillation within 12 and restarts the oscillation precisely t1 later.
The new phase is therefore completely synchronized to the
tr igger pulse and not at al l  to the old osci l lat ion, Signal S r ises in
response to the 0 transition of the lockout flip-flop. This inhibits
both inputs to the frequency/phase detector and resets the counter.
After a delay of t. (not critical), the coincident flipjlop is recep-
tive to a positive transition from the mixer. One such transition
wil l  come within the beat period (N +1)/fo to clock the coincident
f l ip{ lop. Signal S is thereby removed, enabling both inputs to
the phase detector and relocking the loop.

Notice that the removal of S allows the counter to begin
counting from count zero. The condition before triggering is now
reestablished, that is, the zeroth count is matched in time to the

Trigger

Reset

Startable
Oscillator

Phase-Shift
Oscillator

Vernier
Burst

Relerence

Vernier
Coincidence

* r ,

Fig. 1. Sinplified block diagram of a triggered phase-locked oscillator with interpolation tactor
N. The black components are active during quiescent (prclrigger) conditions. Solid-color
components become active when the oscillator is triggered. Dashed gates show how the

oscillator can be configured for different applications.
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Fig.2. The phase detector is disabled f or a short period after
a tigger. Aided by feedback, a neutralizing pulse guarantees
the parity of the inputs so the phase detector does not signal a
gross phase error during this period.

itself to lock to the new beat frequency, By oneto-one corres-
pondence, this also locks the new phase of the tr iggered osci l-
lator. The loop may now be reset to receive another trigger pulse
if  desired.

A simple check for correct loop operation is to observe the
tuning voltage. Absolutely nothing should happen throughout
the tr igger and relock sequence.

Notice that except for a brief interruption of duration t, ,  the
osci l lator is always osci l lat ing, before and after tr iggering. This
greatly reduces post-trigger frequency drift compared with an
osci l lator that is at rest before tr iggering.

lmplementation Considerations
The delay z, (approximately 10 ns) is generated by a coaxial

transmission l ine to minimize transit ion t ime after the delay.
Variat ions of 11 with temperature are self-cancel l ing in the
5370A because identical lines are used for the start and stoo
channels. Delay l  and the invert ing osci l lator gate and buffers
are implemented as a hybrid thinJi lm circuit  on a ceramic sub-
strate, The frequency tuning range is about +17" oI nominal
corresponding to the circuit  open-loop variat ions under chang-
ing environmental condit ions. The delay r.  is necessary to
avoid clocking a possible init ial  mixer posit ive transit ion not
related to phase crossover. The actual value is not cr l t ical pro-
vided i t  is suff icient. We used lumped LC elements.

Inputs to the phase detector, even under locked conditions,
are never exactly in phase, This phase error can be minimized
but not total ly el iminated. Should the disabl ing of the phase
detector occur at the unfortunate though narrow time between
input arr ivals, a pulse is generated at one side but not the other,
causing detection of a gross phase error. The circuit of Fig. 2
employs feedback f rom the detector outputs to assure neutrality
of the phase detector by generating an extra pulse to guarantee
parity of the inputs during disabl ing.

The mixer output beat frequency is unsigned, that is, f  may be
higher or lower than fo. The loop is regenerative and therefore
unstable at the wrong sideband. To assure s+art-up on the
correct sideband, a lock f ix signal disables the mixer for a short
period. The loop then forces the osci l lator to come up from the
low{requency side toward the f inal value when the mrxer ts
reenabled.

Integrated Circuits
The tr iggered osci l lator hybrid circuit  consists of act ive cir-

cuatry on a ceramic substrate in a hermetic hybrid package with
a heat sink stud on the bottom (see Fig, 3), The heat sink stud
also provides a high-integri ty electr ical ground connection to

Fig. 3. Triggered oscillator hybrid circuit rs on a ceramic
substrate in a hermetic package. Most of the substrate is taken
up by a delay line with multiple path bonding options to com-
pensate lor process vanations. The two lCs are HP S-GHz-
process bi oolar ci rcuits.

the package. The 1 .9 x2.5-cm ceramic substrate is mostly delay
l ine with the rest taken up by the active circuitry including chip
resistors and capacitors. The delay l ine has mult iple path bond-
ing options to compensate for process variat ions.

Two HP 5-GHz-process bipolar integrated circuits are used,
one as the osci l lator and the other as an output buffer, l  The
signif icant contr ibution of the 5-GHz-process circuits is their
small  (30O-picosecond) propagation delay. This is important
because the nominal frequency of osci l lat ion is determined by
the delay around a feedback loop consist ing of an invert ing gate
and an external delay l ine. The total delay is half  the period of
osci l lat ion, which for a 200-MHz nominal frequency is 2.5
nanoseconds. Since the propagation delay through the gate
varres with temperature more than the delay through the exter-
nal delay l ine, i t  is important that the gate port ion of the total
delay be minimized. The 300-picosecond propagation delay of
the 5-GHz process gate makes this goal achievable.

The 5-GHz circuits also provide higher short{erm stabi l i ty,
This comes about for two reasons. First,  tr igger error caused by
noise is reduced with very fast transit ions, Second, since the
external delay l ine is very stable, making the gate delay small
compared to the l ine delay improves overal l  stabi l i ty. The very
fast circuits also decrease the memory effect during osci l lator
stop and restart,  minimizing the t ime required and reducing any
transient phenomena associated with this operation.

The mixer that detects the oscillator/reference phase cross-
over is an edge-tr iggered D{ype master-slave f l ipJlop made
with the S-GHz process. l t  resolves 20 ps very easi ly.

Applications
Oscil lat ions prior to the arr ival of the tr igger can be screened

from the user by gating with the lockout f l ipJlop. For t ime syn-
thesis, such as by the 53594 Time Synthesizer (see art icle, page
12), this mode is used, For vernier interpolat ion in the 5370A
Universal Time Interval Counter (see art icle, page 2), the burst
is gated by the signal S. The coincidence signal (end of S) can
be generated as shown.

Besides t ime interval generation and measurement, the osci l-
lator can be used for indefinite dupl icat ion of single-shot t ime
intervals, for accurate magnif icat ion of small  t ime j i t ter to faci l i -
tate measurement, or as a tr iggerable frequency standard,
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of high-resolution single-shot data. Small variations
of the signal input that are large compared to the
counter's own internal measurement jitter can be
characterized with pushbutton ease. Time intervals
can be processed at rates up to 3,000 measurements
per second for a preselected sample size. Four statis-
tical parameters of the sample-mean, standard de-
viation, maximum, and minimum-are available for
display, For users with buffer memory and external
computational power, the 5370A offers a computer
dump mode in which unprocessed raw time interval
data can be output at up to 8,000 points per second.

The four statistical parameters are computed as fol-
lows:

,,$
M E A N : t o + - _  L  ( t i - t o )'  N /

i = 1

srD DEV: t/Ati,,,-,",'-*[i (t,-t")] ]
r = 1

MAX to + (ti - to) max of N readings

MIN to + (ti - tj min of N readings

where N is the sample size selected and to is an init ial
measu remen t .  No t i ce  t ha t  t o  i s  cance l l ed  ou t
mathematically in each case and does not, ideally,
affect the final results. But the use of to, particularly if
to is typical of all t1, greatly minimizes truncation
errors in computation, since all operations are done
with only the differences (t1 - t j. In the S3Z0A,
(ti - to), is rounded off to r0 bits.

Regardless of the sample size, only five memory
registers are needed to generate the four statistical
pa rame te rs .  These  reg i s te rs  ho ld  t o ,  )  ( t , - t . ) t ,

) ( t r - t " ) ,  max ( t i - to) ,  and min ( t i - tJ .

User-Defined Time Reference and Self-Characterization
of Jitter

In subnanosecond measurements, the definit ion of
zero time is a problem. The slightest mismatch in
probes, cable lengths, or input amplif iers of the start
and stop channels can show up as a systematic error
in the measurement. To calibrate out such errors in
the 53704, the user simply sets up the same start and
stop input conditioning, feeds the same signal to both
channels, and measures the time interval with *tl

arming. Thus the same input transition triggers both
the start channel and the stop channel. The time in-
terval measured is the residual error of the whole
system, probes and all. By pressing sET REF, the mea-
surement value is stored, to be automatically sub-
tracted from all future measurements. In effect. zero
time reference is defined bv the user.

The snr REF feature is also useful in measurements
where changes, and not absolute values, are of in-
terest. By zeroing out the initial value, any change can
be read directly later.

Pressing STD DEV causes the standard deviation of
this "common" time interval to be displayed. The
value is the rms measurement jitter of the instrument
itself and is characteristic of the specific instrument.
With fast pulses (10 ns rise time or less), trigger error
is negligible, and the jitter is typically less than 35 ps.
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S P E C I F I C A T I O N S
HP tlod.l 53704 Udy.rul Tlmr Int ryrl Counlcr

Input Ampllflaru
9EPAiATE IXPUre

SENSITIVIfr: l@ mV Fp, 35 mV rro $o€ wavo lim6s etenualor sding.
IMPEoANCE: S€ldabre 1 Mol 30 pF d so nohinar.
TRIGGER LEVEL: AdjGiabt€ liom -1.3v lo 0.5v wilh 10 frV display€d

IRGGEA SLOPE: Ind6p6ndonr s€lstion ol + or - slq€.
AnENUATOAST :l and +10 nominal.
DYNAMIC MNGE (Drsd):

SO +1 100 mV lo 1V Fp pub€
:10 lV to 7V p-p putss

1 MO +1 1@ mV to lV p-p puts6
+ 1 0  1 V t o 1 0 V O - p p u l s 6

Dynamic raqelor rms sin€ wav6 i3 on6thtd dtho abv€ valuos.
SIGNAL OPERATING MNGE:

SO +1 2.5V lo lV
+ 1 0  - r y t o r y

lMn +1 -2 .5V lo  1V
:10 25V to  10  V

COUPLINGT ac or dc s*ld $l€dabl6.
MINIMUM PULSE WDTH: 5 ns

50O -! a7V dc
7v ms bslow 5 MHz
3.5V ms (+?4 dAm) abve 5 MHz

+ 1 0  a T V d c . T V r m s ( + @ d 8 m )
1MO +1 r3SV dc

250V rms to 20 kHz d€crcasjng to 3.5V rns abova 5 MHz
+10 r3SV

2SV rms to 20 kHz der€asing lo 35V rms abde 5 MHz
COtUOi IIPUT: All sp€dfrGtions ar. !h€ sm6 as ror sopado oFraiion with

ths tollowing diff €r€nc€s:
IMPEOANCE: 1 MO b@m€s 500 kO shunld bv <& oF. 50O san6.s in

SENSITIVIry: (pr6s6t)

S O + 1  2 O 0 h V F p , 7 0 m V r h s
+10 2V o-0, 700 mV rhs

lMO Sam6$insopan lo
DYNAMIC RANGE: lprssl)

S 0 + 1  2 @ m V t o 2 V p - p p u l s 6
+10 2V to 5V p-p purs€
IMO Same as ln sgparal€

50Oi5V dc or 5V ffis
1 MO sams as in separat€

AnENUATOFS 8s@mes 2 and 20 lor so

Froqusncy and Perlod ileasurement8
FREOUEICY FANGE: 0 lo 1@ MHz
PEBIOO FANGE: 10 ns to 10 ssonds

FESOLunoN: -:gll
garo lme

INTERNAL GATE TIME]  1  pe iod ,0 .01 ,0 .1 ,  1  s6@nd

accunAcY, lq!!ff;#!l9llg:rin€ bas6
PEBIOO/FREOUEICY STA]ISTICS: (1-p6iod 9at6 only) moan, srandard deia.

lion, mdimum, minimum
SAMPLE SIZE: 1, 100, 1000, 10,@0, 100,omi 1 b 16,n7,215 via HPIB.
EXTERNAL GATE |NPUT 20 ns b r0 s.sahptB siz6

Tlmg Iniorval M6aur€ments
TIME IilTEAVAL RATGE:

iMd€: 10 smnds lo +10 so6ds. +Onlv Mod€i l0 ns to 10 s6conds,
nME NTERVAL STATISTICS: Msan, sEndard dsvlation, frarlmum, minimum.
SAilPLE SIZE: 1, 1@, 10@, 10,000 100,000i 1 lo 16,27,215 via HP.IB.
MINIMUM nME BEilEEN MilSUREMEITS: S0 ps

REsoLuTloN: ::?941, G
v sampE sr2€

ACCUBACY: Jitd il ns systematic i lim€ base I tigg€r silod\4q For lime
intorvals graarer than 10 ms tho hign-stabilly tims bas€ Optiof, 001 is

JlnEF.3s F ms lypical, 1S F rms muhum

tnGGEB ERRoF: 
:2 \ noBgtsakJohag€ 

4s
sqner sroF v/rs

Tigger do du6to lnput signal n*6 is $u6llylh€ llmiing lador in hlgh fe$ru'

ton fr4uoncy mosuromonb at lil trquoncios. ll psak nois€ ahPliiud€ is
groatd than i0 mV, addlional misountng mayo@ur. (Thb 6itlalion can anse

whn m.suiry highrov€l outpuls d brca&and syilh$i:od siqnal sour€s )

Goncral
STERTAL OAIE

INPUT IMPEOANCE: 1 MOI 10 pF noninal
SLOPE:9lelabl6 + ol
LEVEL: Continuoully adiusldrs -2v to +2V, prcssl 0V
MINIMUM PULSE WOTH: rc ns

ATERNAL GAIE RANGE:20 ns to 1ov$mPl€ siz6

TBIOCEF OUTPUB tos. Fn6l)
START: Edgegoing tom 0lo -0.7v nohintl inlo 50o in syncwiih ih€ oFning

ol iho $an dann6l.
STOP: 0 ro -o.ry €dgs inlo SO in sync dlh iha closing ol tho slop dannsl.

FBEOUEICY STAioAFo lxPuT (rsil ptnol): 5 o. 10 MHz >1.0V p-p into 1 k0

Mdimum inpul lov,
FFEOUENCY STAXDARO OUDUT k6& pansl)

10  MHz
1v pp inlo $0 in syno with time bas€ chcon 0NT or EXT)

DISPUY: 16 digils + sign, suppr6ssd l6adng z€ros
olsPuY RATE: 10 ro ro 5 s or hold
OPERAIIG IEMPEFATURE: tr lo S'c
POWEF REOUIAEIEXIS: 2@ vA: 1m, 11A14, 220,230/240 volb +5%,

1Wo,
DI i lEXSIONS:133 mmB x  425mmW x 457 mmD(16*  x  5 t  x  18 in )

WEIGHI: 14.5 kg, 3 lb.
TltE BASE: crysral tqu€nq 10 MHz

STABILIil:
AGING MIE:  <3x10- ' j f f  mon lh
SBoFT TEFM .  2  .  10  

- r  .ms ld  10  ms ro  1s

TEMPEMTURE:  <2xrO- :25 'C ro  g t rC

<5x10 ^o qC to s'c
LINE VOLTAGE: <1 x 1o-o. aiO'6 nominal

OPrlOt @l: HrGH-STABlLlfl TIME AASE {HP Md€l 1644)
CRYSTAL FBEOUENCY: 10 MAz
STABlLlryi

AGING FATE: <5x10-19i6.day tor oscillatd otrtim€ ros than 24 hou6.
SHOBT TERM:  <1 x10- '  - lo r  1s  avsrag€
TEMPEBATUBET <7x10-J O.C ro 5o'C
LINE vOLfaGE: <1 x 1o-10, l1O% trom nominal, 15 minut6s aft€r change,

PBTCES tN U.S.A:
53704 UniveEal Tim€ Inleilal Count€r (includos HP-lA), $6500.
Opton ml High-$abiliry nm€ Aase, $575.

MAXUFACTUBING qVlSlOX: SANTA CLABA OlvlslON
$01 St€v€ns Cr6ek Soul€vard
$nla Clara, Calilohia 95050 U.S.A.

S P E C I F I C A T I O N S
HP Model 5il59A Tlme Synth€Elzer

tooEs:
EXIERNAL TAIGGEB MOOE: Oslay and output pulse ildth musl boih b€

s€ld3d. Dolay is lh€ lime fom ths leading dg€ of ttu sync oulpul to lhe
l€ading dge oi th€ outpul puls6.

TNTEFNALTRTGGEFMoDE:Pa idor tsqu€nry isse lededandf tewidho l ths
oulput puls€ is spodfrd. D6lsy" is not spsciid in his mod6.

RAXGE:
DEUY: 0 ns lo 160 ms
WIDTH: 5 ns to 160 ms (widh+delay<160 ms)
PEBIOo: Minimun 100 ns o. widlh+85 ns, Maimum 160 Fs.
FnEOUENCY: Same as coresponding poilod

SIEP SqE: 50 Ds hinimum, k€yboard sslodabl€. lor bolh 'widh and "d€lay .

ABSOLUTE ACCUFACY: i1 ns I time base eror
IilSEFTIOf, OEUY: L€ss lhan 1 S ns in prset Fof dslays grealer than 1 @ ns,

rduced to less lhan S ns in he aulo posilion, Fixod in blh cas6s.

JInEF: B*aon sxlsrnal lrigg€, q 3ync out. and h€ oulpul Frs€.
STANOARO TIME BASE:

1@ F ms lFical 2m ps rms mu (d€lay3 0 lo 10 m)
ffi ps ms tpi6l 1 ru ms mu (dolays l0 ro lo 1& ms)

HIGH STABILIW flME AASE (Oplld @1)l
lm F ms tpbl 200 F rms mu (d€lay GtS ms)

aIERNALTRIGGEF INPUT: Tdggerlev€r adjushbl€ -2vb +2v. sbpo sol€d-

IAiUAL TRIGGEF: P$hbuton
SYdC OUTFUI: 1 voh Fsitv€ pulss into SO, ftom 2@O 3ouc6 imFdan@.

widrh 35 ns nomin.l. RisdFall tmes <5 ns.
OUTPUI PULSE:

AmDlitld€ 6diusl$l6 irom 0.5V to 5v inro 50O tom SO oulpul impdanco.

ffsd adjustable rom 1v to +1v, d oFF.
Nomal or Compl€m€nl Md€ s€ldabls; FirdFall lns l€$ lhan 5 n6; lypi

cal 3.5 ns.
shd ctcult proolr en€.nal vobg€ musl nd be applid-
6sol and Ampltud€ may bo displayd.

REPflINOT BATE:
TNTEBNAL TFIGGEB MooE: Maximum repdilion rar6 10 MH2.

Perid >{idth + 75 ns tplcal.
EXTERNAL TRIGGEB MODE: Pr€s€l Sync &lay

Maximum rcpetlion 6te 7.5 MHz iypi€l
Pdid >dalay + widlh + 75 ru lypicl

"A!lo Sym O6ls,
Mdimum r46tilion Gt€ 13 MHz typical
Psid >dslay + width 30 ns lypical
Th€ Auto mods r€out€s a dslav ol al l€asl

1@ ns. For delays d l€ss lhan 1@ ns, thosan€
spdficalions as lor "Presst 4ply.

EOGE 1 OUIPUT: (r€rf panal)

ftcurs wirh rx€d tim6 r.lationship to lh€ l€ading dgs ol lis oulpui puls6.

Spedlicali@s ara lho sam€ as lor SYNC OUT.
EOGE 2 OUTPUT: (r6ar pan6l)

Occuc with ixd lim6 rslalisship io lhe end of lho outpul puls€. Sp€cifi€-
nons are lho $mo as lor SYNC OUT.

EVENTS [oDE: Subslitutos an erl€rnal inplt lor lhe intehally counrBd clock.
''D€lay and 'Widlh must bdh bs spscilied in ev€nls.
TRIGOER LEVELT Adiusbble -2v lo +2v
SLOPE: S6lsrable + or -

FBEOUENCY: Up Io S MHz
D6lay liom 'En Tigg$ Inpul to lhe trst svenl @unld is less lhan s ns

FANGE: ',D6ray 2 6v€nb to 16777215 €v€nrs
"widrh" 1 6v€nr ro 16777214 6v€nrs
''Widih + D6lay <16777216evsnts

FFEOUENCY STANDABD (rcar pan6l)

TNPUTT 5 or 10 MHz >1.0v trp into 1 ko. Ma{mum inpur 10V.
OUTPUT:10 MH.. lV p-p into SO ln sync wilh lime ba$ chos€n (lNT or

EXT).
NTE AASE:

CRYSTAT FREQUENCY: 10 ^4Hz
STABlLlni

Aging Fal€r <3x 1O-1Fr mnth
Shod T€rmr <2x 10 'Ihs lor I s
T€mp€nruro: <2xlo-:25'C lo 3sC

< 5 x 1 0 - : e c b 5 5 . c
Llns Voliag€: <1 x10 6, i1O% trom nominal

OPIOX 001: HIGA STABILITY TIME aASE:
CRYSTAL FREOUENCY: 10 MHz
STABILIfr:

Asins Rals: <5x10 l: ps day ror oscillaro. off limo l6ss than 24 hou.s.
S h o n T e r m r  < 1 x 1 0 ' l l o r  1  s  a v e r a g €
Temp€rarur€ <7 . 10 :^0'C to 55'C
L,4o VoltaS€ 1 . 10 'v, 10% fiom rcmFa 15 nrn. afl€r change

OPERATIilG TETPEFATURE: 0' lo scc
POWER REOUIRETENTS: 100, 115/120, 220,23q240 volts +5%, -10%

250 VA.
WAGAT: 14.55 ks (30 lbs.).
DIMENSIOilS: lS mm H x 46 mm W x 521 mm O 15% x 16a. r 20t2 in.l
PFTCES tN U.S.A.:

$sgA Time Synlhesizff (includ€s HPIB), $65@.
Oplion 001 High Stabillly Tims Bas€. $575.

MANUTACTUBING OIVISION: SANTA CLAFA DlvlSlON
5301 Slovens Crc6k aoubvard
Sanra Clara. Calitomia 95050 U.S.A.



Time Synthesizer Generates Precise Pulse
Widths and Time Delays for Critical Timing
Applications
This time synthesizer's extremely stable, low-jitter time
delays may be synchronized precisely to an external
tilgger. Automatic calibration and HP-lB compatibility are
standard features

by Keith M. Ferguson and Leonard R. Dickstein

A DVANCES IN TIME AND FREQUENCY mea-
L l surement capabil ity have generated an increas-
ing need for the generation of accurate time inter-
vals. In frequency measurements, for example, the
accuracy for a given gate time has been continuously
improving. Modern counters, such as the HP S370A
(see article, page 2), obtain great accuracy with very
short gate times (better than 0.5% in 20 ns), an impor-
tant consideration when measuring changing sig-
nals, such as the sweep of a VCO, or bursts (pulsed
RF). This abil ity to obtain useful results with short
measurement gate times creates a need to position
and move these gate times accurately with respect to
the time of occurrence of the event of interest.

The abil ity to position a pulse in time easily and
accurately leads to other advantages. For example, in
characterizing complex logic networks or systems it
is desirable to test for "race" conditions at crit ical
points in the circuit (see Fig. 1). The availabil ity of a
stable, long, variable delay with known absolute ac-
curacy and high resolution can simplify this mea-
surement.

To be useful in applications such as these, a delay
generator needs the following characteristics:
r Stable over the entire delay range (low jitter)
r Stable insertion delay (low jitter from the external

trigger and the sync output to the delayed output)
r Good absolute accuracy from the sync output (so

that an oscil loscope or a counter is not needed to
verify the delay setting)

r High resolution (the abil ity to move the pulse in
small steps)

r Abil ity to generate both zero delay (sync output
coincident with delayed output) and relatively
long delays.
Traditional pulse generators provide versati le out-

put shaping and levels, but typical j i tter specifica-
tions of 0.r% limit their usefulness at longer delays
for precision timing applications. The digital entry of

delay data provided in the newer pulse generators can
be a real advantage in the ease of setting up a mea-
surement, but for applications requiring better than
1% accuracy, an oscilloscope or a meter may stil l be
necessarv.

Fig. 1, Model 53594 Time Synthesizer can help test for race
conditions in logic syslems. In the hypothetical system of (a),
an input trigger passes through subsystems 1 , 2, and 3 before
arriving at the D and C inputs of the flip-flop. Changes in
propagation delays through the two paths could result in im-
proper operation of the f lipJlop. The problem is to measure the
allowable range of delays. The measurement is more difficult if
the D input is a data string from which one bit is to be se/ected,
or if the setup time of the flipJlop is unknown. ln (b), the time
synthesizer output is substituted for the signal at point X. The
synthesized delay can be vailed easily to determine the limits
of proper operation. Because the synthesizer can produce
relatively long delays, it can be triggered from the input of the
system, which is often easier than finding a suitable internal
trigger point.
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New Time Synthesizer

Clearly a need exists for an instrument capable of
prov id ing a h igh-accuracy,  Iow- j i t ter  t iming s ignal .
Model  5359A Time Synthesizer ,  F ig.2,  was designed
with this need in mind. It provides delays from its
sync output to its delayed output that are accurate
wi th in one nanosecond (p lus t ime base error)  over
i ts  ent i re delay range of  0 to 160 mi l l iseconds.  Wi th
its optional oven oscil lator, worst-case jitter is 200
picoseconds rms;  100 ps is  typ ical .  F ig.  3 compares
the time synthesizer's output to that of a high-quality
pulse generator  at  a delay of  about  100 ps.

Model  5359A's output  pulse width is  se lectable
f rom 5 ns to 160 ms.  Resolut ion (min imum step s ize)
in both width and delay is  an extremely low 50 ps.
Output amplitude and offset are also selectable. All
output parameters are specified using the front-panel
keyboard or remotely via the HP-IB interface (IEEE
488-1975,  ANSI MC1.1) ,  a s tandard feature.

Calibration is automatic-an important feature in
high resolut ion t ime measurement  work.  In  just  two
seconds, f ive internal parameters are calibrated for
the effects of temperature and aging. Thus the in-
strument can be calibrated immediately before use,
assuring specified accuracy in each measurement.

Appl icat ions of  Model  5359A inc lude invest iga-
t ion of  t iming re lat ionships in  d ig i ta l  communica-
t ions and d ig i ta l  computer  c i rcu i ts ,  component  test -
ing,  radar  systems test ing,  and cal ibrat ion.  In  test ing
components,  the 5359A can s imulate an accurate

Fig. 2. Model 5359A Time Syn-
l h A < ! 7 o r  f i F n o r a l a <  ^ r o a i c d  t : 6 ^

9 s i r s ' a ( s r  l ' r c u ' r q  ( r r " s

delays and pulse widths from 0 to
160 ms (width + delay <160 ms).
Ahsnh t te  ae  r t  ' raav  iq  -  1  n<  =  t ime

base er ro r .  Wi th  the  op t iona l
high-stabtl t ty f /rne base. j i t ter is
<200 ps rms (100 pstypical).  Fea-
tures include keyboard control.
HP-lB programmability, and au-
tomatic calibratton.

delay l ine.  I t  can a lso be used to generate prec ise de-
Iays for oscil loscope sweeps and for accurately time
positioning external gates for frequency counters.

Design Approach
A f t e r  c o n s i d e r i n g  s e v e r a l  d e l a y  g e n e r a t i o n

techniques,  we decided that  the 5359A would have
two internal channels, with one channel setting the
delay from the sync output to the delayed output, and
the other setting the width of the delayed output
pulse.  The requi rements out l ined above indicated a
dig i ta l  system, that  is ,  one count ing cyc les of  a c lock
to generate the desi red delay.

Traditional techniques have involved either of two
approaches.  One approach uses an accurate,  cont inu-
ously  running c lock,  such as a crysta l .  This  y ie lds
good repeatabil ity from the sync output to the de-
layed output, but has an inherent j i tter of up to one
clock per iod in  the inser t ion delay,  because the t ime
of occurrence of the external trigger is random with
respect to the internal clock. Nevertheless, for long
delays, the accuracy and stabil ity of the crystal are
desi rable,  and i t  can be rat ional ized that  the inser t ion
delay j i t ter  is  of  lesser  importance.

The other  t radi t ional  approach uses a star table os-
c i l la tor ,  thus e l iminat ing the d ig i ta l  j i t ter  on the inser-
t ion delay.  Unfor tunate ly ,  s tar table osci l la tors gener-
a l ly  do not  have the stabi l i ty  or  accuracy of  cont inu-
ously running crystals, creating problems at longer
delays.  At tempts to phase lock the star table osci l la tor
to a crysta l  normal ly  resul t  in  sh i f t ing the phase of  the
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startable oscillator, negating the benefit of the start-
able oscillator by reintroducing the one-period jitter.

In an early 5359A design, counting of a 200-MHz
startable oscillator generated the major portion of the
delay, and analog circuits were used to interpolate
between counts. A time interval counter measured
the actual delay, and a microprocessor used the mea-
surement data to correct the input parameters to the
digital and analog delay circuits. A working bread-
board was built using this approach.

Several drawbacks were inherent in this method,
Foremost was the uncertainty in the frequency of the
startable oscillator, which varied not only with temp-
erature and aging, but also with the rate at which it
was restarted (because of temperature effects). This
led to the need for frequent recalibrations; each time
new data was entered, the output was measured and
corrected. Some improvement in the frequency stabil-
ity of the startable oscillator was obtained by running
it almost continuously, stopping it only briefly before
each new restart, but this improvement was not
enough.

A solution to many of these difficulties came with
the invention of the triggered phase-Iocked oscillator
(see box, page 8). This oscillator provides the advan-
tages of a startable oscillator in producing a stable
insertion delay. By locking to a crystal oscillator, it
also provides accuracy for long delays. Its principal
feature is that the phase-locking process introduces
only negligible phase shift, thus providing the best
characteristics ofboth traditional approaches to delay
generation.

Fig. a shows a block diagram of the resulting in-
strument. The two delays are initiated from the same
point, the input trigger, making it possible to use only
one triggered phase-locked oscillator while avoiding
the problems of synchronizing two separate count
chains. Although the two delay channels actually set
the delays from the input to the beginning and end of
the output pulse, the user specifies the output in
terms of a delay and a width, and the microprocessor
performs the necessary calculations.

Because the triggered phase-locked oscillator pro-
vides an accurate, known frequency to the digital
delay chains, it is not necessary to perform a new
calibration each time new data is entered. However,
errors in the output timing could still arise from the
following sources:
r Fixed delays associated with the various elements

in the delay chains and output circuitry
r Inaccuracies in the analog interpolators
r Finite rise and fall times of the output pulses.

Fixed Delays
Care was taken during the design to guarantee that

the fixed delays were really fixed, that is, that they did

External Output
Trigger

Fig.3, Jitter of Model 5359A Time Synthestzer compared to
that of a pulse generator at 1 00 ps delay. (a) Test setup. Pulse
generator A supplies trigger signals to the two synthesizers
and pulse generator B. The lower synthesizer provides a de-
layed trigger to the osctlloscope. The two synthesizers operate
on independenl llrne bases, (b) Upper trace: 53594 output.
Lower trace: pulse generator output. Horrzontd scale: 10 nsl
div. Delay about 100 ps. Multiple exposure over 20 seconds.
Note stability of upper trace compared to lower. (c) 53594
output. 1 nsldiv. Delay about 100 ps. Multiple exposure over
20 seconds. Note low jitter and drift.
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not vary as a function of the delay, width, or pulse
repetition rate. We recognized, however, that they
would vary with temperature, aging, and component-
to-component variation among instruments. Instead
of attempting to control these factors, we provided an
automatic calibration mode, A complete calibration,
taking about two seconds, occurs at power-up and can
be repeated at any time by touching a front-panel
CALIBRATE button or sending a command via the
HP-IB. The microprocessor stores the results of the
most recent calibration and uses these to determine
the correct settings for the digital and analog delays.

Trigger Input

Anatog Delay Output I

Fig, 5, Analog interpolators use B-bit digitallo-analog con-
verters to divide clock periods into 256 parts.

F ig .  4 .  The 5359A 's  two pro-
grammable delay channels gen-
erate delays from the sync pulse to
the beginning and the end of the
delayed output pulse, respec-
tively. Analog ctrcuits interpolate
between c/ock pulses to give
50-os resolution.

Analog Interpolators
Each analog interpolator contains a current source

that charges a capacitor, with the resulting ramp vol-
tage supplied to one input of a voltage comparator, as
shown in Fig. 5. The other comparator input is driven
by a digital-to-analog converter (DAC). The digital
input to the DAC sets the voltage level to the com-
parator, and thus determines the time from the start of
the ramp until the comparator detects the crossover of
its two inputs.

The range of each interpolator must be slightly
longer than the minimum step size of the digital de-
lay, which is one period of the counted clock, or about
10 ns. An eight-bit DAC is used, dividing this interval
into 256 parts, each step representing about 45 ps.
Thus the quantization error, or resolution, is small
compared to the absolute accuracy.

Instead of requiring precise adjustment of the
analog step size, we chose to have the calibration
routine measure this step size. This measured value is
then used in determining subsequent settings of the
interpolators. The measurement actually determines
the average step size over a range of about 10 ns, and
therefore assumes linearity of the interpolator. Con-
sidering the relatively short range of the interpolator
compared to the required accuracy, this is a reasona-
ble assumption.

Rise and Fall Times
Because real waveforms have non-zero rise and fall

times, the apparent absolute accuracy of a precision
delay generator depends on the points on the output
waveforms at which the measurements are made. The
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t ions where a shorter insertion delay is crit ical, the
added sync delay can be switched out, providing a
sync output that is simply a shaped and buffered
version of the trigger input. Under these conditions,
however, the minimum programmed delay from sync
output to delayed output is 100 ns.

The Startable Oscillator
The startable oscil lator generates the clock fre-

quency counted by the digital delay circuits. The
phase-locked loop circuitry is essentially the same as
described elsewhere in this issue (see article, page 2)
and wil l not be repeated here. However, because of
the different use of the oscil lator output, there are two
significant differences [see Fig. 6). First, the oscil lator
output frequency is divided by two before being sent
to the digital delay counters. This is necessary be-
cause these counters are capable of counting 100 MHz
but not the oscil lator frequency of approximately 200
MHz. Second, attempts to restart the oscil lator at rep-
etition rates greater than the phase detector input
frequency (f/N : 200 lrlHz - f : 1.5 MHzJ would
prevent the phase-locked loop from ever acquiring
lock. Left in this mode, the oscil lator would fuift to its
l imits, causing a large frequency error in its output,
To prevent this while sti l l  allowing operation of the
5359A at up to 10-MHz pulse repetit ion rates, a digital
sample-and-hold circuit was added to the loop. This
circuit measures the VCO voltage during lock condi-
tions and holds that value on the oscil lator during
high-repet i t ion-rate operat ion.  The command to
sample and hold is sent from the microprocessor
whenever the user requests a period or a combination
of a delay and a width less than about one micro-
second. That command init iates a measurement of the
voltage present at that instant, and upon completion
switches the oscil lator VCO line over to the output of
the hold circuit, Pressing the caLmnarn key sets the
instrument to a rate of operation that allows the loop
to lock, reissues the sample-and-hold command and
then returns to the desired rate.

The sample-and-hold circuit consists of an eight-
bit analog-to-digital converter (ADC) and a digital-
to-analog converter (DAC). The VCO voltage is mea-
sured by the ADC, held as a digital word, and applied
to the DAC. The DAC output is the voltage applied to
the oscil lator.

The Digital Delay Circuits
Each programmable digital delay consists of a

single custom IC containing a presetlabl,e 22a down
counter. The preset number is stored in a 24-bit shift
register on the same chip, and is automatically re-
loaded into the counting register at the completion of
each count .  Emit ter- fo l lower- logic  (EFL),  us ing
multiple-emitter transistors (almosl 12OO emitters),

Fig. 6. A triggered phase-locked oscillator generates the
clock frequency counted by the digital delay circuits. A
sample-and-hold circuit is activated when the selected (width
+ delay) is short, The circuit measures theVCO voltage during
phase-locked conditions and holds that value duilng high-
repetition rate operation.

cal ibrat ion technique used in the 5359A uses tr igger

amplifiers to examine the sync and delayed output

signals and provide inputs to the measurement cir-
cuit. The trigger reference levels provided to these
ampl i f iers determine the points on the output
waveforms at which calibration occurs, and therefore
the points at which the accuracy is assured. As the
output amplitude and offset are varied, either from
the front-panel controls or via the HP-IB, the trigger
reference levels are maintained at the nominal 50%
points on the waveforms (assuming 50O termina-
tions).

Period Generation
Instead of generating a pulse delayed from an ex-

ternally supplied trigger, the two delay chains can be
used to generate a pulse repetit ion rate (period) and a
width. In this configuration the end of each output
pulse serves as an internal trigger to restart the delay
channels,

Obtaining Zero Delay
For some applications, it is desirable to set the

delayed output to zero delay, that is, to have it occur
simultaneously with the sync output. Even with the
digital and analog delay circuits set to their minimum
values, the delays through these circuits wil l be
longer than the minimum achievable delay in the
sync channel. Therefore, a fixed digital delay is in-
cluded in the sync path, moving that signal suffi-
ciently in time for the minimum programmed delay to
match it.

Adding a fixed delay to the sync channel represents
an increase in the insertion delay of the instrument.
From the user's viewpoint, it is equivalent to using a
Ionger cable to drive the trigger input. For applica-
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20-200 mA

Negative
Offset

0-40 mA

makes speeds greater than 100 MHz possible, with
about % watt of power to each IC. The microprocessor
converts the binary delay number into a special code
used by these high-speed counters.

The Output Amplif ier
The output amplif ier consists of two assemblies.

The first is the actual output amplif ier and calibration
trigger circuits and the second contains the voltage
and current sources that control the output polarity,
amplitude, and offset, and generate the trigger refer-
ence voltage. The output stage consists of a current-
mode, switching-pair amplif ier followed by a switch
and either the instrument output connector or an in-
ternal 50O load and high-speed voltage comparator
(see Fig.  7J.

During the calibration mode, the output signal is
switched to the internal load and comparator, and the
trigger reference level is set to the 50% point of the
pulse. The trigger reference level is generated by an
operational amplif ier summing circuit that monitors
the signal polarity, amplitude, and offset controls. If
the user does not terminate the output in 50f,), the
output amplitude wil l be different from what it would
be with a 50O termination. Because the rise time is
non-zero, this wil l cause the 50% point to shift, result-
ing in a small error (typically less than 1 nanosecond)
in the absolute accuracy of the output.

The output amplitude is specified at +-0.5 to -f 5.0
volts into a 50f,) load with a 50O source impedance.
This translates into a current requirement of -r20 to
-r200 mA. The output circuit sinks 20 to 200 mA to
generate the negative polarity pulse, and a 2O-Io-
200-mA current source supplies current to the output
node when positive polarity is required. The -r1 volt
offset is set by sourcing or sinking an additional e0
mA.

The switching transistors are contained in a hybrid

Fag, 7. Time synthesizer outpul
amplifier produces a pulse of *0.5
to +5.0 volts into 50Q.

circuit consisting of both the drive stage and the out-
put stage. Included on the hybrid substrate are thin-
fi lm resistors and chip bypass capacitors. The sub-
strate is sapphire, resulting in a low thermal resis-
tance to the package.

Autocalibration
The autocalibration circuit, Fig. B, consists of a

precedence detector, a timing signal generator, and a
simple state machine for on-board control. Besides
providing a clock to the state machine, the timing
signal generator injects reference signals into the
5359A timing channels during the calibrate opera-
tion.

The precedence detector is the heart of the au-
tocalibrate scheme. Its function is to compare the time
relationship of two signals, indicating which occurs
first. Subnanosecond differences in the propagation
delays and transmission paths of signals supplied to
the precedence detector, as well as differences within
the detector itself, can affect the apparent timing of
the signals being compared. Because of this, the de-
tector has an offset, or balancing feature, so that these
differences can be ialibrated out.

The circuit bears some resemblance to the analog
interpolators already described. The A signal starts a
ramp that is compared against a voltage level from a
DAC, but here the result of the comparison is stored
(sampled) upon receipt of the B signal ffollowing a
short, f ixed delay). The detector is calibrated by ini-
t ially driving the A and B signals from the same
source, so that they occur, by definit ion, simultane-
ously. The voltage from the DAC is then varied unti l
the ramp is just crossing it at the time of sampling.
The DAC voltage is held constant at this level during
future measurements, and A and B are connected to
the signals of interest. The order of occurrence of A
and B is thus determined by the relative position of
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To 53594 Input Trigger Assembly

Fig. 8. Autocaltbration circuil consists of a ttming signal
generator, a state machine controller, and a precedence de-
tector that tells whether A or B occurs first. ln the example
illustrated here, the sampling pulse occurs before the ramp
crosses the DAC output level, indicating that the B input pre-
ceded the A input. The precedence detector is calibrated
initially by driilng the A and B input with the same signal. The
successlve approximation register then adjusts the DAC out-
put so the ramp yoltage crosses it at the momentthat sampling
occurs. Averaging reduces the effects of noise. To calibrate
the 5359A, the microprocessor measures all frxed delays by
movrng the 5359A's delayed output wrth respect to the sync
output until the precedence detector indicates a change in the
order of occurrence of these signals. The programmed delay
at that point is stored as a reference. Separate references are
determined for progtammed delays, width. and period.

the ramp voltage with respect to the DAC voltage at

the t ime of sampling. Balancing the precedence de-

tector in this way removes the effects of delays not

only in the detector, but also in the tr igger ampli f iers
and the transmission paths. Averaging is used to re-

duce the effects of random noise.
To measure the fixed delays in the 5359A, the mi-

croprocessor moves the delayed output with respect
to the sync output until the precedence detector indi-
cates a change in the order of occurrence of these
signals, thus determining coincidence. This then

serves as a reference point from which any specified
delay can be programmed.* Separate calibration con-
stants are determined for the two different insertion
delays (see above), for width, and for period.

When measuring the analog step size (see "Analog
Interpolators" above), the offset feature of the prece-
dence detector is used in a different manner. Here the
technique is to adjust the digital delay for the closest
possible coincidence while keeping the analog delay
set to zero, and then to use the offset ofthe precedence
detector to store this difference. In other words, the
DAC level is moved unti l sampling occurs as the ramp
crosses it, although the A and B inputs are not now
occurring simultaneously. The digital delay is then
changed by one step (about 10 ns) and the analog
delay adjusted to restore this same offset. The number
of "steps" of analog delay needed to equal the 10 ns
change in the digital delay determines the analog step
size. Separate measurements are made for each chan-
nel.

External Calibration
The internal calibration scheme provides for t im-

ing accuracy at the output connectors of the instru-
ment. In actual measurement situations, this accuracy
may be needed at a point remote from the time syn-
thesizer, such as at the ends of cables of varying lengths.
The HP 5363 Time Interval Probesl can be used to
probe the signals at the point of actual interest, with
the output of the probes fed back to the 5359A. The
autocalibrate circuit in the 5359A can then use these
probe signals to compensate for delays external to the
t ime synthesizer .  In  th is  mode of  operat ion,  the
5359A provides control signals to the 5363 probes,
changing the configuration as needed during the var-
ious stages of the calibration procedure.

In some instances it may be desirable to pass the
output  of  the 5359A through an external  pulse
generator or shaper, to provide different amplitudes
or shapes than are directly available. Assuming that
certain timing constraints are met by this external
circuitry, the 5363 probes and the external calibration
capabil ity of the 5359A can be used to calibrate out
the delays and rise/fall time effects of this external
device.
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Instrument Commonality,
The 53594 Time Synthesizer (page 12) and the 53704 Time

Interval Counter (page 2) were designed as state-of-the-art
instruments with emphasis not only on perlormance but also on
rel iabi l i ty, serviceabil i ty, and manufacturabi l i ty. Contr ibuting
heavi ly to this goal was the high degree of commonali ty between
the two instruments. Besides using the same tr iggered phase-
locked osci l lator, both instruments share the same power sup-
ply, t ime base, and microprocessor circuitry as well  as several
mechanical design aspects. The emphasis in these areas was
on ease of understanding, troubleshooting, and accessibi l i ty.

The common power supply is a l inear series-pass design
including current l imit ing, overvoltage protection, thermal cut-
out switch, and LED voltage indicators. The output voltages are
referenced to a precision voltage reference, el iminating the
need for adjustment tr immers and cal ibrat ion procedures. Con-
siderable derating was used in the choice of components to
increase rel iabi l i ty. The very low-noise output of a l inear supply
helps achieve the picosecond j i t ter capabil i ty of these instru-
menIS.

The t ime base sections of both instruments consist of three
assemblies: the room{emperature crystal osci l lator (or optional
hig h-stabi l i ty oven osci l lator),  the internal/external osci l lator buf-
fer, and the 10-MHz-to-200-MHz mult ipl ier, The high-stabi l i ty
oven osci l lator option has i t  own power supply to maintain
standby power and simpli fy servicing. The internal/external os-
ci l lator buffer accepts either a S-MHz or a 1O-MHz external
input, uses a double-gating scheme to improve internal/external
signal isolat ion, and includes a signal-present LED to indicate
loss of signal. The mult ipl ier technique was chosen to obtain the
200-MHz reference frequency because i t  provides a cleaner,
more stable signal than a phase-locked loop design, besides
being straightforward and easy to understand. This is important
because the vernier osci l lators are direct ly phase-locked to this
2O)-MHz reference, requir ing excel lent long-term and short-
term stabi l i tv.

Reliability, and Serviceability

-

'dg:,i"?;: I i
Power
Supply

Oigitaf 
\

High-Frequency I
Analog V

€

Front

The microprocessor section was an area of special concern,
since service personnel could be unfamil iar in that area. Much
attention was given to increased serviceabil i ty (see art icle, page
2). Both instruments use the same microprocessor assembly,
display interface assembly, HP-lB interface assembly, and ser-
vice aid accessory assembly. The program ROMs have dif fer-
ent patterns in the two instruments, but otherwise this assembly
too is common to both.

The exceptional ly clean producl design ol both instruments
benefi t ted from an effort to optimize air f low for effect ive cool ing.
As the diagram shows, forced air from the fan passes the high-
frequency analog sections f irst,  is directed through the digital
sections, and is vented out past the power supply. The crystal
osci l lator is isolated in the "eye of the cyclone" for minimum
thermal dri f t .  The result of this approach is that the interiors of
both instruments exhibit  only a 7" C average r ise above ambrent,
with a worst-case 12" C r ise at high l ine power input, as well  as a
very open, accessible, well  organized board layout.
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Remotely-Controlled RF Switch for
Multipoint Tests in Communications
Systems
Under manual or HP-lB control, this RF switch provides
access to any one of 10 inputs carrying signals in a range
of 10 kHz to 25 MHz or, when cascaded with other swifches,
to any one of up to 1000 inputs.

by Kevin J. Bradford

f l  UnCftNG OUT A MULTIPLEXED communica-
\-r t io.tr svstem often requires connection of the
measuring lnstrument to several different points
one at a time. In many cases, elaborate switching
networks us ing e lect romechanical  re lays are in-
stalled to facil i tate making these connections.

During the development of the HP Model 3745A
Selective Level Measuring Set,1 it was realized that
system checkout  wi th th is  inst rument  could be
speeded considerably if there were an RF switch that
could be controlled through the HP interface bus* to
make the system connections. This would greatly
simplify the integration of automatic test systems for
*Hewlett-Packard's im0lementation of IEEE Standard 488-1975, and ANSI Standard MC1.1.

$$* )L )$$ t l e l s i . i

Fig. 1. Model 37 54A Access Switch (lower unit) connects any
one of ten RF inputs to a single output under control of the
Model 3755A Access Switch Controller (upper unit). Inputs
can be se/ecled manually by way of the Controller's front
panel pushbuttons or under automatic control by way of the
HP inteface bus. LED indicators in the dark panel above the
Access Switch inputs light up to show which input is con-
nected to the output.

fast checkout of communications systems. However,
no such switch existed at the time, so we undertook
the development of one.

The access switch that resulted from this develop-
ment is shown in Fig. 1.. Known as HP Model 3754A,
it is a unidirectional, single-pole switch with ten in-
puts, any one of which may be switched to the single
output either manually or automatically by way of the
HP interface bus. Besides applications in multiplexed
communications systems, it is anticipated that this
switch wil l also find use for switching RF signals in
other types of automatic test systems, such as those
involved in production test or data acquisit ion, where
low insertion loss in the "on" channel and high isola-
tion in the "off" channel are required. The switch is
suitable for signals within a frequency range between
10 kHz and 25 MHz, and an amplitude range between
*10 dBm and -115 dBm, the swi tch 's  thermal  noise
level.

Separate Controller
Because the switch is intended for automatic sys-

tems, no provision was made for selecting inputs or
outputs at the switch itself. Instead, a controller,
Model 3755A (Fig. r), was designed to operate one or
more switches*from a remote point. Channels can be
selected manually by means of the pushbuttons on
the controller, as well as automatically by way of the
HP interface bus (HP-IB). One Model 3755A can con-
trol switches cascaded up to three levels, giving ac-
cess from one controller to up to 1000 points (111
cascaded switches arranged in a 1-10-100 tree). One
advantage of this arrangement is that only one HP-IB
address is needed to access up to 1000 points.

Design Details
The electromechanical relays previously used for

test signal switching in frequency-division-multi-
plexed (FDM) communications systems often intro-
duced inser t ion loss,  exhib i ted poor return- Ioss
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f igures, and had poor isolation in the "off" channels.
Frequently, expensive coaxial reed relays were used
to minimize these problems.

The design approach chosen for the Model s7s4A
switch was to overcome the disadvantages of relays
by imbedding the relays in an operational amplif ier,
as shown in F ig.  2.  Swi tching is  ef fected at  the
virtual-ground point where the voltage swings are
very small. Thus, the effects of relay-contact stray
capacitance are negligible even though conventional
relays are used. As a result, insertion loss of the new
switch is f lat within -r0.1 dB between 50 kHz and 20
MHz, and within -f 0.3 dB up to 25 MHz. Furthermore,
the isolation between an "off" channel and the output
is greater than 85 dB over the full 10-kHz-to-25-MHz
frequency range, and the isolation between channels
is greater than 90 dB.

Other advantages accrue from this configuration.
The operational amplif ier's series input resistor pro-
vides a convenient termination for the input signal
cable,  whether  i t  is  swi tched to the ampl i f ier  or
switched to ground. Return loss is >30 dB for an "on"
channel and >23 dB for an "off" channel. In addition,
the amplif ier gain can be adjusted to compensate for
cable and relay losses. Internal jumpers enable the
gain through the swi tch to be set  to  0,  1,  2,  or  3 dB.

The Controller
Switching is effected by means of low-frequency

pulses transmitted by the controller along the same
RF signal cable that interconnects switches, a techni-
que that  great ly  s impl i f ies system integrat ion by
eliminating separate relay-control wiring. Pulses are
generated at a rate of 20 pulses per second by an IC
that interfaces directly to the front-panel keyboard.
When a key is pressed, the IC, which was designed for
pushbutton dialing, generates a number of pulses
corresponding to which key was pressed (or to which
number was sent over the HP-IB). The IC also has suf-
ficient on-board memory to store keycodes as they are
entered, when the controller is operating several cas-
caded switches, and transmit them in the correct
sequence.  The 3-d ig i t  LED display shows the input
selected.

An example of how the controller interconnects
wi th cascaded swi tches is  shown in F ig.  2.  The con-
trol technique makes use of the fact that the switch
amplif iers are ac-coupled and have a Iower frequency
limit of 10 kHz. The control circuits establish a dc
level  of  +10V at  the output  of  each swi tch but  the dc
is kept from other parts of the system, including what-
ever device is connected to the RF output of the con-
troller, by series capacitors.

Each switch has a pulse-counter circuit and control
log ic  that  moni tors the output  l ine.  To see how the
system works, consider a case where all switches

Fig. 2. Basic switch confrguratton places relay switchtng
conlacls at the vtrtual-ground potnt of an ampIfier where stg-
nal voltage swings are very small, reducing the effects of
telay capacilance to negligible proportions.

have just been opened (the clnan button was pressed).

Now,  i f  inpu t  2  o f  Swi tch  1  (F ig .  2 )  i s  se lec ted ,  t rans is -

tor QC in the control ler pul ls the signal l ine to zero

Inputs
3 R o

(DC

I
{

L6vel 0V) 2 Ro (DC Level +10V)

l R o

**\-

Swilch 2
37544

(DC Level +10V)

Switch I
3754A

Relay
Control

Coax ia l

etbte

Output to

+ Measurement

^ j- System

j

oc"-{- -
k4 switch

i Controller
: 3755A

21



volts twice. These two negative-going pulses are de-
tected by the logic circuits in Switch 1, which close
the relay for input 2. When this is done, the selection
logic is disabled so the next string of pulses wil l have
no effect on Switch 1.

The next string of pulses is regenerated in the con-
trol circuits of Switch l and applied to transistor Q1,
which pulls the l ine connected to input 2 to zero volts
the selected number of t imes. The logic circuits in
Switch 2 count the number of pulses and connect the
corresponding input to the amplif ier. None of these
pulses has any effect on any device connected to an
input of Switch 2, however, since the *10V dc level
does not exist at these points, leaving the collector of
transistor Q2 at ground.

In general, the number of pulses corresponds to the
number of the input desired. Once a selection has
been made, the relay selection logic for that switch is
disabled and any subsequent pulses are passed along
to the next switch in the chain. In this way, any de-
sired path in a large network of switches may be set up.

Switches are cleared by the controller's sending a
string of fourteen pulses. Although the switch selec-
tion logic is disabled once an input selection is made,
the pulse counters continuously monitor the pulse se-
quences and when an uninterrupted string of four-
teen pulses is detected, the selected input is discon-
nected. Thus. all switches clear at the same time.

Alternate Control Path
In cases where it is not possible (or convenient) to

p rov ide  a  con t i nuous  dc  connec t i on  be tween
switches-for example where there is an ac-coupled
equalizer in the signal path-control signals can be
passed along a separate pair of control wires. A pair of
terminals for each channel is provided on the rear
panels of the controller and the switches, enabling a
choice of cable connection or separate-wire connec-
tion to the next switch on any channel.

The separate control terminals also enable up to
four switches to be operated in parallel from one con-

troller. This is convenient where it is desired to
switch two or more parallel signals simultaneously,
such as the signal l ines of a balanced-pair cable-both
can be switched by a single channel command to the
controller.
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Loborotory Notebook
A High-Leve l -Language Mic roprocessor

Debugging System Using a Desktop

Development of a microprocessor-control.led instrument is
really two projects, one to develop the instrument hordwore ond
onother to develop the system software.

Hardwarelsoftware trode-offs during system development con be
evoluoted conveniently only if there exists ofost ond simplewayto
write and cbonge the software. An interpreter such os BASIC is
ideol, but the time required to write the interpreter for the specific
microprocessor moy not be justifioble.

A better solution is to interfoce the microprocessor to o computer
thot olready hos on interpreter. The interface will consist of hard-
ware and softwore ond must moke it possible for a.l.l of the micro-
processor /unctions to be controlied by the external computer.

We hove developed such o system of hardware and software to
interfoce the 6800 microprocessor to HP desktop computers. The
hordwore consists of one 6820 Peripherol Interface Adapter (PIA),
a few gates, ond one interfoce card to the specific computer fsee
Fig. 1.). The softwarc is relocotobie, moking it independent of the
specific memory o.llocotion for the 68o0 microprocessor.

Fig.  1.

Our system uses the BASIC longuoge ond on HP 98304 Desktop

Computer. We hove included o breokpoint register ond o com-
porotor thot generotes o non-moskoble interrupt to the 6800 mi-
croprocessor when the contents of the microprocessor bus motch
those the user hos ploced in the register. This mokes it possible to
stop the progrom ot ony desired point.

The software is in two ports. The microprocessor runs o/irmwore
monitor stored in its reod-only memory (ROM]. The computer runs
o debug progrom written in BASIC. Shown on the next poge is o
listing of the monitor, written in 6800 ossembly .longuoge. Given

Prototyping and
Computer

From User Program
via Interrupt
(sw or NMD Hang Up

on Error

this progrom, any 68OO ossembler will produce the code to be stored
in the microprocessor's ROM. It is independent of the specific
computer being used.

Fig. 2 is a flow chart of the monitor. It is orgonized to get o
commond, execute it, ond get the next commond. Eoch commond
is represented by o numberfrom 1 through 5. The interchange of
dota between the 6800 ond the computer is controlled by two
subroutines: GETBY (get byte from computer.) ond WRTBY (write

byte to computerJ. During power up, the PIA used to link the 6800

ond the computer is initiolized ond the user progrom is executed.

3 k x 8

23



Either o softwarc interrupt instruction (SWIJ or a non-moskable
interrupt (NMI.) is used to enter the get-commond IGETCMJ phose.

The computer softwarc works in exacily the some way. Its get-
commond instruction requests on input from the computer
keyboord ond sends it to the 6800 for execution. The specific form
of this progrcm depends on the computer being used qnd for this
reoson the program is not shown here. However, becquse it con be
developed. interoctively using a highJevel longuoge, it is not dif-
ficult to write. For example, it took us only three days to write the
debug progrom in BASICfoT the 98SOA Compuler. Loter, onother
debug progrom was written for the HP g\2SADesktop Computer in
only one day.

We have used this technique to develop ond test the hordwore

and softwareforthe 537OA Timelntervol Counter, the S3594 Time
Synthesizer, the 5342A Microwave Counter, and other instru-
ments. Once the system is proven functional, we begin replacing
the computer software by 68O0 softwore.In the instruments men-
tioned, the hordwore and softwarc were mod.ified to-work through
the HP-IB (IEEE a88) for troubleshooting purposes. We hove olso
found this technique usefu.l for collecting stotistical doto on on
instrument's operotion and for discovering foilure modes during
overnight runs.

We wish to thonk Tom Cootes ond MorkAllenfor the use of their
cross-ossembler ond simulotor system.

-Allen Foster
-Luiz Peregrino
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